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ABSTRACT

Uniformly sized superparamagnetic iron oxide nanoparticles (SPIONs) with inorganic diameters
of 3-35 nm were synthesized. New surface ligand coatings were designed and synthesized, and
the resulting hydrophilic SPIONSs in biological buffers were found to be compact, stable, highly
magnetic, and biocompatible. Furthermore, the hydrophilic SPIONs were stable in vitro in
serums and cells as well as in vivo in mice. Functionalized SPIONs demonstrated the ability of
specific labeling. Finally, the hydrophilic SPIONs have potential as a non-toxic alternative to
Gadolinium based contrast agents for Ti-weighted magnetic resonance imaging (MRI) and they
have shown potential in multicolor MRI as well as magnetic particle imaging.
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1. Chapter 1: Introduction to magnetic nanoparticles
1.1 Introduction to magnetism

1.1.1 Introduction to magnetic field
A magnetic field in space is characterized by its magnetic vector B or its field strength H

(when the orientation of a magnetic field is not considered). A magnetic field can also be

described by its magnetic vector potential Ain space, in which the magnetic vector B =V X A.
For example, a magnetic field can be generated by a time-dependent electric field, a permanent
magnet, or an electromagnet. However, magnetic field lines are not visible. In order to show the
spatial distribution of magnetic field lines, a magnetic material is needed. As shown in Figure
l.1a and b, ~50 pum sized magnetite (Fe;O4) powders on a piece of white paper were used to

show the magnetic field lines that are created by a permanent magnet beneath the white paper.

=
&

gawendi Research Group

Figure 1.1 a) Magnetic field lines of a permanent magnet and b) a visualization of magnetic
field lines using magnetite powders. (Inset: an optical transmission image of magnetite

powders.)
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1.1.2 Introduction to the types of magnetism

Magnetism describes the interaction between matters and a magnetic field. Based on the
type of interactions, magnetism has been categorized into six groups: diamagnetism,
paramagnetism, ferromagnetism, anti-ferromagnetism, ferrimagnetism, and superparamagnetism.
Accordingly, materials that have the above properties are called diamagnetic, paramagnetic,

ferromagnetic, anti-ferromagnetic, ferrimagnetic, and superparamagnetic materials.

When placed in an external magnetic field, diamagnetic materials such as bismuth will
generate a magnetic field with its direction opposing to the external magnetic field. This effect
will cause diamagnetic materials to be repelled by the external magnetic field. In contrast to
diamagnetic materials, paramagnetic materials such as Gadolinium-based compounds (T;-
weighted MRI contrast agents) will be attracted by the external magnetic field. Unlike
diamagnetic and paramagnetic materials, ferromagnetic (e. g., iron and cobalt metals) and
ferrimagnetic (e.g., magnetite) materials have non-zero total magnetic moments and they will be
magnetized by applying an external magnetic field; even if the external magnetic field is
removed afterwards, they will retain their magnetization. A new magnetic field in opposition to
the previous external magnetic field is required to neutralize their magnetization and the field
strength required is called the coercivity (Hc). Antiferromagnetic materials such as hematite (a-
Fe,03) have zero total magnetic moments without an external magnetic field; when an external
magnetic field is applied, antiferromagnetic materials may show non-zero total magnetic
moments. The difference between ferromagnetic, ferrimagnetic, and antiferromagnetic materials

is the alignment of magnetic moments in a crystal unit cell.

15



a) Ferromagnetic b) Ferrimagnetic C) Antiferromagnetic

et ittt 11t

All magnetic moments Magnetic moments are not All magnetic moments
are in the same direction all in the same direction are canceled

Figure 1.2 a) In a crystal unit cell of ferromagnetic materials, all magnetic moments are
aligned to the same direction; b) in a crystal unit cell of ferrimagnetic materials, magnetic
moments with opposing directions exist, but the total magnetic moment is non-zero; and ¢) in

a crystal unit cell of antiferromagnetic materials, neighboring magnetic moments are in
opposing directions, so the total magnetic moment is zero.

Figure 1.2a, b, and ¢ show the different alignments of magnetic moments in
ferromagnetic, ferrimagnetic, and antiferromagnetic materials, respectively. Figure 1.2a shows
that all magnetic moments in a crystal unit cell of ferromagnetic materials point to the same
direction; as a result, these magnetic moments will be added up to a large total magnetic moment.
Figure 1.2b shows that not all magnetic moments in a crystal unit cell of ferrimagnetic materials
point to the same direction, and thus the sum of these magnetic moments will be a relatively
small total magnetic moment. Figure 1.3b illustrates that, in contrast to ferromagnetic materials,
neighboring magnetic moments are with opposing directions and hence the sum of these

magnetic moments will vanish, giving rise to a zero total magnetic moment.
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Figure 1.3 a) Magnetite powders were attracted by a permanent magnet, aligning themselves
to the magnetic field lines; and b) upon the removal of the permanent magnet, magnetite

powders were no longer aligned.

In Figure 1.3a, in the presence of a permanent magnet, ~50 um sized ferrimagnetic
magnetite powders that were confined in a 40-mL cylindrical glass vial aligned themselves to the
magnetic field lines, showing a needle-like appearance. When the permanent magnet is removed,

the ferrimagnetic magnetite powders were no longer strongly attracted and thus the needle-like

appearance collapsed.

17
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Figure 1.4. a) Superparamagnetic maghemite nanoparticles dispersed in a hexane solution; b)
superparamagnetic maghemite nanoparticles in a hexane solution were attracted by a
permanent magnet; and c¢) upon the removal of the permanent magnet, superparamagnetic
maghemite nanoparticles in a hexane solution immediately returned to their initial non-

magnetized state.

The last type of magnetism is superparamagnetism, in which the magnetic moments of
superparamagnetic materials can freely flip their directions at certain temperatures. Nanometer
sized (e.g., 2.5-35 nanometers) magnetite and maghemite (y-Fe;O3) particles are good examples
of superparamagnetic materials at room temperature. As shown in Figure 1.4a, ~10 nanometers
(nm) sized superparamagnetic maghemite nanoparticles were well-dispersed in a hexane solution
in their initial non-magnetized state. As shown in Figure 1.4b, when applying a permanent
magnet, superparamagnetic maghemite nanoparticles were immediately magnetized. Therefore,
the black-brown hexane solution containing superparamagnetic maghemite nanoparticles moved
towards the permanent magnet. In Figure 1.4c, when the permanent magnet is removed, the
magnetic moments of superparamagnetic maghemite nanoparticles can freely flip their directions
at room temperature; then these superparamagnetic maghemite nanoparticles immediately
randomized their magnetic moments to return to the initial non-magnetized state, resulting in a

vanishing total magnetic moment.

18



1.1.3 Temperature-dependence and size-dependence of magnetism

The magnetic behavior of materials depends on several parameters such as temperature
and size. Generally, permanent magnetizations become weaker at higher temperatures. When
reaching a critical temperature, the permanent magnetization of materials will disappear. For
ferromagnetic and ferrimagnetic materials, this critical temperature is called the Curie
temperature; for antiferromagnetic materials, this critical temperature is called the Neel
temperature. When the environment temperature is higher than Curie temperature or Neel
temperature, ferromagnetic, ferrimagnetic, and antiferromagnetic materials will all become

paramagnetic.

The size-dependence of the magnetism of materials is due to the size-dependence of
magnetocrystalline anisotropy energy Ema, which is defined as the energy that takes to change
the directions of magnetic moments in materials. To the lowest order approximation, Ema is a
linear function of the magnetic domain’s volume V. When a magnetic domain’s volume V
becomes small enough (e. g., on the order of nanoparticles’ volume), Ema can be on the order of
ksT or even smaller than kgT, where kg is the Boltzmann constant and T is the environment
temperature. In this case, the magnetic moments of ferromagnetic and ferrimagnetic materials

will be able to freely flip their directions, and this is the origin of superparamagnetism.
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1.2 The definition and types of magnetic nanoparticles

1.2.1 The definition of magnetic nanoparticles

Nanoparticles are usually defined as crystals with their sizes of a few nanometers to a
hundred nanometers (nm). Nanoparticles can show novel properties that are different from bulk
materials even with the same chemical compositions. For example, cadmium selenide (CdSe)
nanoparticles (a. k. a. quantum dots) have photoluminescence properties due to the nanoscale
confinement of electrons. Silver (Ag) nanoparticles have surface plasmon resonance properties

owing to the collective oscillation of conduction electrons on the nanoscale.

Magnetic nanoparticles are defined as nanoparticles that are made of magnetic materials.
They are also good examples of nanoparticles showing novel properties unlike their bulk
materials. For instance, bulk magnetite and maghemite are both ferrimagnetic, while magnetite

nanoparticles and maghemite nanoparticles can both be superparamagnetic.

1.2.2 The types of magnetic nanoparticles
Magnetic nanoparticles (NPs) can be divided into ferrite NPs, metallic NPs, and

core/shell NPs.

Magnetic ferrite NPs include maghemite (y-Fe,O3) NPs,' magnetite (Fe;0,) NPs,? cobalt
ferrite (CoFe;04) NPs,® manganese ferrite (MnFe,04) NPs,* nickel ferrite (NiFe,O4) NPs 5 and

so on. Magnetic ferrite NPs are highly stable and they have been extensively studied.

20



Magnetic metallic NPs include iron (Fe) NPs, cobalt (Co) NPs, nickel (Ni) NPs, iron
platinum alloy (FePt) NPs,” cobalt platinum alloy (CoPt) NPs’ and so on. Magnetic metallic NPs

are well known for their high saturation magnetizations.

Magnetic core/shell NPs include iron/iron oxide core/shell (Fe@Fe;04) NPs® as well as
cobalt/silica core/shell (Co@SiO,) NPs’ and so on. The crystalline oxide shells are commonly
used to protect the metallic cores, as their oxidation by air can lead to lower saturation

magnetizations.®’

1.3 Biomedical applications of magnetic nanoparticles
Antibodies
MRI Agent
H g

Iron Release

D

Q W

Magnetic Energy Heat

Figure 1.5 A schematic show of biomedical applications of superparamagnetic iron oxide
nanoparticles (SPIONs)
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1.3.1 Magnetic resonance imaging and magnetic particles imaging

As shown in Figure 1.5, Magnetic nanoparticles (NPs) have been used as contrast agents
for T;-weighted magnetic resonance imaging (positive MRI) and T,-weighted MRI (a. k. a.
negative MRI) in biological research and in the clinic.'’ In these cases, magnetic NPs are able to
change the relaxation times of water protons in MRI. In Ti-weighted (T,-weighted) MRI, water
protons close to magnetic NPs will show brighter (darker) signals compared to water protons far
from magnetic NPs. Therefore, contrast-enhanced MR images of brain, liver, spleen, bone
marrow, as well as tumors can be obtained by intravenous injection of hydrophilic magnetic NPs.
There exist negative MRI contrast agents based on magnetic NPs such as Feridex® and Resovist®

that are approved by the U.S. Food and Drug Administration (FDA).

Magnetic particles imaging (MPI),'! which uses the nonlinear magnetization-field (M-H)
response of magnetic NPs, is a novel imaging technique currently under development.
Superparamagnetic iron oxide NPs (SPIONSs) such as Resovist® can be tracked by MPI in vitro
and in vivo with near-zero backgrounds and high spatial resolutions. Potential SPIONs-based
MPI pre-clinical and clinical applications may be angiography, tagged-cell detections, and

cancer detections.'?

1.3.2 Targeted drug delivery
In contrast to conventional therapeutic strategies, drugs can be attached to magnetic NPs
with specific targeting moieties. These drug-NP complexes can be directed to target sites when

their specific targeting moieties find receptors or when they are manipulated by an magnetic field
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gradient;'"? this results in a higher concentration of drug-NP complexes at target sites (such as

organs and tissues) and hence the efficacy of drugs are expected to be improved.

1.3.3 Magnetic separation

Magnetic separation using magnetic NPs enables sorting of microscopic biological
targets (e.g., malignant tumor cells). The surfaces of magnetic NPs are first modified chemically
or biologically in order to endow magnetic NPs with a specific labeling ability. The binding
receptors of biological targets will then be labeled by the above modified magnetic NPs during
an incubation process. Afterwards, a high magnetic field can be applied in order to concentrate

and collect the modified magnetic NPs along with their labeled biological targets.'*

1.3.4 Hyperthermia treatment

As shown in Figure 1.5, hyperthermia treatment (thermo- therapy) is usually defined as
heating the temperature of a body region up to 41-46 °C for damaging or killing cancerous
cells.'”” Hyperthermia treatment can have more specificity than radio- and chemo- therapies,
which are efficient in destroying cancer cells but at the same time have side effects such as
anemia and infections.'® Under an alternating magnetic field, magnetic NPs are able to convert
electromagnetic energy into heat energy through the excitation and relaxation of their
magnetizations.17 This property has rendered magnetic NPs as excellent materials for

hyperthermia treatment in biomedical research and pre-clinical trials.'®!?
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1.3.5 Iron supplementation

As shown in Figure 1.5, ferrite magnetic NPs are iron-rich; hence they can be used as
iron supplements for treating iron deficiency anemia. Ferrite magnetic NPs are integrated
nanostructures and thus ferrite magnetic NPs have the advantage of reduced free iron release
compared to conventional injectable iron supplements, which otherwise may introduce a high
concentration of free iron in the bloodstream that can possibly lead to a higher chance of
infections and injuries to organs.?’ For example, Feraheme®, which is a type of hydrophilic iron
oxide magnetic NP, is a U.S. Food and Drug Administration (FDA) approved iron

supplementation for intravenous administration.
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2. Chapter 2: Synthesis of high-quality inorganic cores of magnetic nanoparticles

21 Introduction to synthetic methods and motivation

Superparamagnetic iron oxide nanoparticles (SPIONs) are single magnetic domain
maghemite (y-Fe,Os) and magnetite (Fe;O,) particles with their sizes of a few nanometers (nm)
to a hundred nanometers. SPIONs are capable of distinguishing themselves from other types of
magnetic nanoparticles (NPs) that are made from different materials, due to SPIONs’ superior
stability in organic solvents and aqueous media, monodisperse (a. k. a. uniformly sized) cores
after synthesis, high saturation magnetizations, and potentially minimized non-toxicity towards
living animals.”’ SPIONs can be synthesized by several methods, including co-precipitation,

hydrothermal, sol-gel, and high-temperature decomposition techniques and so on.”?

2.1.1 Co-precipitation method

In the co-precipitation method,” for example, an aqueous solution mixture containing ferrous
(Fe’™) and ferric (Fe*") salts is added drop-wise into a aqueous alkaline solution (e.g., a sodium
hydroxide solution) under the protection of nitrogen gas. The reaction occurs at room
temperature and the resulting SPIONs (magnetite in this case) are separated from its reaction
mixture by an external magnetic field. After being washed by water and neutralized by

hydrochloride aqueous solution, the colloidal SPIONSs are purified by centrifugations.
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2.1.2 Hydrothermal method

In the hydrothermal method,?* for instance, an aqueous solution of ferrous sulfate in the
presence of n-decanoic acid or n-decylamine is capped in a reactor and then heated to 473 K.
After 10 minutes (mins) of reaction, the reactor is quenched by a room-temperature water bath
and the resulting solid products are purified by centrifugations using water and ethanol. It is
revealed that the presence of n-decanoic acid gives rise to hematite (a-Fe,O3) NPs while n-

decylamine gives rise to SPIONs (magnetite in this case).

2.13 Sol-gel method

In the sol-gel method,”® for example, tetraethylorthosilicate (TEOS) is added into an ethanol
solution of ferric nitrate nonahydrate (Fe(NO;);-9H,0) in order to make the iron-containing
silica sol-gel matrix, which is thgn incubated for 7 days at 45 °C. This treated iron-containing
silica matrix is then heated for 10 hours (hrs) at 400 °C in air and SPIONs (maghemite in this
case) are formed in the silica matrix. It may be useful to note that the substitution of ferric nitrate
nonahydrate (Fe(NO3);-9H,0) into ferric chloride hexahydrate (FeCl;-6H,O) in this sol-gel

method would result in hematite NPs.

2.14 High-temperature decomposition method
In the high-temperature decomposition (HTD) method, organometallic precursors are used to
produce SPIONs with narrow size distribution and high crystallinity. The HTD method is pivotal

and dominant for uniform-sized and high saturation magnetization (M) SPIONs synthesis."
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Commonly used organometallic precursors include iron(0) pentacarbonyl,?’ iron(IIl) oleate,”’
iron(ITI) acetylacetonate® and so on. For example, hydrophobic SPIONs of diameters ranging
from 3-25 nanometers (nm) can be synthesized by the high-temperature decomposition of iron
pentacarbonyl in the presence of oleic acid or stearic acid native ligands in a di-octyl ether
solvent, followed by an mild oxidation using trimethylamine N-oxide.?® Iron oleate is a more
environmentally friendly iron precursor that can also decompose at high temperatures to form
hydrophobic SPIONs with or without the use of oxidizing agents.”” Furthermore, iron oleate is
able to serve as an iron source to continuously grow on existing SPIONs, where the growth of
iron oleate on SPIONs of diameters ranging from 4-11 nm gives rise to larger SPIONs of

diameters ranging from 6-15 nm.”

