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Chapter 1 Magnetic Nanoparticles in Biology and Medicine: Past, Present,
and Future Trends

1.1. Abstract

The use of magnetism in medicine has changed dramatically since its first application by
the ancient Greeks in 624 BC. Now, by leveraging magnetic nanoparticles, investigators
have developed a range of modern applications that use external magnetic fields to
manipulate biological systems. Drug delivery systems that incorporate these particles can
target therapeutics to specific tissues without the need for biological or chemical cues.
Once precisely located within an organism, magnetic nanoparticles can be heated by
oscillating magnetic fields, which results in localized inductive heating that can be used
for thermal ablation or more subtle cellular manipulation. Biological imaging can also be
improved using magnetic nanoparticles as contrast agents; several types of iron oxide
nanoparticles are US Food and Drug Administration (FDA)-approved for use in magnetic
resonance imaging (MRI) as contrast agents that can improve image resolution and
information content. New imaging modalities, such as magnetic particle imaging (MPI),
directly detect magnetic nanoparticles within organisms, allowing for background-free
imaging of magnetic particle transport and collection. “Lab-on-a-chip” technology
benefits from the increased control that magnetic nanoparticles provide over separation,
leading to improved cellular separation. Magnetic separation is also becoming important
in next-generation immunoassays, in which particles are used to both increase sensitivity
and enable multiple analyte detection. More recently, the ability to manipulate material
motion with external fields has been applied in magnetically actuated soft robotics that

are designed for biomedical interventions. In this review article, the origins of these

2



various areas are introduced, followed by a discussion of current clinical applications, as

well as emerging trends in the study and application of these materials.

1.2. Introduction

Magnetism has been linked to medicine for thousands of years. It is thought that the
Greek scientist and astronomer, Thales of Miletus, was the first person to apply magnetic
materials to organisms as early as 624-547 BC. His work led to a cultural belief in the
healing powers of lodestones that persisted for centuries.! In the 14th century, the Swiss
doctor and alchemist, Paracelsus, wrote the Volumen Medicinae Paramirum which
detailed how to manipulate the health of a body using magnets. After seeing the way that
magnets could attract iron, he hypothesized that magnets could be used to attract
diseases from the body in the same way.! Several hundred years later, in 1892, the first
definitive study of magnets on organisms was completed. Five humans and one dog were
exposed to magnetic fields of roughly several thousand gauss or several thousand times
the earth’s magnetic field, but no measurable effect was observed.? The first modern
discussion of the prospects for magnetism in medicine was published in 1962 by Freeman
et al., who predicted that magnetism would emerge as a powerful tool for biochemical

analysis and medical diagnosis.3

By the 1970s, the significance of magnetism in medicine was a reality in diagnostic
imaging, but broader applications remained elusive until the development of
nanotechnology. Magnetic resonance imaging (MRI) transitioned from the laboratory into
the clinic in the early 1970s, and it was soon widely applied for detecting cancerous

tumors.* Because of MRI scanners, doctors, for the first time, had access to instruments



capable of applying large magnetic fields (B, > 2 T) and this inspired many to explore how
magnetism could be used for more than just imaging. Unfortunately, this avenue of
research resulted in little new applications and conventional MRI imaging remained the
dominant use of magnetism in medicine. However, with the advent of nanotechnology in
the 1980s, native tissue could be transformed into magnetically responsive material using
magnetic nanoparticles. This opened the door to a much wider set of potential medical
applications. With appropriate surface functionality, magnetic nanoparticles, being
typically less than a few hundred nanometers in dimension, could be used to label cells
and biomolecules, thereby endowing tissues and other biological molecules with useful
magnetic properties. The early applications of this new capability included the magnetic
guidance of catheters for the treatment of bradycardic arrhythmia, movement of
unerupted teeth in dentistry, and even magnetic intrauterine devices (IUD) for

contraception.?

Since the 1990s, there has been an explosion of research seeking to develop diverse
medical applications for magnetic nanoparticles. In all cases, external magnetic fields
interact with ferrimagnetic nanoparticles that can associate or interact with tissue, cells,
or biomolecules allowing for applications from molecular imaging to magnetothermal
heating (Figure 1.1). Superparamagnetic iron oxide nanocrystals (SPIONs) are central to
these technologies; these materials (Figure 1.1) are made from iron oxide, but, because
of their small dimensions, they do not exhibit any magnetization unless they are in an
external magnetic field.> This is especially desirable for biological applications due to the

decreased potential for aggregation in the absence of applied fields.® Figure 1.1 presents



a loose classification of this large set of scientific literature based on the underlying goals
of the technology: treatment, imaging, directed movement, and diagnostics. MRl imaging
is @ mature area of clinical practice, and the US Food and Drug Administration (FDA) has
approved magnetic nanoparticles for use as MRI contrast agents, but most have been
discontinued commercially.” Also notable is the widespread use of magnetic
nanoparticles, typically referred to as “beads” by the analytical community, to facilitate
immunoassays and other medical diagnostics. Emerging applications include cancer
therapies, drug delivery, and magnetothermal schemes for disease therapy, as well as the

controlled movement and direction of magnetic particles within organisms. While some
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Figure 1.1 Biomedical applications of magnetic particles. The applications of magnetic particles can be
classified into four categories depending on the aim of the technology. Imaging and in vitro diagnostics
are mature areas that have clinical relevance, while research into magnetic particles to treat disease or
affect controlled motion of larger organelles, cells and biomaterials is at the pre-clinical stage.
Abbreviations: Magnetic Resonance Imaging (MRI), Magnetic Nanoparticle (NP) Imaging Inset picture

provided by Zhen Xiao, iron oxide (magnetite) nanocrystals d =23 + 2 nm.



of these examples have reached Phase 1 clinical trials, widespread clinical application has

not yet been achieved.?10

To take full clinical advantage of these applications, it is vital to have practical systems for
applying magnetic fields as well as highly responsive magnetic particles. Generating
magnetic fields inside organisms that are large enough to affect particle movement is a
challenge; particles move along the spatial gradient of a magnetic field and, often, field
strengths are reduced to zero just a few millimeters away from a permanent magnet.'- 12
New designs for magnetic field application may make it possible to create larger field
gradients that allow for the movement of materials far deeper in the body.'% 4
Additionally, clinical applications will demand models that can effectively predict
magnetic particle movement in complex in vivo settings as such data are a necessary
requisite for any clinical application. Finally, the clinical success of these new systems and
models will require minimally toxic magnetic particles that are highly sensitive to even

small external magnetic fields.

Here, four broad applications of magnetic nanoparticles in biology and medicine are
surveyed: treatment, imaging, movement, and diagnostics (Figure 1.1). For treatment,
magnetic nanoparticles are used to efficiently deliver various therapeutics, whether it is
drugs, genes, or the particles themselves for magnetothermal heat treatment or as
therapeutic catalysts. In clinical and preclinical imaging, magnetic nanoparticles are used
as image-enhancing agents in MRI and magnetic particle imaging (MPI). Biomedically-
relevant movement via the external field actuation of magnetic particles make the clinical

translation of cell separation techniques and soft robotics more feasible. Finally, magnetic



nanoparticles can be used to boost the diagnostic performance and throughput
efficiencies of various immunoassays. Across these four broad fields, particular focus is
given to iron oxide-based magnetic nanomaterials, because of their biocompatibility,
versatility, and wide range of use. In each section, novel trends of magnetic nanoparticles

are examined considering their history and common uses within that field.

1.3. Treatment
1.3.1. Iron Oxide Catalyzed Cancer Therapies

Cancer treatment is one of the largest fields of biomedical research. Doxorubicin, gold,
silver, and ferrite nanoparticles have all been studied for their cancer killing abilities, and
they have been clinically applied to varying degrees. These therapies work through the
increased generation and tuning of reactive oxygen species (ROS) in tumor regions that
can induce apoptosis and cellular death.'® Ferrite nanoparticles, specifically iron oxide
nanoparticles, can be used for this purpose, due to their intrinsic peroxidase-like activity.
By catalyzing the Fenton reaction of H,O;, highly toxic hydroxyl groups, a type of ROS, are
overproduced and cell death occurs. This was first discovered by Yan et al. in 2007 and,
when combined with the magnetic targeting properties of these particles, it created
considerable promise for the field.® Six years later, Zhang et al. took this knowledge and
demonstrated the use of magnetic nanoparticles in tumor treatment.!” Research has
continued in this field focusing on the tunability of this characteristic through both
manipulation of the particle itself and the external field acting upon it. While it is well
studied that the catalytic activity can be tuned through particle size, composition, and

morphology, recent trends in this field are focused on combining the biological and



chemical properties through surface coatings and targeting molecules. For example,
Thoidingjam et al. was able to synthesize phyllanthus emblica-coated iron oxide
nanoparticles, which allowed for the stabilization of very small iron oxide nanoparticles
(~6 nm), which are ideal for the overproduction of ROS in lung cancer cells.'® Likewise,
Pandey et al. synthesized poly-I-lysine-coated FesOs@FePt particles for the targeting of
mitochondria through its pH responsiveness offering a targeted multimodal therapy for
glioblastoma.’® The next step for these treatments lies in optimizing their catalytic

efficiency to increase the potential adoption into the clinical.

External electromagnetic fields, when absorbed by the ferrite material, can be used to
boost the catalytic activity, thus increasing ROS production, and decreasing the amount
of ferrite material needed. Electromagnetic fields that are commonly studied for this
purpose are alternating magnetic fields (AMFs) and X-ray.'® AMFs were utilized by Wu et
al., as they developed a magnetic hydrogel that is activated by a non-invasive external
AMF to increase the production of ROS.2° Similarly, Liu et al. synthesized novel graphene
oxide- grafted iron oxide nanorings that have high magnetothermal properties. A
significant increase in the ROS generation was observed when an AMF was applied.?! The
use of X-rays was studied when Klein et al. fabricated high stability, functionalized co-
ferrite and superparamagnetic magnetite particles that, when exposed to X-ray radiation,
released either Fe?* or Co?* ions, leading to ROS production and cancer cell apoptosis.??
As research continues in the area of tuning particle physical properties, external field

manipulation advancements are a compounding asset in the fight against cancer.



1.3.2. Drug and Gene Delivery

Magnetic nanoparticles can be used to direct the delivery of drug and gene therapies in
the body. A major challenge in pharmacology is the specific delivery of an agent to the
disease site; most widely prescribed drugs that are taken orally or via intravenous
injection are not targeted.?® Consequently, it is estimated that less than 10% of the dose
makes it to the organ of interest and even less to cellular targets.?* The most common

solution is to increase the delivered dose to assure sufficient drug concentration at the
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Figure 1.2 Schematic of magnetic drug delivery. (A) After a tail vein injection of magnetic nanoparticles,

the materials collect at a site with a large external field gradient. Particles (shown in orange) extravasate
into extracellular space where they are collected in regions of high magnetic field gradient. Adapted
with permission from Al-Jamal K.T., Nano Letters; published by American Chemical Society, 2016. (B)
Applied single magnets only pull in one direction towards the magnet versus dual magnets that can
maintain a more constant gradient resulting in a constant outward radial force. (C) Magnetic set-up
from Liu et al. using two oppositely polarized magnets to enhance magnetic drug targeting in deep tis-
sues. Current methods use a single applied magnet resulting in limited use to surface level depths
compared to dual magnets. The magnetic gradient of a single magnet falls off very quickly as distance
increases compared to the pro-posed dual magnet device, which maintains the magnetic field with an
increase in distance. Adapted with permission from Liu et al, ACS Nano; published by American Chemical
Society, 2020 Modeled using art modified from Servier Medical Art, licensed under a Creative Common

Attribution 3.0 Generic License, date accessed (20, April 2021). http://smart.servier.com/.



target site.> 2> This inefficiency leads to off-target effects and toxicity, which can limit the
clinical use of promising treatments. Additionally, non-selective delivery can also lead to

negative immune responses at the site of administration.

Introducing selectivity into drug delivery is a general goal for all of pharmacology because
of its broad relevance. One approach to increasing drug selectivity is by using nanoscale
delivery systems, such as liposomes and polymeric nanoparticles, which possess cell-
specific surface ligands. Several recent reviews have highlighted the common challenges
that are faced by these non-magnetic biological and chemical targeting strategies.?6-36 Of
these challenges, the most intractable is the body’s own physiological response to these
foreign nanoscale systems, which quickly removes, metabolizes, and/or excretes them.
Even with stealthy surface coatings that have only minimal protein interactions,
nanoscale particles are still recognized and eliminated by the innate immune system.3” As
such, even with the most efficient targeted nanoscale delivery systems, only 2% of the

drug payload is released at the target site.?*

This modest targeting performance could be vastly exceeded with magnetic drug delivery
systems. Early investigators envisioned applied magnetic fields that were positioned
around an organism capturing magnetic nanoparticles within tissue (Figure 1.2).1% 38 As
an example, an intravenous injection of a magnetic nanoparticles yields bloodborne
particles that could be captured or collected in a solid tumor that was subjected to large
magnetic field gradients. Such gradients could be generated by a magnetic system
external to the animal or by permanent magnets inserted into the target tissue. The
reliance on the physical separation of magnetic materials within a biological system for

10



targeting delivery is a fundamentally different approach to targeting than the chemical
and biological strategies that were introduced earlier. If successful, this approach could
increase the efficacy of delivery, limit off-target effects, and reduce the overall amount

and time course of treatments.3?

Magnetic nanoparticles that have been explored for targeted drug delivery have had to
meet many stringent demands. Their dimensions and surface treatments must balance
particle circulation time, drug distribution, drug release, accumulation, and, if needed,
cellular uptake.?> For most exposure routes (e.g., intravenous, oral, etc.), investigators
aim for hydrodynamic diameters between 10 and 200 nm.3’ The application of
polyethylene glycol (PEG) as a surface coating can prolong the circulation of intravenously
injected materials, even with some degree of targeting functionality.*® Iron oxide-based
magnetic nanomaterials are of particular interest, because various SPION formulations
have been approved by the US Food and Drug Administration (FDA) for various
applications, including as MRI contrast agents.** While these materials are not widely
adopted by radiologists due to the difficulty in interpreting T2 contrast signals, they have
found success off-label as treatments for iron deficiency.*? Other challenges for the
clinical translation of magnetic drug delivery systems include the reproducibility and scale
of particle production, the economic feasibility of the application, and the practicality and
safety of effective external magnetic field application. Magnetic drug delivery is also
limited by the fact that particles are not retained at a target site once the external field is

removed, which precludes many longer and chronic drug delivery applications.*?
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In addition to tackling these clinical obstacles, investigators are also broadening the
appeal and reach of magnetic drug delivery.343>82 One avenue of exploration is to
increase the benefits of magnetic drug delivery through the integration of multiple
delivery and imaging modalities. For example, Hervault et al. developed magnetic
nanocomposites (MNCs) that included both a hyperthermic agent as well as a drug carrier
for applications of multimodal cancer therapy.** By combining pH and thermo-responsive
behavior, they could spatially and temporally control the release of Doxorubicin, which is
a common chemotherapeutic agent. Chen et al. demonstrate that multifunctional
envelope-type mesoporous silica nanoparticles (MEMSN) can increase the specificity of
drug delivery and enhance the contrast of magnetic resonance imaging (MRI).** This is
achieved through a release system that is initiated in acidic environments via the
reactivity of immobilized surface acetals. This acid-catalyzed surface coating results in
burst release of the target drug, Doxorubicin, in the slightly acidic tumor
microenvironment allowing for efficient and targeted delivery of an otherwise highly toxic
anticancer therapeutic. When addressing the treatment of glioblastoma, specifically with
Doxorubicin, passage through the blood brain barrier must be considered. Norouzi et al.
developed a Doxorubicin loaded magnetic combination therapy that displayed a dramatic
increase in passage through the blood brain barrier. This 2.8-fold increase is due to the
use of cadherin binding peptides, which transiently open the tight junctions of the blood
brain barrier, combined with the use of an external magnetic field to draw the particles
to the target region.*® This work, like many others in the field, shows the promising

impactful change that magnetic combination therapies can have.
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Dual drug delivery and imaging nanoscale delivery systems, which are often termed
theranostics, can be useful for both therapeutic and diagnostic purposes. Luque-Michel
et al. developed theranostic polymeric nanoparticles loaded with SPIONs and doxorubicin
to treat glioma-bearing mice.*” They found significant particle accumulation when the
animal is under static magnetic field and the accumulation was easily imaged using MRI.
Theranostics are the logical next step for magnetic nanoparticle applications since the
same material can be used in multiple ways. Currently, researchers are forming hybrid
magnetic nanoparticles to optimize the optical or chemical properties. This can be the
addition of gold, manganese, sulfides of copper, or tungsten, which increases the
particles’ magnetism and relaxivity when compared with non-doped SPIONS.*¢ By
combining different material characteristics, more effective and less toxic theranostics

can be developed.

Magnetic gene delivery is also of ongoing interest to researchers because of its broad
significance. Often referred to as magnetofection, this type of magnetic drug delivery
attaches magnetic carriers to a viral vector carrying a therapeutic gene; in some cases,
more rarely, the nucleic acid is directly linked to a magnetic nanoparticle via ionic
interactions.!! In 2002, Scherer et al. presented the first example of magnetofection in
vitro and demonstrated that transfection efficiency could be increased by the application
of a localized external magnetic field.*® Nearly two decades later, research into
magnetofection is focused on reducing the time for magnetic transfection, minimizing the
vector dose, and expanding gene delivery to in vivo transfection in lung epithelium and

blood vessel endothelial cells.®®>? The current challenges facing application of this
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delivery system in vivo are the potential for magnetic nanoparticle agglomeration and
poor transfection efficiency if the viral carrier is removed.>! Indeed, magnetofection has
high transfection efficiency when compared to other methods, and it is a commonly used

technique for in vitro applications.

Finally, any use of external magnetic fields to manipulate particles in vivo requires
efficient systems for applying them. Until recently, single electromagnetic coils or
permanent magnets were used for this purpose. Clinical applications would require much
larger magnetics, increasing power demands, the need for efficient cooling systems, and
cost. Originally, large magnetic field gradients generated inside of electromagnetic coils
directed magnetic particle movement, but only towards the magnet instead of holding
them at the region of interest. Nacev et al. used multiple focusing magnets to address this
issue and to extend the reach of external fields to areas that are deeper within the body.>3
They used fast magnetic pulses to trap ferromagnetic rods at specific locations, resulting
in inward-pointing magnetic forces. These forces were, in effect, focused, and lead to a
larger field gradient and more specific and localized targeting. Although they did not apply
their methodology to drug delivery, this more specific and targeted approach has the
potential to overcome some of the largest barriers to entry for clinical applications. In
another example, Liu et al. positioned permanent magnets in an opposing square (a
simplified model is shown in Figure 1.2C to improve the accumulation and penetration of
magnetic nanocarriers into solid tumors.>® They demonstrated a five-fold increase of
penetration and a three-fold increase in the accumulation of magnetic nanoparticles

when compared to passive accumulation alone. Moreover, the system could reach
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deeper into tissue than approaches that rely on a single permanent magnet that can only
collect materials at superficial depths, typically only a few millimeters for a rare earth
permanent magnet. This two-magnet configuration is just one example of emerging
magnet designs that improve the efficacy, accumulation, and movement control of

magnetic nanoparticles, bringing magnetically driven drug targeting closer to the clinic.

1.3.3. Magnetothermal Heating

The magnetothermal heating of magnetic particles was first observed in 1954, where it
was used to selectively destroy cancer metastases in lymph nodes that might have been
previously missed in surgery.>® Briefly, magnetothermal heating occurs when magnetic
particles are subjected to alternating magnetic fields (AMFs). Through magnetic
induction, nanoparticles in AFMs are selectively heated, providing for localized increases
in temperature. The effect can be used in drug delivery schemes that apply thermally
sensitive coatings to nanoparticles, which result in the release of chemotherapeutic
agents in addition to the thermal ablation of the cancer cells.*® >’ Magnetothermal
treatments have been approved in the European Union (EU), and they were also approved
by the US Food and Drug Administration (FDA) in 2006 for phase | clinical trials in the
treatment of prostate cancer. Ongoing clinical applications have been limited by the need
for precise placement of large AMFs within the human body.®! Conventionally, the
organism is placed within an electromagnetic coil, but this can be difficult with larger
animals. The duration of heat treatment and the strength of the AMFs are also important

parameters to control with existing methods.
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Magnetothermal heating can be very heterogeneous, leading to insufficient and
unpredictable heating, because of tumor vasculature and extracellular matrix structure.
Silva et al. combined magnetic nanoparticles with green fluorescent protein to form
“nanothermometers” that use feedback to minimize heterogenous heating.”® While the
early days of magnetothermal heating were concerned with heating tissue to high
temperatures (>45 °C) to kill cells, recent interest has centered on using mild heating to
influence biological processes with great precision. Christiansen et al. used the localized
heating of magnetic nanoparticles to actuate neuronal ion channels from a distance using
magnetic nanoparticles.>® Other researchers have also used AMF heating to open and
close an ion channel without affecting the health of cells.}? Radio-frequency magnetic
fields can also remotely activate cation channels in cells deep within tissue, thereby
offering an alternative to the limited depth penetration of photothermal therapies.
However, a more recent trend attempts to pair photothermal and magnetothermal
together to give a secondary “activation” force to carry out the necessary heating even
deeper within the body for applications from arterial inflammation to cancer therapies.3*
>9 This combination therapy is ten times more effective at heating the target region than
the individual use of these therapies.®® This combination of photothermal and
magnetothermal therapies can be used to apply hyperthermia treatment and release
drug to the region of interest. This is demonstrated by Lu et al. and their work with
modified iron oxide composite nanoparticles loaded with cetuximab. Combination
thermal heating was used for both applying hyperthermia treatment and to thermally

release drug.®?
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However, more stable, and sensitive magnetic particles are needed to make the clinical
translation of magnetothermal therapy more feasible. Some investigators have also
reported challenges with superparamagnetic iron oxide nanocrystals (SPION)
aggregation. Therefore, without proper surface engineering, the use of SPION in
magnetothermal applications like tumor treatment could be limited.®> More recently,
these challenges are being met in a variety of ways, and several recent review papers
cover these advances with respect to magnetothermal heating.?® 3% 34 36 The
responsiveness of magnetic particles to smaller AMFs can be optimized by altering their
composition and shape to increase their magnetic susceptibility.?® Doped ferrites are a
promising approach for increasing susceptibility, and therefore sensitivity, without
complicating their surface engineering.®® Different nanoparticle shapes, such as the
magnetic nanoplates proposed by Alhasan et al., allow for more efficient heating with

lower AMFs.52

1.4. Imaging
1.4.1. Magnetic Resonance Imaging (MRI) Contrast Agents

A common medical application for magnetic nanoparticles is their use as contrast agents
for magnetic resonance imaging (MRI). MRl is a non-invasive and high-resolution imaging
modality that has become the clinical standard for visualizing anatomical structures.
Despite its wide clinical use, MRI has low signal intensity and sensitivity, which makes
rapid and accurate diagnoses difficult.®* Consequently, approximately 40-50% of MRI
procedures require contrast agents for image enhancement.®® Gadolinium chelates (GCs)

are the current clinical standard for MRI because of their low toxicity, short circulation
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half-life, and positive contrast enhancement.” ¢ 67 However, concerns have been raised
regarding potential toxicity, non-specific biodistribution, poor cellular uptake and
retention, and the sub-optimal contrast enhancement of GCs. 7 8 ¢ As a result, many

improvements and alternatives to GCs have been developed.” 77

Being developed as gadolinium-free alternatives to GCs, iron oxide particles (IOP)
garnered clinical interest as MRI contrast agents because of their useful magnetic
properties, unique biodistribution and pharmacokinetic profiles, targeting potential, and
biocompatibility.”® Early successes with superparamagnetic iron oxide nanocrystals
(SPIONs, Dy > 50 nm) and ultrasmall SPIONs (USPIONs, Dy < 50 nm) led to the
development of IOP with more robust synthetic approaches and a range of
physiochemical, magnetic, biodistribution, and pharmacokinetic properties (Table 1.1).”
66,70-72,79-8 These materials have demonstrated preclinical and clinical potential, but many
have been commercially discontinued for MRI and are only used in non-MRI clinical

applications (Table 1.1).