2.15 Applications of different sized magnetic nanoparticles

Different biomedical applications require the corresponding SPIONSs to have different sizes.
For instance, Ti-weighted magnetic resonance imaging (MRI) prefers small SPIONSs. In contrast,
T>-weighted MRI and magnetic particles imaging (MPI) both prefer large SPIONs. Moreover,
large SPIONSs generally have higher M, than small SPIONs while small SPIONs are more easily
dispersea in solvents than large SPIONs. Therefore, it is imperative to precisely control the size

of SPIONS in synthesis and to produce monodisperse SPIONS in a large size range.
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2.1.6 Motivation to the synthesis of different sized magnetic nanoparticles

The production of high-quality SPIONs is essential for their biomedical applications. For
instance, good magnetic and crystalline properties are both crucial factors for high-performance
SPIONs in the applications of magnetic separations and magnetic resonance imaging. As
discussed in Chapter 1, the size and the corresponding volume play important roles in the
superparamagnetism of SPIONs. Fortunately, the size and volume of SPIONs can be well-
controlled by synthetic conditions. Therefore, it is imperative to investigate and optimize the

synthesis of different sized SPIONSs.

The synthesis of medium-sized SPIONs using high-temperature decomposition (HTD)
methods has been extensively studied in the last decade.’® With the development of SPION-
based T;-weighted MRI, the synthesis of small-sized SPIONs using HTD methods has attracted
more and more attentions in recent years.’' The synthesis of 16-25 nm large-sized SPIONs using
HTD methods has also been reported;”® however, the synthesis of large-sized SPIONs (inorganic
diameter > 25 nm) using HTD methods is so far lagging behind. In the following sections of this
chapter, we will first describe our HTD method of synthesizing small-sized and medium-sized
SPIONSs, with modifications to previously reported HTD methods, and then we will report our

new HTD method of synthesizing large-sized (especially >25 nm) SPIONSs.
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2.2 Synthesis of 2.5-6 nm magnetic nanoparticles

With modifications to previously reported methods,**?’

the first step of synthesizing a size
series of monodisperse SPIONs of inorganic diameters ranging from 2.5-6 nm involves the
decomposition of organometallic iron precursors at a specific reaction temperature. The specific
reaction temperature, which is the key to control the size of as-synthesized SPIONS, is the
boiling point of corresponding reaction solvent.*® Other factors that can affect the size of as-
synthesized SPIONs include the concentration of iron precursors, the concentration of native
organic ligands, the speed of heating up to the reaction temperature, and the growth (incubation)
time at the reaction temperature, and other variables. The reaction solvent can be a mixture of 1-
tetradecene (1-TDE), 1-hexadecene (1-HDE), and 1-octadecene (1-ODE), in which the boiling
point of reaction solvent is easily modulated by the ratio of its components. 1-TDE, 1-HDE, and
1-ODE have boiling points of ~251 °C, ~274 °C, ~314 °C;***® therefore, the mixed solvent can

have a tunable boiling point between ~251 °C and ~314 °C. The reaction solvent can also be a

single component such as di-octyl ether, which has an appropriate boiling point of ~287 °C.>

In addition to the specific reaction temperatures, native organic ligands play an important
role in the formation of SPIONs. After SPIONs are formed, the native organic ligands also coat
on the surfaces of as-synthesized SPIONs and ensure the solubility of SPIONs in organic
solvents such as hexanes and chloroform. Oleic acid, stearic acid, and oleylamine are commonly

used native organic ligands.

In the presence of native organic ligands, the iron precursors in a certain solvent will be
slowly heated to the specific reaction temperature (i. e. the boiling point of solvent used) and be
kept at this temperature to form SPIONs. Interestingly, different types of iron precursors will
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decompose into different types of nanoparticles (NPs). For example, iron pentacarbonyl
(Fe(CO)s) would result in the formation of metal iron NPs.* In contrast, iron acetylacetonate
(Fe(acac);) would result in the formation of magnetite NPs.? In another case, iron oleate
(Fe(oleate);) would result in the formation of mixed maghemite-magnetite NPs.?” Metal iron NPs
are highly magnetic but unfortunately they are unstable in air at room temperature.’” Therefore,
if iron pentacarbonyl is used as the precursor to synthesize SPIONs, a mild oxidizing agent such
as trimethylamine N-oxide is usually employed to oxidize the intermediate metal iron NPs into
maghemite NPs.? If iron oleate or iron acetylacetonate is used as the precursor, such additional
oxidizing process is not necessary; however, trimethylamine N-oxide can still be used to turn the

mixed maghemite-magnetite NPs or magnetite NPs into full maghemite NPs.

In the following sections, we will show a size series of monodisperse iron oxide
nanoparticles that were synthesized upon the high decomposition of iron precursors using well-

controlled reaction conditions.

2.2.1 About 6 nm magnetic nanoparticles

Figure 2.1 shows monodisperse SPIONSs that were synthesized by the decomposition of iron
pentacarbonyl in a solvent mixture of 1-HDE and 1-ODE in the presence of oleic acid. The ratio
of 1-HDE to 1-ODE in the solvent was 5:2, leading to a boiling point of ~290 °C. This
temperature controls the inorganic diameter of as-synthesized NPs which are ~6 nm in this case.
Because of the use of iron pentacarbonyl, trimethylamine N-oxide was used here in order to

oxidize metal iron NPs into full SPIONs (maghemite).
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Figure 2.1 Transmission electron microscopy (TEM) images of SPIONs (maghemite) with ~6
nm inorganic diameter

g About 3 nm magnetic nanoparticles

Figure 2.2 shows the monodisperse SPIONs with an inorganic diameter of ~3.0 nm that were
synthesized by the decomposition of iron oleate in a solvent mixture of 1-TDE and 1-HDE in the
presence of oleic acid. Here the ratio of 1-TDE to 1-HDE in the solvent was 4:1, resulting in a
boiling point of ~270 °C that gives rise to ~3.0 nm NPs. Trimethylamine N-oxide was used in

order to fully oxidize mixed maghemite-magnetite SPIONs into full maghemite SPIONSs.
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20mm

Figure 2.2 TEM images of SPIONs (maghemite) with ~3 nm inorganic diameter

2,23 About 2.5 nm magnetic nanoparticles

In Figure 2.3, SPIONs of ~2.5 nm inorganic diameter were shown. Although the type and
concentration of iron precursor (iron oleate) used for ~2.5 nm SPIONs were the same as those of
~3 nm SPIONs, the solvent was different (a mixture of 1-HDE and 1-ODE with a ratio of 7:3)
and heating rate was much slower. Similarly, trimethylamine N-oxide was employed to ensure

the final formation of maghemite SPIONSs.
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20 nm

Figure 2.3 TEM images of SPIONs (maghemite) with ~2.5 nm inorganic diameter

224 Experimental details

Experimental details of Figure 2.1: To a 100 °C solvent of mixed 5.7 mL 1-octadecene and
14.3 mL I-hexadecene, 400 pL of Fe(CO)s and 1.91 mL of oleic acid were added. The
temperature was increased by 2 °C/min to 290 °C, at which the reaction was allowed to proceed
for 1 hr. Upon the completion of reaction, the reaction mixture was allowed to cool down to
room temperature, and 0.32 g of (CH3);NO oxidizing agent was added. The temperature was
then increased to 130 °C (2 hrs) and 275 °C (15 min) for the oxidation reaction. After the mixture
was cooled to room temperature, ethanol was added and the resulting solution was centrifuged.
Finally, the supernatant was discarded and the SPION pellets were dispersed and stored in

hexane.
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Experimental details of Figure 2.2: 0.900 g of Fe(oleate); was added to 190 pL of oleic acid
in a mixture of 4.0 mL 1-tetradecene and 1.0 mL 1-hexadecene at room temperature. This
reaction mixture was degassed at 100 °C for 30 mins. The temperature was rapidly heated to a
final temperature of 270 °C and was kept constant for 1 hr. Upon the completion of reaction, the
reaction mixture was allowed to cool down to room temperature, and 0.113 g of (CH3);:NO
oxidizing agent was added. The temperature was then increased to 130 °C (1 hr). After the
mixture was cooled to room temperature, acetone was added and the resulting solution was
centrifuged. Finally, the supernatant was discarded and the SPION pellets were dispersed and

stored in hexane.

Experimental details of Figure 2.3: 0.910 g of Fe(oleate); was added to 190 uL of oleic acid
in a mixture of 3.5 mL 1-hexadecene and 1.5 mL 1-octadecene at room temperature, followed by
a 30 mins degassing at 100 °C. The temperature was raised at a rate of 7 °C/min to a final
temperature of 300 °C and was kept constant for 1 hr. Upon the completion of reaction, the
reaction mixture was allowed to cool down to room temperature, and 0.126 g of (CH3);NO
oxidizing agent was added. The temperature was then increased to 130 °C (1 hr). Afterwards, the
mixture was cooled to room temperature, acetone was added and the resulting solution was
centrifuged. Finally, the supernatant was discarded and the SPION pellets were dispersed and

stored in hexane.
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23 Synthesis of 7-15 nm magnetic nanoparticles

2.3.1 About 7 nm and 8 nm magnetic nanoparticles

Compared to the synthesis of small-sized SPIONs, medium-sized SPIONs were generally
produced at higher temperatures, longer reaction times, or a smaller amount of native organic
ligands. Figure 2.4a shows ~7 nm monodisperse SPIONs that were synthesized by the
decomposition of iron pentacarbonyl in a di-octyl ether solvent with native oleic acid organic
ligands. A smaller amount of oleic acid was used compared to the synthesis of small-sized
SPIONs. As the SPIONs were larger in this case, the oxidation reaction time with
trimethylamine N-oxide was increased and the oxidation reaction temperature was increased in
order to ensure the full oxidation of metal iron NPs into maghemite SPIONs. Figure 2.4b shows
~8 nm monodisperse SPIONs which were synthesized using conditions similar to those of ~7
nm monodisperse SPIONs (see experimental details). SPIONs in Figure 2.4b were already

ligand-exchanged and hydrophilic. More details will be discussed in Chapter 3 and 4.
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Figure 2.4 TEM images of SPIONs (maghemite) with a) ~7 nm and b) ~8 nm inorganic
diameters; b) is adapted with permission from (Wei H.; et al. “Compact Zwitterion-Coated
Iron Oxide Nanoparticles for Biological Applications” Nano Letters 2012, 12, 22). Copyright
(2011) American Chemical Society.
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232 About 11 nm and 12 nm magnetic nanoparticles

Figure 2.5a and b shows monodisperse magnetite SPIONs with inorganic diameters of ~11
nm and ~12 nm, respectively. Unlike the synthesis of 7-8 nm maghemite SPIONSs, iron oleate
was used as the iron precursor and the heating rate was much faster for the synthesis of 11-12
nm mixed maghemite-magnetite SPIONs (see experimental details). No oxidizing agent was

used here, and thus the SPIONs are mixed maghemite-magnetite NPs.
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Figure 2.5 TEM images of SPIONs with a) ~11 nm and b) ~12 nm inorganic diameters
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2.3.3 About 15 nm magnetic nanoparticles

Even larger SPIONSs can also be produced using the same iron precursors and native organic
ligands under well-controlled reaction conditions. When the reaction temperature was increased
to ~320 °C, monodisperse mixed maghemite-magnetite SPIONs of a ~15 nm inorganic diameter
can be synthesized, as shown in Figure 2.6. Interestingly, these ~15 nm SPIONs can self-

assemble and then form a super lattice structure, as shown in Figure 2.7.

20 nm

Figure 2.6 TEM images of SPIONs with ~15 nm inorganic diameters
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100 nm

Figure 2.7 TEM images of SPIONs with ~15 nm inorganic diameters forming super lattice

234 Experimental details

Experimental details of Figure 2.4a: To a 100 °C solvent of 20 mL di-octyl ether, 400 pL of
Fe(CO)s and 0.70 mL of oleic acid were added. The temperature was increased by 2 °C/min to
290 °C, at which the reaction was allowed to proceed for 1 hr. Upon the completion of reaction,
the reaction mixture was allowed to cool down to room temperature, and 0.32 g of (CH;);NO
oxidizing agent was added. The temperature was then increased to 130 °C (2 hrs) and 275 °C (15
min) for the oxidation reaction. After the mixture was cooled to room temperature, ethanol was
added and the resulting solution was centrifuged. Finally, the supernatant was discarded and the

SPION pellets were dispersed and stored in hexane.
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Experimental details of Figure 2.4b: To a 100 °C solvent of 20 mL di-octyl ether, 400 pL of
Fe(CO)s and 0.75 mL of oleic acid were added. The temperature was increased by 2 °C/min to
290 °C, at which the reaction was allowed to proceed for 1 hr. Upon the completion of the
reaction, the reaction mixture was allowed to cool down to room temperature, and 0.32 g of
(CH;)3NO oxidizing agent was added. The temperature was then increased to 130 °C (2 hrs) and
275 °C (15 min) for the oxidation reaction. After the mixture was cooled to room temperature,
ethanol was added and the resulting solution was centrifuged. Finally, the supernatant was

discarded and the SPION pellets were dispersed and stored in hexane.

Experimental details of Figure 2.5a: 0.894 g of Fe(oleate); was added to 200 pL of oleic acid
in 5.0 mL 1-octadecene at room temperature, followed by a 30 mins degassing at 100 °C. The
temperature was rapidly heated to a final temperature of 290 °C and was kept constant for 1 hr.
Upon the completion of reaction, the reaction mixture was allowed to cool down to room
temperature, and acetone was added and the resulting solution was centrifuged. Finally, the

supernatant was discarded and the SPION pellets were dispersed and stored in hexane.

Experimental details of Figure 2.5b: 0.903 g of Fe(oleate); was added to 200 pL of oleic acid
in a mixture of 1.7 mL 1-octadecene and 3.3 mL 1-hexadecene at room temperature, followed
by a 30 mins degassing at 100 °C. The temperature was rapidly heated to a final temperature of
300 °C and was kept constant for 1 hr. Upon the completion of reaction, the reaction mixture
was allowed to cool down to room temperature, and acetone was added and the resulting
solution was centrifuged. Finally, the supernatant was discarded and the SPION pellets were

dispersed and stored in hexane.
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Experimental details of Figure 2.6: 0.920 g of Fe(oleate); was added to 200 uL of oleic acid
in 5 mL 1-octadecene at room temperature, followed by a 60 mins degassing at 100 °C. The
temperature was rapidly heated to a final temperature of 320 °C and was kept constant for 1 hr.
Upon the completion of reaction, the reaction mixture was allowed to cool down to room
temperature, and acetone was added and the resulting solution was centrifuged. Finally, the

supernatant was discarded and the SPION pellets were dispersed and stored in hexane.

24 Synthesis of 16-35 nm magnetic nanoparticles

In order to synthesize 16-35 nm SPIONs, solvents with boiling points higher than 320 °C can
sometimes be used. Under these reaction temperatures, 1-tetradecene, 1-hexadecene, and 1-
octadecene are no longer satisfactory; and thus 1-eicosene, 1-dococene, and 1-tetracosane are
introduced. Moreover, if reaction temperatures are higher than the boiling point of oleic acid,
then oleic acid will be evaporated and no longer stay in the liquid reaction mixture. In such
conditions, native organic ligands with higher boiling points such as stearic acid and

nonadecanoic acid can be introduced.

24.1 About 16 nm magnetic nanoparticles
Figure 2.8 shows monodisperse maghemite SPIONs with an inorganic diameter of ~16 nm,
which were produced from the iron pentacarbonyl precursor. Compared to previous synthetic

conditions, the main difference here is a prolonged reaction time and the use of a stronger
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oxidizing agent. 2 hours (hrs) of reaction time was used instead of the commonly-used 1 hr of
reaction time. The oxidizing agent was changed from commonly used trimethylamine N-oxide to
4-phenylpyridine N-oxide, because larger metal iron NPs are generally more difficult to be fully

oxidized into maghemite SPIONS.

Figure 2.8 TEM images of SPIONs (maghemite) with ~16 nm inorganic diameters

242 About 18 nm magnetic nanoparticles

Figure 2.9 demonstrates monodisperse SPIONs of a ~18 nm inorganic diameter that were
produced from the decomposition of iron oleate precursors in a solvent of l-docosene. The
reaction temperature used here was 360 °C, which is much higher than that in previous synthetic
routes. Oleic acid as a native organic ligand was still usable under this temperature. No oxidizing

agent was added and thus the SPIONs are mixed maghemite-magnetite particles.
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100 nm

Figure 2.9 TEM images of SPIONs with ~18 nm inorganic diameters

243 About 20 nm magnetic nanoparticles

If the reaction temperature is increased further, then larger SPIONs can be obtained. As
shown in Figure 2.10, monodisperse SPIONs of a ~20 nm inorganic diameter was produced from
the decomposition of iron oleate in a solvent of 1-docosene at 370 °C. Similarly, no oxidizing

agent was added and thus mixed maghemite-magnetite SPIONs were formed.
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Figure 2.10 TEM images of SPIONs with a ~20 nm inorganic diameter

244 Polydisperse magnetic nanoparticles

Further increase of reaction temperatures did not give rise to monodisperse SPIONs so far.
For example, the reaction of iron oleate in a solvent of tetracosane with stearic acid (here the
stearic acid was used because the reaction temperature was higher than the boiling point of oleic
acid) was carried at 380 °C. No oxidizing agent was used. The resulted mixed maghemite-
magnetite SPIONs were polydisperse (not uniformly sized), as shown in Figure 2.11a: within
one TEM image, smallest SPION has an inorganic diameter of ~10 nm while largest SPION has
an inorganic diameter of ~30 nm. Figure 2.11b shows SPIONs that were synthesized by the
reaction of iron oleate in a tetracosane solvent with stearic acid at 390 °C. Similar to Figure 2.11a,

the SPIONSs in Figure 2.11b were polydisperse too.
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Figure 2.11 TEM images of polydisperse SPIONs synthesized at a) 380 °C and b) 390 °C

Monodisperse and high-quality SPIONs with an inorganic diameter larger than 25 nm are
generally difficult to be synthesized using the high-temperature decomposition method. This

observation is in agreement with other published reports.
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245 About 35 nm magnetic nanoparticles

As a result, instead of further increasing reaction temperature, other reaction parameters
such as native organic ligand concentration were tuned. We developed a new technique of high-
temperature decomposition synthesis, in which the reaction temperature was kept at 360 °C and
four times more oleic acid than usual was added. This new method has enabled the synthesis
of >25 nm monodisperse SPIONs. As shown in Figure 2.12a and b, thése monodisperse mixed
maghemite-magnetite SPIONs have an inorganic diameter of ~35 nm, which is close to the upper
size limit for superparamagnetic iron oxide NPs (larger iron oxide NPs are not magnetically

single-domain and become ferrimagnetic).
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Figure 2.12 TEM images of a) and b) SPIONs with a ~35 nm inorganic diameter under
different magnifications
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2.4.6 Experimental details

Experimental details of Figure 2.8: To a 100 °C solvent of 20 mL 1-octadecene, 400 pL of
Fe(CO)s and 1.91 mL of oleic acid were added. The temperature was increased by 2.3 °C/min up
to 320 °C, at which the reaction was allowed to proceed for 2 hrs. Upon the completion of
reaction, the reaction mixture was allowed to cool down to room temperature, and 0.729 g of 4-
phenylpyridine N-oxide oxidizing agent was added. The temperature was then increased to 130
°C (2 hrs) for the oxidation reaction. After the mixture was cooled to room temperature, ethanol
was added and the resulting solution was centrifuged. Finally, the supernatant was discarded and

the SPION pellets were dispersed and stored in hexane.

Experimental details of Figure 2.9: 0.918 g of Fe(oleate); was added to 200 uL of oleic acid
in 5 mL 1-docosene at room temperature, followed by a 60 mins degassing at 100 °C. The
temperature was rapidly heated to a final temperature of 360 °C and was kept constant for 1 hr.
Upon the completion of reaction, the reaction mixture was allowed to cool down to room
temperature, and chloroform and acetone were added and the resulting solution was centrifuged.
Finally, the supernatant as well as solid-phase 1-docosene were discarded and the SPION pellets

were dispersed and stored in hexane.

Experimental details of Figure 2.10: 0.935 g of Fe(oleate); was added to 400 pL of oleic acid
in 5 mL 1-docosene at room temperature, followed by a 60 mins degassing at 100 °C. The
temperature was rapidly heated to a final temperature of 370 °C and was kept constant for 1 hr.
Upon the completion of reaction, the reaction mixture was allowed to cool down to room

temperature, and chloroform and acetone were added and the resulting solution was centrifuged.
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Finally, the supernatant as well as solid-phase 1-docosene were discarded and the SPION pellets

were dispersed and stored in hexane.

Experimental details of Figure 2.11a: 0.900 g of Fe(oleate); was added to 0.180 g of stearic
acid in 5 mL tetracosane, followed by a 60 mins degassing at 100 °C. The temperature was
rapidly heated to a final temperature of 380 °C and was kept constant for 1 hr. Upon the
completion of reaction, the reaction mixture was allowed to cool down to room temperature, and
chloroform and acetone were added and the resulting solution was centrifuged. Finally, the

supernatant was discarded and the SPION pellets were dispersed and stored in hexane.

Experimental details of Figure 2.11b: 0.912 g of Fe(oleate); was added to 0.180 g of stearic
acid in 5 mL tetracosane, followed by a 60 mins degassing at 100 °C. The temperature was
rapidly heated to a final temperature of 390 °C and was kept constant for 1 hr. Upon the
completion of reaction, the reaction mixture was allowed to cool down to room temperature, and
chloroform and acetone were added and the resulting solution was centrifuged. Finally, the

supernatant was discarded and the SPION pellets were dispersed and stored in hexane.

Experimental details of Figure 2.12a&b: 0.935 g of Fe(oleate); was added to 800 pL of oleic
acid in 5 mL 1-docosene at room temperature, followed by a 60 mins degassing at 100 °C. The
temperature was rapidly heated to a final temperature of 360 °C and was kept constant for 1 hr.
Upon the completion of reaction, the reaction mixture was allowed to cool down to room
temperature, and chloroform and acetone were added and the resulting solution was centrifuged.
Finally, the supernatant was discarded and the SPION pellets were dispersed and stored in

hexane.
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2.5 Summary of synthetic routes

The synthetic routes of different sized SPIONs are summarized in the following Figure 2.13
and Table 2.1. Iron precursors switched between iron pentacarbonyl (6, 7, 8, and 16 nm SPIONs)
and iron oleate (other SPIONs). This is because iron pentacarbonyl was used in early synthesis (6,
7, 8, and 16 nm SPIONSs); but the precursor was changed to iron oleate, as it is less toxic than

iron pentacarbonyl and can be more easily controlled in producing SPIONSs.

High boiling-point solvent
Iron precursor + Organic ligand >

Controlled temperature

and growth time

Oxidizing agent (optional)
~-~~@ = QOrganic ligand

Figure 2.13 A synthetic scheme of different sized SPIONs using different reaction conditions.
Iron precursor: iron oleate, iron pentacarbonyl, etc.; organic ligand: oleic acid, stearic acid,
nonadecanoic acid, etc.; solvent: 1-tetradecene, 1-hexadecene, 1-octadecene, etc.; oxidizing
agent: trimethylamine N-oxide, 4-phenylpyridine N-oxide, etc.
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Inorganic Iron precursor Solvent Molar ratio of Reaction Heating

diameter of (mixture) native organic temperature rate
SPION (nm) licand : iron (°C)/ reaction ("C/min)
precursor time (hrs)
Iron oleate 1-hexadecene 300/1
1-octadecene
3 Iron oleate 1-tetradecene 0.6:1 270 /1 >10
1-hexadecene
6 Iron pentacarbonyl | 1-hexadecene 254 290 /1 2
1-octadecene
7 Iron pentacarbonyl | di-octyl ether 0.75:1 290 /1 2
8 Iron pentacarbonyl | di-octyl ether 0.8:1 290 /1 2
11 Iron oleate 1-octadecene 0.6:1 290 /1 >10
12 Iron oleate 1-hexadecene 0.6:1 300/1 >10
1-octadecene
15 Iron oleate 1-octadecene 0.6:1 320/1 >10
16 Iron pentacarbonyl | I-octadecene 2:] 320/2 23
18 Iron oleate 1-docosene 0.6:1 360 /1 >10
20 Iron oleate 1-docosene 12241 370/ 1 >10
35 Iron oleate 1-docosene 2.4:1 360 /1 >10

Table 2.1 Different sized SPIONs synthesized at different reaction conditions
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3. Chapter 3: Synthesis of novel ligand coatings for magnetic nanoparticles
3.1 Introduction to nanoparticles’ ligand exchange

3.1.1 Necessity of ligand exchange

O
I

St IR N e I T U O OH
oleic acid

Figure 3.1 Hydrophobic SPIONSs that are coated by native oleic acid ligands

Monodisperse (a. k. a. uniformly sized) superparamagnetic iron oxide nanoparticles (SPIONs)
are usually synthesized by the high-temperature decomposition of iron precursors in organic
solvents with native organic ligands. Consequently, the native organic ligands (such as alkane
chains and olefin chains) coat on the surfaces of SPIONs during synthesis and these native
organic ligands make the as-synthesized SPIONs hydrophobic, as shown in Figure 3.1. The as-
synthesized SPIONs are therefore not able to be dispersed (a. k. a. insoluble) in aqueous systems
of biomedical interests.*® As a result, the surface modification of the as-synthesized SPIONs is
essential to endow them with biocompatibility, in which there are two representative methods:
encapsulation and ligand exchange. Encapsulation is to coat SPIONs with more hydrophilic
shells; for example, gold®” and silica’® have been coated on SPIONs. Ligand exchange is to

exchange the native organic ligands of SPIONs with new water-soluble ligands. Compared to
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encapsulation, ligand exchange is generally better due to two reasons: versatile derivatization

pathways and small hydrodynamic diameters (overall sizes).

3.1.2 Challenges of ligand exchange
OH
H )
® - Ry— 8 RZ_PT OH , etc
. e(\\i\‘ 0O
po
— = polar groups = polar groups
. 0. OH HO_Rs HO._~_
® - J . I —Rs . HoN-Rg , etc
C7H1s HO R, ~HO
CgHi7
oleic acid

Figure 3.2 Ligand exchange schemes for SPIONs

The challenges of ligand exchange are mainly set by the design of ligands with desirable
properties and the followed organic synthesis of as-designed ligands.*' In the last decade,
extensive research has been done in terms of the design and synthesis of ligands for the surface
modification of SPIONs. A series of ligands such as alkanephosphonic acid,
carboxylalkyltrialkylammonium salt, 2,3-dimercaptosuccinic acid, dextran, and dopamine were

10, 42, 43, 44, 45 Figurc

produced and used for ligand exchange with SPIONs. 3.2 shows the ligand

exchange schemes for SPIONs, which can be divided into two types. The first type is the ligand

exchange in acidic environments, and ligands with carboxylic groups and ligands phosphate
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groups are commonly used in the first type. The second type is the ligand exchange in neutral or
basic environments, and ligands with vicinal diol groups and amino groups are commonly used

in the second type.

b)

Figure 3.3 a) dextran coated SPIONs and b) PEGylated-dopamine coated SPIONs

Vicinal diol groups are strong binding groups toward SPIONs due to their strong interaction
with the surface of iron oxide.*® Dextran and catechol derivatives both contain vicinal diol
groups and thus they have found their use as promising ligand coatings for SPIONs. For example,
as shown in Figure 3.3a, dextran derivatives coated SPIONs can be well dispersed in aqueous
buffers and they are sufficiently non-toxic with extended blood half-lives."” More recently, as
shown in Figure 3.3b, it has been discovered that polyethylene glycol (PEG) coupled dopamine
(PEGylated-dopamine) could serve as ligand coatings for SPIONs, and the resulting PEGylated-
dopamine coated SPIONs are generally stable in aqueous buffers at room temperature.*® In
addition to the strong binding affinity between dopamine and iron oxide surface, the long PEG

chains are also well known for ensuring a biologically non-fouling property.*’

Nevertheless, dextran and PEGylated-dopamine derivatives are both large organic molecules

and they usually cause a large increase in the overall size (hydrodynamic diameter) of SPIONs.
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Although the inorganic diameters of SPIONs are usually on the order of 10 nm, the
hydrodynamic diameters (HDs) of dextran and PEGylated-dopamine derivatives coated SPIONs
can be ~30-200 nm. Such large HDs may restrict SPIONs’ access to confined biological spaces
of interests and large HDs can also prevent the fast clearance of SPIONs through the kidneys,
leading to a longer exposure of SPIONSs to living animals. Moreover, it has been reported that
PEG-based ligands coated SPIONs may aggregate in high-salinity buffers.”” Consequently, in
order to use SPIONs in various biomedical applications, there remains a critical demand for
newly biocompatible yet small ligands. The new ligands should have the same desired properties
as dextran and PEGylated-dopamine derivatives such as high water solubility, strong binding
affinity to SPIONs, biological non-fouling property, as well as long-term stability. More
importantly, the new ligands should have small size that can overcome the present difficulties of

dextran and PEGylated-dopamine derivatives.

3.2 New ligand - zwitterionic dopamine sulfonate

3.2.1 Design of zwitterionic dopamine sulfonate

|® ©
HO /N\/\/SO3

HO

Figure 3.4 Chemical structure of zwitterionic dopamine sulfonate ligand
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When designing this new ligand for SPIONs, we have the following considerations in mind:
(1) it has strong coordination to the iron oxide surface of SPIONSs, (2) it has a relatively small
molecular weight, (3) it has highly hydrophilic groups for good water-solubility, and (4) it is
biocompatible and has minimized non-specific interactions with proteins. Therefore, as shown
in Figure 3.4, a new ligand - zwitterionic dopamine sulfonate (ZDS) - was designed. ZDS has the
following advantages: first, the 3,4-dihydroxyl groups (vicinal diol groups, marked by blue color)
on the dopamine moiety convey strong coordination to the surface iron oxide of SPIONSs; second,
the sulfonate group (marked by green color) provides a high water solubility to ZDS; third, the
quaternary amine group (marked by red color) is added to carry a positive charge that neutralizes
with a negative charge from the sulfonate group, making the ZDS zwitterionic and stable within

physiological pH range.
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3.2.2 Synthesis of zwitterionic dopamine sulfonate

H )
HO 1,3-Propane Sultone, EtOH HO N SO
50°C 18hrs o il i
NH,
HO 60% HO

CH,l, DMF, 50 °C,10 hrs
.

50 %

Overall Yield: 30%
Figure 3.5 Synthetic route of dopamine sulfonate (DS) and zwitterionic dopamine sulfonate
(ZDS) ligands. Adapted with permission from (Wei H.; et al. “Compact Zwitterion-Coated

Iron Oxide Nanoparticles for Biological Applications” Nano Letters 2012, 12, 22). Copyright
(2011) American Chemical Society.

Figure 3.5 shows the synthesis of dopamine sulfonate (DS) and zwitterionic dopamine
sulfonate (ZDS) ligands. The first step is the sulfonation of primary amine group of dopamine,
which was achieved by a ring opening reaction with 1,3-propane sultone in a solvent of ethanol
(EtOH) at 50 °C for 18 hrs. After purification, this first step yielded a white solid - DS. The
second step is the methylation of the secondary amine group of DS using iodomethane in a
solvent of dimethylformamide (DMF) at 50 °C for 10 hrs. After purification, this second step

yielded the ZDS.
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323 Experimental details

Synthesis of Dopamine Sulfonate. 1.1376 g dopamine hydrochloride was added into a solvent
of 150 mL ethanol, followed by evacuation and back-filling with nitrogen gas in succession.
Next, 0.416 mL of 28% ammonium hydroxide aqueous solution and 0.799 g of 1,3-
propanesultone were slowly added in succession. The reaction was allowed to proceed at 50’ °C
for 18 hrs, leading to the formation of white precipitate. After cooling down to room temperature,
the reaction mixture was filtered; the solution was then discarded while the white precipitate was
then washed by ethanol (three times). The resulting white solid was dried in vacuo and was

found to be pure (by NMR) dopamine sulfonate (DS).