The notable failure of iron oxide particles (IOP) to become standard tools in clinical MRI
is generally ascribed to two distinct challenges. First is the reluctance of healthcare
providers to use IOP in their regular practice. This is due, in part, to toxicity concerns that
are amplified by black box warnings issued by the US Food and Drug Administration (FDA)
after studies showed small, but measurable, risks of serious adverse events (0-1%) and
anaphylaxis (0.02—0.2%) after ferumoxytol administration.®® 8> Additionally, radiologists
are not as experienced in interpreting the dark contrast provided by IOP in transverse
water relaxation time (T2)-enhanced MR images.®> 8 Dark contrast enhancement and
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susceptibility artifacts from IOP can result in misdiagnosis and an overestimation of lesion

margins.’% 887 A second issue has been the reluctance of pharmaceutical companies to

produce IOP contrast agents. The demand for IOP is low because of healthcare provider

Table 1.1 Commercial iron oxide particles for clinical magnetic resonance imaging.
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hesitancy, niche application (e.g., liver-, spleen-, and lymph node-related imaging and
patients with renal deficiency), and ongoing concerns regarding their diagnostic utility

when compared to conventional contrast agents.88 102,91

In response to these issues, researchers have continued to develop IOP to reduce toxicity
concerns, optimize magnetic properties and contrast performance, and apply them in
novel and significant ways.®> 66: 7275, 86,88 Hare we focus on the latter, and examine the
current trends in I0P-based MRI. IOP have been mostly relegated to mononuclear
phagocyte system (MPS)-related imaging (e.g., liver, spleen, and lymph nodes) and
cellular tracking applications.”® To overcome radiologists’ concerns about the dark
contrast resulting from T2 manipulation, IOPs are being developed as longitudinal water
relaxation time (T1) contrast agents.®% 88 This provides the desirable white contrast in
images, and T1 enhanced magnetic nanoparticles are typically smaller, and they vyield
greater signal-to-noise (tissue T1 > T;) and better spatial resolution than those developed
for T, applications. This makes the materials relevant for a wider variety of applications.
For instance, Wei et al. developed a zwitterion-coated exceedingly small SPION (ZES-
SPION, Dy = 4.7 nm) for magnetic resonance angiography (MRA) in small animals (Figure
1.3A-C).%” These ZES-SPIONs are biocompatible, renally cleared (unlike commercial
USPION), and possess T1 contrast and blood circulation times that are comparable to
commercial GCs.%” 8 Lu et al. used slightly larger polyethylene glycol (PEG)-coated
USPIONs (PEG-IONC, Dy = ~12 nm) to study the toxicity and potential of IOP as T1 MRI
contrast agents in larger animal models (Figure 1.3D-G).%° PEG-IONCs demonstrated no

significant toxicity, and they were successfully used for full-body MRA; notably they were
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able to identify ischemia in cerebral angiograms. More recently, Kang et al. used similar

USPION in rats to monitor the remodeling of cerebral vasculature after ischemic stroke.*°

Cellular tracking and labeling are another common trend in preclinical and clinical IOP-
based MRL’> 9! Because Ti: imaging can be significantly impacted by

compartmentalization of nanoparticles in cells, applications usually use T,-weighted

Figure 1.3 Ti-weighed MRA of small and large animal models using IOP. T:-weighed MRA of a mouse
at (A) 4, (B) 12, and (C) 20 min post injection with ZES-SPIONs. MRA of (D) canine (beagle) and (E) non-
human primate (macaque) animal models post PEG-IONC injection. Dynamic susceptibility contrast
perfusion-weighted images of left cerebral ischemia in a macaque (F) before and (G) after bolus
injection of PEG-IONC. (A—C) Reproduced with permission with modifications from Wei et al.,
Proceedings of the National Academy of Sciences of the United States of America; published by National
Academy of Science, 2017. (D—G) Reproduced with permission with modifications from Lu Y. et al.,

Nature Biomedical Engineering; published by Springer Nature, 2017.
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MRI.%® Guldris et al. developed glucosamine-modified polyacrylic acid-coated USPIONs
(USPIO-PAA-GIcN, Dy = 40 nm) for enhanced cellular uptake and biocompatibility and use
in long-term MRI tracking of intra-arterially injected stems cells in healthy rat brains
(Figure 1.4C).°2 When compared to PAA-coated SPIONs and USPIONs, USPIO-PAA-GIcN
demonstrate greater promise for potential in vivo applications in tracking the stem cell
treatment of cerebral ischemia. However, there are concerns that IOP can adversely

impact the functions of labeled cells.®> % Wierzbinski et al. labeled human skeletal

Injection 1 day 5 days 8 days

Figure 1.4 T2-weighted cell tracking MRI applications using IOP. T>-weighted MR image of mouse (A)
without and (B) with intracardially implanted SPION-labeled myoblasts. (C) T2/T2*-weighted cerebral
MR images of mice intra-arterially injected with USPIO-PAA-GIcN-labeled mesenchymal stem cells after
1 h, 24 h, 5 days, and 8 days. (A, B) Reproduced with permission with modifications from Wierzbinski,
K. R. et al., Scientific Reports; published by Nature Research, 2018. (C) Reproduced with permission from

Guldris, N. et al., Bioconjugate Chemistry; published by American Chemical Society, 2017.
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myoblasts with carboxylic acid-coated USPION (DMSA-SPION, core size =~10 nm) to track
integration after implantation into the left heart ventricle of mice (Figure 1.4A, B).%
DMSA-SPIONs had no significant functional or cytotoxic effect on myoblasts. Moreover,
the work demonstrated the potential for clinically tracking the integration and progress
of skeletal myoblast transplants into postinfarction scars. Ultimately, the adverse effects
on labeled cells can be reduced with more biocompatible and responsive IOP to enable a

lower effective nanoparticle dose.

IOP are also being used in a wide variety of passive and active targeting-based molecular
MRI applications.®* Sherwood et al. developed bovine serum albumin (BSA)-USPION
clusters (core sizes <4 nm, cluster size = ~200 nm) for MR image-guided drug delivery to
subcutaneous tumor-bearing mice.? This is possible because tumors often exhibit
molecular features that can cause porous vasculature and poor lymphatic drainage, which
results in the passive accumulation of nanoscale materials—often called the enhanced
permeability and retention (EPR) effect.’® °” Others have developed pH responsive
USPION clusters to take advantage of, and target, the slightly lower pH (pH 5.6—6.8) of
the tumor microenvironment.®® *° In the presence of the slightly acidic tumor
microenvironment, pH-sensitive cluster crosslinkers disassociate, causing the release of
smaller USPION, which allows for greater accumulation, signal-to-noise, and T1 contrast
enhancement (Figure 1.5B). IOP contrast agents can also be used for the molecular
imaging of the inflammation that is associated with pain because of the greater presence
of MPS cells—which preferentially uptake foreign nanoscale objects.®” A few recent

clinical studies highlight the advantages of molecular imaging by comparing USPION- and
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GC-enhanced MRI for assessing a variety of disease states that are associated with
inflammation as well as tumors.8087.103104 |n 3]| cases, T;- and or T>-weighted USPION-

enhanced MRI provided equal or greater diagnostic utility when used alone or in
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Figure 1 5 Brain tumor MRI applications using IOP. (A) T2-weighted MR images of a U-87 MG (human
glioblastoma) tumor in the brain of a nude mouse using iron oxide nanocubes (top) with B6 peptide and
(bottom) without at 12 and 24 h intervals after intravenous injection. (B) T1-weighted MR images of
orthotopic hepatocellular carcinoma mouse models before and 2 h after injection with pH-responsive
(top) and pH-irresponsive (bottom) USPION clusters. (C) Representative ferumoxytol- and GC-enhanced
MR images of a patient with glioblastoma and an overlay of the two demonstrating the mismatch used
to distinguish between pseudoprogression and true progression. (A) Reproduced with modifications
with permission from Lu, Z. et al., Advanced Functional Materials; published by John Wiley and Sons;
2017. (B) Reproduced with modifications with permission from Lu, J. et al., Journal of the American
Chemical Society; published by American Chemical Society, 2018. (C) Reproduced with modifications

with permission from Barajas, R. F. et al., Neuro-Oncology; published by Oxford University Press, 2019.
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conjunction with Ti-weighted GC-enhanced MRI. Notably, Barajas et al. demonstrated
that dual ferumoxytol- and GC-enhanced MRI could reliably differentiate between true
progression (recurrence) and pseudoprogression (therapy-associated tissue damage and
inflammation) by observing biodistribution-associated mismatch in their imaging

enhancement (Figure 1.5C).1%

In response to critiques of EPR-based passive accumulation, actively targeted IOP are
being used to further increase the specificity and sensitivity of molecular MRI.%® 101
Because transferrin receptors (TfR) are overexpressed in glioma, Lu et al. attached a TfR-
specific peptide (B6) to a SPION-based drug delivery system (CARD-B6) for targeted T»
imaging of glioma.®?2 When compared to non-targeted CARD, CARD-B6 demonstrated
much greater accumulation inside the tumor margins (Figure 5A). Husain et al. targeted
excess matrix metalloproteinase (MMP-12) that was associated with inflammation to
image molecular features associated with neuropathic pain in rats.!%® Even with these
IOP-based molecular MRI techniques, sensitivity is a concern, because accumulation can
often be too low to achieve meaningful contrast enhancement.® Current efforts focus on
enhancing the magnetic properties of IOP to decrease the effective dose, reducing the

associated toxicity and imaging artifacts.> 73 104

1.4.2. Magnetic Particle Imaging (MPI) Tracers

Magnetic particle imaging (MPI) is a novel imaging technique that was first proposed in
2001.1% MPI detects signals from superparamagnetic nanomaterials, also referred to as
MPI tracers, which are generated by a fast-moving magnetic field-free region (FFR).10> 106

In 2005, Gleich et al. demonstrated that this signal can be processed to reflect tracer
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spatial location and concentration, thereby offering an opportunity for quantitative
imaging with high spatial resolution (~*1 mm) and sensitivity (~100 pmol Fe/L).1%’
Additionally, since superparamagnetic tracers are not naturally present in the body, MPI
has nearly zero background, as compared to the clinical contrast-enhanced MRI.
Following the development of early preclinical prototypes in the late 2000s, Weizenecker
et al. performed the first in vivo three-dimensional MPI| experiment examining the beating
heart of a mouse in real-time.1% 198 Despite this success, the clinical translation of MPI
depends on the development of much larger scanners and highly responsive tracers to
further enhance spatial resolution and sensitivity.10% 110,113,114 Mp| tracer performance is
dependent on its ability to reverse its magnetic moment in the FFR; the larger the change
in magnetic moment, the larger the MPI signal. As with any nanomedicine, the colloidal
stability, pharmacokinetics, biodistribution, and biocompatibility of the magnetic

nanoparticles for MPI are also important considerations.

As tracer technology continues to develop, MPI can be applied in a wide range of
biomedical applications.'® Zhou et. al. performed the first in vivo MPI of lung perfusion
in rats (Figure 1.6A, B).'° Here, micron-sized bovine serum albumin (BSA)-conjugated
SPION aggregates (MAA-SPION, ~25 um) were used to target the narrow capillary bed of
the lungs (6 um) after their first pass through the heart. When compared to standard
diagnostic techniques for assessing pulmonary embolism, this preliminary study on
healthy rats demonstrates the potential of MAA-SPION-based MPI as a convenient and
ionizing radiation-free alternative to other diagnostic options. The first-pass pulmonary

trapping of micron-sized objects, while useful for lung imaging, presents a problem for
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the intravenous therapeutic delivery of mesenchymal stem cells (MSC). To better
understand the biological fate of cellular therapies, Zheng et al. used quantitative MPI to
assess the biodistribution and pharmacokinetics of tracer tagged MSCs (Figure 1.6C, D).1!!
MPI can also be used to visualize and assess disease states. For instance, Yu et al. used
subtraction MPI to quantify the extent of gastrointestinal (Gl) bleeding in a mouse model
that was predisposed to developing Gl polyps (Figure 1.6E, F).}'2 MPI offers a non-
invasive, non-ionizing, and rapidly administered alternative compared to traditional
approaches for assessing Gl bleeds (e.g., colonoscopy and radionuclide scintigraphy). As
with nanoparticle magnetic resonance imaging (MRI) contrast agents, MPI tracers can
also take advantage of the enhanced permeability and retention (EPR) effect and passive

accumulation to image tumors when possible.!!3

Apart from simple tumor imaging, MPI can be used for therapeutic purposes. For
example, Zhu et. al. used quantitative MPI to monitor in vivo drug release in tumor-
bearing mice.''* Their unique MPI tracer is a pH-sensitive SPION-drug cluster that, when
introduced to the acidic tumor microenvironment, releases SPION and doxorubicin.
Increased SPION Brownian motion after release enhances the MPI signal, and it provides
an indirect, but accurate, measure of drug release. Likewise, Tay et. al. used SPION tracers
for MPI-guided magnetic hyperthermia therapy on a tumor bearing mouse (Figure 1.6G—
J).1> MPI is used to map the distribution of SPION, the FFR is moved to the region of
interest (tumor), and a second alternating magnetic field is then applied for magnetic

hyperthermia in that region only. The ability to precisely monitor the location and
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magnitude of therapy applied (e.g., drug release or magnetic hyperthermia) would allow

for more accurate dosing and tracking of therapeutic efficacy, thus optimizing treatments.
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Figure 1.6 MPI applications using IOP. MPI of intravenously administered (A) MAA-SPION and (B) SPION
in healthy rats. The larger MAA-SPION target the lungs while smaller SPION distribute primarily to the
liver. MPI of tracer labeled human MSCs (C) 1 h and (D) 12 days after intravenous administration in
healthy rats. Labeled MSCs move from the lungs to the liver and spleen over the course of 12 days. The
subtraction MPI of (E) Gl polyp/bleed and (F) normal mouse models about 2 h post intravenous
administration. Signal evident in the intestines for mice with Gl bleed. (G—J) Procedure for MPI-guided
localization and magnetic hyperthermia therapy. The diagnostic stage involves (G) the initial MPI scan
of the tumor-bearing mouse model and (H) selecting the target. The localized therapy stage involves (I)
centering the FFR on the target followed by (J) the therapeutic heat scan. (A, B) Reproduced with
permission with Zhou, X. Y. et al., Physics in Medicine & Biology; published by Institute of Physics and
Engineering in Medicince, 2017. (C, D) Reproduced with permission from Zheng, B. et al., Theranostics;
published by Ivyspring International Publisher, 2016. (E, F) Reproduced with permission from Yu, E. Y.,
et al., ACS Nano; American Chemical Society, 2017. (G-J) Reproduced with permission from Tay, Z. W.,

et al., Nano Letters; published by American Chemical Society, 2018.
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1.5. Movement
1.5.1. Cell Separation

The magnetic separation of biological material using particles was first applied in the
1970s to sorting cells and, since then, “magnetophoresis”, as it has been termed, is widely
used to separate specific cells from a biofluid or trim down cell populations (Figure
1.7).116 117 The speed and ability to batch process biological samples make magnetic-
activated cell sorting (MACS) an especially appealing option for cell sorting in flow

cytometry instruments.!’” The current limitations of magnetic separation for this

Unlabeled
Biological Sample Cellular Labeling Magnetic Separation ‘ —
B Y e / } Labeled
.o : ° ® —
. @ ) —
®
% ®

Figure 1.7 Magnetic batch separation for cell separation. Initially cells are suspended and then the
desired cell population is labeled with magnetic nanoparticles. The final step depends on the selection
methodology: labeled or unlabeled selection. In unlabeled selection, the desired cells remain in the
supernatant and the labeled cells are magnetically captured via a permanent magnet (also known as
negative selection). Alternatively, the cells of interest can be labeled and magnetically captured, and
the supernatant can be discarded (also known as positive selection). Art modified from Servier Medical
Art, licensed under a Creative Common Attribution 3.0 Generic License accessed (20 April 2021).

http://smart.servier.com/.
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application include high sample processing cost, limited sample throughput, low
processing speeds, and loss of cellular function or viability.*!” However, magnetophoresis
in the scaled-down environment of microfluidic systems faces fewer of these issues and

remains an expanding area of research.

One area of focus for research in this area has been single cell capture as it relates to
cancer diagnostics. The internal capture of circulating tumor cells, for example, is possible
using an intravascular magnetic wire implanted into a patient, and magnetic particles
offer less invasive, but similar, opportunities.!*® External use of microfluidics, often
termed “lab on a chip”, can be applied to the analysis of small drops of biofluids in which
magnetic nanoparticles can be used to separate cells using antibodies or proteins as
markers.11%-124 Alternatively, Robert et al. was able to sort monocytes and macrophages
by exploiting the different internalization rates of iron oxide nanoparticles.'>> The
macrophages were sorted into five different groups, depending on the nanoparticle load
using on-chip free-flow magnetophoresis. Monocytes had a much lower capacity to
internalize particles and, as a result, were far less magnetic, thereby providing an
excellent on-chip example of negative selection. Zhang Q. et al. demonstrated an
immuno-magnetic sorting procedure using four types of immuno-magnetic nanoparticles
for the separation of different T cells.'?® They found that selectivity could be preserved,
even at processing volumes as high as four liters of processed blood sample but noted
that increased throughput did degrade the selectivity of the separation process. While
many examples of magnetic cell-sorting have been developed for the research laboratory,

there is some promise that the technology could be relevant to consumers. Tran et al.
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demonstrated a supraparticle assembly of magnetic nanoparticles for selective cell
separation and counting using a smartphone-based imaging platform.'?” The integration
of magnetic particles with “lab on a chip” technology has been advantageous in many

biomedical applications.

1.5.2. Soft Robotics

Soft robotics is one of the most novel applications of magnetic nanoparticles in the field
of directed motion. Soft robotics refers to systems that are built with flexible and
stretchable materials to mimic living, moving tissue.?8 Being inspired by natural systems,
nanoparticles can be incorporated into soft robotics to facilitate actuation of movement
on a macro-scale and, if biocompatible, demonstrate promise for biomedical applications.
Soft robots have been introduced into surgery, diagnosis, drug delivery, wearable and
assistive devices, prostheses, and even artificial organs.’>® Most soft robots are quite
large—on the order of millimeters—and their movement mechanisms are often
electrically actuated. Magnetically actuated microrobots, while being more difficult to
design, are of great interest, as they can be controlled at a distance without the need for
a connection to a power source.’3® Magnetic microrobots that are subjected to applied
magnetic fields can exhibit a wide range of deformations allowing for multiple types of
movement, including rolling, walking, crawling, and jumping.’3' Magneto-elastic soft
millimeter-scale robots offer greater movement due to their higher degrees of mobility,
and they have been even shown to be able to transit between different liquid and solid
terrains as well as switching between different locomotive modes. Although not at the

nanoscale, Gu et al. developed magneto-elastic microrobots that mimic natural cilia—the
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Figure 1.8 Soft robotics application of IOP. (A) Work from Gu H. et al. displays different modes of
locomotion possible using magnetically actuated cilia including crawling and rolling. (B) Metachronal
waves of the cilia structures leads to a crawling motion (C) When the magnetic field is larger than 60 mT
the strong magnetic torque leads the soft robot to roll. Reprinted without changes with permission
through the Creative Commons License 4.0 International License from Gu H. et al.,, Nature
Communication; published by Springer Nature Limited, 2020.

hair-like structures that are found on microorganisms. The programmable robots can

generate metachronal waves, making them able to crawl and roll, depending on the

strength of the magnetic field, as seen in Figure 1.8.13?

The limitations of current magnetically actuated soft robots include their difficulty
navigating unknown obstacles, poor response to environmental change, and large
millimeter sizes that limit clinical application.'® Iron oxide nanoparticles can be
incorporated into elastomeric matrices that can be shaped into sub-micron objects to

reduce the size of these soft robots. Bayaniahangar et al. 3D printed helical coils using a
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ferrofluid-siloxane mixture that could be actuated via external magnetic field.3® Gouda
et al. and Breger et al. created “micro-grippers” by embedding superparamagnetic iron
oxide nanocrystals (SPIONs) into biodegradable matrices, so that the programmable 3D
structures could be non-invasively triggered via external field. These magnetic structures
were biodegradable, thereby eliminating the need for a second surgery for removal.13%
135 Hwang et al. demonstrated that multifunctional soft robots responsive to external
magnetic fields can efficiently, and precisely, destroy biofilms. They built catalytic
antimicrobial robots (CARs) that generate bactericidal free radicals that break down
biofilms, and then remove the fragmented biofilm via magnetically directed processes.
Such concepts may find applications in areas that range from wound care to dentistry.!3®
Current trends focus on increasing the magnetic sensitivity of the embedded particles as

well as exploring the wide space of combined chemical and mechanical activity.116 137,138

1.6. Diagnostics
1.6.1. Immunoassays

The attraction of magnetic nanoparticles towards externally applied fields is the basis of
their use for diverse biological detection problems. Research in this area dates back to
1976, when a Norwegian scientist, John Ugelstad, exploring the synthesis of uniform
polymer spheres for chromatography, first precipitated iron oxide nanoparticles into the
porous colloids.?®® This yielded polymer particles, typically 20-30 w/w% iron oxide, which
could be readily captured via rare earth, handheld magnets. Later research revealed that
the materials were nanoscale maghemite, superparamagnetic, and well dispersed

throughout the micron-sized polymer beads (Figure 1.9).24° Among their first applications
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Figure 1.9 Representative electron microscopy images of Dynabeads™. (A) Polystyrene beads of
average diameter 2.8 microns containing 12 w/w% iron in their pores. (B) SEM of a M-280 bead from
Dynabeads™. The nanoparticles in the bead are visualized as bright points and were determined to be
~8 nm in diameter. (B) Reproduced with permission from Ugelstad et al., Progress in Polymer Science;
published by Elsevier, 1992. Reproduced with permission from Fonnumm et al., Journal of Magnetism

and Magnetic Materials; published by Elsevier, 2005.
was the treatment of pediatric neuroblastomas in which the magnetic beads were used
to separate tumor cells from patient’'s bone marrow prior to autologous
transplantation.'#® 142 By decorating the surface of the particles with an antibody to
known tumor cell antigens, investigators found that they could reduce the population of
tumor cells in aspirates by three orders of magnitude. Through appropriate surface
design, researchers throughout the early 1990s extended this flexible platform beyond
cell-based separations to include the isolation and detection of proteins, nucleic acids,

viruses, and bacteria.143-145

Commercial entities quickly capitalized on these magnetic beads for applications in
biomedical research enabling the development of clinical applications. Such effort

required reliable and reproducible materials and companies, such Dynabeads™, were
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able to meet the need for high quality nanoparticles. By 1996, there was a robust
commercial business that provided researchers with magnetic beads, in both small (1 um)
and large (2.5 um) diameter formats, with an array of different surface coatings.
Biomedical researchers used benchtop magnetic separators and these beads as
alternatives to tedious, multi-step purification protocols for various biomolecules, while
clinical researchers began to explore bead-based analysis for disease detection, as
described in Section 4.1. In one example, investigators correlated the success of kidney
transplantation to the number of circulating epithelial cells that were recovered via
immunomagnetic capture.’® Magnetic beads were also used to analyze the DNA

retrieved from patients with meningitis, to confirm its bacterial origins.'#’

The past five years have seen continued growth in magnetic bead technology for
diagnostics, as their application has expanded substantially into the in vitro diagnostics of
both protein and nucleic acids. Bead technology, and specifically magnetic beads, are now
viewed as an increasingly attractive alternative to the enzyme-linked immunosorbent
assay (ELISA) platform. This interest is driven, in part, by the pressing need for automation
and simplified sample and liquid handling. Magnetic beads are well suited to such an
environment, as they can be held fixed in place while robotic systems introduce reagents
and eluent buffers. Several companies now sell commercial versions (MagPix™) of
systems that utilize these advantages, and the immunoassays perform at least as well, or
even better, than the conventional ELISA systems.!*® 149 The simplified handling of

magnetic particles is also of great value in the preparation of samples for quantitative
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polymerase chain reaction (qPCR), as was demonstrated in the sensitive detection of

Tuberculosis pathogens using a magnetic bead to gather sample DNA (e.g., amplicons).**°

Multianalyte detection is a major theme in modern clinical diagnostic research, and
magnetic beads are poised to play a central role. The rich abundance of proteomic and
genomic information now readily available has established a growing need for the
simultaneous detection of multiple biomarkers, ideally without extra cost or time.
Commercial schemes leverage the capability to form libraries of beads, each being
“barcoded” with optically distinct molecular fluorophore signatures, and each tailored
with a unique surface targeting different biomolecules. Early versions of this technology
used flow-based optical read-out to interrogate non-magnetic beads one-by-one, like
conventional flow cytometry.?>% 152 The latest systems use magnetic beads that can be
draw down into a monolayer; high resolution optical cameras can then image the bead
barcodes as well as level of analyte bound over a field. In one case, such multiplex bead-
based technology was as effective as sequential ELISA immunoassays for measuring up to
ten biomarker proteins for bladder cancer in urine.'3 Also important is the development
of magnetic bead-based assays for low resource settings. Paper-based immunoassays
using functionalized magnetic beads to replace costly sample preparation steps are the
subject of intense study.** Such accessible technology is particularly important for the
multiplex detection of malaria antibodies for which magnetic bead technology is

particularly well suited.!>>-1>7

Although commercial magnetic beads are largely unchanged from those applied forty
years ago, new magnetic nanoparticles and their composites offer improved performance
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and new types of applications. Investigators have used ferrites, typically Co-Fe;04, instead
of iron oxide as a magnetic material, beads are more responsive to applied fields, leading
to faster separations.’>®1€0 Control over the dimensions of the magnetic nanoparticles
also presents the opportunity to use different field strengths for multiplexed separations.
By incorporating gold nanoparticles onto magnetic beads, several investigators have
demonstrated more sensitive detection in immunoassays by leveraging particle-
generated chemiluminescence or gold particle dissolution.’6l 162 Alternatively,
immunomagnetic separation events can be confirmed through the precipitation of gold
nanoparticles at bead surfaces.’®3 Quantum dots can also be incorporated into magnetic
nanoparticle composites yielding spectrally encoded beads for multiplexed analysis and

have recently been used for malaria detection.6% 163

1.7. Conclusion

The use of magnetism in medicine has come a long way since the days of the ancient
Greeks. It is the miniature lodestones of today, magnetic nanoparticles (e.g., SPIONs),
which make their dream of healing the human body with magnetic fields a modern reality.
SPIONs are unique, in that they are therapeutic agents themselves, through their intrinsic
ability to catalyze Fenton reactions, but they also have the capacity to deliver specific
drugs, gene fragments, or magnetothermal heating to specific areas of interest. Current
trends improve this prospective by offering multifunctional particles, more effective
magnetic field application systems, and even more magnetically sensitive particles.
Researchers working to apply magnetic particles in MRI imaging have been successful in

synthesizing SPION contrast agents with no notable toxicity, a higher blood circulation
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time, and both passive and active targeting capabilities. This new generation of magnetic
nanoparticles for both MRI and MPI may ultimately make their use in clinical imaging a
reality. Finally, the integration of magnetic particles into “lab on a chip” and other
diagnostic settings is both meeting the practical needs for faster and cheaper analysis,
while also expanding the possibilities for multiple analyte sensing. Even the emerging area
of soft robotics stands to benefit from advances in the magnetic nanomaterials that allow
for more responsive and functional systems. Progress in both the development of the
magnetic nanoparticles, as well as their expanding biomedical applications, has been swift
since Ugelstad’s first report of magnetic polymer particles in 1976. One can only imagine
what their continued study over the next four decades will have to offer to both science

and medicine.
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Chapter 2 Two-Dimensional Gadolinium Oxide Nanoplates as T1 Magnetic
Resonance Imaging Contrast Agents

2.1. Abstract

Millions of people a year receive MRI contrast agents for the diagnosis of conditions as
diverse as fatty liver disease and cancer. Gadolinium chelates, which provide preferred T;
contrast, are the current standard but face an uncertain future due to increasing concerns
about their nephrogenic toxicity as well as poor performance in high field MRl scanners.
Gadolinium-containing nanocrystals are interesting alternatives as they bypass the
kidneys and can offer the possibility of both intracellular accumulation and active
targeting. Nanocrystal contrast performance has been notably limited, however, as their
organic coatings block water from close interactions with surface Gadoliniums. Here
these steric barriers to water exchange are minimized through shape engineering of
plate-like nanocrystals that possess accessible Gadoliniums at their edges. Sulfonated
surface polymers promote second-sphere relaxation processes that contribute
remarkable contrast even at the highest fields (r; = 32.6 mM-Gds! at 9.4 T). These non-
cytotoxic materials release no detectable free Gadolinium even under mild acidic
conditions. They preferentially accumulate in the liver of mice with a circulation half-life
fifty percent longer than commercial agents. These features allow these T; MRI contrast
agents to be applied for the first time to the ex-vivo detection of non-alcoholic fatty liver

disease (NAFLD) in mice.