Synthesis of Zwitterionic Dopamine Sulfonate. 0.3286 g dopamine sulfonate from previous
synthesis and 0.2544 g anhydrous sodium carbonate were added into a solvent of 150 mL
dimethylformamide (DMF), followed by evacuation and back-filling with nitrogen gas in
succession. Next, 2.2 mL iodomethane was added and the reaction was allowed to proceed at 50
°C for 10 hrs until the color of reaction mixture became yellow. Upon the removal of DMF by a
rotary evaporator at 40 °C, an oily crude product was obtained. After being precipitated by
DMF/ethyl acetate (1:10 v/v) and refluxed with DMF/acetone (1:10 v/v), the reaction mixture
was then filtered. The reflux and filter procedures were repeated two more times, resulting in a
white solid, which was then characterized by NMR. The NMR data showed this white solid to be

pure zwitterionic dopamine sulfonate (ZDS).
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324 'H NMR and °C NMR of dopamine sulfonate

The 'H NMR of DS ligand at 400 MHz in a D,O solvent was shown in Figure 3.6a with
chemical shifts 6 (ppm) at 2.08 (multiplet, 2H), 2.88-2.90 (multiplet, 2H), 2.94-2.99 (multiplet,
2H), 3.14-3.17 (multiplet, 2H), 3.26 (multiplet, 2H), 6.71-6.74 (multiplet, 1H), 6.82-6.88
(multiplet, 2H). All peaks were assigned to the corresponding hydrogen atoms in Figure 3.6a.

The 6 = 4.80 peak is from the D,O solvent.

Next, the 3C NMR of DS ligand at 400 MHz in a D,0 solvent was shown in Figure 3.6b
with chemical shifts 6 (ppm) at 21.11, 30.88, 46.11, 47.77, 48.57, 116.44, 121.06, 128.91, 143.01,

144.19. All peaks were assigned to the corresponding carbon atoms in Figure 3.6b.

60



482
480

%6

17

14
{29
1294
290
288
208

Note: Each hydrogen atom is assigned by a number. 7, 8,
11, and 17 do not have signals because of H-D exchange.

6, "o 13
it i [ &l
[ i U i
¥ f i J
(LY by b
Rt sk R
Y=} w Q
e e o o SIS N
71 70 68 66 64 62 60 58 56 34 52 50 48 46 44 42 40 1B 26 14 3 28 26 24 22 20 18 18
1 (ppm)
28 3 &3 5K g =
™M o B 3 .
5 § 43§ g5 R J
M
AP N T AP S L
I | o =
o &
Note: carbon is omitted for darity. Each atom (except hydrogen) is labeled by a number.
3,6 9 13
12 5 4 112,10 .
i i il ] |
145 133 125 1s 105 s % s 80 ” n 6 60 55 50 445 0 33 30 25 20
f1 (ppm)

Figure 3.6 a) '"H NMR and b) '*C NMR of DS ligand. Reprinted with permission from (Wei H.;
et al. “Compact Zwitterion-Coated Iron Oxide Nanoparticles for Biological Applications” Nano

Letters 2012, 12, 22). Copyright (2011) American Chemical Society.
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3.25 'H NMR and ">C NMR of zwitterionic dopamine sulfonate

The '"H NMR of ZDS ligand at 400 MHz in a D,O solvent was shown in Figure 3.7a with
chemical shifts 6 (ppm) at 2.21 (multiplet, 2H), 2.92-2.95 (multiplet, 4H), 3.13 (singlet, 6H),
3.47-3.51 (multiplet, 4H), 6.74-6.76 (multiplet, 1H), 6.83-6.88 (multiplet, 2H).. All peaks were
assigned to the corresponding hydrogen atoms in Figure 3.7a. The J = 4.80 peak is again from
the D,O solvent. The presence of a singlet peak at 3.13 (six hydrogen atoms) indicates the

successful methylation of DS ligand by adding two methyl groups.

Next, the >C NMR of ZDS ligand at 400 MHz in a D,0 solvent was shown in Figure 3.7b
with chemical shifts ¢ (ppm) at 18.12, 27.66, 47.10, 50.72, 62.02, 64.62, 116.49, 121.21, 128.23,
143.03, 144.18. All peaks were assigned to the corresponding carbon atoms in Figure 3.7b. The

presence of a peak at 47.10 confirms the successful methylation of DS ligand.
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33 Thiol-terminated catechol derivatives

3.3.1 Design of thiol-terminated catechol-derivative
0 0
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Figure 3.8 Chemical structure of thiol-terminated catechol-derivative (TD) ligand

Although ZDS ligand allowed for the realization of hydrophilic, small, and compact MNPs,
the ZDS ligand itself does not have a functional group for further conjugations. To solve this
problem, a new ligand, which incorporates the advantages (strong binding to iron oxide surface,
high water solubility, and electrically neutral nature) of ZDS ligand and addresses its limitations
(the absence of functional group), was therefore designed. The dopamine moiety, sulfonate
group, and quaternary amine group will remain in the new ligand, and the main work will be
introducing an appropriate functional group. Amino groups, thiol groups, carboxyl groups, and
hydroxyl groups are all well-established functional groups for bioconjugate techniques,”’ but the
amino group, carboxyl group, and hydroxyl group are known to bind to iron oxide
nanoparticles.*” * °* As a result, the thiol group would be a suitable functional group for
providing versatile derivatization pathways to the new ligand using standard thiol-maleimide
conjugation scheme. Figure 3.8 shows the as-designed thiol-terminated catechol-derivative (TD)
ligand, where a thiol group and a glycol (for water solubility) moiety are linked to the catechol

by stable amide bonds.
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332 Synthesis of thiol-terminated catechol-derivative

/L,’O O\)\% HS NHS/DCC, THF(s) silica column
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Figure 3.9 Synthetic route of thiol-terminated catechol-derivative (TD) ligand. Reprinted
with permission from (Wei H.; et al. “Compact Zwitterion-Coated Iron Oxide Nanoparticles
for Biological Applications” Nano Letters 2012, 12, 22). Copyright (2011) American
Chemical Society.

Thiol-terminated catechol-derivative was synthesized by two steps of the simple N-
hydroxysuccinic anhydride / N,N'-Dicyclohexylcarbodiimide (NHS/DCC) coupling reaction.
Experimental details of this synthesis can be found in the supporting information of our
publication.”® Briefly, 3-mercaptopropionic acid was allowed to react with NHS/DCC in a
tetrahydrofuran (THF) solvent at room temperature for 18 hrs, yielding 3-mercaptopropionic
NHS ester. After purification, 3-mercaptopropionic NHS ester and triethyl amine were added
into a THF solution containing 0,0 " -Bis(2-aminopropyl) polypropylene glycol-block-
polyethylene glycol-block-polypropylene glycol (Jeffamine® ED-600); this reaction was allowed
to proceed at room temperature for another 18 hrs. After the product was purified by silica

column with methanol/dichloromethane eluents, thiol-terminated Jeffamine® ED-600 was

obtained. Second, caffeic acid was allowed to react with NHS/DCC in a THF solvent at room
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temperature for 18 hrs, yielding caffeic NHS ester. Similarly, caffeic NHS ester and triethyl
amine were added into a THF solution containing thiol-terminated Jeffamine® ED-600; this
reaction was also allowed to proceed at room temperature for another 18 hrs, yielding thiol-
terminated catechol-derivative as a crude product. The purified thiol-terminated catechol-

derivative was again given by silica column separation using methanol/dichloromethane eluents.

3.4 Alkyne-terminated catechol derivatives

34.1 Design of alkyne-terminated catechol-derivative

7 0
H | (@] nN ~
m H
HO

Figure 3.10 Chemical structure of alkyne-terminated catechol-derivative (AD) ligand

Although the thiol group is well-established for thiol-maleimide conjugation schemes, the
thiol group is easily to be oxidized in air to form a disulfide bond.>* The resulting disulfide bond
cannot participate in thiol-maleimide conjugation, and the formation of disulfide bond may cause
thiol coated nanoparticles (NPs) to cross-link and aggregate. Therefore, prior to the thiol-
maleimide conjugation, the use of a reducing agent such as dithiothreitol or tris(2-carboxyethyl)
phosphine is necessary for the reduction of disulfide bond into free thiol group.’” In order to
improve the stability of TD ligand, we have designed the alkyne-terminated catechol-derivative

(AD) ligand. The alkyne group has the advantage of high stability and the related alkyne-azide
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cycloaddition is a bio-orthogonal conjugation (click chemistry).”® As shown in Figure 3.10, the
chemical structure of AD ligand is almost the same as TD ligand, except that the thiol group in
TD is changed into the alkyne group in AD and that the caffeic acid moiety in TD is changed

into the dihydrocaffeic acid moiety in AD.

3.4.2 Synthesis of alkyne-terminated catechol-derivative
1 i | NHS, DCC, DCM(s) silica column
Ao A [O._ A : !
HoN 4O~ L~ T, HOOC. -~ .= o .
[ ro ™ Nz 48 hrs, RT
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Alkyne-terminated Catechol-derivative

Figure 3.11 Synthetic route of alkyne-terminated catechol-derivative (AD) ligand

Figure 3.11 shows the synthetic pathway of alkyne-terminated catechol derivative (AD)
ligand. Similar to the synthetic pathway of TD ligand, twos steps of NHS/DCC coupling reaction
were also used here. Briefly, 4-pentynoic acid reacted with NHS/DCC in a dichloromethane
(DCM) solvent at room temperature for 2 hrs, yielding 4-pentynoic NHS ester. The purified 4-
pentynoic NHS ester in a DCM solution was added to triethyl amine and Jeffamine® ED-600 and
the reaction was allowed to proceed at 0 °C and room temperature for a total period of 48 hrs.

After the silica column purification with methanol/dichloromethane as eluents, alkyne-
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® ED-600 was obtained. Second, dihydrocaffeic acid reacted with

terminated Jeffamine
NHS/DCC in a tetrahydrofuran (THF) solvent at room temperature for 18 hrs, resulting
dihydrocaffeic NHS ester. Afterwards, to a mixed DCM and THF solvent containing alkyne-
terminated Jeffamine® ED-600, dihydrocaffeic NHS ester and triethyl amine were added and the
reaction was allowed to proceed at room temperature for 24 hrs. The resulting crude product of

alkyne-terminated catechol-derivative was later purified by silica column again using

methanol/dichloromethane eluents.

343 Experimental details

Synthesis of Alkyne-terminated Catechol-derivative. As described in Figure 3.11, the
synthetic scheme of AD ligand is similar to that of TD ligand.> First, 4-pentynoic acid (1.117 g,
12 mmol) was added to a solvent of 50 mL dichloromethane (DCM), followed by successive
addition of N-hydroxysuccinic anhydride (NHS, 1.52 g, 13.2 mmol) and N,N'-
Dicyclohexylcarbodiimide (DCC, 2.72 g, 13.2 mmol). The reaction was allowed to proceed at
room temperature (RT) for 2 hrs before it was filtered and its solvent was rotary evaporated,
yielding 4-pentynoic NHS ester. 7.2 g (12 mmol) 0,0 -Bis(2-aminopropyl) polypropylene
glycol-block-polyethylene glycol-block-polypropylene glycol (Jeffamine® ED-600) and triethyl
amine (TEA, 1.21 g, 12 mmol) were added into a 200 mL flask, followed by the slow addition
of above 4-pentynoic NHS ester in a solution of 50 mL DCM. The resulting solution was first
cooled with an ice bath and then it was allowed to react at RT for 48 hrs, filtered, and the solvent
was removed using a rotary evaporator. The crude product was purified by silica gel
chromatography with 10% MeOH/Dichloromethane (v/v) as the eluent, yielding alkyne-
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terminated Jeffamine® ED-600. Separately, dihydrocaffeic acid (2.68 g, 14.7 mmol) was added
to a solvent of 135 mL tetrahydrofuran (THF), followed by successively adding N-
hydroxysuccinic anhydride (NHS, 1.86 g, 16.2 mmol) and N,N'-Dicyclohexylcarbodiimide
(DCC, 3.34 g, 16.2 mmol). The reaction (under nitrogen protection) was allowed to proceed at
room temperature (RT) for 18 hrs before it was filtered and its solvent was rotary evaporated,
yielding dihydrocaffeic NHS ester which was later washed by ethyl acetate (EtOAc) against
silica gel for purification and the solvent was then rotary evaporated. Next, the alkyne-
terminated Jeffamine® ED-600 was dissolved in 60 mL DCM plus 20 mL THF, followed by the
addition of the dihydrocaffeic NHS ester (2.52 g, 9 mmol) and TEA (0.91 g, 9 mmol). This
reaction (under nitrogen protection) was allowed to proceed at RT for 24 hrs before it was
filtered and its solvent was rotary evaporated. Finally, the crude product was purified by silica
gel chromatography with 15% MeOH/Dichloromethane (v/v) as the eluent, yielding the alkyne-
terminated catechol-derivative (AD) ligand. The presence of alkyne groups was confirmed by
potassium permanganate test and the presence of catechol groups was confirmed by iron(I1I)

chloride test.
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4. Chapter 4: Preparations and characterizations of hydrophilic magnetic

nanoparticles
Compact
Size
Long-term “'\‘_, High
Stability .9 e ® %S Magnetization
~J Hydrophilic ligands
water molecule
4.1 Preparations of hydrophilic magnetic nanoparticles
4.1.1 Zwitterionic dopamine sulfonate ligand coated magnetic nanoparticles
MEAA ligand ZDS ligand
—_— —_—
"~ Methanol ™~ DMF/water
b
Hydrophobic SPION Semi-hydrophilic Hydrophilic SPION
with native oleic acid SPION with MEAA with ZDS ligands
ligands ligands

Figure 4.1 Ligand exchange pathway for the preparation of ZDS coated magnetic
nanoparticles

As shown in Figure 4.1, the ligand exchange of oleic acid coated superparamagnetic iron

oxide nanoparticles (SPIONs) with zwitterionic dopamine sulfonate (ZDS) ligand was achieved
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by a two-step process. First, native oleic acid was exchanged by 2-[2-(2-methoxyethoxy)ethoxy]
acetic acid (MEAA) ligand in a methanol (MeOH) solvent at 70 °C for 5 hrs. The reason for
using MEAA as an intermediate ligand is: 1) hydrophobic SPIONs are not soluble in
dimethylformamide (DMF) or water, 2) ZDS is highly hydrophilic and it can only be dissolved
in highly polar solvents such as DMF or water (ZDS is almost insoluble in MeOH), and 3)
MEAA is soluble in both MeOH and DMF/water mixture. Therefore, after the first step ligand
exchange, the MEAA coated SPIONs (MEAA-SPIONs) can be dispersed in DMF/water mixture,
which is the solvent of the second step ligand exchange. The MEAA-SPIONs in MeOH were
precipitated by adding acetone and hexane. Subsequent centrifugation yielded a supernatant
containing oleic acid and excess MEAA, leaving the purified MEAA-SPIONSs as a pellet at the

bottom.

Second, the intermediate MEAA ligand was exchanged by ZDS ligand in a DMF/water
mixed solvent at 70 °C for 12 hrs. The catechol group of ZDS ligand has a stronger binding
affinity towards iron oxide surface, compared to that of the carboxylic group of MEAA ligand.
Therefore, MEAA ligand is likely to be completely exchanged by ZDS ligand. The resulting
ZDS coated SPIONs (ZDS-SPIONSs) are highly hydrophilic and they can be purified by adding
acetone into the DMF/water mixture containing ZDS-SPIONs. After centrifugation, the purified
ZDS-SPIONs pellet at bottom can be well dispersed in water or phosphate buffered saline 1X

(PBS 1X). The excess ZDS ligand can be removed by using a dialysis centrifugal unit afterwards.
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4.1.2 Thiol-terminated catechol-derivative and zwitterionic dopamine sulfonate ligand

mixture coated magnetic nanoparticles

MEAA hgand TD and ZDS Iigand
Methanol DMFlwater
Hydrophobic SPION Semi-hydrophilic Hydrophilic SPION
with native oleic acid SPION with MEAA with TD and ZDS
ligands ligands ligands

Figure 4.2 Ligand exchange pathway for the preparation of TD and ZDS coated magnetic
nanoparticles

As shown in Figure 4.2, the ligand exchange process with a mixture of thiol-terminated
catechol-derivative (TD) and zwitterionic dopamine sulfonate (ZDS) ligands is almost the same
as the ligand exchange process of pure ZDS ligand. First, same procedures were used to prepare
the intermediate MEAA coated SPIONs that can be dispersed in DMF/water mixture. Second,
same procedures were used to prepare TD/ZDS coated SPIONs, except that a mixture of TD and
ZDS ligand was used instead of pure ZDS ligand. The nitrogen gas protection is more important
here, as the free thiol groups are prone to cross-link in air. The resulting TD/ZDS coated SPIONs
can also be well dispersed in water or PBS 1X. 15% TD and 85% ZDS (mol%) was found to be
an optimal ratio of this ligand mixture in terms of the water-solubility as well as functionality of

SPIONs.
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4.1.3 Alkyne-terminated catechol-derivative and zwitterionic dopamine sulfonate

ligand mixture coated magnetic nanoparticles

MEAA I|gand AD and ZDS Ilgand
Methanol DMFlwater
Hydrophobic SPION Semi-hydrophilic Hydrophilic SPION
with native oleic acid SPION with MEAA with AD and ZDS
ligands ligands ligands

Figure 4.3 Ligand exchange pathway for the preparation of AD and ZDS coated magnetic
nanoparticles

Figure 4.3 depicts the pathway for the preparation of Alkyne-terminated catechol-derivative
(AD) and zwitterionic dopamine sulfonate (ZDS) ligand mixture coated SPIONs. Similarly,
MEAA coated SPIONs were first prepared using the same procedures; afterwards, in order to
prepare AD/ZDS coated SPIONs, a mixture of AD and ZDS ligands was used instead of pure
ZDS ligand while other procedures were the same. Unlike TD ligand, the AD ligand used here is

stable in air.