2.2. Introduction

Roughly sixty million people per year undergo MRI imaging. Half of these procedures

require Gadolinium-containing contrast agents (CA) to visualize soft tissue, organs, and
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possible abnormalities associated with disease.!3 These clinical contrast agents operate
exclusively by reducing the longitudinal spin magnetization relaxation times (T:) of
protons found mostly in water throughout the body.* ®> Other types of MRI contrast, such
as that resulting from the reduction of transverse spin relaxation times (7:), can be
generated from iron oxide nanoparticles.® While these materials were approved for use
by 2009 by the US FDA, their dark contrast is difficult to interpret as well as concerns
about hepatic toxicity from iron overload has led to their commercial failure.? 371 As a
result molecular T: contrast agents remain the gold standard for CA-enhanced MRI. The
best agents possess large absolute T; relaxivities (r:) under clinically relevant (Bp > 1.4 T)
field strengths. Additionally maximum T; signal is typically enhanced when there is a
match between the longitudinal and transverse relaxation times (r2/r; ~1).> 12 When CA
meet these conditions the bright features in Ti;-weighted MRI images can lead to

definitive diagnoses and treatment monitoring.> 4 > 10,11

Eight FDA-approved Gadolinium chelates (GCCA) are available for clinical use and ongoing
research seeks to improve and expand these molecular platforms.% 13 Gadolinium is an
essential component of these materials. With 7 unpaired electrons (S = 7/2), a large
magnetic moment (7.94 ug), and long electron spin relaxation times (10° — 10% s), this
atom is ideally suited for promoting the efficient relaxation of water protons.>>However,
as the field strength of MRI scanners has increased the performance of these
conventional contrast agents has fallen as their dominant inner-sphere relaxation
processes are strongly depressed at higher magnetic fields.'> 46 One solution is to

increase the physical dimensions of the chelates so as to slow their tumbling rates and
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improve T; contrast at higher Larmor frequencies.t > 191718 | grger GCCA also provide an
avenue for biomolecular conjugation and possible targeting, thereby opening the door to
more functional imaging.' > !0 Despite these advances, there is growing concern about
the nephrogenic toxicity of even these macromolecular contrast agents due to release of
Gd3* from their chelators. Several of the commercial GCCA are contraindicated in patients
with renal insufficiency due to prolonged circulation times and the European Medicines

agency has in 2017 restricted the use of some of the GCCA because of these concerns.?

10, 13, 19-22

Gadolinium-containing nanocrystals offer a promising alternative to molecular
Gadolinium complexes for Ti-enhanced MRI.?3?> Studies at clinically relevant field
strengths report that these materials can possess ionic r; (e. g. per [Gd3*]) comparable to
commercial agents (r; =3 — 7 mM-Gds?) and in some cases even larger r; (~ 60 mM-Gd-
s at 1.5 T).101>20,26-39 Johnson et al. formed high-contrast ultrasmall (~10 nm) NaGdFa
nanoparticles (r; = 78.2 mM1s?, ra/r; = 1.5, 1.41 T) small enough to undergo clearance
through the kidneys. Previous reports demonstrate that the r; of pure Gadolinium-
containing nanocrystals (e.g., Gd,03 or NaGdF.) is optimized at smaller nanoparticle
dimensions presumably because there are proportionally more surface Gd3* per
particle.2® 26: 38,4044 A more relevant metric for nanoparticle CA may be their overall or
per-particle contrast. Using this metric, Gd203 nanoparticles — by virtue of the many
Gadolinium ions they contain — possess relaxivities thousands of times larger than GCCA.
Such high contrast Gadolinium-containing nanocrystals could reduce the effective dosage

for CA-enhanced MRI thereby limiting possible toxicity; alternatively, such materials may

57



also enable molecular imaging using MRI to detect small amounts of targeted Gadolinium-

containing nanocrystals.3> 39

Fully realizing the opportunities of these nanocrystal T; agents requires a material design
that overcomes the apparent contradiction between surface Gd** accessibility and the
need for particle stability in biological media. Gadolinium must come within 2 — 3 A of
water in order to affect the most efficient inner-sphere spin relaxation processes.'0 1 14
Such accessibility is not easily achieved as nanocrystal surfaces are necessarily coated
with surfactants or polymers that prevent particle aggregation and non-specific protein
adsorption.*Y 4>47 One approach is to give up on inner-sphere relaxation processes and
amplify the less efficient second-sphere relaxation processes that occur when water
associates with ligands bound to the Gadolinium.® 33 34,38 48-55 Ag an example, Zheng et
al. showed that charged polymer coatings exhibited strong hydrogen bonding with water
and resulted in nanoparticles with larger T; relaxivities.3® Two-dimensional nanoparticles
could offer a resolution to the problem of surface access: their edges could remain
unblocked by coatings thus providing an avenue for the close approach of water while
their large faces provide a platform for polymer functionalization. Xiao et al. has explored
this strategy with Gd-doped iron oxide nanoplates, but the approach has not been

pursued in pure Gadolinium-containing nanomaterials.>®

Here Gd.0s nanoplates (GONP) by virtue of their unusual shape and highly charged
coatings are shown to possess excellent T; MRI contrast even at high applied fields.2% >
>’ Inspired by the importance of CA-enhanced MRI in detecting and assessing liver

disease, this efforts exploits the role of the liver in nanoparticle clearance and
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demonstrates how T; CA-enhanced MRI from nanoscale materials be used to detect non-
alcoholic fatty liver disease (NAFLD).® 465865 Symptoms of this disease can be aggravated
by iron overload, and an iron-free, high rz, and liver-specific CA such as the one described
here could offer many advantages over the current approaches.®® ¢’ At clinically relevant
field strengths the ionic relaxivities (per [Gd3*]) of these nanoplates are almost twenty
times larger than the commercial agent, Magnevist (63.0 vs. 3.5 mM-Gds!) with a much
lower r2/r1 (1.17 vs. 1.5); per contrast agent the relaxivity (e.g. per particle) is over fifty
thousand times larger than commercial contrast agents. The magnetic field (at 1.4, 3, and
9.4 T) and weak size-dependence of their relaxivities suggest that both inner-sphere and
second-sphere relaxation mechanisms contribute to their extraordinary performance.
These nanoparticles show no appreciable acute in-vitro cytotoxicity despite being readily
taken into cells where they remain active as T; CA. These contrast agents clear the blood
and the body approximately twice as fast as molecular agents and distribute through
tissues three times slower. They also accumulate more readily in extracellular and
intravascular spaces and like many nanoparticles are cleared predominantly hepatically
likely via the Kupffer cells of the reticuloendothelial system (RES). The natural
biodistribution of these materials suggest opportunities for applying these T: CA to liver
imaging, and this potential is demonstrated by using nanoscale T; CA-enhanced ex vivo

MRI to detect early-stage liver disease in an ex-vivo mouse model.
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2.3. Results and Discussion
2.3.1. Synthesis of Gadolinium Oxide Nanoplates

In 2004 Cao was the first to report an approach for forming uniform Gd,0s nanoplates in
organic solutions; this route has been fully explored and expanded upon to produce a
wide range of rare earth nanoparticles.®®7> Specifically, soluble Gadolinium oleate forms
at 110 °C from Gadolinium salts, oleyl amine (OLAM), oleic acid (OA), and 1-octadecene.”®
At temperatures greater than 290 °C this precursor decomposes and initiates nucleation
and subsequent nanocrystal growth. The dimensions of these materials increase with the
ratio of OLAM to OA, as well as time, trends are observed by others who have used a
similar chemistry to form other rare-earth and transition metal oxides.®®7> 77 A consistent
observation with rare-earth oxide materials, however, is the frequent appearance of
plate-like nanocrystals with edge thicknesses on the order of 1 to 2 nm. Some ascribe the
asymmetric shape to the crystallographic structure of these oxides, while others invoke
the influence of soft templating around lamellar micelles formed from aggregated OLAM
and OA.2% 72 74 \Whatever the mechanism of formation, multiple studies have revealed
that these plate-like nanocrystals possess surface coatings bound preferentially to their

larger faces.®® 7174

Achieving dimensional control over these Gd,03 nanoparticles is important for potential
MRI applications as nanocrystalline size is known to affect the relative amount of surface
Gadolinium as well as nanoparticle biodistribution, pharmacokinetics, and cellular
uptake.?®>° For the proposed synthesis the overall size of these nanoparticles increases

with the ratio of OLAM to OA or with reaction time. This approach yielded a library of
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Gd,0s nanoparticles with face edges ranging from 2 nm to 15 nm (Figure S2.1). When
reaction time was held constant at 18 hours, increasing the amount of OA relative to the

OLAM resulted in smaller nanoparticles (Figure $2.1a). Oleic acid increases the amount of

Intensity (a.u.)

12 14 18 30 40 50 60 70 80
2-Theta (%)

Diameter (nm)

Figure 2.1 GONP core characterization. (a) TEM image of as-synthesized GONP sample (scale bar = 50
nm). (b) Diagram depicting edge-to-edge (red) and face-to-face (orange) alignment of GONP on the TEM
grid. (c) Size distributions for the diameter of GONP (n = 502). Using a 95 % Cl and accounting for the
resolution limit in the TEM used (0.23 nm), the average diameter of the monodisperse sample is 12.0 £
0.36 nm. (d) XRD patterns for GONP. The sample diffraction pattern is well matched with the standard

JCPDS card for cubic Gd, 0, (red) and slightly matched with the standard JCPDS card for monoclinic cubic
Gd,0, (blue).
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soluble precursor and, therefore, speeds nucleation at the expense of growth.
Alternatively, increasing the amount of OLAM apparently promotes nanocrystal growth
(Figure S2.1b). Since an amino group is a stronger binging ligand for the Gadolinium
precursor, its presence results in less rapid decomposition, fewer nucleation events, and
consequently larger particles.”? Reaction time also increases the dimensions of the
nanocrystals but has the unwanted effect of increasing their size distributions (Figure
$2.1c). Ostwald ripening can occur at longer reaction times after the precursor
Gadolinium is depleted. Because growth can only occur from the dissolution of smaller
nanocrystals, the size distributions under these conditions also broaden with time.”®
Because of this, dimensional control in this study was achieved solely through

manipulation of the surfactant (OLAM/OA) ratios.

The dimensions and morphology of Gd,03 nanoplates (GONP) sample were characterized
using transmission electron microscopy (TEM) (Figure 2.1a). These nanoplates have 12.0
nm faces with thin edges (~ 1.1 nm) and relatively uniform dimensional distribution
(Figure 2.1c). Further TEM images show that while face length is varied from 6 — 15 nm
(Figure S2.2a-d) the GONP edge width remains fixed at approximately 1.1 nm, or roughly
the length of one unit cell of cubic Gd203.%> 7° The two-dimensional morphology of these
samples is evidenced by edge-to-edge and face-to-face organization on the TEM grid
(Figure 2.1a-b, inset of Figure S2.2b). X-ray diffraction (XRD) data suggest the presence of
cubic (la3) and monoclinic (C2/m) phase bulk Gd,Os (Figure 1d). However, the
contributions of monoclinic Gd,03 to the XRD pattern is minor, thus confirming the

predominance of cubic phase Gd;0Os (bixbyite) in these GONP. Peak broadening is
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consistent with the small dimensions of the 12.0 nm Gd,03 nanoplates and the peak width
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Figure 2.2 GONP surface characterization. (a) Schematic illustration of encapsulation process of GONP
using PAMPS-LA amphiphilic copolymer. In this structural model red, gray, blue, and yellow spheres
represent oxygen, carbon, nitrogen, and sulfur atoms, respectively. (b — c) NMR spectra at different
regions for PAMPS-LA and its monomers. (d) FT-IR spectra of PAMPS-LA and its monomers and (e) GONP
before and after PAMPS-LA encapsulation. (d-e) Significant peaks highlighted in gray. (f) MALDI-TOF
mass spectrum of PAMPS-LA polymer with average molecular weight of 4300 Da. DLS data indicating
that the (g) hydrodynamic diameter and (h) zeta potential of GONP-5 remains unchanged over a broad
pH range (0-14). (i) These nanoplates also demonstrate similar hydrodynamic stability in a variety of
biologically relevant dispersion media (water, DMEM, FBS, and PBS). (g-i) Reported hydrodynamic
diameters and zeta-potentials are the average of three independent measurements with the standard

deviation represented by error bars.
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for the (440) plane is markedly larger than other reflections which is consistent with the
observed two-dimensional morphology of these nanocrystals. The large face of the
nanoplate has been reported to vary from squares and rounded squares to quasi-circular

polygons, an observation consistent with our own results.8 70,72, 73,77

2.3.2. Surface Modification of Gadolinium Oxide Nanoplates

To form non-aggregating nanoparticles in aqueous biological media their as-prepared
hydrophobic surfaces are typically modified by polymers or surfactants.?”- 8% 81 These
coatings can block water protons from coming within 2 — 3 A of surface Gadolinium
effectively limiting the most efficient inner-sphere spin relaxation processes.'% 114 The
two-dimensional geometry of these materials provides a solution to these two opposing
materials requirements as illustrated in the scheme (Figure 2.2a) depicting plate-like
nanocrystals and the surface-associated polymers. The nanoplates were initially coated
with oleic acid (OA); which anchors the hydrophobic end of an amphiphilic copolymer.°
Due to the formation mechanism of plate-like rare earth oxides, the edges have little or
no OA surface coating.?% % 7274 |t is on these narrow edges that surface Gadolinium are

located, and are accessible for close, inner-sphere interactions with water protons.??% >¢

57

Previously several other surface coatings were explored to optimize both colloidal
stability and MRI contrast for these nanoplates.?® Here a sulfonated copolymer, poly (2-
acrylamido-2-methylpropane sulfonic acid-lauryl acrylate), or PAMPS-LA, confers
excellent colloidal stability while maintaining optimal contrast performance (Figure S2.3).

Originally developed for use in the harsh environments of oil and gas reservoirs, this class
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of polymer has not previously been used in nanomedicine.?% 83 Its sulfonic acid functional
group ensures excellent colloidal stability over a wide range of conditions and we note
that other sulfonated polymers are biocompatible at clinically relevant concentrations.8>
8> Also, more negatively charged surface coatings enhance the relaxivity of Gadolinium-
containing nanocrystals.?% 3% 86 Here we expect that the sulfonic acid groups will structure
water around the nanoplates and accelerate second-sphere relaxation processes.'? 14-16
33, 34, 38 4835 Additionally, inner-sphere Gd**-water interactions are facilitated as

amphiphilic encapsulation leaves the Gadolinium at the edges uncoated (Figure 2.2a).

Nuclear magnetic resonance (NMR) and Fourier-transform infrared spectroscopy (FT-IR)
were used to characterize PAMPS-LA and encapsulated nanoplates (Figure 2.2b-e). NMR
data confirm the polymerization of AMPS and LA into PAMPS-LA. Vinylic *H peaks (5.5 —
6.5 ppm) in monomers are absent in PAMPS-LA. Also, the methyl group triplet of LA (0.85
—1.1 ppm) and singlet of AMPS (1.35 —1.45 ppm) are present in PAMPS-LA. The downfield
shift in the methyl triplet from LA to PAMPS-LA is attributed to sulfonate-associated
cation deshielding. Broadening of the AMPS methyl singlet in PAMPS-LA is likely due to
tumbling rate deceleration. FT-IR data indicate that PAMPS-LA exhibits vibrational modes
characteristic of its monomers, but without their C=C stretching mode (1612 cm™?), further
confirming AMPS-LA polymerization. For instance, asymmetric and symmetric S=0
stretching (AMPS) at 1238 and 1079 cm™, AMPS N-H (stretch) and amide (Il) at 3236/3038
and 1551 cm™, and C=0 and C-H stretches (LA) at 1729 and 2825/2855 cm™ are all present
in PAMPS-LA. Figure 2e shows the IR spectra of as-synthesized nanoplates, PAMPS-LA,

and PAMPS-LA coated nanoplates. Spectra of PAMPS-LA-GONP and PAMPS-LA are mostly
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identical with a stronger presence of CH peaks (2924 cm™) because of the encapsulation
of OA. Matrix-assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS) data indicated a weight average molecular weight of 4300 Da for
PAMPS-LA, corresponding to approximately 20 monomers (Figure 2.2f). We found the
PAMPS-LA molecular weight to be an important variable to control as larger polymers

could cause aggregation and or block edge Gd3*-water interactions.

The colloidal stability of encapsulated Gd,O3 nanoplates (GONP) in various media was
confirmed with dynamic light scattering (DLS) (Figure 2.2g-i). While hydrodynamic
diameter (Dp) is only a semi-quantitative measure of dimension, significant increase in Dy
can indicate early stages of aggregation and colloidal instability.8” The Dy for 5 nm GONP
(GONP-5) is between 25 and 31 nm, encompassing the Gd,0s core, OA surface layer,
PAMPS-LA, and associated electric double layer (Figure 2.2i and S2.4). Due to the acidic
nature of the AMPS sulfonate, Dy depends only weakly on pH and remains approximately
constant over a broad pH range (Figure 2.2g). However, at conditions below the pK, of
AMPS (1.9), PAMPS-LA becomes slightly more positive (Figure 2.2h).2* Nanoplate average
dimensions were also measured in biologically relevant media including Dulbecco’s
Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), and phosphate buffer saline
(PBS) (Figure 2.2i and Figure S2.4). GONP-5 dimensions remained approximately constant

in all these environments.

2.3.3. Relaxivity Measurements

Water proton relaxation time measurements, both longitudinal (7:) and transverse (T2),

as well as the corresponding relaxivities (r: and r2) and their ratio (r2/r:) are an important
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metric of MRI contrast. Large relaxivities, or fast water proton relaxation rate per Gd3*ion
(mM-Gds?), generally correspond to greater contrast, more resolved MRI data, and
lower effective CA dosages. For T; CA specifically, the relaxivity ratio (r2/r1) should be close
to 1 to mitigate confounding effects of My, on image analysis and consequent reduction
in image contrast.'> 8 Commercial, clinically available T; contrast agents are molecular
Gd?* chelates stable in biological media. For field strengths of 1.5 T, these contrast agents

have ionic r; between 3 — 7 mM™s? and relaxivity ratios between one and two.%0 14

PAMPS-LA encapsulated Gd,03 nanoplates (GONP) have ionic r; 10 — 20 times larger than
these commercial contrast agents (60.9 — 63.0 mM-Gds) and r2/r; close to 1 (1.17 —
1.29). lonic relaxivities are weighted necessarily by the amount of Gadolinium that leads
to a signal, not the amount of contrast agent; such ionic relaxivities, which report the
signal contrast as a function of the molar concentration of Gd3*, are standard metrics for
comparing contrast agent design. Figure 2.3 (a and b) show the relaxation rates (1/T,, n =
1 or 2) of GONP of varying face length (2, 5, and 12 nm) as a function of Gd3*
concentration. As a benchmark, these data were compared to the response of the
commercial contrast agent, Magnevist. These data can be used to determine relaxivity (r:
or r;) by finding the slope of the linear regression (Table 2.1). The r; for the smallest (2
nm, GONP-2) and largest (12 nm, GONP-12) GONP are 61.0 £ 2.7 and 63.0 + 4.4 mM-Gd"

51, respectively. These are nearly 20 times larger than the r; of Magnevist (3.4 £ 0.1 mM
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Table 2.1 Relaxivity values for PAMPS-LA-GONP and Magnevist in DI water at 1.4 T.

Contrast Core  ri/[Gd*]  ri/M [(mg/mL) ri/NP r2/[Gd*] r2/M r2/NP ra/ri
Agent [nm] [mMs?] s MMt [mMIs?]  [(mg/mL)s?]  [mM1s?)
Magnevist - 3.5+0.1 - - 5.1+0.2 - - 1.5
Gd,0s- 2 61.0+2.7 338 4950 759+ 419 6160 1.24
PAMPS-LA 2.1
(GONP-2)
Gd20s- 5 60.9+0.7 336 30900 78.6 + 434 39800 1.29
PAMPS-LA 3.6
(GONP-5)
Gd,0s- 12 63.0+x4.4 348 184000 735+ 406 215000 1.17
PAMPS-LA 2.4
(GONP-12)

151, However, on a per CA basis — which may be the most accurate relaxometric measure
of nanoscale CA performance — these nanoplates exhibit T; relaxivities more than fifty
thousand times that of the clinical agent, Magnevist. Also important is the relative ratio
of r, to r; and the ry/r: for these GONP are nearly 1 over a broad range of sizes and
magnetic field strengths. Without complex and unconventional pulse sequences, highly
active T, relaxation can diminish the effect of a T; CA as the signal decays due to processes

other than those ascribed to T; contrast.!?

The relaxivities (r: and r2) of any contrast agent depend on a combination of inner-,
second-, and outer-sphere relaxation mechanisms.* > 19 |n all cases, protons must come
within some distance of magnetically active ion(s) contained in the contrast agent in order
to be affected; the underlying mechanism of spin transfer leads to different distance
sensitivities.* > 1% Though inner-sphere relaxation mechanisms are usually dominant for
molecular contrast agents, the significance of second-sphere processes is also recognized
— especially in slower tumbling nanoscale contrast agents.1® 33 34 38 4855 Qne

characteristic indication of inner-sphere relaxation processes is the strong dependence of
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r1 on external magnetic field strength (Bo).”- 2% 26 33,34, 38,40, 51, 81 Caravan et al. showed for
molecular complexes that large magnetic fields can quench inner-sphere r; yet have little
impact on other relaxation processes.!! They derived a quantitative relationship for the
dependence of r; on static Bo due to inner-sphere relaxation processes.'' * According to
the model, the maximum in r1 is achieved once the tumbling rate (1/t/) reaches the proton
Larmor frequency (wy); as the Larmor frequency increases at higher field strengths the
relaxivity is expected to fall.1* For nanoscale and macromolecular CA with slower tumbling
rates, the maximum r; usually falls between approximately 60 and 100 MHz (~1.4-2.3T

for 1H).4’ 7,33,48

To explore this field dependence over a clinically relevant range, the performance of these
materials was measured in different MRI scanners operating at three field strengths, 1.4,
3 and 9.4 T. Figure 2.3c shows that r; decreases as By increases which is consistent with
an inner-sphere relaxation mechanism as described by Caravan et al. However, what is
notable is that these 2D nanocrystals possess substantial relaxivity at the highest field
strengths (32.6 mM-Gds? at 9.4 T). Commercial molecular contrast agents have T;
relaxivities of at most approximately 5 — 6 mM-Gd s at field strengths above 3 T (Figure
$2.6).10 15 33, 34 These data illustrate that the nanocrystals studied here also possess
substantial second-sphere contributions to their spin relaxation processes which are less

sensitive to the applied field.

To further examine the role of second-sphere processes, the performance of the
nanocrystals was measured with different surface coatings. Two charged polymer surface
coatings (PAMPS-LA and PAA-LA, similar molecular weights) and a neutral polymer
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Figure 2.3 Relaxometric characterization of GONP. (a) Longitudinal and (b) transverse relaxation rates
as a function of Gadolinium concentration for PAMPS-LA-GONP (2, 5, and 12 nm) compared to
Magnevist at 1.4 T. (c) R1 for GONP-12 at 1.4, 3, and 9.4 T are 63.0, 46.9, and 32.6 mMs%, respectively,
thus illustrating its inverse relationship with field strength. (d) Ti-weighted images of GONP (12 nm) at
different concentrations of Gadolinium at 9.4 T. (a-c) All reported T1 and r1 are the average of three
independent measurements with the standard deviation represented by error bars.

coating (PEG) were applied to the same type of Gadolinium-containing nanocrystals

(Figure S2.6 and Table S2.1). These data demonstrate that relaxometric performance is

severely diminished with a neutral hydrophilic surface coating (PEG) as opposed to highly

charged hydrophilic surface coatings with H-bonding capabilities (PAMPS-LA and PAA-LA).

Neutral hydrophilic surface coatings are not able to structure water very efficiently,
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thereby reducing the second-sphere contributions to nanoparticle r1.1> 164953, 55 These
results agree with relaxation theory that indicates second-sphere interactions increase
with the number of water molecules in that coordination sphere (q’).!> ¢ Potential
methods for maximizing second-sphere contributions to r; would be to increase the
grafting density of —or number of charged groups on —the charged, hydrophilic monomer

in the encapsulation copolymer.

Notably, while the r; of GONP-12 may decrease at higher By, this does not necessarily
influence detectability when used for MRl imaging because signal-to-noise (SNR) is known
to increase with field strength.* 8 However, phantom images in Figure 2.3d show that
the optimized nanocrystal contrast agents exhibit significant contrast even at 9.4 T. In
conjunction with the direct relationship between field strength and SNR, it can be inferred

that these materials would perform exceptionally well at high field strengths.