4.1.4 Experimental details

Ligand exchange with pure DS or ZDS. Ethanol was first added to 25 pL. SPION stock
solution to precipitate the SPIONs. The resulting solution was centrifuged and then the
supernatant was discarded, yielding ~1 mg of dry SPION pellet. 25 pL of 2-[2-(2-
methoxyethoxy)ethoxy]acetic acid (MEAA) and 75 pL of methanol (solvent) were added to the
SPION pellet, and the reaction mixture was allowed to proceed at 70 °C for 5 hrs before it was
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precipitated by the addition of 0.2 mL acetone and 0.8 mL hexane in succession. The resulting
cloudy solution was centrifuged again and then the supernatant was discarded, yielding a pellet
of MEAA coated SPIONs. Then, ~50 mg of pure DS or ZDS ligand in a mixed solvent of 0.6
mL dimethylformamide (DMF) and 0.3 mL de-ionized water was added to the pellet of MEAA
coated SPIONs and the reaction was allowed to préceed at 70 °C for 12 hrs. Upon the
completion of ligand exchange, the solution turned into a black color and it was then
precipitated by the addition of 5 mL acetone. Next, the solution was centrifuged and the
supernatant was again discarded, yielding a pellet of DS or ZDS coated SPIONSs, to which 1 mL
phosphate buffered saline 1X (PBS 1X) was added to disperse the SPIONs. The DS or ZDS
coated SPIONs in PBS 1X were sonicated for 40 min and purified by a dialysis centrifugal unit

(by plain PBS 1X, 3 times) to remove excess ligand.

Ligand exchange with a mixture of TD and ZDS. MEA A-coated SPIONs were first prepared
using the same procedure as described above. Then, ~50 mg of 15% TD and 85% ZDS ligands
(mol%) in a mixed solvent of 0.6 mL dimethylformamide (DMF) and 0.3 mL de-ionized water
were added to the pellet of MEAA coated SPIONs and the reaction (under the protection of
nitrogen gas) was allowed to proceed at 70 °C for 12 hrs. Upon the completion of ligand
exchange, the solution turned into a black color and it was then precipitated by the addition of 5
mL acetone. Next, the solution was centrifuged and the supernatant was again discarded,
yielding a pellet of TD and ZDS coated SPIONs, to which 1 mL phosphate buffered saline 1X
(PBS 1X) was added to disperse the SPIONs. The TD and ZDS coated SPIONs in PBS 1X were
sonicated for 40 min and purified by a dialysis centrifugal unit (by plain PBS 1X, 3 times) to

remove excess ligand.
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Ligand exchange with a mixture of AD and ZDS. MEAA-coated SPIONs were first prepared
using the same procedure as described above. Then, ~50 mg of 15% AD and 85% ZDS ligands
(mol%) in a mixed solvent of 0.6 mL dimethylformamide (DMF) and 0.3 mL de-ionized water
were added to the pellet of MEAA coated SPIONs and the reaction was allowed to proceed at
70 °C for 12 hrs. Upon the completion of ligand exchange, the solution turned into a black color
and it was then precipitated by the addition of 5 mL acetone. Next, the solution was centrifuged
and the supernatant was again discarded, yielding a pellet of AD and ZDS coated SPIONSs, to
which 1 mL phosphate buffered saline 1X (PBS 1X) was added to disperse the SPIONs. The AD
and ZDS coated SPIONs in PBS 1X were sonicated for 40 min and purified by a dialysis

centrifugal unit (by plain PBS 1X, 3 times) to remove excess ligand.
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4.2 Transmission electron microscopy of hydrophilic magnetic nanoparticles

Figure 4.4 TEM image of ZDS ligand coated SPIONSs. Inset: Photograph of ZDS ligand
coated SPIONSs dispersed in PBS 1X. Reprinted with permission from (Wei H.; et al.
“Compact Zwitterion-Coated Iron Oxide Nanoparticles for Biological Applications” Nano
Letters 2012, 12, 22). Copyright (2011) American Chemical Society.

The photograph in the inset of Figure 4.4 shows that, on a macroscopic level, ZDS ligand
coated SPIONs (ZDS-SPIONs) were stable at a high nanoparticle (NP) concentration and those
ZDS-SPIONS can be well dispersed in phosphate buffered saline 1X (PBS 1X). In order to
understand the dispersion of ZDS-SPIONs on a microscopic level, transmission electron
microscopy (TEM) was used. As shown in Figure 4.4, TEM further revealed that the ZDS-
SPIONs had an inorganic diameter of ~8 nm. Moreover, there was no noticeable aggregation of
ZDS-SPIONs — they were nearly monodisperse. These results suggest that, as designed, ZDS
ligand is highly water-soluble and ZDS ligand has a strong binding affinity towards iron oxide

surface.
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4.3 Dynamic light scattering of hydrophilic magnetic nanoparticles and their pH

stability
4.3.1 Dynamic light scattering measurements
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Figure 4.5 Dynamic light scattering measurements showing a) The distribution of
hydrodynamic diameter of ZDS ligand coated SPIONs and b) the stability of hydrodynamic
diameter of ZDS ligand coated SPIONSs over the physiological pH range. Adapted with
permission from (Wei H.; et al. “Compact Zwitterion-Coated Iron Oxide Nanoparticles for
Biological Applications” Nano Letters 2012, 12, 22). Copyright (2011) American Chemical
Society.

Admittedly, the transmission electron microscopy (TEM) image in Figure 4.4 shows about
hundreds of nearly monodisperse ZDS ligand coated SPIONs (ZDS-SPIONs). However, a
typical SPION sample used for biomedical research has a large number of nanoparticles (NPs)
which can be on the order of 1 x 10" mol (1 nmol). In order to statistically study the distribution

of hydrodynamic diameter (HD) of ZDS-SPIONs, dynamic light scattering (DLS) measurement
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was used. Figure 4.5a shows a nearly symmetric HD distribution of ZDS-SPIONs that were
dispersed in PBS 1X at pH=7.5. The average HD of ZDS-SPIONs is ~10 nm, which coincided
with the peak of its HD distribution. This result suggests that ZDS-SPIONs were indeed nearly
monodisperse even if a large number of SPIONs were measured. Figure 4.5b further
demonstrates that the average HD of ZDS-SPIONs was insensitive to pH within the
physiological pH range (6.0-8.5), indicating that the ZDS ligand does not dissociate from iron
oxide surface over physiological pHs and that the ZDS ligand can retain the good colloidal
stability of SPIONs in biological buffers.

Moreover, since the ZDS-SPIONSs have an inorganic diameter of ~8 nm and a HD of ~10 nm,
the ZDS ligand only contributes ~1 nm to the overall radius of hydrophilic SPIONSs. In contrast,

SPIONs that are coated by dextran ligands** *’

or polyethylene glycol coupled (PEGylated)
ligands*® can increase their HDs on the order of 30 to 200 nm, when compared to their inorganic
core diameters. Therefore, the size increment introduced by ZDS ligand is significantly smaller

than that of dextran or PEGylated ligands. This result suggests that ZDS coated SPIONs are

compact when they are dispersed in PBS 1X.

432 Experimental details

Dynamic light scattering measurements. The hydrodynamic diameters (HDs) of hydrophilic
SPIONs were determined by light-scattering analysis using a Malvern Instruments Nano-ZS90
machine. A volume-weighted size distribution analysis was used to obtain HDs, which were

reported as the average of three paralle] measurements. Each measurement was performed and
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averaged for ~10 min, where each autocorrelation function was acquired for ~5 s. The error bars

of HDs were reported as the standard deviation of the average given by triplicate measurements.

44 Stability of hydrophilic magnetic nanoparticles with respect to time

We have already shown that the hydrophilic ZDS ligand coated SPIONs (ZDS-SPIONSs) can
be well dispersed in PBS 1X with a small hydrodynamic diameter. However, biomedical
applications also require SPIONSs to be stable in a reasonable amount of time, including but not
limited to the time used for preparation, purification, storage, as well as delivery and so on. To
this end, UV-Vis spectra and size-exclusion high-performance liquid chromatography (HPLC)

were used to study the long-term stability of ZDS-SPIONs in PBS 1X.

a) ——ZDS-SPIONs as-synthesized b) —— ZDS-SPIONs as-synthesized
——ZDS-SPIONS stored 7 days (in PBS, 4 °C) — —— ZDS-SPIONs stored 4 months (in PBS, RT)
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Figure 4.6 a) UV-Vis spectra and b) size-exclusion HPLC chromatograms of ZDS ligand
coated SPIONs (ZDS-SPIONs) with increasing storage time; a) Reprinted with permission
from (Wei H.; et al. “Compact Zwitterion-Coated Iron Oxide Nanoparticles for Biological
Applications” Nano Letters 2012, 12, 22). Copyright (2011) American Chemical Society.
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4.4.1 UV-Vis absorbance measurements

Figure 4.6a shows the measurements of UV-Vis absorbance of ZDS-SPIONs (with a ~8 nm
inorganic diameter) in PBS 1X solution with the increase of storage time. In this experiment, the
UV-Vis absorbance reflects the concentration of ZDS-SPIONs in PBS 1X: if the ZDS-SPIONs
aggregated and precipitated to the bottom of cell during the storage, then the UV-Vis absorbance
will decrease accordingly. As shown in Figure 4.6a, the UV-Vis absorbance of ZDS-SPIONs as-
synthesized (black), stored seven days (red), and stored fifteen days (blue) were nearly identical,
indicating that the ZDS-SPIONs are stable at 4 °C in PBS 1X for at least two weeks. Moreover,
ZDS-SPIONs were found to be soluble even in saturated sodium chloride aqueous solution. In
contrast, aggregations of nanoparticles (NPs) can be observed for PEGylated ligands coated NPs
or single charge-stabilized NPs in sodium chloride aqueous solution.”® Moreover, researchers
have previously found that simple dopamine molecule coated SPIONs may have rapid
degradation, forming iron(IIl) oxyhydroxide.” For our ZDS-SPIONs, we did not observe these

instability behaviors.

442 Size-exclusion HPLC chromatograms

Figure 4.6b shows the size-exclusion HPLC chromatogram of ZDS-SPIONs (with a ~3 nm
inorganic diameter). The size-exclusion HPLC stands for a HPLC machine equipped with a size-
exclusion column, in which the retention time of SPIONs has an inversed relationship with the
hydrodynamic diameter (HD) of SPIONs.®® Moreover, the inversed relationship between the

retention time of SPIONs and the HD of SPIONs can be plotted in a calibration curve using
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protein standards with known HDs. As shown in Figure 4.6b, the retention time distribution
(RTD) of ZDS-SPIONSs as-synthesized was nearly identical to the RTD of ZDS-SPIONSs stored 4
months. Moreover, the peak of RTD of ZDS-SPIONSs as-synthesized was almost the same as the
peak of RTD of ZDS-SPIONs stored 4 months. These results suggest that ZDS-SPIONs are
stable at room temperature in PBS 1X for four months. The high stability of ZDS-SPIONSs in
biological bﬁuffers can be attributed to the strong binding affinity of 3,4-dihydroxybenzene

anchor group and the high water solubility of sulfonate group.

443 Experimental details

Size-exclusion high-performance liquid chromatography. Zwitterionic dopamine sulfonate
coated SPIONs (ZDS-SPIONSs) in a solvent of phosphate buffered saline 1X (PBS 1X) were first
filtered by 0.2 pm HT Tuffryn® membranes, and then the filtered ZDS-SPIONs were injected
into a high-performance liquid chromatography (HPLC, manufactured by Agilent Technologies)
machine equipped with a size-exclusion column (Superose™ 6, GE Healthcare, 10/300 GL). The
PBS 1X was used as the eluent and the absorbance of ZDS-SPIONs at 400 nm was monitored
(referencing to 600 nm) for 90 mins. The resulting HPLC chromatograms were normalized by

absorbance intensity or integration area.
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4.5 SQUID measurements of magnetic nanoparticles

The magnetic properties of as-prepared SPIONs are crucial to their biomedical applications;
for example, magnetic separation and hyperthermia both require a high saturation magnetization
of SPIONS. In this respect, superconducting quantum interference device (SQUID) was used to
carefully investigate the magnetic behaviors, including superparamagnetism and saturation

magnetization, of as-prepared SPIONs.

4.5.1 Magnetic behavior of oleic acid coated magnetic nanoparticles
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Figure 4.7 SQUID curves of oleic acid coated hydrophobic SPIONs measured at four
different temperatures. Adapted from (Wei H.; et al. “Compact zwitterion-coated iron oxide
nanoparticles for in vitro and in vivo imaging” Integrative Biology 2013, 5, 108).
Reproduced by permission of The Royal Society of Chemistry.

As shown in Figure 4.7, the saturation magnetization and magnetic response of oleic acid
coated hydrophobic SPIONs (hydrophobic SPIONs) with an inorganic diameter of ~6 nm were

measured by SQUID from -60000 to 60000 Oe (i.e. -6 to 6 Tesla) at 5 K, 100 K, 200 K, and 298

82



K, separately. The insets in Figure 4.7 clearly show that, at 100 K, 200 K, and 298 K, the
hydrophobic SPIONs did not have any hysteresis loop near zero magnetic fields. The
hydrophobic SPIONs are indeed superparamagnetic at these temperatures, in which the
superparamagnetism at 298 K is the most important because the majority of biomedical
applications of SPIONs were done at room temperature or human body temperature. When the
temperature was cooled down to 5 K, the hydrophobic SPIONs started to show a hysteresis loop
near zero magnetic fields, indicating ferromagnetism of hydrophobic SPIONs at 5 K. This
phenomenon is consistent with the reported blocking temperature (~30 K) of maghemite

nanoparticles with a ~6 nm inorganic diameter.®'

In order to calculate the magnetization of SPIONs in a unit of emu/g [Fe] and compare the
result with reported values, the mass of iron in hydrophobic SPION sample was determined by
using bathophenanthroline (see experimental details in the materials and methods in our
publication).> After iron determination, the saturation magnetization (M;) of the hydrophobic
SPIONs at 298 K was found to be ~74 emu/g [Fe]. This value compares reasonably well with

106 emu/g [Fe] (i. ¢., 74 emu/g [Fe,03]), the bulk value of maghemite.®®
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4.5.2 Magnetic behavior of 2-[2-(2-methoxyethoxy)ethoxy]acetic acid coated magnetic
nanoparticles
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Figure 4.8 SQUID curves of 2-[2-(2-methoxyethoxy)ethoxy]acetic acid coated SPIONs
(MEAA-SPIONs) measured at four different temperatures. Adapted from (Wei H.; et al.
“Compact zwitterion-coated iron oxide nanoparticles for in vitro and in vivo imaging”
Integrative Biology 2013, 5, 108). Reproduced by permission of The Royal Society of
Chemistry.

As shown in Figure 4.8 and its insets, SQUID measurements of 2-[2-(2-
methoxyethoxy)ethoxylacetic acid coated SPIONs (MEAA-SPIONs) with magnetic fields
ranging from -60000 to 60000 Oe (i. e. -6 to 6 Tesla) also revealed that there were no hysteresis
loop of MEAA-SPIONSs at 100 K, 200 K, and 298 K. Therefore, the MEAA-SPIONSs are also
superparamagnetic at 100 K, 200 K, and most importantly 298 K. Similar to the hydrophobic
SPIONs, when the temperature was cooled down to 5 K, ferromagnetism has shown in the
MEAA-SPIONs. However, the magnetic coercivity of MEAA-SPIONs was smaller than that of

hydrophobic SPIONs at 5 K. This is presumably due to changed magnetic coupling between
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SPIONSs, where different ligand coatings of SPIONs can change the spacing intervals of SPIONs

that in turn affect the magnetic coupling.**

After determining the mass of iron by bathophenanthroline, the saturation magnetization (M;)

of MEAA-SPIONs was found to be ~63 emu/g [Fe], which is close to the My value (~74 emu/g

[Fe]) of hydrophobic SPIONs. This result suggests that the MEAA ligand coating does not

significantly change the M; of as-synthesized hydrophobic SPIONs.

453 Magnetic behavior of zwitterionic dopamine sulfonate and thiol-terminated

catechol-derivative coated magnetic nanoparticles
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Figure 4.9 SQUID curves of thiol-terminated catechol-derivative and zwitterionic dopamine
sulfonate coated SPIONs (TD/ZDS-SPIONs) measured at four different temperatures.
Adapted from (Wei H.; et al. “Compact zwitterion-coated iron oxide nanoparticles for in
vitro and in vivo imaging” Integrative Biology 2013, 5, 108). Reproduced by permission of
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Figure 4.9 and its insets show the SQUID curves of SPIONs that were coated by a mixture of
thiol-terminated catechol-derivative and zwitterionic dopamine sulfonate (TD/ZDS-SPIONS).
Similarly, the SQUID curves are measured at 5K, 100 K, 200 K, and 298 K with magnetic fields
ranging from -60000 to 60000 Oe (i. e. -6 to 6 Tesla). Like hydrophobic SPIONs and MEAA-
SPIONSs, the TD/ZDS-SPIONSs also showed ferromagnetism at 5 K. Moreover, TD/ZDS-SPIONs

were confirmed to be superparamagnetic at 100 K, 200 K, and 298 K.

After the mass of iron in the TD/ZDS-SPION sample was determined, the saturation
magnetization (M;) of TD/ZDS-SPIONs was found to be ~74 emu/g [Fe]. This M value is the

same as the M; value of hydrophobic SPIONSs, within the error range of SQUID measurements.

These results suggest that the new ligand coatings designed by us do not significantly affect
the M; of as-synthesized hydrophobic SPIONs and that our optimized heating, precipitation,
sonication, and dialysis procedures in the processes of ligand exchange and purification do not
significantly alter the M; of as-synthesized hydrophobic SPIONs. Moreover, the magnetic
behaviors such as superparamagnetism of hydrophobic SPIONs are largely insensitive to the
processes of ligand exchange and purification. These unaltered magnetic properties indicate that
the hydrophilic TD/ZDS-SPIONs can retain the highly magnetic performances of as-synthesized
hydrophobic SPIONs, which in turn makes TD and ZDS promising ligands for various

biomedical applications.®®
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5. Chapter 5: In vitro and in vivo biocompatibility and functionality of hydrophilic

magnetic nanoparticles

Stable in Serum Dye Stable with Cells

o 3 '

¢ Rl

Stable in Mice Specific Labeling
™/ Hydrophilic ligands

A\ Functional ligands

In Chapter 4, we have already shown that the as-prepared hydrophilic superparamagnetic

iron oxide nanoparticles (SPIONs) can be well dispersed in biological buffers, showing compact

overall size, long-term stability, and high saturation magnetization. These properties of our

hydrophilic SPIONs are important and desired for biomedical applications; however, successful

applications of SPIONs in biomedicine further require them to have biocompatibility and

functionality. To this end, we report here the designs and results of in vitro and in vivo

experiments that can evaluate the biocompatibility and functionality of hydrophilic SPIONS (i. e.

NPs in this chapter for simplicity).
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5.1 In vitro serum binding test

5.1.1 Design of in vitro serum binding test

For the SPIONs (i. e. NPs for simplicity) to be used in biomedical applications such as
diagnostic imaging or drug delivery, a low non-specific binding of SPIONs towards serum
proteins is a critical property.®® SPIONs with high non-specific binding property are generally
bio-fouling and they can be sticky to serum protein, leading to a large increment of
hydrodynamic diameters (HDs) or even a formation of aggregates. To this end, an in vitro serum
binding test was performed in order to evaluate the non-specific binding level of these SPIONSs.
By using a size-exclusion high-performance liquid chromatography (HPLC),*® in which the
retention times of SPIONs have an inversed relationship with the HDs of SPIONs, we were able
to compare the HDs of SPIONs incubated with plain phosphate buffered saline 1X (PBS) and
fetal bovine serum (FBS). The experimental details can be found in the supporting information
of our publication.”® Here the DS-NPs were used as a control to ZDS-NPs: although both DS-
NPs and ZDS-NPs can be well dispersed in PBS, the surface charge of DS-NPs is negative (from
sulfonate group) while the surface charge of ZDS-NPs is nearly neutral (from a combination of
sulfonate and quaternary amine groups). Electrostatic interactions are thought to play an
important role in binding between SPIONs and a major component of FBS — bovine serum
albumin,®” and thus DS-NPs are expected to show a higher non-specific binding affinity towards

serum proteins.

88



8.1.2 Stability of dopamine sulfonate coated magnetic nanoparticles and zwitterionic

dopamine sulfonate coated magnetic nanoparticles
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Figure 5.1 Red curves: size-exclusion chromatograms of dopamine sulfonate coated iron
oxide nanoparticles (DS-NPs) in phosphate buffered saline (PBS) and fetal bovine serum
(FBS). Blue curves: size-exclusion chromatograms of zwitterionic dopamine sulfonate
coated iron oxide nanoparticles (ZDS-NPs) in PBS and FBS. Adapted with permission from
(Wei H.; et al. “Compact Zwitterion-Coated Iron Oxide Nanoparticles for Biological
Applications™ Nano Letters 2012, 12, 22). Copyright (2011) American Chemical Society.

As shown in Figure 5.1, both dopamine sulfonate coated SPIONs (DS-NPs, red curves) in
PBS and zwitterionic dopamine sulfonate coated SPIONs (ZDS-NPs, blue curves) in PBS were
nearly monodisperse with narrow retention time distributions (RTDs) and the same retention
time peaks of ~34 min. After an incubation with 10% FBS, the retention time distribution (RTD)
of DS-NPs (Figure 5.1, red curves) became a broad distribution between ~20 and ~37 min. This
result indicates that, compared to the hydrodynamic diameter (HD) of DS-NPs in PBS, the HD

of DS-NPs significantly increased after the incubation with 10% FBS, which was as expected. In
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contrast, after an incubation with 10% FBS, the RTD of ZDS-NPs (Figure 5.1, blue curves) was
almost not affected when compared to the RTD of ZDS-NPs in PBS, showing a similar retention
time peak of ~34 min. This data indicates that the HD of ZDS-NPs after the incubation with 10%
FBS was almost the same as the HD of ZDS-NPs in PBS.

When the serum concentration was increased from 10% to 20%, SPIONs accordingly
showed more noticeable changes in their HDs. After incubation with 20% FBS, the retention
time distribution (RTD) of DS-NPs (Figure 5.1, red curves) shifted to a new retention time peak
of ~18 min. As the flow rate of HPLC eluent in this experiment was 0.5 mL/min, 18 min
corresponds to 9 mL, which is approximately the void volume of size-exclusion column. This
means that the HD of DS-NPs experienced a large increment, which may lead to aggregations of
DS-NPs. On the contrary, after incubation with 20% FBS, the RTD of ZDS-NPs (Figure 5.1,
blue curves) only had a minor population at ~18 min and the majority of the RTD of ZDS-NPs
was still between ~20 and ~37 min. Therefore, in 20% FBS, the HD of ZDS-NPs was smaller
than the HD of DS-NPs. This result suggests that, although minor biological species of FBS may
still bind to nearly neutral ZDS-NPs in 20% FBS,*® the majority of ZDS-NPs showed a lower
non-specific binding than that of DS-NPs in 20% FBS.

In summary, the different surface charges of DS-NPs and ZDS-NPs lead to different levels of
non-specific binding to serum. Although DS-NPs were monodisperse in PBS, the negative
charge of DS ligands significantly interacted with some of the proteins in FBS (e. g., albumin),
making the DS-NPs unstable in higher concentration FBS. In an advance over DS-NPs, the ZDS-
NPs demonstrated a reduced non-specific binding towards serum proteins in FBS, and thus ZDS-
NPs were more stable in higher concentration FBS. These results therefore suggest that the

electrically neutral character is critical to ligand design® and that zwitterionic SPIONs are more
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suitable than negatively charged SPIONs for in vitro biomedical applications with the presence

of serum.
5.2 In vitro cellular uptake test
5.2.1 Design of in vitro cellular uptake test

The newly developed SPION systems - zwitterionic dopamine sulfonate coated SPIONs
(ZDS-SPIONSs, or ZDS-NPs for simplicity) as well as a mixture of thiol-terminated catechol-
derivative and ZDS coated SPIONs (TD/ZDS-SPIONs, or TD/ZDS-NPs for simplicity) - have
potential in specific targeting and imaging applications after they are functionalized by
antibodies, aptamers, or peptides.”’ Therefore, the evaluation of ZDS-SPIONs’ and TD/ZDS-
SPIONs’ non-specific uptake into cells becomes an important issue, as non-specific uptake is
generally undesired for above applications. To this end, non-specific cell uptakes of ZDS-NPs
and TD/ZDS-NPs were studied and their results were compared with non-specific cell uptakes of
other iron sources such as FeCl; and dextran coated SPIONs (Dex-SPIONs, or Dex-NPs for
simplicity), which is a well-established SPION system.”' HeLa cancerous cells were selected as
the target cells, in which HeLa cells were incubated with different iron sources separately in a
period of 24 hrs and the intracellular iron’ (if any) was then stained by Prussian blue to show a
blue color. Finally the stained HeLa cells were imaged by a Carl Zeiss optical transmission
microscope. Experimental details can be found in the materials and methods section in our

publication.®?
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5232 Iron cellular uptake

Figure 5.2 Prussian blue stained HeLa cells showing the level of iron uptake after 24 hrs
incubation with: a) FeCls (400 pg/mL), b) Control (no iron source), ¢) Dex-SPIONs (400
ng/mL), d) Dex-SPIONs (40 pg/mL), e) ZDS-SPIONs (400 pg/mL), f) ZDS-SPIONs (40
ug/mL), g) TD/ZDS-SPIONs (400 pg/mL), h) TD/ZDS-SPIONSs (40 pg/mL). Reprinted from
(Wei H.; et al. “Compact zwitterion-coated iron oxide nanoparticles for in vitro and in vivo
imaging” Integrative Biology 2013, 5, 108). Reproduced by permission of The Royal Society
of Chemistry.

In Figure 5.2, the iron distribution in HeLa cells was shown as blue intracellular signals.
HeLa cells incubated with 400 pg/mL FeCl; showed the intracellular blue signals, indicating
their non-specific uptake of the free iron source( Figure 5.2 a). On the contrary, the control HeLa
cells incubated with plain cell medium and phosphate buffered saline only showed minimal
intracellular iron uptake (Figure 5.2b). Meanwhile, minimal intracellular iron uptakes were also
observed for the HeLa cells incubated with Dex-SPIONs, ZDS-SPIONs, and TD/ZDS-SPIONs
(Figure 5.2c-h), which is similar to that of the control HeLa cells. A blue ~20 pm spot in the
middle of Figure 5.2g was presumably caused by the aggregation of TD/ZDS-SPIONs with

surface free thiol groups that cross-linked during the incubation process.”> These data indicate
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that Dex-SPIONs, ZDS-SPIONs, and TD/ZDS-SPIONs all have much lower non-specific cell
uptakes when compared with FeCls.

More interestingly, although ZDS (MW: ~300 g/mol) and TD (MW: ~850 g/mol) are smaller
ligands than dextran (MW: ~6000 g/mol), ZDS-SPIONs and TD/ZDS-SPIONs behaved almost
the same as Dex-SPIONs in terms of the non-specific cellular uptake. Because the well-
established Dex-SPIONs have already found their use in molecular imaging, diagnostics, and
therapeutics,”” it can be expected that ZDS-SPIONs and TD/ZDS-SPIONs with similar low non-

specific cell uptakes would show their potential as specific targeting and imaging agents.”
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5.3 In vivo stability test

b —s— PEG-NPs injected into a mouse —a— PEG-NPs in PBS 1X
) -+ ZDS-NPs injected into a mouse C) —— PEG-NPs injected into a mouse
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Figure 5.3 In vivo stability tests of SPIONSs (i. e. NPs for simplicity) with different ligands
a) experimental design, b) size-exclusion chromatograms of SPIONs injected into mice (not
normalized), and c) size-exclusion chromatograms of SPIONs in PBS 1X and SPIONs
injected into mice (normalized by area). Data in b) are included in c). Reprinted from (Wei
H.: et al. “Compact zwitterion-coated iron oxide nanoparticles for in vitro and in vivo
imaging” Integrative Biology 2013, 5, 108). Reproduced by permission of The Royal
Society of Chemistry.

5.3.1 Design of in vivo stability test

Previous results in 5.1 and 5.2 have already shown that zwitterionic dopamine sulfonate
coated SPIONs (ZDS-SPIONs, or ZDS-NPs for simplicity) were stable in vitro in serum and
with living cells, it is now important to investigate the in vivo imaging potential of ZDS-NPs.
With regards to this, an in vivo stability test was performed, where the hydrodynamic diameter
(HD) of SPIONSs in phosphate buffered saline 1X (PBS 1X) was compared to the HD of SPIONs
injected into mice. As shown in Figure 5.3a, hydrophilic SPIONs were first introduced into mice

through tail vein injections. After 10 min, the blood of mice was collected by cardiac punctuation
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and the serum (containing SPIONs) was separated from the blood. By using a size-exclusion gel-
filtration chromatography, where the retention times of SPIONs have an inversed relationship
with the HDs of SPIONs,6O we were able to fractionize the serum containing SPIONs. Next, the
iron concentration of each fraction was determined by using bathophenanthroline (BPT) and
finally the chromatograms were plotted as iron concentration (IC, y-axis) versus retention time
(x-axis). Here the SPIONs encapsulated in polyethylene glycol lipid micelles (PEG-SPIONSs, or
PEG-NPs for simplicity) were used as a control to compare with the results of ZDS-NPs. More

experimental details can be found in the materials and method section in our publication.®

53.2 Stability of zwitterionic dopamine sulfonate coated magnetic nanoparticles in
vivo in mice

Figure 5.3b shows the non-normalized data of mouse injected with ZDS-NPs, mouse injected
with PEG-NPs, and control mouse (no SPIONs injection). We can clearly see that the iron
concentrations (ICs) in serum from mice injected with SPIONs were about an order higher than
the IC in serum from the control mouse. This means that, by using the bathophenanthroline-
based (BPT-based) iron determination method, the IC background in the control mouse does not
significantly affect the IC from injected SPIONS.

In Figure 5.3c, the normalized data showed that in PBS 1X both PEG-NPs (blue curve) and
ZDS-NPs (pink curve) had narrow retention time distributions (RTDs) with peaks of ~27 min
and ~35 min, respectively. This indicates that in PBS 1X both PEG-NPs and ZDS-NPs were
nearly monodisperse. After the injection into the mouse, the RTD of PEG-NPs (black curve)

retained its narrow distribution with a peak of ~27 min, indicating no change in the HD of PEG-
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NPs. Meanwhile, after the injection into the mouse, the RTD of ZDS-NPs (cyan curve) slightly
shifted to the left but retained a narrow distribution, showing a new peak of ~32 min. Compared
to ZDS-NPs in PBS 1X with an original peak of ~35 min, this 3 min difference corresponds to a
small HD increase of ~4 nm.”” These data therefore suggest that, as expected the PEG-NPs,
which is a well-established SPION platform for in vivo applications, have a minimal non-
specific binding foward serum proteins in vivo in mice.”® These data also demonstrate that only a
low non-specific binding of ZDS-NPs was observed towards serum proteins in vivo in mice, and
consequently ZDS-NPs are also suitable for in vivo applications. Moreover, small ZDS ligands
have a significant size advantage (MW: ~300 g/mol) over PEG-lipid ligands (MW: ~2800 g/mol),
which in turn guarantees a significantly reduced HD of ZDS-NPs compared to the HD of PEG-

NPs.

96



5.4 Streptavidin-biotin labeling test

5.4.1 Design of streptavidin-biotin labeling test

a) Control: pre-biotin-saturated b) Sample: Dye-SA-TD/ZDS-NPs
Dye-SA-TD/ZDS-NPs

=——85% ZDS ligand
=—15% TD ligand

' b

Figure 5.4 Schematic shows of a) the incubation of biotin-saturated dye/streptavidin
functionalized SPIONs with a biotin-coated well on a plate and b) the incubation of
dye/streptavidin functionalized SPIONs with a biotin-coated well on a plate. Adapted with
permission from (Wei H.; et al. “Compact Zwitterion-Coated Iron Oxide Nanoparticles for
Biological Applications” Nano Letters 2012, 12, 22). Copyright (2011) American Chemical
Society.