Another striking feature of these nanoplates is that their large dimension has little impact
on their r; (Table 2.1). The most significant factors affecting the inner-sphere relaxation
of a T: CA areits tumbling rate, electron spin angular momentum of its magnetically active
ion(s) (S), hydration number (g), and the distance between the magnetically active ion(s)
and water protons (ry).* > 1911 1 Gadolinium (llI), with its seven unpaired d-electrons,
has the largest possible electron spin angular momentum of any metal ion (S=7/2), which
makes it the atom of choice for T; CA.% > Since r; is indirectly proportional to the tumbling
rate and scales linearly with increasing g, it would be expected that Gadolinium-
containing nanocrystals would generally have larger r; than molecular contrast agents
because of their larger size and low coordination number surface Gadolinium ions.% 14 1>
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31, 45 47, 48, 81 Additionally, Gadolinium-containing nanocrystals should allow for

cooperative water proton relaxation, an advantage that traditional chelates cannot
provide.3¥ 74 The relatively weak size dependence observed here suggests that vacant
edges play a significant role in the relaxation process. Briefly, as nanoplate size increases,
the number of surface Gadolinium ions facilitating water proton relaxation per contrast
agent volume decreases, a trend that opposes the expected increase in r; due to lower
tumbling rates.3% 81 The overall magnitude of nanoplate r; also indicate the presence of
vacant edges because for inner-sphere T; relaxation mechanisms, 1/T; decreases with
increasing Gd3*-water distance to the power of 6 (1/T; < 1/75).% %10 1L 14 This, along
with second-sphere contributions, might explain why, despite being similar in size and
composition to other reported Gadolinium-containing nanoparticles, these materials

have much larger r; at clinically relevant Bo.

2.3.4. Pharmacokinetics and Biodistribution

The pharmacokinetics and biodistribution of MRI contrast agents creates both
opportunities and constraints for the imaging of specific organs and diseases. A
biodistribution study of GONP-12 24 h after administration confirms the hepatobiliary
system as the primary clearance pathway (Figure 2.4a). This is the expected clearance
pathway for negatively charged nanomaterials with hydrodynamic diameters of about 25

nm.3 232590 |n general, the specific hydrodynamic diameter of particles with dimensions
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Figure 2.4 Biodistribution and pharmacokinetics of GONP in mice. (a) Biodistribution profile of GONP-
12 measured by percent injection dosage of Gd3* for various organs 24 h after administration. (b)
Pharmacokinetic profile of GONP-12 measured by Gadolinium per volume blood of mice as a function
of time (up to 4 h) after injection in hours. All reported values are the average measurement of six

samples (mice) with the standard deviation represented by error bars.

between 20 nm and 100 nm does not significantly impact biodistribution or biological
activity. In this size range the surface coating has more influence over clearance times
from the blood, and the route of elimination is often observed to be through the

reticuloendothelial system (RES).3 23-25 46,90

High accumulation of Gadolinium ions in the liver and spleen provides strong evidence of
RES clearance of GONP-12. Phagocytic Kupffer macrophage cells of the liver serve as
highly effective hosts for uptake of the negatively surface charged nanocrystals.®* This
observation was the motivation for the application of GONP-12 to the diagnosis of liver

disorders related to macrophage activity such as NAFLD as described later.

After Gadolinium-chelate contrast agents (GCCA) are administered intravenously, they

distribute in the blood, the extracellular and intravascular spaces, and are later eliminated
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Table 2.2 Plasma kinetics of Magnevist and Gadolinium oxide nanocrystals

Contrast Cliot awe P V4
Agent  [mL.mint.kg?®] [h] [h] [L.kg!]
Magnevist 1.94 02 16 0.26
GONP-12 1.03 0.6 0.8 0.07

from the body through excretory organs.?? It is well documented that elimination half-life
plays an important role in determining the safety of GCCA. In fact, the combination of
extended elimination half-life and kinetic stability of GCCA seem to be closely linked to
the presence of nephrogenic systemic fibrosis in patients suffering from renal failure and
the deposition of Gadolinium in various tissue (brain, bone, skin, etc.) in healthy patients
with multiple administrations.? 10 13, 20-22 Thoygh the majority of GCCA are extracellular
fluid agents, there are also blood-pool agents (Ablavar) and liver-specific agents
(MultiHance and Primovist/Eovist).l 13 21, 28 92 Extracellular fluid agents, like Magnevist,
distribute in the blood quickly, and in a patient with normal renal function they clear from

the blood with an approximate elimination half-life of 1.5 hours.1% 24

It is important to determine how long it takes for GONP-12 to distribute in the body as
well as the speed at which they clear from the blood. Figure 2.4b shows the concentration
of Gadolinium in the blood of six healthy mice 4 h post injection. It is evident from the
plasma kinetics that, after an hour, the blood was cleared of half of the initial injection
doses of GONP-12. This is compared to the experimental circulation half-life of 1.5 h for
commercial Gadolinium-chelates.’® Moreover, the secondary pharmacokinetic
parameters were determined more accurately based on the fit of a two-component

biexponential function to the clearance data (Equation 1-4, Table 2.2).°2 While more time
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points would help improve this model, the data collected do allow an estimate of the total
clearance rate of the CA based on the blood (Cl:t), the distribution half-life (a1/), the

elimination half-life (81/2), and the volume of distribution (V4).

Cp = Ae™* + Be~Pt (1)
ccr) = 1n52) 2)
By, =5 3)
Clior = Vy4.b (4)

The distribution half-life for GONP-12 is 0.6 h, which is longer than Magnevist (0.2 h).
However, GONP-12 have a shorter elimination half-life (0.8 h) than Magnevist (1.6 h). This
means that GONP-12 have a slower distribution rate constant (a in Equations 1-2), and a
faster elimination rate constant (b in Equations 1, 3, and 4). The 0.07 L.kg'* volume of
distribution for GONP reflects the plasma volume, which suggests their presence in the
intravascular space. This stands in contrast to the volume of distribution of Magnevist
(0.26 L.kgt), which indicates its presence in the extracellular space.®? A faster elimination
and smaller volume of distribution results in an overall slower total clearance rate of
blood for GONP-12 (1.03 mL.mint.kg?) than for Magnevist (1.94 mL.min-t.kg?). It is well
established that as much as 90 % of similarly sized, non-degradable nanocrystals are
removed from vital organs and excreted over longer periods of time (> 7 days), and there
is little reason to expect these materials would have significantly different rates of

accumulation.?® 93 94 Specifically in the case of several types of Gadolinium-containing
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nanoparticles at most a few percent of the injected dose remains in the organism after

several weeks.?>%7

2.3.5. Cellular Uptake, Cytotoxicity, and Gadolinium Dissolution

The negatively charged surfaces of these nanoplates suggests that they will be readily
taken up by phagocytic cells such as macrophages.®! Figure 2.5a confirms this expectation
and shows the amount of Gadolinium taken up by macrophage (Raw 264.7) cells after 24
hours of incubation time. The cells exhibit maximal uptake at 50 uM of Gd3*. These results
are in striking contrast to Magnevist which, after 2 h, only exhibit marginal cellular uptake
compared to GONP-12 (Figure S2.7). Given their presence inside of cells, there is an

opportunity for MRI-based cellular imaging.

Here we investigated whether the high r; of Gd,03 nanoplates (GONP) was maintained
intracellularly. Figure 5b shows that relaxation times of cells labeled with GONP
dramatically decreased as compared to the unlabeled control cells. In vitro T:- and T»-
weighted images of corresponding cell pellets further confirms the contrast enhancement
of labeled cells (Figure S2.8). Despite the complex intracellular matrix and the
competition that water protons may have with intracellular biomolecules for interaction
with the edge Gadolinium, these findings are extremely promising for MR cellular imaging

applications such as the visualization of stem cell-based therapies.®®
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Figure 2.5 Cell uptake and viability of GONP. (a) Average Gadolinium per cell, and (b) average T:
relaxation times of cells (seeding density: 6x10°/well) incubated with GONP-12 (0 — 100 uM Gd3*) for 24
h. (c) Average viable fraction of cells (seeding density: 2x10%/well) incubated with GONP-12 (0 — 100 uM
Gd*) evaluated by MTS assay after 24 h. All reported values are the average of triplicate measurements

with standard deviation represented by error bars.
Cytotoxicity assays based on 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS) are a convenient, sensitive, and colorimetric
method for evaluating cell viability.”® Using this MTS assay, Raw 264.7 macrophage
viability was not significantly affected by incubation with GONP-12 over a wide range of
physiologically relevant Gadolinium concentrations (Figure 2.5c and Figure S2.9). GONP
retain a viability of nearly 100 % at the maximum concentration of 300 uM (Figure S9d).
These results were confirmed using a live-dead assay which is a common cytotoxicity test
used to differentiate viable from nonviable cells based on plasma membrane integrity.**-
101 Fluorescent microscopy of HDF and Raw 264.7 stained cells revealed no cell death even
at the highest dose of Gadolinium oxide nanoplates (Figure $2.9a). In addition to cell
viability, the micrographs show that the spindle shape of HDF cells and the round shape

of Raw 264.7 cells were not affected by the addition of different concentrations of

surface-coated nanoplates.
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A more sensitive cellular assay was applied to measure the effects of nanoparticle
exposure on fibroblast function. Commonly referred to as a scratch or wound-healing
assay, this test is a straightforward, inexpensive, and well-developed in vitro method for
investigating cell migration.%? After scratching a monolayer cell culture, the migration of
cells to fill the gap over time (wound healing) is observed via an optical microscope.%3
This study can be particularly useful for indirectly investigating the toxic effects of Gd-
containing compounds on fibroblasts — a cell type integrally involved in fibrosis and tissue
healing in Gd-associated NSF. Optical micrographs of cells incubated with and without
nanocrystals were captured at various time intervals as fibroblasts moved to fill in empty
space (Figure S2.9b). Fibroblasts were remarkably insensitive to GONP and even at the
highest nanocrystal concentration (200 uM) the artificial wound was healed by more than
60% (Figure S2.9c). The results of this experiment may not be representative of an in vivo
response, but they do provide a means to screen novel contrast materials based on their

more subtle effects on important cellular processes.1%?

Clinical doses of 0.1 mmol.kg™! are typically given for Magnevist, a value approximately
equal to the maximum Gadolinium concentration of 300 uM used here.?® °2 Given the
high r1 of these nanoplates, and their different possible imaging applications, lower
effective dosages would be likely. Further studies of both the acute and chronic toxicity
of these materials in vivo is required, but the in vitro cytotoxicity results for nanoplates as

compared to Magnevist is promising.2% 3!

To further characterize the safety profile of these nanoparticles, we evaluated their
propensity to dissolve (Figure S2.10) in a variety of aqueous media. There was no
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measurable release of Gadolinium from the GONP except under the most acidic (pH = 2)
conditions. Samples were placed in dialysis membranes which allowed the passage of
free Gadolinium into the dialysate but retained intact nanocrystals.'%* 105 After three days
of equilibration at a 1:1000 volume ratio, Gadolinium concentrations in both the dialysate
and sample were determined by ICP-MS (Figure $10). No Gadolinium was detected in the
dialysate of nanoplate samples except for the most acidic case (pH = 2) and we can
conclude that at least 97% of the Gadolinium remained in a nanoparticle form. A longer
time study, over several weeks, confirmed that the materials have no measurable ion
release even in mildly acidic (pH =4.3) conditions (Figure $2.11). This chemical stability
could arise from the particle’s organic coatings, or it could reflect the insolubility of bulk
Gadolinium oxide in water. Given that a bulk Gadolinium oxide powder did show some,
albeit small, release of free Gadolinium in these experiments, we conclude that the

surface coatings play some role in protecting these GONP against dissolution.

2.3.6. Differentiation of Non-Alcoholic Fatty Liver Disease

A spectrum liver disorder, non-alcoholic fatty liver disease ranges from relatively benign
hepatic steatosis to the necro-inflammatory stage of non-alcoholic steatohepatitis, to
fibrosis, cirrhosis, and hepatocellular carcinoma.'®® Non-alcoholic fatty liver disease
(NAFLD) has emerged as the most common liver disease, and has been identified as a
major public health problem affecting approximately 10 — 40 % of the population —
depending on sex, geographic location, and diagnostic metric used — in the developed
world.07-10% Djsease development and progression is traditionally described as a two-

stage process. The first stage is characterized by non-inflammatory and non-fibrotic
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hepatic steatosis —the accumulation of fat in the liver. The second stage, often called non-
alcoholic steatohepatitis (NASH), is less well defined but can be characterized by
inflammation-induced necrosis, fibrosis, cirrhosis, elevated reactive oxygen species (ROS),
hepatocellular carcinoma, liver failure, and increased rate of mortality.!%1° Studies show
that approximately 20 % of baseline borderline-NASH NAFLD patients develop NASH and
60 % of first stage NAFLD patients develop borderline-NASH or NASH.1%° The cause of this
progression to more advanced stages of NAFLD (e.g. NASH) is still under debate, and

improved imaging is needed to better understand the disease and its progression.

The traditional method of NAFLD diagnosis and assessment of disease severity is the liver
biopsy. However, this method is limited by sampling error and variability, grading
inconsistency, and invasiveness.®* 119 As a result, there has been ongoing research into
the use of non-invasive imaging to assess the state of the liver using ultrasonography (US),
computed tomography (CT), magnetic resonance spectroscopy, and GCCA and ION
contrast-based MRI.% >85> Small GCCA such as Magnevist™ have limited value for liver
imaging as they clear through the kidneys; hepatobiliary GCCA, such as Primavist™
(gadoxetic acid), can be effective for liver imaging, but their use has been associated with
various levels of hepatotoxicity.?> > 163 While the mechanism has not been
unequivocally proven, the presence of Gadolinium deposits suggests that the GCCA
release toxic, free Gadolinium most likely from acidic lysosomal compartments within the
Kupffer cells.111-113 While nanocrystals are also taken up by Kupffer cells in the liver, the

remarkable chemical stability of these materials, even under mildly acidic conditions,
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should limit the release of free Gadolinium and reduce the likelihood of this particular

toxicity mechanism (Figure S2.9, $2.10).

Nanoparticle-based T, CA-enhanced assessment has been used with success in both
animal models and humans to assess liver uptake and provide a functional evaluation for
NAFLD.% 58 60,65 As previously mentioned, it is widely accepted that the second stage in
NAFLD is characterized by inflammation and the overproduction of reactive oxygen
species (ROS).11* A confounding factor in ROS production is iron overload, which further
increases ROS and other advanced NAFLD symptoms.®® 67 Therefore, an iron-free, high rs,
and liver-specific CA-based approach to the detection of NAFLD would pose multiple

advantages over the current approaches.

To assess liver accumulation of GONP, ex vivo MR imaging was performed four hours after
injection of GONP-12 into live mice (Figure 2.6a-d). For the purposes of this study, ex vivo
MR imaging offers some advantages over in vivo imaging. Ex vivo MR imaging eliminates
the need for shorter imaging times and reduces movement artifacts, resulting in better
imaging resolution and sensitivity — hence its use elsewhere and in similar applications.*'>
116 Both of these advantages are important in an application dependent on quantitatively
measuring the differences in the change in contrast enhancement at the same time point
post administration. Liver T; were compared between normal and high-fat diet age-
matched mice with and without injected GONP-12 (Figure 2.6e). The effect of nanoplate
administration on liver T; is assessed using a two-way analysis of variance (ANOVA). The
effect of GONP-12 is significantly reduced in the NAFLD, high fat diet, mouse model.
Specifically, the decrease in liver T; due to GONP-12 administration is significantly smaller
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in the NAFLD, high fat diet, mouse model than in the age-matched mice fed normal chow.
Similar experiments have chosen to use signal intensity or signal-to-noise ratios (SNR) as

a metric for probing uptake.>® %> However, by averaging curve-fit liver T1 values from a
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Figure 2.6 Ex vivo Ti-weighted MRI of mice using GONP. T:-weighted images (RAREVTR protocol) of
normal chow mice (a) without and (b) with GONP-12 administration (liver outlined in green). Ti-
weighted images of high fat diet mice (c) without and (d) with GONP-12 administration (liver outlined
in green). All mice with GONP-12 were sacrificed for imaging 4 h after administration. (e) Liver T1 with
and without (control) GONP-12. The average liver T1 of normal chow mice decreased 34.3 % compared
to a 20.2 % decrease for the high fat diet mice. Statistics: Two-way ANOVA. (f) Percentage of injected
doses of Gadolinium per gram of tissue in normal and fatty liver. The high fat diet mice livers had
significantly lower % ID/g than those of mice fed with normal chow. Statistics: One-way ANOVA. (e-f)
Reported T1 and %ID/g are the average of two samples (mice) with the standard deviation represented

by error bars. * p <0.05, ** p <0.01, and *** p < 0.001.
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series of images across multiple rodents, the error included (error bars) reflects both
animal-to-animal variation and the signal-to-noise in the system (Figure 2.6e-f). The
animal-to-animal variation is orders of magnitude larger than that contributed by signal
fluctuations and SNR and thus completely defines the reported error. Also, it is thought
that calculating relaxation times (T1) is relatively unaffected by changes in signal and SNR
over time, and therefore provides a better quantitative metric than either.8? In previous
studies, reduced nanoparticle uptake in liver affected by non-alcoholic fatty liver disease
is attributed to reduced uptake by hepatic macrophages, or Kupffer cells.>® The leading
theory to explain reduced uptake involves activation of Kupffer cells by, and increased
sensitivity to, lipopolysaccharide endotoxin from gut bacteria due to the accumulation of
fatty acids and cholesterol.117-123 When in this activated state, macrophages demonstrate
reduced phagocytosis.'?’"123 The average normal chow liver T; decrease was 34.3 %,
compared to a 20.2 % average T; decrease in the high fat diet mice. After imaging, the
liver was dissected and analyzed for Gadolinium content by ICP-MS. The livers of the high
fat diet mice had a significantly lower percent injected dose of Gadolinium per gram (%

ID/g) than the normal chow mice (Figure 2.6f).

In rodent models of non-alcoholic fatty liver disease (NAFLD) using the methionine
choline-deficient diet, nanoparticle uptake has been demonstrated to decrease
throughout the disease progression, with Kupffer cell populations remaining the same or
even increasing.?® The measurable decrease in GONP-12 uptake in a mild NAFLD model

presented here, as well as the previously reported decrease in phagocytosis throughout
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disease progression, demonstrate the opportunity to fully characterize NAFLD mouse

models’ disease state through a non-invasive T; nanoparticle-based MRI.

2.4. Conclusion

In this study, Gd,0s nanoplates (GONP) were stabilized by an amphiphilic, sulfonated
copolymer (PAMPS-LA); these materials demonstrated contrast in T; MRI, measured by
the relaxivity or r1, an order of magnitude larger than commercial T; agents. This increase
in contrast performance can be attributed is in part due to their plate-like morphology
and negatively charged surface coatings which together promote spin relaxation
processes. In vitro studies show that, unlike commercial contrast agents, nanoplates are
readily taken up by cells where they retain their contrast in MRI. Further development of
GONP for clinical applications will require longer term biodistribution studies to quantify
clearance from the liver given the growing awareness of the risks of even small
accumulations of Gadolinium in the body.'> 2% 22 124 Additionally, while the remarkable
chemical stability of the Gd,03 nanoplates and their favorable in-vitro cytotoxicity profiles
suggest a positive biosafety profile, their in-vivo toxicity remains to be fully characterized.
The performance advantages of these high T1 contrast materials were exploited in the
application of GONP to the detection of non-alcoholic fatty liver disease (NAFLD). These
imaging results demonstrate the potential of GONP to differentiate and assess NAFLD of
different severity in mice. These highly stable Gadolinium-containing nanocrystals have
great promise as T1 contrast agents for the characterization of non-alcoholic fatty liver
disease / non-alcoholic steatohepatitis characterization as well as other applications that

require targeted T; contrast imaging.
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2.5. Experimental Section

Materials: Syntheses requiring inert atmosphere conditions were carried out using high
purity Argon gas (>99%) purchased from TechAir. Ethanol (100%) from Koptec USP and
acetone (Certified ACS), hexanes (Certified ACS), DMF (Certified ACS), DEE (Certified ACS),
methanol (Certified ACS), methanol (HPLC grade), nitric acid (Certified ACS), and water
(HPLC grade) from Fisher Chemical were used as received. The following reagents were
received from Sigma-Aldrich: 1-octadecene (ODE, 90%), oleylamine (OAm, 70%), oleic
acid (OAc, 90%), Gadolinium(lll) nitrate hexahydrate (Gd(NOs)s - 6H,0, 99.99%), 2,2’-
azobis(2-methylpropionitrile) (AIBN, 98%), lauryl acrylate (LA, 90%), 2-acrylamido-2-
methyl-1-propanesulfonic acid (AMPS, 99%), acrylic acid (AA, anhydrous), poly(ethylene
glycol) (PEG, 6 kDa), a-cyano-4-hydroxycinnamic acid (MALDI-TOF MS), Gadolinium
standard for ICP (TraceCERT). The following reagents were received from Cambridge
Isotope Laboratories, Inc.: chloroform-d (CDCls;, 99.8%) and deuterium oxide (D20,
99.9%). Raw 264.7 cells, DMEM, FBS, PBS, and MTS reagents were obtained from ATCC in
Manassas, Virginia. For Gadolinium leaching experiments, bovine calf serum (BCS) was
obtained from SAFC (USA sourced) and the DMEM (10x), DPBS (10x), and Gadolinium(lll)
oxide (> 99.9 %) were all obtained from Sigma. Unless specified otherwise, all DI water

used was purified using a Millipore Milli-Q Water Purification System.

For syntheses requiring photoinitiation, AIBN was further purified as follows: unpurified
AIBN in dissolved in methanol at 50 °C, solution filtered into ice bath cooled beaker until
recrystallization, and AIBN precipitate vacuum filter dried. All other reagents were used

without further purification.
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Synthesis and Characterization of Gadolinium Oxide Nanocrystals: In a three-neck flask
(50 mL), Gd(NOs)s - 6H20 (1.8 g, 4 mmol) was dissolved in oleic acid (1.25—3.75 mL, 4-12
mmol) and 1-octadecene (12.7 mL, 80 mmol). The reaction mixture was heated to 100 —
110 °C under inert argon atmosphere conditions and medium stir for 5 h to remove low
boiling point impurities and generate the clear yellow to light brown Gadolinium oleate
precursor. After this period, oleylamine (0 — 4 mL, 0 — 12 mmol) was added, followed by
raising the temperature to 290 °C for 3 — 18 h. At this temperature, the Gadolinium oleate
complexes decompose, initiating nucleation and nanocrystal growth, generating an
opaque brown solution. While still stirring and under argon, solution allowed to cool
gradually to room temperature. After cooling, the following purification procedure was
done three times: product dissolved in hexanes (5 — 10 mL), transferred into a centrifuge
tube (50 mL) and filled with a solution of ethanol and acetone (1:5 vol %), and centrifuged

for 10 min at 10,000 rpm. The final precipitate was resuspended in hexanes (10 mL).

Size, morphology, and composition of nanocrystals were characterized with a JEOL 2100
field emission gun TEM operated at 200 kV with a single tilt holder and a Bruker D8
Discovery 2D X-ray diffractometer operating at 40 kV and 40 mA with a Cu tube (1.5413
R). Diffraction pattern smoothed using Origin Pro 2016. For TEM, samples were diluted in
hexanes until almost colorless and then drop-cast onto Formvar/Carbon coated 400
mesh, copper grids (approximate grid hole size: 42um, Ted Pella). For XRD, samples were

highly concentrated, drop-cast onto glass slides, and heat-dried.

Synthesis and Characterization of Amphiphilic Polymer (PAMPS-LA): To make PAMPS-
LA (Figure S3), AMPS (0.5175 g, 10 mmol) was dissolved in LA (0.135 mL, 2 mmol) and
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DMF (3 mL, 155 mmol) in a glass scintillation vial (20 mL). Once completely dissolved,
AIBN (3.75 mg, 0.091 mmol) was added as the photoinitiator. The resulting solution was

polymerized inside a UV reactor (Luzchem, 253 nm) for 4 h.

Polymer synthesis was confirmed using a Thermo Nicolet NEXUS 670 FT-IR with a Mercury
Cadmium Telluride (MCT) detector cooled with liquid nitrogen and a Bruker high field
NMR spectrometer (400 MHz) with z-BBFO probe. For NMR, PAMPS-LA (10 — 20 mg) was
mixed with D,0 (700 uL) and pipetted into an NMR tube for analysis. Monomers (10 — 20
mg), AMPS and LA, were mixed with D0 (700 puL) and CDClz (700 pL) and pipetted into

NMR tube for analysis, respectively. NMR spectra were analyzed using TopSpin software.

PAMPS-LA number averaged molecular weight was measured using MALDI-TOF MS. For
MS analysis, a 1:1 by volume mixture was made with a solution of PAMPS-LA in ethanol
(30 = 50 mg mL?) and a saturated solution of a-cyano-4-hydroxycinnamic acid (MALDI

matrix) in ethanol.

Surface Modification of Gadolinium Oxide Nanocrystals: To achieve dispersion of the
nanocrystals in an aqueous phase, PAMPS-LA was used as an encapsulating agent. A 1:1
by volume mixture of a GONP solution in DEE (25 mg mL) and a solution of PAMPS-LA in
DMF (80 — 120 mg mL) were added to a glass scintillation vial (20 ml). Both solutions
were probe sonicated (Hielscher, UP100H) for 5 min prior to preparing the 1:1 mixture.
The mixture was stirred vigorously for 12 h (cap on) to allow encapsulation to occur. After
that time, DI water (10 mL) was added to the mixture and stirred vigorously for another
12 h (cap off) to evaporate DMF and DEE and allow the PAMPS-LA encapsulated GONP to

transfer into water. After centrifuging the sample for 30 min at 6000 rpm and discarding
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the precipitate to remove uncoated GONP, the following purification procedure was done
three times: separated sample equally between eight ultracentrifuge bottles (26 mL,
polycarbonate, Beckman Coulter), filled each bottle with DI water, centrifuged for 1 h at
45,000 rpm using an ultracentrifuge (Beckman Coulter, Optima L-90K), gently extracted
supernatant liquid, and resuspended precipitate in DI water. Finally, purified GONP were
probe sonicated for 5 minutes and filtered using 0.2 um polyethersulfone (PES)

membrane filters (Watman, Pauradisk 25 mm syringe filter PES, non-sterile).