In previous sections of Chapter 5, we have already shown that our SPIONs are stable in
biological systems both in vitro and in vivo. In order to further show our SPIONs’ potential in
specific targeting and fluorescent imaging, the SPIONs were functionalized with fluorescent
dyes and streptavidin, where the dyes provide detectable fluorescence and the streptavidin can
specifically bind to biotin receptors. In this respect, the SPIONs were first treated by a ligand
exchange with a mixture of 15% thiol-terminated catechol-derivative (TD) ligand and 85%
zwitterionic dopamine sulfonate (ZDS) ligand (mol%). Next, as shown in Figure 5.4, the

resulting TD and ZDS coated SPIONs (TD/ZDS-SPIONs, or TD/ZDS-NPs for simplicity) were
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functionalized by Alexa Fluor® 488 maleimide dye (Dye) and streptavidin-maleimide (SA)
through a standard thiol-maleimide conjugation method. Then the Dye and SA functionalized
TD/ZDS-NPs (Dye-SA-TD/ZDS-NPs) were prepared into a control and a sample: in the control,
Dye-SA-TD/ZDS-NPs were pre-saturated by biotin molecules so thaf SA lost their specific
binding ability towards biotin receptors; in the sample, there was not such a pre-saturation
process and Dye-SA-TD/ZDS-NPs were used as prepared. Finally, the pre-biotin-saturated Dye-
SA-TD/ZDS-NPs (control) and normal Dye-SA-TD/ZDS-NPs (sample) were separately
incubated with biotin-coated wells on a plate for 20 min before the NP solutions were discarded.
Afterwards, the biotin-coated wells were washed by phosphate buffered saline 1X (PBS 1X)
three times in order to remove unbound NPs before their fluorescent spectra were measured.

More experimental details can be found in the supporting information of our publication.’?
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542 Biotin specific labeling using functionalized magnetic nanoparticles
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Figure 5.5 Fluorescent profiles of both control and sample biotin-coated wells, which were
measure separately. Adapted with permission from (Wei H.; et al. “Compact Zwitterion-
Coated Iron Oxide Nanoparticles for Biological Applications” Nano Letters 2012, 12, 22).
Copyright (2011) American Chemical Society.

The Alexa Fluor® 488 maleimide dye (Dye) used for the functionalization of Dye-SA-
TD/ZDS-NPs has an absorption peak of 488 nm and an emission peak of 520 nm. As shown in
Figure 5.5, the specific binding ability of Dye-SA-TD/ZDS-NPs was determined by measuring
the residual fluorescence intensity on both the control biotin-coated well and the sample biotin-
coated well. We found that, at the Dye emission peak of 520 nm, the fluorescent intensity of
Dye-SA-TD/ZDS-NPs (sample) was about an order higher than that of pre-biotin-saturated Dye-
SA-TD/ZDS-NPs (control), indicating a successful specific labeling using Dye-SA-TD/ZDS-
NPs. This data therefore suggests that our functionalized TD/ZDS-NPs may server as a specific

labeling agent for targeting cell receptors in vitro.
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6. Chapter 6: Magnetic resonance imaging using hydrophilic magnetic nanoparticles

T;-weighted Magqetic Magnetic Particle Imaging
Resonance Imaging

Multicolor Magnetic Resonance Imaging

6.1 Introduction to magnetic resonance imaging

6.1.1 Contrast-enhanced magnetic resonance imaging

Medical imaging techniques have successfully provided the visual images of internal
structures of a body that are beneath skins and bones over three billion studies until 2007,77
greatly contributing to the diagnosis, monitoring, and treatment planning for patients. Dense
structures of a body (e. g., bones) can be easily and clearly imaged by X-ray computed
tomography (CT); however, it is usually difficult to obtain high-quality images of soft tissues
and organs (e. g., brain, blood vessels, kidneys) using CT. Fortunately, nuclear magnetic
resonance imaging (MRI) is able to excite and detect the water protons which are abundant in

soft tissues and organs, hereby giving rise to more clear images than those from CT.
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Moreover, MRI has the advantage of generating high-resolution images with no exposure to
ionizing radiation.”® As a result, the MRI technique is widely used for diagnosis and staging of
disease; MRI is also able to investigate the anatomical and functional characteristics of healthy
and diseased tissues.”'® ”® In order to enhance the contrasts in MRI and to obtain clearer MR
images, a variety of paramagnetic chemical compounds have been developed. These chemical
compounds are routinely used as MRI contrast agents, which influence the relaxation time of
protons.®® For example, the diagnostic accuracy in conditions such as inflammation of the brain,
spine, or soft tissues can be improved by contrast agents. Furthermore, MRI contrast agent plays
an essential role in magnetic resonance angiography (MRA), in which the blood vessels in
patients are visualized for studying their risk of cardio-cerebrovascular diseases. There are about
60 million MRI procedures that are performed each year globally, and it is estimated that ~35%
of them are contrast-enhanced MRI, where contrast agents are introduced in the imaging
procedures.*!

As discussed before, MRI signals arise from the excitation and relaxation of protons in water
molecules within the body. It is known that tissues such as fat, muscle, and bone have water
protons that are different in terms of their concentrations and chemical environments; therefore,
these differences in protons give rise to the contrast in MR images. Furthermore, in contrast-
enhanced MRI those chemical compounds can further change the relaxation times of surrounding
water protons (T; relaxation time and T, relaxation time) for MR contrast enhancement. The
MRI contrast agents used today can be divided into two types: the first type is to decrease the T
relaxation time and to produce positive contrast (more bright signals) in MR images, while the
second type is to decrease the T, relaxation time and to produce negative contrast (more dark

signals) in MR images. In comparison, T,—weighted MRI does not suffer from the artifacts seen
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in T—weighted MRI that are caused by breathing or air/tissue boundaries.’! Especially, in
contrast-enhanced MRI, the bright signals from T; contrast agents, unlike T, contrast agents, are
not obfuscated by bleeding or metal deposition. Therefore, currently radiologists widely prefer

the use of T contrast agents such as gadolinium based compounds.

6.1.2 Challenges in contrast-enhanced magnetic resonance imaging

Gadolinium based contrast agents (GBCA), which include nine U. S. Food and Drug
Administration (FDA) approved compounds, are currently the most common MRI contrast
agents used in the clinic.** The chemical structures of GBCA are generally Gadolinium (Gd)
chelates, in which the paramagnetic Gd atoms are coordinated by organic ligands. These organic
ligands play an essential role in the biochemical properties of GBCA and they also prevent
tissues from directly interacting with Gd atoms, as free Gd ions are known to have toxicity issues
and they are thought to interfere with cell membranes and intracellular enzymes.®’ Moreover, the
small hydrodynamic diameters of Gd chelates further enable their rapid renal clearance. As a
result, many GBCA have very short blood circulation times, but too short circulation times can
sometimes limit the integration time and MR image quality.>'* 99.97% of GBCA administered
into the blood is eliminated through the kidneys for patients with normal renal functions, and 91-
99% of the GBCA was found to be excreted within the first 24 hours (hrs) post-injection.® On
the contrary, for patients with underlying renal insufficiency, the elimination rate of GBCA can
be prolonged 20 times, which may lead to adverse effects. As a result, in 2007, the FDA
requested GBCA manufacturers to show a black-box warning, which alerts their consumers to
the risks related with GBCA.*® For example, GBCA is contraindicated in patients with acute
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kidney injuries as well as with stage 4 and 5 chronic kidney diseases (CKD); many hospitals

have even put in strict pre-imaging guidelines for patients with stage 3 CKD.

Nephrogenic systemic fibrosis (NSF) is a rapidly progressive and untreatable disease. It
causes both visceral and cutaneous fibrosis in patients with renal failures.*® For patients afflicted
with NSF, they usually suffer from pain, incapacitating contracture of ankles and hands, as well
as paresthesia. A strong association has been established between the exposure to GBCA and the
NSF in several retrospective studies, in which Gd is believed to possibly play a triggering role in
the disease’s development.®”® Therefore, hospitals worldwide have established screening
policies in order to protect patients from developing NSF that may be caused by the use of
GBCA in MRI procedures. The screening process includes the evaluation of kidney functions in
vulnerable patients (such as patients over age 65 or patients with diabetes) followed by a risk-
benefit analysis. Unfortunately, it is estimated that 26% of the population over age 60 has
chronic kidney disease (CKD) according to the National Health and Nutrition Examination
Survey.® Consequently, a large number of patients are currently not able to receive appropriate
diagnostic contrast-enhanced MRI, and thus the development of non-toxic alternatives to GBCA

may be meaningful to them.

Superparamagnetic iron oxide nanoparticles (SPIONs) are single-domain magnetic iron
oxide particles with their sizes of a few nanometers to tens nanometers.”” SPIONs (e.g.,
magnetite and maghemite) are known for their monodispersity in synthesis, superior stability,
high saturation magnetization, and most importantly, well-defined nontoxicity towards living
animals.’' As a result, SPIONs have found their way into the clinic in the form of the FDA
approved Feridex®, Resovist®, and Feraheme®.** %7 Presently, however, commercially available
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SPION contrast agents are composed of polydisperse inorganic cores coated with a thick coating
of hydrophilic polysaccharides (e.g., Dextran) resulting in particles with very large
hydrodynamic diameters. Large SPIONs have a strong effect on the r, relaxivity, which scales
with particle size, and, consequently, all of the commercially available SPIONs are used as T
dark contrast agents or iron supplements. Hence, there is still a great need of non-toxic small

SPIONs for T;-weighted MRI.

6.1.3 Prior art

The global contrast agent market has about $8.8 billion in 2009 and this number is expected
to grow to about $13.7 billion in 2016.*' Based on the price data from the Medicare Part B
average sale of GBCA and the known fraction of contrast-enhanced MRL’' it is estimated that
there are about 21 million contrast-enhanced MRI procedures per year with ~$50 per dose,

leading to a total MRI contrast agent market of ~$1.0 billion/year globally.

In order to find other ways of removing Gadolinium Based Contrast Agents (GBCA) from
the bloodstream of patients with kidney impairments, the manufacturers of GBCA have on-going
phase IV clinical trials that study the effectiveness of hemodialysis in terms of removing GBCA
post-injection. The research studies indeed showed that hemodialysis could be used to remove
GBCA from the bloodstream; however, the elimination rate of GBCA by hemodialysis may be
too slow to protect vulnerable patients from the onset of nephrogenic systemic fibrosis (NSF).
For example, first, second and third hemodialysis sessions in one study were reported to
eliminate averages of 73.8%, 92.4% and 98.9% of total GBCA, respectively.®* It has been found
that, in several other retrospective studies concerning the occurrence of NSF in vulnerable
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patients, a significant portion of them still developed NSF even if they received hemodialysis

sessions within 24 hrs of GBCA administration.®?

There are several types of commercially developed SPIONs, including Resovist®, Feridex®,
Feraheme®, Sinerem®, Supravist®, and Clariscan®. They have different sized inorganic cores and
different ligand coatings and they have been studied in pre-clinical and clinical trials for T; and
T, -weighted MRL? These SPION-based MRI contrast agents are characterized by relatively
large hydrodynamic diameters (HDs) from ~11 to >100 nm with broad size distributions, and
thus they are usually cleared through the reticuloendothelial system. Because of their large
inorganic core size and HD, they are not optimized for T;-weighted MRI, yet better suited for T»-
weighted MRI. Among these commercially developed SPIONS, Resovist® and Feridex® have
large HDs such as ~50 to ~200 nm and therefore they have generally been used as T, contrast
agents. Feraheme®, Sinerem®, Supravist®, and Clariscan® have relatively smaller HDs such as
~11 to ~40 nm and thus they have been used as both T; and T, contrast agents. For example,
Feridex® was approved by FDA as a T, contrast agent for MRI of liver, but its production and
distribution were almost discontinued in 2011. Moreover, Feraheme® is approved by FDA for
treating iron deficiency anemia currently. In contrast, Supravist® entered phase II clinical studies
by Bayer Healthcare Pharmaceuticals but its development has ceased. Similarly, Sinerem® went
to phase III clinical trials by Guerbet/AMAG Pharmaceuticals; nevertheless, its application for
clinical approval to the European Medicines Agency (EMEA) was withdrawn. Finally,
Clariscan® also went to phase III clinical trials by GE Healthcare yet its development has been

discontinued too. In all the above commercial cases, the SPION contrast agents have large HDs
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and they are better suited for T,-weighted MRI - they could not compete with GBCA that

generate positive contrasts in T;-weighted MRI.

There are other academic research groups who are developing new SPION-based T; contrast
agents. For example, in 2011, polyethylene glycol (PEG) coated SPIONs with ~15 nm HD were
reported by Hyeon et al. from Seoul National University.>' Moreover, in 2012, citrate-coated
SPIONs with ~7 nm HD were reported by Taupitz et al. from Charité - Universitdtsmedizin
Berlin.”? However, the HDs of these new SPION-based T; contrast agents are still larger than the
5.5 nm renal clearance HD threshold and therefore they can still exhibit clearance through the
reticuloendothelial system.”® Furthermore, the citrate-coated SPIONs are usually negatively
charged, and it is known that ﬁegatively charged nanoparticles may show biological fouling,

leading to an increased HD in vivo.

6.1.4 Motivation

SPIONs can be coated by hydrophilic ligands to be biologically compatible, showing HDs
from a few to >100 nanometers (nm).”” SPIONSs are characterized by their high monodispersity,
chemical and biological stability, and high saturation magnetization. More importantly, SPIONs
are known to be generally non-toxic in vivo.2! The current SPION-based contrast agents that are
commercially available have polydisperse inorganic cores with thick ligand coatings such as
polysaccharides (dextran). As discussed in 6.1.3, the resulting hydrophilic SPIONs show large
HDs ranging from ~11nm to >100 nm. These large SPIONs generally have strong effects in

terms of T, contrast (negative contrast), which scales with the size (both inorganic core and HD)
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of SPIONSs. Therefore, the majority of commercially available SPIONs are better suited for T,-

weighted MRI, and they are rarely used for routine MRI procedures in the clinic.

Large HD of SPIONSs not only causes strong T, contrast but also hinders their renal clearance.
Rapid renal clearance is important as it minimizes long-term exposure of body to large amounts
of contrast agent needed for multiphase dynamic imaging (~0.1 mmol/Kg). Since unbound
contrast agent is quickly removed, rapid renal clearance can also allow a more efficient specific
targeting in vivo by using MRI. It has been demonstrated that hydrophilic nanoparticles with a
HD no more than 5.5 nm can be excreted through the kidneys in mice, and a similar phenomenon
is expected in humans.”* Moreover, hydrophilic nanoparticles that are small enough are expected
have effective extravasation from capillaries to surrounding tissues such as inflammation areas or
tumor sites, which is similar to the pharmacokinetic properties of GBCA. Nevertheless, the
current large SPIONs eliminate from the body through the reticuloendothelial system and they
may rely on assistances from monocyte to extravasate. This process usually results in ineffective

extracellular MRI contrast when compared to that of GBCA.

Consequently, a SPION-based non-toxic alternative to GBCA is in demand. This alternative
should be exceedingly-small in HD in order to be used for T;-weighted MRI and to have rapid
renal clearance. We choose the term exceedingly-small to distinguish our new SPIONs from
previous generations of SPIONs, ultra-small SPIONs, and so on. We will show below that our
exceedingly-small SPIONs (ES-SPIONs) can be as small as ~5 nm in HD. Unlike previous
generations of SPIONs, ES-SPIONs can have similar T; contrast and pharmacokinetic properties

such as rapid renal clearance and extravasation when compared to those of GBCA.
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6.2 Characterization of hydrophilic exceedingly-small magnetic nanoparticles

6.2.1 Magnetic properties of exceedingly-small magnetic nanoparticles
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Figure 6.1 SQUID curves of 3 nm SPIONs and Feraheme® measured at room temperature

In order to characterize the magnetic behavior and saturation magnetization (M) of
SPIONSs, the SQUID curves of 3 nm hydrophobic SPIONs and Feraheme® were measured at
room temperature (298 K) with the magnetic field strength H ranging from -6000- to 60000 Oe (i.
e. -6 to 6 Tesla), as shown in Figure 6.1.” After determining the mass of iron in the 3 nm
hydrophobic SPIONSs, the M; of 3 nm hydrophobic SPIONSs at room temperature was found to be
52 emu/g [Fe], which is about a half of the bulk value for maghemite of 106 emu/g [Fe].%’
Moreover, the superparamagnetism of 3 nm hydrophobic SPIONs at room temperature is

confirmed by the absence of hysteresis loops near zero magnetic fields.”® More importantly,
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Figure 6.1 shows that the magnetization of Feraheme® rapidly approaches its maximum (94
emu/g [Fe]) when the magnetic field [H| > 0.5 T while the magnetization of 3 nm hydrophobic
SPIONs does not reach its maximum even at |H| = 6 T. This phenomenon indicates that the
magnetic field required to saturate the magnetization of Feraheme® is ~0.5 T; however, the
magnetic field required to saturate the magnetization of 3 nm hydrophobic SPIONs is beyond 6
T. This is due to the size difference of SPIONs and their corresponding magnetic anisotropy
energy difference, and this relationship between inorganic core size and H is consistent with
literatures.’' The 3 nm SPIONs with a high saturating magnetic field are desired for T)-weighted
MR contrast agents, as this type of SPIONs will have a lower magnetization at clinical magnetic

field strength of 1.5-3 Tesla and a correspondingly high T, contrast.