Nanocrystal encapsulation was assessed using a Thermo Nicolet NEXUS 670 FT-IR with a
Mercury Cadmium Telluride (MCT) detector cooled with liquid nitrogen. Nanocrystal
colloidal stability was assessed using hydrodynamic diameter (based on intensity-
weighted measurements; Z-average) and zeta potential data obtain using a Malvern

Zen6300 Zetasizer NanoS equipped with a 633 nm laser.

Relaxivity Measurement and Calculations: The concentration of Gd** was measured
using a Perkin Elmer Nexion 300 inductively coupled optical mass spectrometer (ICP-MS)
equipped with an autosampler. The sample preparation started with digesting
nanocrystals (100 uL) in nitric acid (70 %, 500 uL, trace metal basis) on a hotplate at ~ 90
°C for 2 h. Acidified solutions were filtered and diluted to 10 mL with deionized water
using a 0.2 um PES syringe filter. Calibration curve samples were prepared using dilutions
of Gadolinium standard solution (0.5, 1.0, 2.5, 5.0, and 10.0 mg mL?) for ICP (1002 ppm
in 2% nitric acid) using nitric acid solution (2%). GONP sample solutions (0.5 to 2 mM Gd3*)

were prepared for relaxometric analysis.
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T: and T, measurements were carried out on a MR relaxometer (NMR analyzer mqg60,
Bruker, Billerica, MA) at 1.4 T, and on 3.0 T and 9.4 T Bruker Biospec MRI scanners (Bruker
BioSpin, Billerica, MA) with varying TR and TE values. The inverse of relaxation time (1/T;
or 1/T2, st) was plotted as a function of GONP sample Gd3* concentration (mM). A linear
regression was made using the GONP sample concentration data points and the ionic
relaxivites per Gd3* (mM-Gds?) were extracted from its slope. Mass (M) relaxivities (mL

mg! st) were calculated from the ionic relaxivities (r,, n = 1 or 2):

L 2 mmol Gd 1 mmol Gd203 1000 mL

mL
) X X X
1mmol Gd203 362.49mg Gd203 1L

rn/M (mg Gd203 * s

) = rn(

mmol Gd * s

Assuming a circular GONP of dimensions 12.0 x 1.1 nm, the per CA relaxivity (mM-CAls

1) was calculated as follows:

1.2x10 %cm _ 7070 mg Gd203 1g 8.80x1071° g Gd203
Mgonp = (x (—————)2 x 1.1 x 10~ 7cm) x =
1mL 1000 mg 1 GONP
L L 2 mmol Gd 1 mmol Gd203 1000 mg Gd203
ri/NP ( ) = r{ ) X X g
mmol GONP x s mmol Gd * s 1 mmol Gd203 362.49mg Gd203 19 Gd203

6.022 x 1023 GONP « 1 mol GONP
1mol GONP 1000 mmol GONP

Biodistribution and Pharmacokinetics: All animal work for this study was performed in
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)
accredited facilities, and the Institutional Animal Care and Use Committee approved all
procedures. To accomplish biodistribution studies, six C57BL/6-J immune-competent
mice (6 months old) were injected with Gadolinium oxide nanocrystals (100 pL of 2.5 mM)
in PBS via tail vein. Mice were sacrificed by cervical dislocation and tissue was obtained

and weighed for measurement by ICP-MS (Perkin EImer Nexion 300) at 24 h post injection.
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Organ weights are as follows: lungs (0.5285 g), heart (0.598 g), liver (1.5360 g), spleen
(0.2151 g), and kidneys (0.3578 g). For pharmacokinetic studies, blood (20 uL) was drawn

at time intervals up to 4 hours post injection and stored in glass vials for ICP-MS analysis.

Cell Labeling: Cell labeling was conducted in preparation for internalization, MRI, and cell
viability studies. First, macrophage (Raw 264.7) cells were cultured over a certain amount
of time in DMEM with penicillin (1 %) and FBS (10 %). For the purposes of MR imaging,
cell pellets of 6 million cells or larger are required; therefore, cells were separated into
aliquots of at least 6x10° cells and seeded into 6-well cell culture plates. Cell labeling was
carried out by adding Gadolinium oxide nanocrystals or Magnevist (0 — 100 uM) for 24 or
2 hat37°Cand CO: (5 %). After Trypsinization, cells were washed 2 times in PBS and then

pelleted a third time in PCR tubes for imaging or ICP-MS experiments.

Cell Viability Assay: An MTS toxicity assay was performed in a 96-well plate for Raw 264.7
macrophages, and each dataset was measured in triplicate. When preparing the assay
after detachment from the original culture flask, cells were plated in the first three rows
of a 96-well plate (seeding density: 2x10%/well, 100 pL). The fourth 96 row was filled with
100 pL media without cells to act as the blank. In rows 1 to 3, 20 uL of nanocrystals with
various concentrations was added from column 3 to 11 (this step was repeated in exactly
the same manner for the 2nd and 3rd rows). Instead of nanocrystals, the 1st column was
filled with 20 pL of media and the 2nd column was filled with 20 pyL of PBS (negative
control). The last column (12th) was filled with 20 uL of ethanol (positive control) to
produce dead cells. Rows 5-9 were filled in the same way, but with different
concentrations of nanocrystals.
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The prepared 96-well plates were placed in the incubator for 24 h. After the incubation
period, the solutions were removed from all wells using glass pipettes attached to the
aspiration tube and fresh pre-warmed media (100 uL), and MTS reagent (20 uL) was
subsequently added to all wells. After another 1h incubation period, absorbance of each

well at 490 nm was measured using a microplate reader (TECAN Infinite M1000).

To calculate cell viability, first the average absorbance of blank wells was subtracted from
the negative control wells, nanocrystal-containing wells, and positive control wells to
remove the absorbance of media or nanocrystals. Then the average absorbance of all
wells (except the blank wells) was divided by the average absorbance of the negative
control. In this study, all negative control cells were considered viable cells where cell

viability is the percentage of the resulting value.

Live-Dead Assay: For the live-dead cytotoxicity assay, cell media were aspirated after HDF
and Raw 264.7 cells were incubated with nanocrystals for the desired period of time. Cells
were then washed three times with PBS to remove any media residue. The working
solution of dyes was prepared fresh by diluting the assay dyes in PBS with the final
concentration of 2 uM of calcein-AM dye and 4 uM of ethidium homodimer-1 (EthD-1).
To achieve these concentrations, a 20 uL of 2 mM EthD-1 stock solution was first added
to 10 mL of PBS and vortexed to ensure complete mixing (with a final concentration of 4
UM). Second, 5 uL of 4 mM calcein-AM was added to the mixture to achieve the final
concentration of 2 uM of calcein-AM. These working solutions were then added directly

to the cells (1 mL in each well on the 6-well plate). Cells were incubated for 30-45 minutes
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at room temperature before observing them under the fluorescence microscope (EVOS

fluorescence microscope).

Wound-Healing Assay: For the wound-healing assay, HDF cells were seeded and cultured
in the marked 6-well plate until they became nearly confluent (80-90%). Media was
aspirated, and then the surface of the cells was scratched using a 100 plL pipette tip
moving perpendicular to the line marked at the back of the plate (Figure 2.15). Next, the
cells were washed gently with PBS to remove the dead scratched cells, and pre-warmed
media containing different concentrations of nanocrystals were added. After certain time
intervals (0, 2, 6, 15, 24, and 48h), wounds were inspected microscopically (4X and 10X

magnifications) with an orientation at the cross point of the wound and the marked line.

Mouse Model for Non-Alcoholic Fatty Liver Disease Application: A mouse model was
used to study the application of the nanocrystals in MR imaging to assess for non-alcoholic
fatty liver disease. Wild-type immune-competent mice on background C57B6/) were fed
a 60 % kcal fat diet for seven months (D12492, Research Diets, New Brunswick, NJ, USA).
This mouse model is beginning to exhibit elevated alanine aminotransferase and

aspartate aminotransferase levels, which is often used as an indicator of onset NAFLD.

For this experiment, mice were injected with Gadolinium oxide nanocrystals (11 nmol g
1, GONP-12) via tail vein from a stock solution containing Gd** in DI water (7.6 mM).
Controls were left un-injected. Four hours after administration, mice were sacrificed by
cervical dislocation and immediately imaged in the MRI. Mice were maintained at 37 °C

by rectal temperature probe and heated air circulation.
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Ex vivo MR Imaging: Ex vivo MR imaging was performed on the mice after they were
sacrificed. Images were acquired on a 9.4 T Bruker AvanceBiospec Spectrometer, 21-cm
bore horizontal scanner with a 72 mm volume resonator (Bruker BioSpin, Billerica, MA)
with Paravision 5.1 software (Bruker BioSpin, Billerica, MA). Mice were imaged using a
Rapid Acquisition with Refocused Echoes protocol with Variable Acquisition repetition
time (RAREVTR) TR = 30.984 — 15000 ms (5 images), TE=6.57 ms, RF =4, FOV =3 x 3 cm,
matrix size =128 x 128, 11 m, 48 s and 399 ms. Beforehand, acquisition on a FLASH tripilot
was run for placement. Liver T1 was measured in the sagittal plane, and slices were aligned
with the right kidney to ensure consistent measurement. Liver was masked out and
analyzed for T1 time in Paravision 5.1. T1 calculations were done using the built-in tools

in Paravision 5.1.

Gadolinium Leaching: Dialysis experiments coupled with ICP-AES were used to determine
the amount of Gd** leaching from Gd-containing samples (GONP, bulk Gd.Os, or
Gd(NOs)3) dispersed in a variety of biologically relevant media (water, pH 4 — 4.5, pH 2,
PBS, DPBS, or BCS) over time (3, 7, 14, and 20 days). Stock sample Gd3+ concentrations
were approximately 3 —4 mM for GONP, 50 mM for bulk Gd;03, and 5 mM for Gd(NO3)s.
Spectra/Por 6 dialysis membranes (pre-wetted RC tubing, 1 kDa MWCO) were used in all
dialysis experiments. A Thermo Scientific iCAP 7400 DUO inductively coupled plasma
atomic emission spectrometer was used to measure Gd3+ concentrations of samples,
tubing, and dialysate. Samples were digested with tubing in a Milestone Ultrawave SRC
microwave digestion system in preparation for ICP analysis. Calibration curve standards

were prepared using 0.044, 0.082, 0.248, 0.490, 0.992, 2.493, 5.012, 9.267, and 49.408
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ppm dilutions of a Gadolinium standard solution for ICP (1002 ppm Gd>3* in 2% nitric acid)
using 2% nitric acid solution. The following experiments always had total mass recoveries

of more than 85 %, except in the case of Nano Gd,0s in BCS.

For 3-day dialysis experiments, approximately 1 mL of sample (GONP, bulk Gd,0s, or
Gd(NOs)2) was pipetted into a 3 — 4-inch section of dialysis tubing, sealed with clips, and
placed in a beaker of medium (water, pH 4 — 4.5, pH 2, PBS, DMEM, or BCS) on continuous
stir for three days. Samples were often diluted (99/100 or 9/10) to achieve the same
media concentration as the dialysate without reducing the Gd3* concentration too much.
Also, in the case of the bulk powder homogeneous solution could not be prepared, and
micrograms of material weighed on an analytical balance were introduced in the media
with vortexing. The concentration of these bulk powders was as a result ten times larger
than that of the nanoparticles and Gadolinium salt. Experiments using BCS required a
1/10 dilution of samples to maintain a BCS concentration as close to 100 % as possible (90
%). For water, pH 4 — 4.5, pH 2, and PBS, the volume ratio of sample to dialysate was
1:1000. For BCS experiments the volume ratio of sample to dialysate was 1:100. After
three days, dialysate and samples (with tubing) were collected, digested, and prepared

for ICP analysis. Experiments performed in triplicate unless noted otherwise.

For time-dependent dialysis experiments, approximately 0.9 mL of sample (GONP, bulk
Gd,03, and Gd(NOs)3) was pipetted into a 3 — 4-inch section of dialysis tubing, sealed with
clips, and placed in a beaker of medium (water, pH 4 — 4.5, pH 2, or PBS) for 20 days.
Beakers were stirred twice daily, and 10 mL of dialysate was collected at 3, 7, 14, and 20
days for ICP analysis. Some samples were diluted (99/100 or 9/10) to achieve the same
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media concentration as the dialysate without reducing the Gd3* concentration too much.
After 20 days, samples (with tubing) were collected, digested, and prepared for ICP

analysis.

Statistical Analysis: Electron microscopy was used for dimensional measurement (Figures
1, S1, and S2). TEM images of nanoplate samples were saved as TIF and Gatan
DigitalMicrograph Image Document 3 files. For each sample, the dimensions (face length
and width) of a minimum of 200 particles (Figures S1 and S2) or 500 particles (Figure 1)
were manually measured using the image processing software Imagel. The average
(reported throughout and in Figures 1, S1, and S2 and Table 1), standard deviation
(reported throughout and as error bars in Figures S1 and S2), and the margin of error
based on a 95 % Cl and resolution limit of 0.23 nm (Figure 1) of the nanoplate dimensions

are reported.

Relaxivity was found as described previously in experimental section. The inverse of
longitudinal and transverse relaxation times (1/T; or 1/T,, s') were plotted as a function
of GONP sample Gd3* concentration (mM). A linear regression of each data set was made
and ionic relaxivites per Gd3* (mM-Gds?) were extracted from its slope. The reported
average relaxivity (or individual T;) and standard deviation (reported with mean
throughout and as error bars) were calculated from the results of three independent
experiments (Figures 3, 5, 6, S5, S6, S7 and Tables 1 and S1). Quantification of Gd3*
content in solutions, organs and nanoparticles using ICP-MS were done using calibration
curves as discussed previously in the experimental section. All measurements were
performed in triplicate except for the biodistribution, pharmacokinetic, and ex-vivo Ti-
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weighted imaging experiments. The sample sizes for the biodistribution and
pharmacokinetic experiments were six (Figure 4). The sample sizes for the ex-vivo Ti-
weighted images were two (Figure 6). Gadolinium concentrations and % ID are reported

as the average with the standard deviation as error bars (Figures 4, 5, and S7).

DLS measurements were performed in triplicate. Hydrodynamic size (based on intensity-
weighted measurements; Z-average) and zeta-potential are reported as the average with

the standard deviation as error bars (Figure 2).

Student’s t-test was used to analyze the significance of differences in liver T; and Gd3*
content for mice with fatty and normal diets (Figure 6). The significance of difference
becomes greater with decreasing p-value (significant difference, p < 0.05; very significant

difference, p < 0.01; extremely significant difference p < 0.001).

All statistical analyses performed in Microsoft Office Excel and or OriginPro.
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2.6. Supporting Information
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Figure S2.1 Reaction condition size dependence. Size control of GON by varying amount of (a) oleic acid,
(b) oleylamine, and (c) time at different mol ratios of Gadolinium (lll) to oleylamine (Gd/OLAM: 4/8 and
4/12), Gadolinium (lll) to oleic acide (Gd/OA: 4/8 and 4/12), and Gadolinium (ll1) to oleic acid to oleylamine
(Gd/OA/OLAM: 4/12/0 and 4/8/0), respectively. Reported plate face sizes are the average of three

independent measurements with the standard deviation represented by error bars.
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Figure S2.2 TEM images of GONP. TEM images of monodisperse GONP with dimensions of (a) 6.6 + 0.3, (b)
9.7+1.3,(c)12.0 £1.3, (d) 15.6 £ 1.9 nm formed after thermal decomposition (290 oC) of Gadolinium oleate
in a solution of oleic acid and oleylamine in 1-octadecene solvent. The inset figure further illustrates the

stacking phenomenon that occurs because of face-to-face interactions of GONP.
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Figure S2.3 Chemical structure of PAMPS-LA. Schematic representation of PAMPS-LA, its monomers, and

synthesis.

99



304 — Water
— DMEM

— 11— FBS
o I
%20_ PBS
()
Q
-
-
Z 10-

0_

0.1 1 10 100 1000 10000

Hydrodynamic Size (nm)
Figure S2.4 GONP sample uniformity. DLS data providing hydrodynamic size distributions of GONP-12 in a

variety of biologically relevant dispersion media (water, DMEM, FBS, and PBS).
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Figure S2.5 High field strength T1 relaxation plot of GONP. Longitudinal relaxation rates as a function of

Gadolinium concentration for PAMPS-LA-GONP compared to Magnevist at 9.4 T. Reported T1 are the

average of three independent measurements with the standard deviation represented by error bars.
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Figure S2.6 T1 relaxivity of Magnevist and GONP with different surface coatings. (a) Longitudinal and (b)
transverse relaxation rates as a function of Gd3+ concentration at 1.4 T. All samples are of similar
hydrodynamic size (~ 25 — 45 nm). Reported T1 are the average of three independent measurements with

the standard deviation represented by error bars.
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Table S2.1 Properties of Magnevist and GONP with various surface coatings at 1.4 T.

Contrast Surface ri/[GA*] [mMM™ r/[Gd*]  r/r
Agent Coating 1] [MmMM1s?)
Magnevist - 34+0.1 49+0.2 1.4
GONP PEG 4.2+0.03 455+0.1 13
GONP PAMPS-LA 541+1.1 61.7+2.5 1.1
GONP PAA-LA 65.8+2.94 100.5+15 15
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Figure S2.7 Cell uptake capacity of GONP. Cellular uptake capacity of PAMPS-LA-GONP and Magnevist

measured by (a) Gd3+ per cell and (b) T1 relaxation times of cells ((seeding density: 6x106/well)) incubated

with GONP-12 or Magnevist at Gd3+ concentrations between 20 and 100 uM for 2 h. All reported values

are the average of triplicate measurements with standard deviation represented by error bars.
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Figure S2.8 T1- and T2-weighted MR phantom images. T1- and T2-weighted MR images of macrophage

cells labeled with GONP-12 compared to control samples without GONP.
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Figure S2.9 In vitro cytotoxicity studies. (A) Live-dead assay fluorescent images from HDF and Raw 264.7
cells incubated with different concentrations of PAMPS-LA coated nanoplates (scale bars = 400 nm). (b)
Wound-healing assay optical microscopy images of scratched HDF cell culture with different concentrations
of PAMPS-LA coated nanoplates up to 48 hr. (c) Percent reduction of the distance between HDF cells on the
leading edge of the scratch in the wound-healing assay. (d) Viable percentage of HDF and macrophage (Raw

264.7) cells after incubation with PAMPS-LA coated nanoplates evaluated by an MTS assay.
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Figure S2.10 Three-day Gadolinium release experiment. For these experiments, 1 mL of sample (Nano
Gd203, bulk Gd203, and Gd(N03)2) was placed in a 3 — 4-inch section of dialysis tubing (1 kDa MWCO),
sealed with clips, and set in 1 L of the indicated solution (water, pH 4.5, pH 2, phosphate buffered saline
(PBS) or bovine calf serum (BCS)) for 3 days under continuous stirring. Samples were measured in triplicate
and error bars are the replicate standard deviation. “N.D.” refers to “not detectable” defined by the ICP-
AES instrument as below the limit of detection found from multiplying the ratio of the standard deviation
of each measurement to the slope (sensitivity) of the calibration curve.125 Given that roughly 600
micrograms of Gadolinium were in the sample, we can conclude that at least 97% of the GONP remained in

nanoparticle form for those experiments labelled “N.D.”.
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Figure $2.11 Twenty-day Gadolinium release experiments. For these experiments, 0.9 mL of sample (Nano
Gd203, bulk Gd203, and Gd(NO3)3) was pipetted into a 3 — 4-inch section of dialysis tubing (1 kDa MWCO),
sealed with clips, and placed in 900 mL of the indicated solution (water, pH 4.5, pH 2, or DPBS) for 20 days.
Dialysates were stirred twice daily, and 10 mL of dialysate was collected at 3, 7, 14, and 20 days for ICP
analysis. The reported error bars reflect the average replicate error from the three-day experiments (Figure
S10). “N.D.” indicates that the Gadolinium measured by ICP-MS was below the instrumentally defined
detection limit of 12.7 ppb which was determined from a separate calibration of known Gadolinium
standards. Given that roughly 600 micrograms of Gadolinium were in the sample, we can conclude that at

least 97% of the GONP remained in nanoparticle form.
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Chapter 3 The Role of Surface Coating in Designing Highly Sensitive T> MRI
Contrast Agents

3.1. Abstract

Iron oxide nanocrystals (IONCs) are an FDA approved and gadolinium free alternative to
standard magnetic resonance imaging (MRI) contrast agents. While their magnetic cores
are responsible for T2 contrast, the non-magnetic polymers at IONC interfaces can affect
the diffusion of bulk water close to particles. This can potentially impact the spin
relaxation dynamics governing proton relaxivity and consequently lead to notable
changes in imaging performance. Here we illustrate these effects by evaluating the
diameter-dependent contrast performance of iron oxide nanocrystals with different types
of surface coatings. As a group, these biocompatible and colloidally stable materials have
excellent imaging properties; the largest core diameter (33 nm) coated with an oleic acid
bilayer has to our knowledge the largest T2 relaxivity ever reported (510 mM-1 s-1) for an
isolated, spherical iron oxide nanocrystal. A comparison of the different functional
surfaces reveals that retention of bulk water by IONC coatings will shift the diameter-
dependent relaxivity allowing smaller diameter cores to reach the static dephasing regime
and maximum T2 relaxivity. Both the grafting density and thickness of polymer coatings
can slow water diffusion which can be accounted for in an effective diffusion constant
(Deff); with this conceptual framework we can explain the structure-performance trends
found here and in the existing literature. Localized water diffusion at IONC interfaces can
be an important variable to control in the rational design of highly sensitive T2 MRI

contrast agents.
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3.2. Introduction

Iron oxide nanocrystals (IONCs) have garnered considerable interest as gadolinium free
MRI contrast agents.'3 In a strong external magnetic field, IONCs generate localized
inhomogeneous fields that accelerate transverse water 'H relaxation (T2) near their
surface thus producing negative (dark) contrast. Due to their biocompatibility,
hepatobiliary biodistribution and clearance, and contrast performance (relaxivity), IONCs
are the only gadolinium free nanoscale contrast agents that have previously received US
Food and Drug Administration (FDA) approval as MRI contrast agents.! Commercial IONCs
like ferumoxytol (Feraheme) have been used for a variety of clinical applications from
tumor imaging (e.g., liver, spleen, lymph nodes, brain) and stem cell tracking to
angiography and perfusion imaging.* These clinical applications would be greatly
enhanced by a new generation of contrast agents with stimuli responsive performance;
such “smart” contrast agents could identify in a MRI image key biomarkers of interest or
signal important physiochemical conditions. Existing strategies take advantage of
nanocrystal clustering to modulate the relaxivity around the materials, but aggregation
can be difficult to control precisely and leads to drastic changes in pharmacokinetic,
biodistribution, and toxicity profiles all of which has frustrated the clinical translation of
molecular MRI agents based on nanoparticle platforms.>'° Thus, there is a need for
alternative strategies to modulate CA performance in response to local chemical or
biological cues, an advance that will require a complete description of how contrast
agents operate at a molecular level such that researchers can rationally design IONC

capable of responding to their local environment.2# 20, 21
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Current models that describe the water proton relaxation processes around T, contrast
agents (CA) recognize that contrast derives from the perturbation of water proton spin
dynamics by the varying magnetic fields present near a nanocrystal surface; the resulting
spread in Larmor frequencies that result, Aw, and the amount of time water spends in
this spin perturbing region, tp, together define how big of an impact a given contrast
agent will have on water proton T, relaxation.???* The best performance results when
water spends the entirety of the MRI measurement time diffusing through the
inhomogeneous magnetic fields near nanocrystals, no more and no less.> 2% 25 Achieving
this optimal timescale is most often achieve through careful manipulation of the core
dimension.?> 23 2628 However, other inorganic nanocrystal characteristics such as
crystallinity, composition, shape, and aggregation state may also contribute as these
factors affect the extent of the inhomogeneous magnetic field experienced by freely
diffusing water.?>3° These approaches focus on the inorganic core and increasing its
magnetization such that diffusing water molecules experience a greater spread in their

Larmor frequencies, Aw, and as a result differential relaxivity.

Relatively less attention has centered on how the contrast agent coatings, typically
polymers, affect the relaxation processes central for T, contrast agent performance. The
surface coatings of magnetic nanocrystal contrast agents are usually designed with an eye
towards ensuring optimal colloidal stability, pharmacokinetics, biodistribution, and
biocompatibility.> > However, water proton T, processes should also be affected by both
the thickness and nature of the surface coating as this interface mediates the diffusion of

water through the core’s inhomogeneous magnetic field. Studies of colloidally stable and

123



non-aggregating T, nanocrystal contrast agents have reported coating thickness and
chemical composition can both impact spin relaxation processes.**>* For instance, water
impermeable coatings can affect these relaxation processes by excluding water from the
core’s field, causing as much as a 70 — 90 % decrease in r, with increasing thickness.*® 49
However, it has been shown that this ‘exclusionary model’ cannot fully account for more
complex trends found with water permeable surface coatings.”'>3 For instance, Bao et al.
and Nandwana et al. used similar PEG coated nanocrystals and showed that r; increases
(15— 120 %) then decreases (60 — 90 %) with increasing coating thickness and molecular
weight.>1>3 These results have inspired the hypothesis that the exclusionary model is
balanced by a ‘slow compartment’ model in which water permeable surface coatings
interact with and slow the diffusion of water inside the core’s field, thus facilitating
relaxation increasing r2 with coating thickness.>%->3 However, the exclusionary model may
not be needed for water permeable coatings where these apparently conflicting trends
could reflect the different dynamical regimes of T, contrast agents existing within a slow
compartment model: whether surface coating induced water deceleration increases or
decreases contrast agent performance will depend on whether the time water spends in
the coating is well matched to its relaxation time. If changes in surface coating properties
can affect notable changes in relaxivity and that relationship were properly understood,
intraparticle effects could supplant interparticle clustering strategies as a new and more

reliable approach to the development of smart T, contrast agents.

Here, iron oxide nanocrystals with different polymeric surface coatings are used to

provide a comprehensive understanding of how the surface coating of an IONC may
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change its relaxivity. Size controlled, hydrophobic nanocrystals (4 — 33 nm) are
monodisperse and amenable to several surface coating strategies for good
biocompatibility, and excellent colloidal and relaxometric stability over a range of
physiologically relevant conditions. IONCs have size and surface dependent T, relaxivity
profiles that together can be rationalized by recognizing that water diffusion within
surface coatings can be slower than that found in bulk water (Dcoating). For T, contrast
agents small enough to be in the motional averaging regime (MAR), slowing water
protons in their near surface region leads to an increase in relaxivity as compared to
impermeable surface coatings that exclude water and decrease r2.*® 4% Such a model can
explain coating dependent r; trends found in this work and elsewhere.>3 3> Optimization
of ry involves consideration of both hydrodynamic diameter as well as surface coating
structure, with our highest performing samples greater than commercial IONCs (< 200
mM? s?) and isolated IONCs found in the literature (< 385 mM* s1)4% 2837, 5658 |
particular, large (33 nm) oleic acid bilayer coated samples achieve the largest recorded r;
for single core, spherical IONCs (510 mM* s1). The accompanying description of these
trends showcases the essential role that surface coatings play in CA performance and
suggest responsive surface coatings offer another strategy for molecular imaging in

contrast enabled MRI.

3.3. Results and Discussion
3.3.1. Synthesis of Surface Coated Iron Oxide Nanocrystals

Iron oxide nanocrystals (IONCs) are prepared via thermal decomposition of iron

precursors in the presence of oleic acid at high temperature (320 °C). Transmission
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electron microscopy (TEM) images indicate as synthesized IONCs are monodisperse and
quasi spherical with diameters of approximately 4, 10, 16, and 33 nm (Figure 3.1a-d).
Diameter control is achieved by either changing the reaction time or the molar ratio of
iron precursor to oleic acid. Because of Ostwald ripening, the latter is generally a
preferred approach as nanocrystal uniformity diminishes after several hours. As has been
reported before, IONCs are crystalline and non-aggregated with a structure consistent

with the magnetite (Fe304) phase of iron oxide (Figure 3.1e).5% 60

The hydrophobic nanocrystals are formed with oleic acid bound to their surfaces, but
their hydrophobicity can be modified by transferring them into aqueous solution via
either encapsulation or ligand exchange methods.?% 62 Encapsulation results in bilayer
stabilized IONCs and utilizes a phase transfer process facilitated by the addition of oleic

acid or amphiphilic polymers like octylamine-modified poly (acrylic acid) (PAA-OA),

——I0NCs (440)

— Magnetite

(311)

Intensity (a.u.)

25 35 45 55 65

2Theta (degrees)

Figure 3.1 IONC core characterization. Transmission electron microscopy (TEM) images with inset size
distribution histograms of as-synthesized, monodisperse iron oxide nanocrystals of varying core
diameter (a-d). Core diameters are (a) 4.0 £ 0.6, (b) 10.2 £ 0.7, (c) 16.0 + 1.4, and (d) 33.1 £ 2.5 nm. Scale
bars are 20 nm. (e) XRD pattern for a representative sample of iron oxide nanocrystals. The sample
diffraction pattern (blue) is consistent with a standard pattern for magnetite (FesOa; black).
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poly(2-acrylamido-2-methylpropane sulfonic acid)-lauryl acrylate (PAMPS-LA),

poly(maleic anhydride-alt-1-octadecene)-poly(ethylene glycol) (PMAO-PEG) (Figure 3.2a
and S3.1). Alternatively, as synthesized IONCs can also have their original oleic acid
removed and replaced by poly (ethylene glycol) (PEG; 0.2, 1, and 10 kDa), poly (vinyl
pyrrolidone) (PVP; 1 kDa), and poly (acrylic acid) (PAA; 15 kDa). These phase transfer
processes are efficient with typical yields of 70%. Either method provides IONCs in a
colloidally stable, clear, and brownish black colloidal suspension. Dynamic light scattering

(DLS) reveals that the hydrodynamic diameter (HD) of the nanocrystals increases with
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Figure 3.2 IONC surface coating characterization. (a) Schematic depiction of iron oxide nanocrystals with
various encapsulation phase transfer agents (oleic acid bilayer, PAA-OA, PAMPS-LA, and PMAO-PEG). (b) The
hydrodynamic diameter (HD) and of 4, 10, 16, and 33 nm iron oxide nanocrystals with different surface
coatings (oleic acid bilayer, PAA-OA, PAMPS-LA, and PMAO-PEG). Hydrodynamic sizes of iron oxide
nanocrystals dispersed in different (c) buffer solutions (distilled ionized water (DI water), phosphate buffer
saline (PBS), Dulbecco’s Modified Eagle’s Medium (DMEM) and Roswell Park Memorial Institute medium

(RPMI), and borate buffer (B.B)), (d) pH 3 — 10, (e) NaCl 0.05 - 0.5 M, and (f) CaCl2 0.05 - 0.5 M.

core size and the molecular weight of the coating; for these samples HD is always well
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under 100 nm (Figure 3.2b, Table 3.1 and S3.1). A consideration of the core dimensions,
as well as estimates for the surface coating thickness, yields dimensions in good
agreement with DLS data indicating the IONCs are well dispersed and non-aggregated
(Figure 3.2b, Table 3.1 and S3.1). After transfer into water, or other physiologically

relevant media, there are no visible precipitates over days.

3.3.2. Colloidal Stability

The average core size and morphology of the iron oxide nanocrystals (IONCs) coated and
in aqueous solutions are identical to those observed for as synthesized IONCs (Figure
3.1a-d and S3.1). Moreover, dynamic light scattering (DLS) and TEM image analysis reveal
that water soluble IONCs are well dispersed with a range of surface coating thicknesses
(Figure 3.2b, Table 3.1 and S3.1). As nanocrystal core size increases from 4 to 33 nm, the
hydrodynamic diameter of phase transferred IONCs coated with oleic acid bilayer
increases from 16 nm to 41 nm with a uniform average coating thickness of approximately

5.2 + 0.7 nm (Figure 3.2b and Table 3.1) — the approximate length of two oleic acid

Table 3.1 T2 relaxivity (r2) and hydrodynamic diameter (HD) of iron oxide nanocrystals with different
sizes and phase transfer coatings.

_ Core. Oleic acid PAA-OA PAMPS-LA PMAO-PEG
Size/Coating bilayer
Iron Oxide HD r2 HD r HD r2 HD @)
Sample (nm) (MM | (hm) (MM | (nm)  (MMIsT) | (hm) (mMMisT)
AT 16.0 11.1 18.9 81.9 35.3 108.7 37.8 126.6
+3.1 +3.1 +6.4 +6.4 +3.9 +3.9 £2.1 3.1
10 nm 21.3 50.5 39.1 158.9 38.2 152.4 41.7 201.1
+6.2 +28 +49 +59 +6.2 172 +5.6 +5.7
16 nm 26.2 159.8 37.1 327.7 40.8 385.2 60.2 260.4
+4.7 +10.7 +4.2 +125 +57 +10.1 +4.7 +129
41.3 510.3 68.8 301.2 57.8 355.1 62.9 339.9
33 nm

+4.8 +18.8 +6.8 +104 +8.8 +6.7 +4.8 +8.3
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molecules (~4.8 nm). With larger molecular weight polymer surface coatings. The IONCs
have much larger HD sizes (*19 — 69 nm) with less uniform coating thicknesses from
approximately 7.5 to 22 nm (Figure 3.2b and Table 3.1). The average zeta potentials for
oleic acid bilayer, PAA-LA, PAMPS-LA, and PMAO-PEG coated IONCs are -48.3 £ 8.7, -55.8

+8.6,-51.7 £ 8.5, and -45.0 £ 7.0 mV, respectively.

Encapsulated IONCs, coated with oleic acid, PAA-OA, PMAO-PEG, and PAMPS-LA, are
colloidally stable in a range of physiologically relevant media like deionized water (DI
water), phosphate buffer saline (PBS), Dulbecco’s Modified Eagle Medium (DMEM),
Roswell Park Memorial Institute medium (RPMI), and borate buffer (B.B) (Figure 3.2c).
Similarly, these materials maintain their colloidal stability under a wide range of pH
conditions (5 —10) and at high monovalent salt concentrations (0.05 — 0.5 M NaCl) (Figure
3.2d, e). When polymer surface coatings contained carboxylate functionality, however,
the materials lost colloidal stability under highly acidic conditions (pH 3) and in the
presence of high divalent salt concentrations (0.05 — 0.5 M CaCl,) (Figure 3.2d+f). The
relatively high pKa of most organic acids suggests these functional groups may protonate
at lower pH removing any electrostatic stabilization of the IONCs; additionally, divalent
metal cations like Ca?* can interact with these groups and bridge between nanocrystals
causing aggregation.®®  PMAO-PEG encapsulated nanocrystals behave similarly as
anhydride functional groups are hydrolyzed to carboxyl groups especially at low pH and
in the presence divalent metal cations. Phase transferred nanocrystals with sulfonate
containing polymer coatings (PAMPS-LA) provide for the most stable suspensions under

all conditions — even low pH and high CaCl; (0.05 — 0.5 M) conditions. This is to be
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expected for sulfonated polymers because of their low pKa (< 2), hydrogen bond donor
and acceptor properties, and lack of interaction with divalent cations.®3% As such,
relatively novel sulfonated polymeric surface coatings like PAMPS-LA demonstrate

significant promise in biomedical applications of nanomaterials.5>7. 63

3.3.3. T2 Relaxation Dynamics
3.3.3.1. Theory for Magnetic Nanocrystals

In the presence of an external magnetic field, iron oxide nanocrystals (IONCs) induce
inhomogeneous local magnetic fields that shorten the T, of water protons. The
concentration dependent capacity of IONCs to accelerate the transverse relaxation rate
(1/T,) of water protons is called T, relaxivity, or r» (mM™ s1), and it is a widely accepted
metric of IONC contrast agent performance. The interaction between magnetic
nanocrystals and local water protons is dominated by outer sphere relaxation
mechanisms, so r; can be approximated by an outer sphere model termed the motional
averaging regime (MAR).3 This results in the following relationship for how relaxivity

depends on key contrast agent features:

r = 4 Vmar (VH o My d)? (2)
2 405 Dpyik

where yy is the water 'H nuclei gyromagnetic ratio (2.68 x 102 rad T s), yo is the
permeability of vacuum (4rt x 107 T m A%), D is the translational diffusion constant of
water (Dpuik = 3.1 x 10° m? st at 37 °C), v,,4¢ is the molar volume of magnetic ions, d is
the nanocrystal diameter (m), and M, is the saturation magnetization (A m).2224

Equation 2 is a valid approximation of r, only when a nanocrystal’s localized magnetic
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field (Aw = yyuoM, /3) and the time it takes water to diffuse through the characteristic
dimensions of that field (tp = d?/4Dpuk) are sufficiently small.3 2225 70 This criterion is
referred to as the Redfield condition (Awtp << 1). This condition is easily met for smaller
contrast agents, and with increasing IONC dimension the length of the perturbed
magnetic field grows larger and has a larger impact on the proton relaxation in freely
diffusing water. As long as the Redfield condition is met, magnetic nanocrystal core size
(d) and magnetization (M,) will both increases IONC relaxivity, r2, and are the only
relevant material parameters for optimizing contrast agent performance.???* 79 The
dynamics described by equation [2] are no longer applicable once the time that diffusing
water spends in a perturbing magnetic field equals or exceeds the measurement
timescale. This regime, termed the static dephasing regime (SDR), is easily identified in
systematic studies as a high plateau in contrast agent performance with IONC core
diameter.?® 2% 7L 72 |t reflects the conditions where the near core regions of
inhomogeneous field strength are large enough that freely diffusing water experiences
these relaxation inducing fields for the entire duration of the MRI measurement (AwTtp >
1). At even larger dimensions of contrast agent, (Awtp > 20), the water interaction with
the inhomogeneous magnetic field around IONCs becomes so long that it exceeds the
interval between the echoes of the T, weighted spin echo MR sequence. In this echo
limited regime (ELR) r; decreases with increasing IONC dimension and is a condition best

avoided in the design of contrast agents.3 2% 23,25, 70

Contrast agents that are just large enough to be described well by the static dephasing

regime (SDR) have the largest relaxivity. Generally IONC magnetization, a property which
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can be enhanced through CA composition and nanocrystal clustering, and core diameter,
are used to increase Aw to meet the Redfield condition.?% 23 2639 For a magnetite (Fe30a)
contrast agent (Mypuiy = 4.76 x 10° A m?), the SDR model would predict theoretical
maximum r; of approximately 960 mM=s17% 73 As saturation magnetization in a
nanocrystal is reduced by at least 10 % from the bulk value due to surface disorder, a
more reasonable estimate for optimum IONC contrast agents performance would be an
r, of 860 mMs1.74 The smallest core diameter for which the SDR plateau is reached,
which we define as the critical core diameter, ds¢r, can be estimated from the product of
Aw and tp; for Awtp = 5 and a magnetite IONC the dspr is approximately 36 nm. This is
in good agreement with other studies showing surface coated magnetic nanomaterials

clearly in SDR after approximately 50 nm.2% 72

These conventional models do not account for the effects of polymeric coatings around
contrast agents. Bao et al. develops a model that describes the impact of an impermeable
surface coating on the dynamics describes by the motional averaging regime. Such a
coating excludes water access to the most substantial inhomogeneous field gradients,
and thus leads to a modification in the MAR model (Equation 2) to account for the
‘exclusion radius’ formed by the coating thickness.>" > Water impermeable coatings
always lead to a decrease in r, with increasing thickness.*® 4° Many IONC surface coatings,
however, are permeable to water and rather than completely blocking access of water to
the near core area could simply slow down any water that came into contact.>1>35>7> The
‘slow compartments’ for water diffusion created by surface coatings, a concept

introduced by Bao et al., would have an impact reflective of the hydrophilicity, thickness,
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as well as density of the permeable materials.’®>® We envision water effectively
decelerating as it comes into contact with the surface coating for at least a portion of the
measurement time and modify equation [2] with a new effective water diffusion constant

in the motional averaging regime MAR:

2
r, = ¢ (3)

Dcoating

Dcoating is the effective diffusion constant taking into that bulk water will spend some time
during the measurement interacting with the coating, and C is a coefficient that captures
relevant constants in equation [2] for magnetite (C=0.0166 m° mol™ s2 A2). This modified
MAR model (Equation 3), provides another means to optimize the relaxivity of a T»
contrast agent in the motional averaging regime. If water can slowly diffuse through the
surface coating, and therefore increase the time it spends interacting with the
inhomogeneous field around the nanocrystal, then relaxivity in this regime can be

increased.

An important consequence of introducing the diffusion of water through the coating in
these systems is that the Redfield condition is also modified as the time water spends in
the nanocrystal’s localized field depends on its diffusion constant (tp = d?/4Dcoating).
Slowing water down with surface coating interactions will increase their time spent in the
nanocrystal’s localize field and make it possible to achieve the static dephasing regime (5
< AwTp < 20) achievable at smaller core diameters. For example, assuming the diffusion

constant of water is reduced by 10% because of a water permeable surface coating then
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the critical IONC/magnetite diameter to reach the static dephasing plateau, dspg, is 26 nm

as compared to 36 nm for a non-interacting coating.

3.3.3.2. Surface-Coating Dependence

The libraries of surface coated IONCs synthesized allow us to test the impact of water
permeable coatings over the different spin dynamics regimes relevant for creating T,
contrast. We first confirmed the diameter dependent trends expected for the motional
averaging regime are observed over a range of iron oxide nanocrystal dimensions (Figure
$3.2). The relaxivity (r2) of different diameter IONCs (4 — 33 nm) with four types of surface
coatings (oleic acid, PAA-OA, PAMPS-LA, and PAMO-PEG) was found from the slope of
iron concentration versus 1/T, plots measured at 1.41 T (Figure S3.3, Table 3.1).
Consistent with the motional averaging regime we find that for all surface coatings, r2
increases with core diameter (d), magnetization (M), and hydrodynamic size at smaller
sizes (Figure 3.3a-c and $3.4).2% 7® This trend is most evident for the oleic acid bilayer
coated nanocrystals whose r; values increase from 11 to 510 mM™ st as their core size
increases from 4 to 33 nm (Table 3.1). The exceptional performance of the 33 nm oleic

acid IONCs results from their large core size and thin, impermeable bilayer coating (5.2 £
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Figure 3.3 T2 relaxivity dependence of IONCs. Plots of r2 values of iron oxide nanocrystals depending on

their core diameters (a) and hydrodynamic size (b). The r2 values of 10 nm core iron oxide nanocrystals with

different molecular weight of polymers and hydrodynamic size.
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0.7 nm), approximating well our calculation of dspr for a bare magnetite nanocrystal (36
nm). Under these conditions, coating dependent increases in the time water spends
diffusing in the nanocrystal’s localized field (7) are minimized, keeping the Redfield

parameter (Awtp) low and allowing r; to continue increasing with core size (MAR).

Like oleic bilayer coatings, polyacrylate (PAA) and polysulfonated (PAMPS-LA) coated
IONCs of smaller dimension also show an increase in relaxivity, r, with core dimension,
indicative of motional averaging, but the largest 33 nm core materials do not continue
the trend indicating a transition to the static dephasing regime in these materials (Figure
3.3a+c). The experimental data brackets the dspr to between 16 and 33 nm diameter for
these systems. Thick water permeable polymeric coatings will interact with water,
increasing the time water spends in the nanocrystal’s localized field (7 ), thus shifting dspr

to smaller core size. As a result, the peak r; for PAA-OA and PAMPS-LA coated IONCs
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Figure 3.4 T2 relaxivity hydrodynamic diameter dependence of IONCs. The plots of r2 of iron oxide

nanocrystals with different cores (4, 10, 16, and 33 nm) (a-d). The points indicate the surface coatings

oleic acid bilayer, PAA-OA, PAMPS-LA, and PMAO-PEG, respectively (left to right). The samples have an

increase in hydrodynamic diameter, as measured by dynamic light scattering, because the different

polymer coatings vary in their molecular weight. Above the graphs the relevant dynamical regime is

noted; MAR (motional averaging regime), SDR (static dephasing regime), ELR (echo limited regime).
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(327.7 and 385.2 mM1s}, respectively) occurs at a much smaller core dimension (16 nm)

than observed for the thinner oleic bilayer coatings (33 nm) (Table 3.1).

An examination of how the coating thickness influences the observed contrast agent
performance provides additional evidence for the importance of water interactions with
the IONC surface coatings (Figure 3.4). Here the relaxivity is expressed for the different
cores, as a function of the hydrodynamic diameter of the different coatings, with oleic
acid being the thinnest at 5.2 £+ 0.7 nm and PMAO-PEG being the thickest at 17.5 + 2.8
nm. For smaller core sizes (4 and 10 nm), the motional averaging regime dominates as
water is not spending a significant amount of time diffusing through the nanocrystal’s
localized field (MAR; Awtp << 1); in this limit increasing coating thickness will increase
that time (tp) and increase ro. For larger core diameters (16 nm), water is already
spending a significant portion of its relaxation time diffusing through the nanocrystal’s
localized field, so ry will increase with coating thickness until the static dephasing regime
is reached. Similar behaviour is seen for 10 nm IONCs coated with increasing molecular
weight coatings (PEG 200 — 10k, and PVP 10k) (Figure 3.3d, Table S3.1). For the largest
core sizes (33 nm), water is already spending its entire relaxation time in the nanocrystal’s
field (SDR; 5 < Awtp < 20), so further increases in that time with thicker coatings push the
system into the unfavorable regime where relaxation effects are limited by the MRI echo
sequence, decreasing r2 (ELR; > 50 nm). Increasing surface coating thickness for water
permeable coatings can be an effective strategy for increasing contrast agent
performance (Figure 3.4a-c) if the core diameters are small enough that the IONC is well

described by the motional averaging regime (MAR). For larger core diameters, however,
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which are closer to the static dephasing limit (SDR) similar changes in coating thickness

can lead to substantially reduced T, relaxivities (Figure 3.4c+d).

Given the significant impact of the water permeability on T, contrast agent performance,
methods to tailor a coating’s permeability are of great value. Because larger molecular
weight polymers are not packed together as tightly on the nanocrystal surface (lower
grafting density), water should more readily diffuse into the coating and with fewer
interactions.” 77 The grafting density of nanocrystal surface coatings can be determined
by total organic carbon (TOC) analysis, and in the grafting-to methods used to prepare
these materials it is a strong function of the polymer molecular weight: as the coating
increases in length there are fewer and fewer chains bound to nanocrystals due to steric
hindrance.”” 78 The molecular weight of oleic acid, PAA-OA, PAMPS-LA, and PMAO-PEG
phase transfer agents are 283, 2783, 4615, and 30,000 — 50,000 Da, respectively (Figure
$3.5, Table S3.2) and, as expected, grafting decreases with increasing molecular weight

(Figure S3.6 and Table S3.2).

The large molecular weight of PMAO-PEG is thus significant in that it contributes to a thick
coating but also leads to a sparse coverage of the IONCs. In this case we might expect
water would have fewer interactions with this coating and exhibit diffusion constants
more comparable to bulk water. The r; of low grafting density PMAO-PEG coated IONCs
continue to increase with core size consistent with motional averaging (MAR) while the r
of higher grafting density PAMPS-LA and PAA-OA coated IONCs show a decrease at the
largest dimensions (ELR) (Figure 3.3c). Moreover, approximately controlling for coating
thickness, the three, polymer coated 33 nm nanocrystals exhibit similarly large
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hydrodynamic sizes (~ 63 nm), yet r, continues to increase with dimension for PMAO-PEG
coatings (MAR). A consideration of the grafting density of surface coatings thus could

help rationalize similarly complex surface dependent trends in r; found elsewhere.>>3

Table 3.2 summarizes the performance (r2) of the IONC contrast agents examined here
compared to commercial T, contrast agents and previously published reports of single

core, spherical IONC of similar structure. The IONC contrast agents studied here, when

Table 3.2 Summary of relevant physiochemical, magnetic, and relaxometric parameters for IONCs
reported here and the highest performing, single core, spherical iron oxide nanocrystal T, MRI contrast

agents found in the literature.

Reference Surface Coating Co(r:r:)ize HD (nm) (105 l\:‘:“-l)o r2 (mMs?) AwTp
Jun et al. DMSA 12 - 5.23" 218N 0.94™
Huang et al. PVP 65.3 118.3 - 249! -

Jang et al. DMSA 15 ~17.5 5.91° 2762k 1.56"
Vuong et al. PAA (5k) 17.8 - 3.27f 292.6%¢ 0.97
Mohapatra et al. BPEI 16 48 4.30° 297! 1.30"
Lartigue et al. Rhamnose 18.5 23.6 3.37° ~300%" 1.31"
Nandwana et al. NDOPA-PEG 8.1 34 2.64°¢ 355! 0.20"
LaConte et al. DSPE-PEG750 13.6 10.35 - 360%¢ -

Tong et al. DSPE-mPEG1000 14 28.6 - 385¢d -

4.0 16.0-37.8 2.260f 11.1-126.6*¢  0.04"
Oleic acid, PAA- 102 21.3-41.7 2.945F 50.5-201.1*¢  0.36"

This work OA, PAMPS-LA,
PMAO-PEG 16.0 26.2-60.2 3.27° 159.8 —385.2*8  (0.99"

33.1 41.3-68.8 3.80°f 301.2-510.3*¢  4.92"

2 Room temperature (15-25C),?27C,°40C,90.47T,¢0.5T,f1T,81.41T,"1.5T,'3 T,/ 4T, 4.7T,' 7T, ™ Dasc = 2.25x10° m? s,
"Da7¢=2.37x10° M2 52, © pPmagnetite = 5.18x10° g m-3 assumed for conversions from M;s (emu g*) to My (A m2). 2,3-dimercaptosuccinic
acid (DMSA), polyvinylpyrrolidone (PVP), branched polyethyleneimine (BPEI), polyacrylic acid (PAA), polyethylene glycol (PEG),
methoxy-PEG (mPEG), nitrodopamine (NDOPA), 1, 2-Distearoyl-sn-glycero-3-phosphoethanolamine (DSPE), octylamine (OA),
poly(2-acrylamido-2-methylpropane sulfonic acid) (PAMPS), lauryl acrylate (LA), Poly(maleic anhydride-alt-1-octadecene)
(PMADO), external magnetic field (Bo), T2 relaxivity (r2), mass saturation magnetization (Ms), and volumic saturation magnetization
(My).
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optimized for the static dephasing regime, are much better than commercial IONC
materials (< 200 MM 1s1). They also, as a group, compare well to those characterized by
the research community and one, the largest core bilayer coated sample, has to our
knowledge the largest recorded r; (510.3 mMs!) for single core iron oxide
nanocrystals.* 28-37. 5658 \Where possible we also examined whether the core diameter-
dependent and surface coating trends observed in this existing literature could be

rationalized in light of the relevant dynamical regime (MAR vs. SDR vs. ELR). By accounting
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Figure 3.5 Surface coating dependent diffusion constants. (a) Using Equation 3, C/D and therefore

coating

. . 2 .
D oating €N be approximated from the slope of the line generated from a plot of r,/M, as a function of

d’ for each coating using samples in MAR (according to Figure 3.4). The D for oleic acid bilayer,

coating

. -9 -9 -9 2 -1 . . . .
PAA-OA, and PAMPS-LA is 3.08 x 10 ,2.63x10 ,and 2.44x10 m's , respectively. Since the oleic acid

bilayer coating is thin and likely impermeable to water, its D can be used as an approximation of

coating

D, for the conditions of our nanocrystal solutions. Therefore, the D for larger polymer coatings

coating

like PAA-OA and PAMPS-LA are approximately 79.2 — 85.4 % of D, (b) Schematic approximating the

relationship between r, and t when iron oxide nanocrystal core size and magnetization, and

Dcoating
therefore Aw, are held constant. Under these conditions, hydrophilic surface coating thickness and

grafting density can be used to optimize the diffusion of water near its surface (D and t and

coating Dcoating)

therefore maximize r,.
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for both core size and magnetization with the Redfield parameter (Awzp), we find that
most high r2 IONCs are just large enough to be in the static dephasing regime assuming a
bulk water diffusion constant (Awtp = ~1). Those reports of increasing relaxivity with
increasing core dimension generally had lower performance consistent with early MAR
(Awtp << 1).* As such, compared to Tp and AwTp, Tpeoating aNd AWTpeoqating Would be
expected to be larger by a factor of Dcoating/ Dbuik according to equation [4]. For our surface
coated IONCs most obviously in MAR, Dcoating is approximately 20 % lower than Dyui
(Figure 3.5a) which increases t, and Awtp by roughly 20%. Depending on the
physiochemical parameters of the surface coating, the retardation of water diffusion in
the coating could be even more significant.”® > 7> This could explain why the NDOPA-PEG
IONCs reported by Nandwana et al. have high r, despite having low Awtp — AWTpepating
is probably significantly higher.>? This sets a precedent for developing high performing
IONCs: when core diameter and magnetization (Aw) are held constant, r can be

maximized by optimizing surface coating thickness and/or grafting density (Figure 3.5b).