6.2.2 Hydrodynamic diameter of exceedingly-small magnetic nanoparticles
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Figure 6.2 Size-exclusion HPLC of exceedingly-small SPIONs (ES-SPIONs)
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To stabilize the as-synthesized 3 nm SPIONs in aqueous media for magnetic resonance
imaging, ligand exchange is needed. To this end, zwitterionic dopamine sulfonate (ZDS) - was
used to coated 3 nm SPIONs. After the 3 nm SPIONs were ligand-exchanged from native oleic
acid to ZDS, size-exclusion high-performance liquid chromatography (HPLC) measurement
revealed that the ZDS coated SPIONs (ZDS-SPIONs) in phosphate buffed saline (PBS) have
narrow size distributions with hydrodynamic diameters (HD) of ~ 5 nm at pH = 7.4. This result
confirms that the ZDS ligand only contributes ~1 nm to the overall radius, and this size change
induced by the ZDS ligand and their stability are consistent with our prior study.’® More
importantly, the ZDS-SPIONs have a HD smaller than 5.5 nm, which is the HD threshold for

efficient renal clearance.’’

6.3 Ti-weighted magnetic resonance imaging using exceedingly-small magnetic
nanoparticles
In collaboration with Harald Ittrich group at University Medical Center Hamburg-

Eppendorf

6.3.1 Ti-weighted magnetic resonance imaging of mice

111



Before injection

Before injection 0 min 8 min 15 min 23 min

Figure 6.3 T -weighted MR images of a mouse injected with exceedingly-small SPIONs (ES-
SPIONs). Time points beneath each image: the time after ES-SPIONs injection. a)-e) one sagittal
slice showing the heart (red arrow), the artery (green arrow), and the bladder (yellow arrow); and
f)-j) one sagittal slice showing the kidney (blue arrow)

By using a 4.7 Tesla MRI scanner, the Ti-weighted MR images of mice injected with
exceedingly-small SPIONs (ES-SPIONs) are shown in Figure 6.3. Figure 6.3a shows that, before
the injection of ES-SPIONs, the heart (red arrow), the artery (green arrow), and the bladder
(yellow arrow) of mice did not have positive contrasts. Figure 6.3b shows that, after the injection
of ES-SPIONSs, the heart and the artery of mice immediately displayed highly positive contrasts.
Later on, Figure 6.3¢ shows that, at 8 min after the injection of ES-SPIONSs, the bladder of mice

started to show positive contrasts, indicating an excretion of urine containing ES-SPIONs. With
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the increase of time post-injection, Figure 6.3d-e show that positive contrast region of the
bladder became larger, suggesting an accumulation of urine with ES-SPIONSs.

At a different sagittal slice of mice, Figure 6.3f shows that the kidney (blue arrow) of mice
did not have positive contrasts either. After the injection of ES-SPIONSs, the kidney of mice
immediately displayed positive contrasts. With the increase of time post-injection, Figure 6.3g-j
demonstrated an increment of positive contrasts in the kidney.

These results suggest that, in addition to having a high T, contrast, our ES-SPIONs have
rapid renal clearance and thus they may minimize the long-term exposure of large amounts of
contrast agents (approximately 0.1mmol/Kg), which are required in multiphase dynamic imaging,
to human bodies. The rapid renal clearance also enables the in vivo specific targeting of ES-

SPIONs because the unbound contrast agents will be removed quickly.

6.3.2 Ti-weighted magnetic resonance imaging of rats

2.5 mins 10 mins 17.5 mins 25 mins 32.5 mins 40 mins 55 mins

Figure 6.4 a)-g) T,-weighted MR images of a rat injected with exceedingly-small SPIONs (ES-
SPIONs). Time points beneath each image: the time after ES-SPIONSs injection.
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A 9.4 Tesla MRI scanner was used to study a rat injected with exceedingly-small SPIONs
(ES-SPIONSs). As shown in Figure 6.4, the ES-SPIONs were first circulating in the rat blood
vessels at 2.5 and 10 mins post-injection. Beginning from 17.5 mins post-injection, ES-SPIONs
started to accumulate in urine of the bladder in rat, showing high positive contrasts. This result
confirms the high T, contrast and rapid renal clearance of ES-SPIONs that were observed in

mice MRI scans.

6.3.3 Visualization of renal excretion of exceedingly-small magnetic nanoparticles
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Figure 6.5 a) Urines from mice taken at different time points showing renal clearance of
exceedingly-small SPIONs (ES-SPION) in vivo, and b) a size-exclusion Gel Filtration
chromatogram of urine@]1 hr

In order to visualize the renal clearance, our exceedingly-small SPIONs (ES-SPIONs) were
intravenously injected into mice and their urines were collected at different time points,
separately. Figure 6.5a shows that the mice urine without ES-SPIONs injection retained an
original pale-yellow color; in contrast, after 0.5, 1, and 3 hrs post ES-SPIONs injection, mice

urines all became black (the color of ES-SPIONs and their ZDS ligand coatings), showing a
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remarkable renal clearance. In Figure 6.5b, the existence of ES-SPIONs in mice urine was
further confirmed by fractionizing on the mice urine @ 1 hr using gel-filtration chromatography
(GFC) with a size-exclusion column, followed by iron determination on each fraction using
bathophenanthroline. We can see that, in Figure 6.5b, ES-SPIONs in urine @ lhr have a
retention time of 38 min, corresponding to a hydrodynamic diameter (HD) of ~4 nm. This result
indicates that the observed black color is indeed from ES-SPIONs and the HD of injected ES-

SPIONSs is almost not affected in vivo in mice.

6.4 Ti-weighted magnetic resonance angiography using exceedingly-small

magnetic nanoparticles

6.4.1 T;-weighted magnetic resonance angiography of mice
In collaboration with Harald Ittrich group at University Medical Center Hamburg-

Eppendorf
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Figure 6.6 a)-c) T,-weighted magnetic resonance angiography (MRA) of mice injected with
exceedingly-small SPIONs (ES-SPIONSs); time points beneath each image: the time after ES-
SPIONss injection. d)-h) five different perspectives of MRA of mice

T -weighted magnetic resonance angiography (MRA) is widely used for studying human
arteries, including but not limit to cerebral arteries, the aorta with its branches, and the arteries in
the kidneys as well as in the lower limbs.”® MRA has shown to be non-invasive with ionizing
radiation and contrast agent toxicity reductions compared to CT angiography and invasive

catheter angiography.

Figure 6.6a-c show the MRA of mice injected with ES-SPIONs. In addition to high T,

contrasts, the blood vessels of mice in our MRA study can be imaged with a high resolution of
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~0.2 mm. As shown in Figure 6.6a-c, with the increase of time post injection, the positive
contrasts in the heart and arties darkened while the positive contrasts in the bladder brightened,
indicating that the positive contrasts given by ES-SPIONs migrated from the circulatory system
to the excretory system. This is in accordance with our previous discovery of ES-SPIONs being
cleared through kidney. More interestingly, Figure 6.6b shows that, at 12 min, our ES-SPIONs
may have entered the extravascular tissues of mice. This possible intravenous extravasation of
ES-SPIONSs is similar to that of Gadolinium based contrast agents (GBCA). Furthermore, this
MRA using ES-SPIONs can be done in three-dimensional perspectives, as shown in Figure 6.6d-
h. These results suggest that the ES-SPIONs can have the same performance as GBCA in terms
of MRA and extravasation, making ES-SPIONs a promising non-toxic alternative to GBCA in

studying human arteries.

6.4.2 T contrast power of exceedingly-small magnetic nanoparticles

In collaboration with Michael Cima group at the Massachusetts Institute of Technology
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Figure 6.7 Comparison of T| contrast power among different contrast agents. The ratio ry/r; is the
figure of merit. ‘

, where T is the T, or T; relaxation time and [M] is the

;. s 1
The relaxivity r equals to v

concentration of metal ions. Since every contrast agent will enhance both T; and T contrasts, the
ratio of ra/r| is used as a figure of merit to evaluate an agent’s T, or T, contrast ability; a low

(high) ry/ry is good for T; (T2) MR imaging. This r,/r) ratio also depends on the field strength

99

used in the experiment. The relaxivity data of Feraheme®, *° other reported SPIONs from

®21a, 100

Hyeon’s group,’’ and Taupitz’s group’’ as well as Magnevist are taken from published

references.

Our exceedingly-small SPIONs (ES-SPIONs) with a ~3 nm inorganic core and a ~5 nm
hydrodynamic diameter achieved an ry/r; ratio as low as 1.5, which matches the strongest T,
SPION-based contrast agents reported so far 8248231100 Thiq low ry/r) ratio is even comparable

with Gadolinium based contrast agents (GBCA) such as Magnevist® and PGP/dextran-K01 Fan: 108
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6.5 Multicolor magnetic resonance imaging

In collaboration with Alan Jasanoff group at the Massachusetts Institute of Technology

6.5.1 Introduction

Multicolor magnetic resonance imaging (MRI) is a novel technique that assigns different
colors to SPIONSs based on their distinct rp/r; ratios. Multicolor MRI is unlike T;-weighted MRI,
where a low ry/r; ratio is preferred in the clinic and images are usually black and white; on the
contrary, in multicolor MRI, the SPIONs with different r,/r; ratios are preferred for biomedical
research in the laboratory. These SPIONs with different r/r; ratios can serve as mimics to
multicolor fluorescent quantum dots, enabling multiplexing SPION-based imaging. For example,
two types of SPIONSs can be functionalized with two types of antibodies, respectively; then these
two types of functionalized SPIONs can label different biological receptors in mice and display
different colors on receptors upon the use of multicolor MRI technique. Researchers have shown
in vitro multicolor MRI using Gadolinium based contrast agents (GBCA) with different ry/r;

ratios.'%?
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6:5.2 Hydrophilic magnetic nanoparticles with tunable ry/r; ratios

Core

(nm)

Feraheme® 3-10

ZDS-coated 7 12 3.4 60
Fe,O; NPs*
ZDS-coated 6 9 2.9 51
Fe,O; NPs*
ZDS-coated 4 6 2.0 32
F6203 NPs*
DS-coated Z:5 4 1.3 17
Fe,O; NPs*
ZDS-coated 3 5 1.5 17
Fe203 NPS*

* Measured at 7 Tesla

Figure 6.8 SPIONs with different r/r; ratios. Inorganic core diameters were determined by
transmission electron microscopy; hydrodynamic diameters (HD) were determined by size-
exclusion HPLC; relaxivities r; and r; were determined by a 7 Tesla MRI scanner.

As discussed before, the key to multicolor MRI is the preparation of SPIONs with different
ry/ry ratios. Figure 6.8 shows that we can achieve different ra/r; ratios by changing the inorganic
core diameter and hydrodynamic diameter (HD) of SPIONs, in which the relaxivities were
measured by a 7 Tesla MRI scanner. As shown in Figure 6.8, the ry/r; ratios of our zwitterionic
dopamine sulfonate (ZDS) or dopamine sulfonate (DS) coated SPIONs can be tuned between 11
and 18 at 7 Tesla. Moreover, the r/r) ratio of commercially available Feraheme® is 22 at 7 Tesla.
These results suggest that our hydrophilic SPIONs have a tunable range of r»/r; ratios and several

types of hydrophilic SPION can be rationally synthesized for multicolor MRI.
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6.5.3 In vitro multicolor magnetic resonance imaging
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Figure 6.9 Multicolor MRI using SPIONs with different ry/r; ratios

In Figure 6.9, the hydrophilic SPIONs with five distinct ry/r; ratios, including our as-prepared
SPIONs and Feraheme®, are shown via multicolor MRI using a 7 Tesla scanner. SPIONs with
ro/r; ratios of 11, 13, 16, 18, and 22 were assigned with purple, blue, green, yellow, and red
colors, respectively. Figure 6.9 also shows that the signal intensity of multicolor MRI was
proportional to the concentration of SPIONs. These results indicate that our hydrophilic SPIONs

and commercially available hydrophilic SPIONs are promising for multicolor MRI applications.
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6.6 Magnetic particle imaging

6.6.1 Introduction

Magnetic particle imaging (MPI) is a novel and revolutionary pre-clinical three-dimensional
imaging technique, in which the MPI signals only come from the fast and non-linear
magnetization response of SPIONSs.!! First, MPI is background-free and quantitative towards
SPIONs for the reason that animal tissues, which are generally diamagnetic, have zero MPI
signal at low frequency magnetic fields used for in vivo imaging.'?> Compared to magnetic
resonance imaging (MRI), MPI has ~100 times higher sensitivity up to 10" mol/L. Moreover,
MPI has the advantage of high temporal resolution that enables real time imaging. Furthermore,
at the same spatial resolution of positron emission tomography (PET), MPI can be ~1000 times

faster.'®

Theoretical calculations have shown that the optimal inorganic diameter of SPIONs for MPI
is ~30-40 nm with a very high saturation magnetization.'' However, the synthesis of high-quality
single domain SPIONSs with an inorganic diameter larger than 25 nm has not been reported so far.
For example, Resovist®, which is currently used as a MPI contrast agent,12 consists of SPIONs
with ~4 nm inorganic diameter.”” The large hydrodynamic diameter of Resovist® (50-100 nm)
and other iron oxide nanoparticles'® may be attributed to the formation of nanoclusters which
can be revealed by transmission electron microscopy. Therefore, the synthesis of >25 nm and

highly magnetic SPIONSs is a demanding challenge for successful MPI application at the moment.
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6.6.2 SQUID measurements of large-sized magnetic nanoparticles

In Figure 2.12, we have shown the successful synthesis of large SPIONs with an inorganic
diameter of ~35 nm. In order to study the magnetic behaviors and saturation magnetization (M;)
of the large SPIONS, superconducting quantum interference device (SQUID) measurements were

performed, as shown below.
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Figure 6.10 SQUID curve of ~35 nm SPIONSs at 298 K

In Figure 6.10, SQUID measurements were done with the large SPIONs with an inorganic
diameter of ~35 nm at 298 K with magnetic fields ranging from -6 to 6 Tesla (i. e. -60000 to
60000 Oe). There is not a noticeable hysteresis loop, indicating that these ~35 nm SPIONs are
almost superparamagnetic. Most importantly, these ~35 nm SPIONs have a M; of 126 emu/g
[Fe], which is close to the bulk M; value of magnetite (127 emu/g [Fe]). Therefore, these ~35 nm

SPIONs may present the most magnetic SPIONSs that are made of magnetite.
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6.6.3 Silica-coated hydrophilic magnetic nanoparticles

Further biomedical MPI application of these ~35 nm SPIONSs require them to be hydrophilic.
However, the water-solubilization process of ~35 nm SPIONS is different from the method used
in Chapter 4, here a hydrophilic silica shell was deposited on these ~35 nm SPIONs. This is
because experiments have shown that 2-[2-(2-methoxyethoxy)ethoxy]acetié acid (MEAA)
coated large SPIONSs was not able to be well dispersed in methanol. Therefore, it was difficult to
accomplish the ligand exchange of native oleic acid on large SPIONs with zwitterionic dopamine

sulfonate.
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Figure 6.11 Transmission electron microscopy (TEM) images of silica coated ~35 nm
SPIONs

The silica shell was deposited onto SPIONs in a cyclohexane solution containing Igepal CO-
520, tetraethyl orthosilicate, and ammonium hydroxide. The reaction was allowed to proceed at
room temperature before the silica coated SPIONs were purified by centrifugation and magnetic

separation. In Figure 6.11a and b, transmission electron microscopy (TEM) images demonstrate

that the silica coated SPIONs were still monodisperse, with a ~35 nm inorganic iron oxide core
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and ~7.5 nm silica shell; this resulted an overall inorganic diameter of ~50 nm. The silica coated
SPIONSs can be dispersed in water and phosphate buffered saline (PBS) 1X. Further coating of
methoxy polyethylene glycol silane (M. W. ~5000) onto the silica coated SPIONs was found be

able to increase their stability in water and biological buffers.
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