3.3.3.3. Solution Condition Dependence

While the relaxivity characterization presented in Figures X and Y was completed in pure
water, in vivo the solution environment for IONCs will be very different. The presence of
salts and proteins can lead to aggregation of IONCs, for example (Figure 2c-f), with
consequences for their contrast agent performance. We find that the iron oxide
nanocrystal (IONCs) T, relaxivity changes in different solutions tracks well with their
colloidal stability under these same solutions (Figure 3.2c-f and 3.6a-d). Uncontrolled

IONC aggregation drastically increases their physical dimension leading to a decrease in
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Figure 3.6 Surface coating-dependent relaxometric stability and cell viability of IONC. The r2 of iron
oxide nanocrystals dispersed in different (a) buffer solutions (distilled ionized water (DI water),
phosphate buffer saline (PBS), Dulbecco’s Modified Eagle’s Medium (DMEM) and Roswell Park
Memorial Institute medium (RPMI), and borate buffer (B.B)), (b) pH 3 — 10, (c) NaCl 0.05 — 0.5 M, and
(d) CaCl2 0.05 — 0.5 M. In vitro cell viability assays (MTS) of oleic acid coated iron oxide nanocrystals
with (e) different core sizes (10, 16, 33 nm) and (f) 10 nm iron oxide nanocrystals with various surface

coatings (oleic acid bilayer, PAA-OA, PAMPS-LA, PMAO-PEG, and 10k PEG).
r, as the T, dynamics is better described by the ELR. Across various buffer solutions and
under a range of pH (5 — 10) and monovalent salt concentrations (0.05 — 0.5 M NacCl),
colloidally stable IONCs mostly maintain their high T2 relaxivity (r >~ 200 mM s!) (Figure
3.2c-e and 3.6a-c). Notably, IONCs with carboxylate containing encapsulation agents
(oleic acid bilayer, PAA-LA, and PMAO-PEG) have a significantly reduced r, under highly
acidic conditions (pH 3) and in the presence of high divalent salt concentrations (0.05 —
0.5 M CaCly) (Figure 3.2d+f and 3.6b+d). As discussed above, carboxylate containing
surface coating agents become less stable at low pH and in the presence of divalent metal

cations like Ca?*, leading to aggregation and a reduction in r,.5% 6 However, because of
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more stable sulfonated polymers, PAMPS-LA-coated IONCs maintain high T, relaxometric

performance under all conditions — even at low pH and high CaCl, (0.05 — 0.5 M).63-68

3.3.4. Size- and Surface Coating-Dependent Cytotoxicity

One of the greatest advantages of iron oxide nanocrystals (IONCs) as MRI contrast agents
is their biocompatibility.” However, there are still concerns about the possibility that the
materials could release free iron ion disrupting iron homeostasis; additionally
nanocrystals can promote pro-inflammatory responses and increase reactive oxygen
species under some circumstances.® 208> We conducted a preliminary in vitro experiment
to identify any core diameter or surface coating cytotoxicity trends using our expansive
library of IONCs. A simple and standard assay was used to assess the viability of human
dermal fibroblast cells after 24 hours in the presence of increasing concentrations IONCs
with varied dimensions (10 — 33 nm) and surface coatings (oleic acid bilayer, PAA-OA,

PAMPS-LA, PMAO-PEG, and 10k PEG) (Figure 3.6e+f).

There is no significant cytotoxic effect up to atomic iron concentrations of 1200 uM (67
ppm) for all materials and up to the 6000 uM (335 ppm), the highest concentration we
could prepare, for all materials except the oleic acid IONCs. The null result in cytotoxicity
seen for most of these materials limits our analysis of diameter and surface coating
dependent trends to the bilayer coated materials. We speculate that the hydrophobic
bilayer could increase cell-nanocrystal surface interactions contributing to the observed
cytotoxicity at higher concentration; this surface coating is may also be more prone to
biotransformation and upon removal could lead to more cytotoxicity.® 898> The cell

viability decreases with decreasing core dimension as well, a trend observed for many
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other in vitro cytotoxicity studies of metal oxide nanocrystals (Figure 3.6e). The size
dependent difference in cytotoxicity could be due to differences in cellular uptake and/or

increased presence of dissolved iron at smaller core sizes.® 89-8

3.4. Conclusion

This study probes the size and surface coating dependent relaxation dynamics of iron
oxide nanocrystals (IONCs) to optimize their performance as T, MRI contrast agents.
Synthesized IONCs are monodispersed, size tunable (4 —33 nm), and are easily transferred
into aqueous solution using a variety of hydrophilic surface coating agents (oleic acid
bilayer, PAA-OA, PAMPS-LA, PMAO-PEG, PEG 200 — 10 k, PVP 10k, and PAA 15k). Phase
transferred nanocrystals display good colloidal stability under a range of physiologically
relevant conditions. Relaxation dynamics data demonstrate that maximal r, can be
achieved by tuning surface coating dependent water diffusion constants (Dcoating) With
coating thickness and grafting density. IONCs with a large core size (33 nm) and thin
surface coating (oleic acid bilayer) have the highest reported T, relaxivity for this class of
materials (r2 = 510 mM s2). Their r; are stable under a variety of solution conditions and
demonstrate no significant cytotoxicity in human dermal fibroblasts at iron
concentrations as high as 1200 uM. Thicker, lower grafting density surface coatings (PAA-
OA, PAMPS-LA, and PMAO-PEG) exhibit no significant cytotoxicity at iron concentrations
as high as 6,000 pM and retain high and stable r, (> 300 mM* s!) over a range of similar
solution conditions. In particular, PAMPS-LA coated nanocrystals can maintain colloidal
stability and high r. even under the harshest conditions tested (pH 3 and 0.05 — 0.1 M

CaCly).
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These data provide great insight into the rational design of T, contrast agents for
advanced MRI applications. For molecular imaging, the ideal nanocrystal size is between
5 and 50 nm, where they can escape phagocytosis better than larger nanoparticles and
therefore have longer blood circulation times.® Fortunately, this size range can coincide
with late MAR or SDR for these IONCs, meaning their r, can be optimized and still be useful
for molecular imaging. Commercial IONCs used as MRI contrast agents are generally
within this size range but exhibit much lower r; values (< 200 mM! s1) — likely because of
smaller core sizes, poor sample uniformity, and unoptimized surface coatings.* ?* In
general, for high r2 IONCs, the largest core size and smallest coating thickness possible —
while still maintaining SDR, colloidal stability, and low toxicity — are ideal. However, if a
larger hydrodynamic diameter is needed for other reasons (e.g., biocompatibility,
colloidal stability, functionalization), reducing grafting density may help to maintain a high
r2. Finally, “smart” T, contrast agents could use in situ stimuli responsive changes in
surface coating — an intraparticle effect — rather than clustering — an interparticle effect —
for enhanced contrast in molecular imaging without the same risk of uncontrolled
aggregation.>1 Under this new intraparticle paradigm, IONCs could be designed to “turn
on” (ELR to SDR; increasing r) or “turn off” (SDR to MAR; decreasing r;) by reducing their
coating thickness or grafting density (i.e., via degradation or shedding), and therefore

water diffusion time, in response to molecular stimuli (Figure 3.5b).

3.5. Experimental Section

Materials: Iron(lll) oxide (FeO(OH), hydrated, catalyst grade, 30-50 mesh), 1-octadecene

(1-ODE, technical grade 90 %), oleic acid (OA, technical grade 90 %), octylamine (99 %), 2-
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acrylamido-2-methylpropane sulfonic acid copolymer (PAMPS), poly(acrylic acid) (PAA,
My = 1800 Da), lauryl acrylate (LA, technical grade 90 %), poly(maleic anhydride-alt-1-
octadecene) (PMAO, My, = 30,000 — 50,000), calcium sulfate (> 97.0 %), 1 % penicillin-
streptomycin (PS), Dulbecco’s Modified Eagle’s Medium (DMEM, ATTC, Mannassa, VS),
fetal bovine serum (FBS), and trypsin-EDTA were obtained from Sigma-Aldrich. Acetone
(99.5 %), nitric acid (HNOs, 70 %), diethyl ether (DEE, certified ACS), ethanol (99.8 %),
methanol (certified ACS), dimethylformamide (DMF, 99.8 %), hexanes (98.5 %), 1-ethyl-
3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC), sodium bicarbonate (99.7
%), and hydrogen peroxide (H202, 30 %) were obtained from Fisher Scientific. Methyl
ether poly(ethylene glycol) amine (mPEG-NH3) (My, = 2,000 Da) was obtained from Laysan
Bio. Human dermal fibroblasts (HDF) were obtained from Cambrex. CellTiter 96® Aqueous

One solution Cell Proliferation Assay (MTS assay) was obtained from Promega.

Synthesis of size-controlled iron oxide nanocrystals: Hydrophobic iron oxide
nanocrystals (IONCs) were synthesized by a modified procedure reported previously by
our group.”? Iron(Ill) oxide (FeO(OH), 0.178 g), oleic acid (OA, 2.26 g), and 1-octadecene
(1-ODE, 5 g) are mixed in a 100 ml three neck flask and heated to 120 °C for 2 h to remove
residual water. The solution is then heated to 240 °C for 30 min to generate iron oleate
which is a precursor to nanocrystal formation. After further heating to 320 °Cfor 2 h under
inert conditions (N2), the precursor decomposes yielding IONCs. To purify the resulting
black colloidal nanocrystal sample, 20 mL of methanol and 20 mL acetone are added to 5
mL of sample and centrifuged at 4150 rpm for 30 min. Treatment with hexanes allows

this precipitate to be dissolved, and the process of centrifugation and resuspension is
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repeated six times. The final solution containing 10 nm IONCs is stored in hexanes. For 16
nm IONCs, the molar ratio between FeO(OH) and oleic acid is changed from 1:4 to 1:5
with all other conditions remaining the same. For 4 nm IONCs, the above prepared iron
oleate (0.15 mmol, 0.09 g) and oleic acid (0.3 mmol, 0.08 g) are mixed with 5 g 1-ODE at
320 °C for 0.5 h under inert conditions (N2). For 33 nm IONCs, a mixture of FeO(OH) (50
mmol, 4.5 g), oleic acid (200 mmol, 56 g), and 1-ODE (40 mmol, 10 g) are heated to 240

°C for 2 h and then 320 °C for 12 h.

Oleic acid bilayer coating: An oleic acid bilayer serves as a suitable coating for these
materials and is generated following a previously published procedure.®” Briefly, oleic acid
(0.95 —9.5 uM) is mixed with 1 mL of nanocrystal solution dispersed in ethyl ether (1,500
— 4,000 mg Fe L'Y). After stirring the mixture for 24 h, ultrapure water (Millipore, 18.2 MQ)
or 0.1 M sodium bicarbonate (pH 9) solution is added and stirred for an additional 2 h. To
facilitate dispersion in water, the sample is probe sonicated (UP 50H, Hielscher
Ultrasonics) at a 60 % amplitude for 10 min. While stirring, the sample is uncovered for
24 h resulting in the complete evaporation of residual organic solvent. Sample purification
is carried out using ultracentrifugation (Optima L-90K ultracentrifuge, Beckman coulter)
at 35,000 rpm for 3 h twice, followed by syringe filtration (pore size of 0.45 uM, Whatman
NYL). Inductively coupled plasma—optical emission spectroscopy (Agilent, ICP-OES) is used
to determine the phase transfer yield by the iron concentration of samples before and

after phase transfer.
Octylamine (OA)-modified poly(acrylic acid) (PAA-OA) coating: Octylamine-modified

poly(acrylic acid) (PAA-OA) polymer and PAA-OA coated nanocrystals were prepared by a
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previously published procedure.®® To generate PAA-OA, PAA (0.6 g, 0.33 mmol) is
dissolved in DMF (10 g) and stirred for 10 min. Then, EDC (0.58 g, 3 mmol) is added to
PAA/DMF solution, followed by octylamine (0.5 mL, 3 mmol). After stirring overnight, a
rotary evaporator (Buchi Rotavapor R-200) is used to remove DMF as the PAA-OA solution
is subjected to vacuum. The final PAA-OA solution (15 mg mL?) is dispersed in chloroform

(40 mL).

PAA-OA polymer solutions (1 — 7 mL) are mixed with 1mL nanocrystal solution (typically
1,500 — 4,000 mg Fe L in chloroform) and stirred for 24 h. Chloroform is allowed to
evaporate using air or vacuum. Sodium bicarbonate (0.1 M) is added for every 10 mL of
solution and the resulting suspension is probe sonicated at 60 % amplitude for 10 min.
Purification relies on ultracentrifugation (40,000 rpm for 3 hours, twice) and syringe
filtration (0.45 uM, Whatman NYL) providing a black product that is easily dispersed in
ultrapure water (Millipore, 18.2 MQ).%L Inductively coupled plasma—optical emission
spectroscopy (ICP-OES) is used to determine the phase transfer yield through the

measurement of the iron concentration of samples before and after phase transfer.

Poly(2-acrylamido-2-methylpropane sulfonic acid) (PAMPS)-lauryl acrylate (LA)
(PAMPS-LA) coating: Poly(2-acrylamido-2-methylpropane sulfonic acid)-lauryl acrylate
(PAMPS-LA) is synthesized via copolymerization of 30 g of AMPS (207.23 Da, 0.1447 mol)
and 22.5 mL of LA (240.38 Da, 0.0827 mol) in 300 mL of DMF solution. This photoinitiated
reaction occurs when exposed to ultraviolet light of 352 nm wavelength. As synthesized
PAMPS-LA was used without further purification. The varied ratios of PAMPS-LA polymer
per nanocrystal are prepared by adding 1 — 7 mL (15 mg ml* in DMF) to 1 mL nanocrystal
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solution (typically 1,500 — 4,000 mg Fe L' in diethyl ether (DEE)). If the mixture is cloudy,
more DMF may be added to further solubilize the polymer. After stirring for 24 h, 10 mL
of ultrapure Milli-Q water is added, and the solution is stirred uncovered for 24 h and the
diethyl ether is evaporated. Samples are purified of excess free polymer in solution using
ultracentrifugation (40,000 rpm for 3 hours, twice) and syringe filtration (0.45 uM,
Whatman NYL) and redispersed in ultrapure water. Inductively coupled plasma—optical
emission spectroscopy (Agilent, ICP-OES) is used to determine the phase transfer yield

from the iron concentration of samples before and after phase transfer.

Poly(maleic anhydride-alt-1-octadecene) (PMAO)- poly(ethylene glycol) (PEG) methyl
ethers (MPEG-NH2) (PMAO-PEG) coating: The method for coating poly(maleic anhydride-
alt-1-octadecene-poly(ethylene glycol) (PMAO-PEG) onto nanocrystals is adapted from a
previously reported protocol.22 PMAO (My = 30 — 50 kDa) is mixed with mPEG-NH; (My, =
2 kDa) in chloroform and stirred overnight to make the PMAO-PEG amphiphilic copolymer
(molar ratio of PMAQ/PEG, 1:5 to 1:30). The varied ratios of PMAO-PEG to nanocrystal
are prepared by adding 1 — 7 mL (20 mg L) of polymer solutions to 1 mL nanocrystal
solutions (typically 1,500 — 4,000 mg Fe L't in chloroform) followed by 24 hours of stirring.
During this time chloroform is allowed to evaporate using air or vacuum. After adding 0.1
M sodium bicarbonate (10 mL), the mixture is probe sonicated at 60 % amplitude for 10
min. Purification proceeds using ultracentrifugation (40,000 rpm for 3 hours, twice) and
syringe filtration (0.45 uM, Whatman NYL), followed by redispersion of purified product

into ultrapure water. Inductively coupled plasma—optical emission spectroscopy (ICP-
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OES) is used to determine the phase transfer yield by the iron concentration of samples

before and after phase transfer.

Transmission electron microscopy (TEM): The nanocrystal sample diameter and size
variation are determined using a field emission JEOL 2100 transmission electron
microscope (TEM) operating at 200 kV with a single tilt holder. Samples are prepared for
TEM by evaporating one drop of nanocrystal solution on an ultrathin 400 mesh copper
grid (Ted Pella Inc.). Average nanocrystal size is determined using Image-Pro Plus 5.0
(Media Cybernetics, Inc., Silver Spring, MD) image analysis software to detect edges,

smooth holes, and determine the diameter for at least 500 nanocrystals per sample.

X-Ray Diffraction (XRD): The nanocrystal sample crystallinity is determined using a Bruker
D8 Discovery 2D x-ray diffractometer operating at 40 mA and 40 kV with a Cu tube (1.5413
R). A highly concentrated representative nanocrystal sample is drop cast onto a glass slide

and allowed to dry. The diffraction pattern is smoothed using Microsoft Excel.

Dynamic light scattering (DLS): The hydrodynamic diameter (nm) and zeta potential (mV)
of all synthesized and surface functionalized materials is measured using a ZEN-3600
Zetasizer Nano (Malvern, UK) equipped with a HeNe 633 nm laser. The recorded number
averaged hydrodynamic diameter (nm) is the average of five measurements for each

sample.

Inductively coupled plasma-optical emission spectroscopy (ICP-OES): To measure the

concentration of iron, a Perkin Elmer ICP-OES equipped with an auto sampler is used.
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Samples are prepared for ICP-OES analysis by acid digestion using nitric acid (HNOs, 70 %)

followed by hydrogen peroxide (H202, 30 %).

Matrix assisted laser desorption ionization time-of-flight mass spectroscopy (MALDI-
TOF-MS): To measure the molecular weight of polymers a matrix assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometer (Bruker Autoflex || MALDI-ToF)
equipped with a nitrogen laser operated at 337 nm is used. To prepare samples for
analysis, 1 pL of polymer is dissolved in a 4:1 solution of acetonitrile and water with 0.1
% (v/v) trifluoroacetic acid. Then, trace a-cyano-4-hydroxycinnamic acid matrix is
dissolved in a 4:1 solution of acetonitrile and water with 0.1% (v/v) trifluoroacetic acid.
After evaporating 1 plL of the sample solution on the plate, another 1 uL of matrix solution

is overlaid on sample spot and allowed to dry.

Vibrating Sample Magnetometry (VSM): Sample saturation magnetization was measured
using a Lake Shore 7400 Series vibrating sample magnometer. Prior to analysis, solid
samples obtained from dried nanocrystal solutions were mixed with a non-magnetic
matrix. Solid samples were prepared by mixing 100 pL of nanocrystal solution (1000 ppm
Fe) with 10 mg calcium sulfate and drying at 60 °C. The hysteresis loop was measured at
room temperature between 10,000 and -10,000 Oe. Representative 5, 8, 13, 19, and 31
nm IONCs were synthesized as previously reported and used for these experiments. The
mass saturation magnetization (Ms, emu g*) of these samples at 10,000 Oe were plotted
against their diameters (nm). These data were fit logarithmically and used as a standard
curve to find the saturation magnetization for the 4, 10, 16, and 33 nm IONCs used in all
previous experiments. For comparisons of literature magnetization values in Table 2, Ms
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is converted to volumic saturation magnetization (Mv, 10° A m') using pmagnetite = 5.18x10°

g m3 and the conversion factor from emu to A m? (1 emu = 103 A m?).

Relaxivity measurements: Various concentrations of nanocrystals are prepared by
dilution from stock aqueous solutions of nanocrystals with different coatings for MR
relaxivity measurement. The concentration of nanocrystals in the stock is determined as
described below. An MR relaxometer (NMR analyzer, mq60, Bruker, 1.41 T) is used to
determine the 1/T; of each sample over a range of concentrations. The r; of each sample
is determined from the slope of 1/T, plotted as a function of Fe concentration. Using
Equation 3, C/Dcoating and therefore Dcoating can be approximated from the slope of the line
generated from a plot of r2/Mv? as a function of d? for each coating using samples in MAR
(according to Figure 3.4). vy, is the molar volume of magnetic ions in the material
defined as the ratio of the volume fraction of nanocrystals in solution (f) to the atomic
concentration of magnetic ions [M] (Vmat = f /[M]; Vmagnetite = 0.2314 kg mol / 3(5180 kg

m=3) =1.49 x 10° m3 mol?),

In vitro MRI phantoms: /n vitro T, weighted MR phantom studies were performed in a
clinical 3 T scanner (Philips Ingenia®) using a turbo spin echo (TSE) sequence with TR =
2500 ms, TE = 100 ms and a slice thickness of 400 mm. Images are collected from IONC

samples with different concentrations, core sizes, and coating.

Cell Culture and MTS Assay: Human dermal fibroblasts (HDF, Cambrex) are cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, ATCC, Manassas, VS) with 10 % fetal bovine
serum (FBS) and 1 % penicillin-streptomycin (PS). HDF cells are floated by trypsin-EDTA

and resuspended in media (DMEM with 10 % FBS and 1 % PS) solution for the passaging.
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A standard colorimetric MTS assay (CellTiter 96, Promega) is used to determine the
nanocrystal cytotoxicity. HDF cells are grown in 96 well culture plates with over 80 %
confluency. Each set is prepared with different concentrations of nanocrystal solutions.
One set is treated as a blank (no nanocrystals) and the last set is used for the untreated
control (ethanol). Cells are incubated with select agueous nanocrystal solution for 24 h.
This solution is then suctioned out and replaced with 100 uL of fresh media (DMEM with
FBS 10 % and 1 % PS) solution and 20 uL MTS agent in each well. After incubation for 1 h
at 37 °C and 5 % CO,, the solution absorbance at 490 nm is measured via plate reader
(Spectra Max, M2, Molecular devices). All experiments are done in triplicate. The LDso for
each sample, which gives the dose required for 50 % cell death, is calculated by the

percentage of cell viability.

Total organic carbon (TOC) analysis: A Shimadzu TOC-L is used to measure the carbon
concentration for surface functionalized nanocrystals in water. Samples are prepared by
diluting 1 ml of the stock nanocrystal solution to 8.5 mL with Milli-Q water. Each sample
is run on a total non-purgeable organic carbon (NPOC) assay with triplicate 50 uL
injections. A standard calibration curve is made based on a range of carbon
concentrations (0.5 — 60 ppm) prepared using a TOC standard solution (Sigma-Adrich) (R?

=0.998).
Grafting Density Calculation: Grafting density (o) is calculated from TOC data using the
equation below:®°

o= [ClxMp,
Mp*Cp*[NP]*(4171851¢)

(1)
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The non-purgeable organic carbon concentration ([C]) from the TOC analysis is converted
from mg L' (ppm) to mol L'* (M) by using molar mass of carbon (12,010 mg mol?). To
determine the number of polymer molecules grafted on the nanocrystal surface (o), the
carbon concentration is multiplied by the molecular weight of the monomer (M,) and
divided by the polymer molecular weight (Mp), number of carbons per monomer (C,),

molar concentration of nanocrystals ([NP]), and surface area of the nanocrystal (4712,.).

153



3.6. Supporting Information

Figure S3.1 TEM images of IONC. TEM images of iron oxide nanocrystals phase transferred using (a)
oleic acid bilayer, (b) PAA-OA, (c) PAMPS-LA, and (d) PMAO-PEG polymers with core sizes 4.1 £ 0.8, 10.4
+1.2,16.6 £ 0.8, and 33.4 + 2.3 nm, respectively (scale bars = 20 nm). Size and morphology maintained

before and after phase transfer.
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Table $3.1 Hydrodynamic size of iron oxide nanocrystals with single layer surface coatings.

sample PEG 200 PEG 1K PVP 10K PEG 10K PAA 15K
(10 nm iron oxide)
Hydrodynamic size (nm) 31.3+8.7 33.4+6.8 36.1+5.3 39.3+6.1 48.8+4.5
r2 (MM s7) at 1.41T 1015413 | 1057+3.0 | 1386453 | 1957+6.7 | 202.3+6.9
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Figure S3.2 T2-weighted MR phantom images of IONCs. (a) Iron oxide nanocrystals depending on their
sizes (4, 16, 33 nm) at different concentration of Fe ions (0.05 mM, 0.1 mM), and (b) iron oxide
nanocrystals (10 nm core, 0.05 mM) with different surface coatings (oleic acid (OLAC) bilayer, PAA-OA,
PMAO-PEG, PEG 200, PEG 1K, and PEG 10K). Darker contrast corresponds to a shorter T2 and therefore

larger nanocrystal r2.
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Figure S3.3 Plots of 1/T2 values of iron oxide nanocrystals. Plots of r2 values of iron oxide nanocrystals

depending on their core diameters (4 to 33 nm) and surface coatings (oleic acid, PAA-OA, PAMPS-LA,

and PAMO-PEG) (a-d).
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Figure S3.4 IONC magnetization. Magnetization curves for 5, 8, 13, 19, and 31 nm iron oxide

T I
-10000 10000

nanocrystals (black, red, blue, light green, and dark green). Magnetization values for 4.0, 10.2, 16.0, and

33.1 nm iron oxide nanocrystals used experimentally obtained from standard curve using these data.
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Table S3.2 Molecular weight and grafting densities of iron oxide nanocrystals with different surface coatings.

33 nmiron oxide Oleic acid PAA-OA PAMPS-LA PMAO-PEG
Molecular Weight (g mol?) 283 2783 4615 30,000 - 50,000
Grafting Density (molecules nm) 12.13 4.11 3.67 0.00362
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Figure S3.5 MALDI-TOF of PAMPS-LA. The average m/z of PAMPS-LA is 4615 Da.
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Figure $3.6 IONC surface coating grafting density. Grafting densities of iron oxide nanocrystal with oleic

acid bilayer, PAA-OA, PAMPS-LA, and PMAO-PEG surface coatings.
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Chapter 4 The T1 Relaxivity of Gadolinium Nanoparticles in Biologically
Relevant Media: The Role of lonic Strength and Protein Association

4.1. Abstract

Protein association with nanoparticles has a significant impact on their biodistribution
and pharmacokinetics, but the impact of these interactions on the performance of
nanocrystal MRI contrast agents has received limited attention. As larger biomolecules
bind through weak or strong interactions with nanoparticles, particularly T1 contrast
agents, we would anticipate changes to the rotational tumbling rate and water access to
the particle, both of which will significantly impact the MRI contrast agent performance.
Here, we examine the effects of serum, as well as some of its constituent components
(serum albumin and salt), on the T; relaxivity of gadolinium oxide nanoplates. As might
be expected, the surface coating of these materials confers different relaxometric
responses in complex media. A carboxylate coating (PAA-LA) yields excellent colloidal
stability and lower protein affinity as revealed by size-exclusion chromatography (SEC)
has MRI contrast that is relatively unaffected by solution conditions; in contrast a polymer
coating rich in sulfonate (PAMPS-LA) is prone to aggregation in higher ionic strength and
more strongly associates with a model protein, human serum albumin (HSA). This system
has MRI contrast performance that varies markedly in different media. Design and
optimization of highly sensitive T1 nanocrystal contrast agents require consideration of

these factors in order to ensure optimal performance in-vivo.
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4.2. Introduction

Over the past several decades, nanocrystals have garnered considerable interest for their
potential use in medicine.!"® Applications in diagnostics, bioimaging, biosensing, therapy,
and movement and separation have all been demonstrated at the lab scale, but
translating these demonstrations into widespread use has been more limited.*® One
major challenge to the clinical translation of these materials is the difficult with predicting
their interactions with the complex environments of biological media.” Biological
components can passively coat nanoparticles, or actively work to transform them
chemically, both of which can lead to concerns about nanoscale-specific toxicity and

difficulty with predicting biological behavior.?°

Arguably the most significant obstacle to the effective intravenous use of nanocrystals in
biomedicine is the difficult with predicting and controlling their interactions with serum
— particularly proteins.>*> Much work has gone into understanding the adsorption of
protein layers, often termed a ‘corona’, on nanocrystals in physiological media. This
phenomenon can be leveraged for some benefit in a few examples.'? 1% 14-19 However,
often the formation of ill-defined protein coronas around nanoparticles complicates the
design and application of these materials. In the case of nanocrystal magnetic resonance
imaging (MRI) contrast agents, protein coronas could change the rotational tumbling rate
of a nanocrystal and access of water to its surface, which could dramatically affect its

contrast performance.?%-24

Forming high performance T1 contrast agents is of great importance broadly in medicine.

Tens of millions of people per year undergo MRI procedures, approximately half of which
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require contrast agents to enhance their images and help visualize and differentiate
between soft tissue, organs, and possible abnormalities associated with disease.?>?’
Contrast agents enhance images by reducing the relaxation time of water protons, thus
increasing signal production. T1 contrast agent, often preferred over T2 contrast agents

by radiologists, enhance contrast positively showing up bright white in an image.®

Nanoparticle T1 contrast agents generally rely on gadolinium-containing nanoparticles
and offer the possibility of reduced nephrotoxicity and improved performance as
compared to the clinical gadolinium chelate standards. Contrast performance is generally
captured by an agent’s relaxivity, r1, which measured the contrast agent’s acceleration of
the water proton relaxation. This metric is affected by both inner and second sphere
relaxation mechanisms.?® The inner and second spheres of a contrast agent are the region
where water is coordinated to the magnetically active ion of the contrast agent and the
region just beyond that, respectively. The contribution of second sphere relaxation
mechanisms is primarily impacted by the number of water molecules in the second
sphere.?> 24 2 For nanocrystal contrast agents, this is affected by the hydrophilic surface
coating and if more water molecules are bound in the second sphere, the better the
performance. The contribution of inner sphere relaxation mechanisms is most affected
by the number of water molecules in the inner sphere, the exchange rate between the
inner sphere and the bulk, and the overall rotational tumbling rate of the contrast agent
in solution. 23 24 2% Generally, higher performance results from increasing inner sphere

water molecules and exchange rates but decreasing tumbling rate.
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Upon introduction to biological media, particularly intravenous administration to blood
serum, the formation of protein coronas around nanocrystal contrast agents could affect
both inner and outer sphere relaxation processes. Depending on the extent of protein
interactions, relaxivity could be drastically altered by decreases in tumbling and access of
water to the inner and second spheres. In the case of tumbling, moderate decreases in
tumbling increase relaxivity, while excessive decreases in tumbling could drastically

decrease it.2% 222422 To what extent this plays a role in imaging performance is not known.

Here, we examine the effects of serum, as well as some of its constituent components
(protein and salt), on the T relaxivity of high-performance gadolinium oxide nanoplates
with different coatings (PAMPS-LA and PAA-LA). The differences in functional groups
between the two encapsulation agents, PAMPS-LA (sulfonate) and PAA-LA (carboxylate),
confer different relaxometric responses to protein and salt concentrations. Our results
support the hypothesis that coatings with low protein affinity, but good colloidal stability,
may be ideal for retaining high relaxivity under physiologically relevant conditions where

there is always a very high concentration of protein relative to nanocrystal.

4.3, Results and Discussion

The synthesis of gadolinium oxide nanoplates (GONP) was reported by Cao et al. and
modified slightly in this work to offer broader size control and improved uniformity.2® 30-
40 Briefly, gadolinium oleate precursor in a high boiling point solvent (1-octadecene) is
decomposed in the presence of surfactant (oleyl amine and/or oleic acid) at high
temperature (290 — 380 C) to initiate nucleation and the formation of gadolinium oxide

nanocrystals. Either because of the unique crystallography of rare earth oxides and/or
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solution-phase soft templating of surfactants during their formation, these hydrophobic
nanocrystals have a plate-like morphology with uncoated edges. %% 3842 The face shape
can range from roughly square to quasi-spherical and even completely anisotropic.?® 3%
33,38 Though nanoplate edge width remains relatively constant, face dimension can be
reliably controlled by reaction time and the molar ratio of reagents.?® 373 Dimensional
control is important for any prospective nanomedicine, including nanoscale MRI contrast
agents, because the physical size of a nanomaterial can affect its performance, toxicity,

biodistribution, cellular uptake and retention, and pharmacokinetics.*3-4’

Transmission electron microscopy (TEM) is used to characterize GONP size and shape
(Figure 4.1a-d and S4.1a-d). The plate-like morphology of these samples is evidenced by
particles lying flat and edgewise on the TEM grids. GONPs are monodispersed and exhibit
face sizes from about 6 to 17 nm with a constant edge width of about 1.1 nm — the
approximate unit cell length of cubic gadolinium oxide (1.0824 A).*® X-ray diffraction
(XRD) and Raman spectroscopy indicate that the crystal phase of GONPs is cubic Gd,03
(1a3, bixbyite) (Figure S4.2 and S4.3). In particular, strong peaks in the GONP XRD pattern
are consistent with the miller indices of cubic Gd.0s: (222), (400), (440), (622), and
(662).%° Relative broadening in the (222) peak compared to others provides additional
support for the anisotropic morphology of GONPs. Similarly, a range of bands in the GONP
raman spectrum are consistent with those of cubic Gd,0s: 95 (strong), 108 (very weak),

235 (weak), 316 (medium), 361 (very strong), 447 (medium), and 568 (medium) cm™.>0

To provide colloidal stability in physiologically relevant media, robust and biocompatible

surface coatings are needed for nanoscale contrast agents.”>* However, because the
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Figure 4.1 Characterization of Gd:03 nanoplates cores and surface coating. TEM images of
monodisperse Gd20s nanoplates with dimensions of (a) 6.5 + 1.1, (b) 10.0 + 1.6, (c) 11.5 + 1.3, and (d)
17.0 £ 1.6 nm. The scale bar (white) for all images is 50 nm. (e) Schematic representation of the phase
transfer of Gd203 nanoplates using (1) ligand replacement and (2) encapsulation. FTIR spectra of oleic
acid coated (OA) Gd20s3 nanoplates before and after phase transfer with (f) PAA-LA or (g) PAMPS-LA. (h)
Hydrodynamic diameter and (i) zeta potential of PAA-LA and PAMPS-LA coated Gd20s3 as a function of

pH (4 — 10).
contrast performance of T1 contrast agents is dependent on close (2.7 — 3.3 A) inner-
sphere interactions between water and gadolinium, surface coatings must also maintain
adequate surface accessibility.3% >>° These two requirements — colloidal stability and
surface accessibility — are often in tension, but the anisotropic morphology and
asymmetric hydrophobic coating (oleyl amine and/or oleic acid) of GONP provide an

opportunity to secure both post-phase transfer.?® 3842 To examine a range of possible

176



surface chemistry, in this work three polymeric surface coatings were applied to the

GONPs as a means to ensure good colloidal stability and high contrast performance.

Two different methods were used to form the surface coatings in these systems. In a
ligand replacement phase transfer, some or all of the original hydrophobic surface coating
(oleyl amine and/or oleic acid) is replaced with a water-soluble ligand with a higher
affinity for the GONP surface. The new water-soluble ligand coats the entire GONP
surface, including its edges — limiting water accessibility (Figure 4.1e). Polyethylene glycol
(PEG) — a neutral, hydrophilic, biocompatible polymer commonly used to enhance the
colloidal stability and pharmacokinetic behavior of nanomedicines — is typically used to
phase transfer nanocrystals via ligand replacement. 41-69-62 Sych ligand replacement phase
transfer procedures result in water-soluble GONPs but offer sub-optimal contrast
performance.3% 3638 40 Alternatively an encapsulation phase transfer procedure results in
water-soluble GONPs with exceptional contrast performance.?® 3% In an encapsulation
phase transfer an amphiphile is used to overcoat existing hydrophobic ligands. For the
nanoplate geometry the amphiphilic encapsulation agent confers colloidal stability while
also maintaining vacant edges for water accessibility (Figure 4.1e). Here, lauryl acrylate
(LA) modified poly(acrylic acid) (PAA) and poly (2-acrylamido-2-methyl propane sulfonic
acid) (PAMPS) amphiphilic copolymers (PAA-LA and PAMPS-LA, respectively) are used to
phase transfer GONPs via encapsulation. Hydrophobic LA monomers function as anchors
to the hydrocarbon tails of oleyl amine and/or oleic acid ligands on the as-synthesized
GONP surface. PAA and PAMPS are both highly charged, biocompatible polymers used to

confer colloidal stability even under a range of harsh conditions.?® ©3¢° Notably,
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differences in charge density, hydrogen bonding, and acid character between sulfonate
(pKa = 1.9) and carboxylate (pKa = 4.5) functional groups on PAMPS and PAA could affect

GONP contrast performance, colloidal stability, and toxicity.”® 7*

To facilitate efficient phase transfer, as-synthesized GONP are purified by multiple rounds
of washing and centrifugation to remove excess solvent, unreacted reagents, and
unintended reaction products. Thermogravimetric analysis (TGA) data suggest that only
oleyl amine and/or oleic acid (boiling point = 360 C) are present on the surface of GONPs
post-purification (Figure S4.4). Polymeric phase transfer agents are characterized using
matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF
MS) and Fourier transform infrared spectroscopy (FTIR). From MALDI-TOF MS, PAMPS-LA
and PAA-LA are found to have similar average molecular weights of about 4300 and 4200
Da, respectively. Smaller (< 10,000 kDa) and similar polymer sizes like these could help
limit obstructions to water accessibility, reduce aggregation, and mitigate differences in
grafting density.?® From FTIR, all polymer samples have vibrational modes consistent with
their characteristic functional groups, absent that of C=C (1612 cm™) — confirming they
are polymerized (Figure $S4.5). The FTIR spectrum for PAMPS-LA has peaks corresponding
to an amide Il band (1570 — 1470 cm™?) and S=0 (1372 — 1335 cm™), N-H (3500 — 3100 cm"
1), C=0 (~1680 cm™), and C-H (3000 — 2840 cm?) stretching vibrational modes. The FTIR
spectrum for PAA-LA has peaks corresponding to O-H bending (1440 — 1395 cm-1) and
C=0 (1720 — 1706 cm), O-H (broad, 3300 — 2500 cm™), and C-H (3000 — 2840 cm™)
stretching vibrational modes. As confirmation of phase transfer, GONPs are also

characterized before and after the addition of polymeric surface coatings using FTIR
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(Figure 4.1f+g). Most notably, as-synthesized hydrophobic GONPs exhibit prominent C-H
(3000 — 2840 cm™) and COO- (1600 — 1400 cm™) stretching peaks characteristic of oleic
acid coordinated to a nanoparticle surface.”> 73 FTIR spectra for PAMPS-LA and PAA-LA
coated GONP all have the characteristic peaks of their respective polymer coatings as well
as those of oleic acid — indicating successful encapsulation. Dynamic light scattering (DLS)
is used post-phase transfer on GONP to characterize their initial colloidal stability in water
(pH 7) and acidic and basic conditions (pH 4 and 10). The hydrodynamic diameter and zeta
potential remain consistent across the pH range, indicative of no significant change in
colloidal stability (Figure 4.1h+l and Table S4.1). Slight changes in hydrodynamic diameter
and zeta potential for PAA-LA coated GONPS is reflective of the fact that the carboxylate
functional group of PAA-LA has a pKa around 4.5 while the sulfonate on PAMPS-LA has a
pKa of 1.9.71 7475 Phase transferred, polymer coated GONPs have no visible precipitates

or signs of aggregation over a period of several weeks.

While not the central focus of this work, we would note that the gadolinium-based
nanoplates studies here have among the highest contrast performance of any reported
gadolinium-containing material.?® 3% 76°1The ability of a contrast agent to produce
contrast in MR images is a function of the relaxation rates of water protons in the
presence of the contrast agent.?? Higher relaxation rates for both longitudinal (T1) and
transverse (T;) processes lead to more contrast between normal and abnormal tissues.
Materials that possess high relaxivity, r1, can be administered at low doses minimizing
toxicity without sacrificing resolution. To examine this potential for enhanced relaxivity

to increase the contrast of these agents in MR imaging, we evaluated the performance of
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surface functionalized gadolinium oxide nanoplates in comparison with the commercial
contrast agent Magnevist. Table 4.1 summarizes the relaxivity values for the molecular
contrast agent, Magnevist, and all three polymer-coated gadolinium oxide nanoplates.
Magnevist has an r1 of 3.4 + 0.1 mMs?, which is comparable to what can be found in the
literature.?* For PAMPS-LA-coated GONPs, r; has a value of 54.1 + 1.1 mMs?, and for

PAA-LA-coated nanocrystals, r1 is even higher with a value of 65.8 + 2.9 mM1s1,

The most reasonable explanation for these notable findings is that they are the result of
the inner- and second-sphere relaxation process.?% 28 The tumbling rate of our GONP
compared to the molecular-sized Magnevist is much slower, and this led to a significant
boost in T1 relaxivity because it allows water to have more effective interactions with
surface gadolinium. If water can get close enough to gadolinium, nearly 2.7-3.3 A, the
inner-sphere relaxation process will play a major role compared to the other mechanisms
that are accountable for relaxivity. 2% 28 93 %4 Getting water close to the nanocrystal core,

however, is always a challenge in these systems since the core is protected by a surface

Table 4.1 Ti relaxivities of Magnevist and polymer-coated Gd20s nanoplates in various media.

Contrast Surface ry ry ry
Agent Coating (Water) (10 mg/mL HSA) (100 mM NacCl)
Magnevist - 34+0.1 3.8+0.05 3.5+0.03
Gd.05 PAMPS-LA  59.9+1.9 83.9%5.1 38.9+2.1
Nanoplates
Gd.05 PAA-LA 65.8+1.1 65.3+4.2 65.5+ 1.5
Nanoplates
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coating. The special geometry of nanoplates offers an alternative in that the edges of
these nanoplates are available for close interactions while the large plate faces are
covered in polymers suitable for engineering biodistribution or enhancing even further
performance.?® This finding is indeed promising for the potential of these nanocrystals as
effective contrast agents. Also, the second-sphere mechanisms likely play an important
role here 8% 8> 90,95103 High|y charged polymers with significant H-bonding potential like
PAMPS-LA and PAA-LA could attract water into the second sphere thus significantly

increasing T relaxivity.?®

Solution conditions of serum, mainly salt and protein, can significantly affect the relaxivity
of MRI contrast agents by changing their interactions with water (Figure 4.2, Table 4.1,

Figure S4.6). The relaxivities of Magnevist and PAMPS-LA- and PAA-LA-coated GONPs

100
| BEWater
20 B HSA
B NacCl
= 60
HUJ
% 40 -
— i
20 A
D -

Magnevist PAA-LA PAMPS-LA

Figure 4.2 Characterization of Gd>0s3 nanoplates cores and surface coating. T: relaxivities of Magnevist,
and PAA-LA and PAMPS-LA coated Gd203 nanoplates in water, 10 mg/mL HSA, and 100 mM NaCl at 1.4

T.
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were measured in 100 mM and 10 mg/mL solutions of NaCl and human serum albumin,
HSA, respectively, and compared with their values in water (Figure 4.2, Table 4.1, Figure
$4.6). We selected HSA as a model protein given its abundance in serum.%* In all three
media, the T relaxivity of Magnevist remains approximately the same. This makes sense
because Magnevist is not known to significantly interact with proteins or monovalent
ions.?* In contrast the GONPS can be quite sensitive to the aqueous media conditions
depending on whether their surface chemistry. For coated GONPS, despite being similarly
charged, they have very different responses to media conditions. Like the commercial
agent Magneuvist, the relaxivity of PAA-LA coated GONPs is apparently unaffected by the
different solution conditions. On the other hand, the relaxivity of PAMPS-LA coated

GONPs is significantly affected by the different solution conditions.

These basic observations were also seen in studies of the concentration-dependent
impact of salts and proteins on relaxivity. Even across these concentration ranges, the
trend remains — PAMPS-LA coated GONPs significantly respond to protein and ionic
strength while PAA-LA coated GONPs do not We further explored these apparently
conflicting media-dependent trends in Ti relaxivity with a range of NaCl and HSA
concentrations (Figure 4.3, Figure S4.7). For the protein solutions, the Ti relaxivity of
PAMPS-LA coated GONPs increases by about 60 % with the addition of a small amount of
protein (2 mg/mL) and then remains there at concentrations up to 30 mg/mL (Figure
4.3a+b, gray). This is in contrast to the PAA-LA-coated GONPs which exhibit no significant
change in T relaxivity over the entire HSA concentration range (Figure 4.3a+b, red). These

data may be explained by differential interactions between HSA and the two surface

182



[ Gd,0,-PAMPS-LA (a) 150 e (b)
oo | I Gd.0-PAA-LA . 17 TR
g ;
R %
-y Z100 down .
= =
£ 3
- z
~ 30 — 504
e PAA-LA
. oL % PAMPS-LA
0 2 10 20 30 0 10 20 30
HSA (mg/mL) HSA (mg/mL)
- Gdzog-PAMPS-LA (c) 1004 o e ‘e (@
90 - Gdgog-PAA-LA =
E
e R 754
o £ g
= 1 =
g \;:: 504
= 30 3 =
= 25
= PAMPS-LA
e~ PAA-LA
0- 0 T T T T
0 50 100 150 0.00 0.05 0.10 0.15
lonic Strength (mM) Ionic Strength (M)

Figure 4.3 T: relaxivity of PAMPS-LA and PAA-LA coated Gd:03 nanoplates in various concentrations
of HSA and salt. Effect of (a-b) protein concentration (0 — 30 mg/mL HSA) and (c-d) ionic strength (0 —

150 mM NaCl) on the T relaxivity (r1) of PAMPS-LA and PAA-LA coated Gd:0s nanoplates at 1.4 T.
coatings. PAMPS-LA may have stronger interactions with HSA than PAA-LA, causing a
hydrodynamic diameter-dependent decrease in tumbling rate and therefore an increase
in r.29 21,23, 24,23 |n fact, the sulfonate functional groups on PAMPS-LA do offer greater
potential for H-bonding than the carboxylate groups on PAA-LA. Electrostatic and H-
bonding interactions were found to be the most significant factors affecting protein
absorption to sulfonated/carboxylated microspheres.”® In general, this seems to match
the literature which suggests that sulfonate bearing polymers, surfactants, and dyes bind
well to proteins and albumin and have a greater affinity for, and stronger binding to,

albumin (and other proteins) than carboxylate bearing polymers and surfactants.0>115
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For the NaCl solutions, the T relaxivity of PAA-LA coated GONPs only slightly decreases
with increasing ionic strength (Figure 4.3c+d, red). This is contrasted with PAMPS-LA-
coated GONPs which decrease in T1 relaxivity by about 70 % with increasing ionic strength
(Figure 4.3a+b, gray). These results may be explained by differences in zeta potential and
H-bonding potential. With a more negative zeta potential in water, sodium ions may be
more apt to replace water molecules in PAMPS-LA than PAA-LA, thus reducing the number
of water molecules in the inner and second spheres, and thus r1 much more significantly.
PAMPS-LA may also be retaining more water to be removed in the first place because of
greater H-bonding potential. Also, this greater degree of dehydration decreases the
hydrodynamic diameter of PAMPS-LA coated GONPs more, thus increasing its tumbling

rate and decreasing r1 (Figure $4.8).

Equipped with a better understanding of how salt and protein solutions affect the T
relaxivity of surface coated GONPs, we now turn to their relaxometric behavior in fetal
bovine serum (FBS) which is a combination of both. The T; relaxivity of PAMPS-LA and
PAA-LA coated GONPs in FBS are compared to their relaxivities in water (Figure 4.4). PAA-
LA coated GONPs exhibit little to no change in T relaxivity in response to the new media,
while PAMPS-LA coated GONPs increases by about 20 % in FBS. We examine the T;
relaxivity of PAMPS-LA coated GONPs in water, 100 mM NacCl, 10 mg/mL HSA, and a
mixture of both (HSA + NaCl) and compare them to the contrast performance in FBS
(Figure S4.9, Figure S4.10). First, the mixture has a lower r1 than HSA alone because of
the addition of NaCl. This could be because of reasons explained in previously

(dehydration) or that NaCl is disrupting protein NP interactions, preventing tumbling-

184



80 1 [ Water
Il FBS

~—~ 60

;u:n

=

EY
20 4
{]_

PAMPS-LA PAA-LA

Figure 4.4 T relaxivity of PAMPS-LA and PAA-LA coated Gd:03 nanoplates in FBS and water. T:
relaxivity (r1) of PAMPS-LA and PAA-LA coated Gd20s nanoplates in water and 10% FBS solution (3.7

mg/mlL total protein; 12.5 — 14.3 mM Na*; 9.8 — 10.8 mM CI') at 1.4T.
dependent increases in ri. In fact, it has been shown that increasing NaCl concentration
can decrease protein adsorption onto sulfonated polymers.'1® 17 Second, PAMPS-LA
coated GONPs in FBS has a lower ri than the mixture solution. This is because 10 % FBS
has a different profile of proteins, salts, and solutes and at different concentrations — for
10 % FBS, NaCl and protein concentrations are lower, but there are other proteins, salts,
and solutes present.'® 1% As such, it makes sense that nanocrystal interactions with
proteins in FBS could be weaker, lending to a lower r1 than HSA alone or the mixture.
Finally, the r1 of the mixture is closer to HSA alone than NaCl alone, which tells us the
effects of proteins on ri1 are likely more significant here. However, all this analysis is
predicated on there being a significant difference in protein interactions between PAMPS-

LA and PAA-LA coated GONPs, thus meriting further examination.
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To confirm our expectations that the sulfonated polymers were more likely to strongly
associate with proteins than the carboxylate coatings we turned to size-exclusion high
performance liquid chromatography (SE-HPLC). Chromatograms are recorded for PAMPS-
LA and PAA-LA coated GONPs before and after incubation in HSA and FBS solutions and
are compared with the profiles for the protein solutions alone (Figure 4.5). Because of
their differences in size and therefore elution times, free nanocrystals and free protein
have distinct peaks (blue vs red). In size exclusion chromatography for nanocrystal-
protein interactions, there is an exchange between free nanocrystals and proteins (slow
moving) and nanocrystal-protein complexes (fast moving) dictated by the following

kinetic equations:
A+B=C

dc

dt = abkformation - deissociation

where the association rate constant (kformation) and dissociation rate constant (kdissociation)
dictate the exchange rate and a, b, and c are the concentrations of nanocrystal, protein,
and nanocrystal-protein complexes, respectively.’?% 121 |f the exchange is slow, free
nanocrystals and proteins move together (one peak, monophasic) because they all spend
equal time being sped up by complexation — this would indicate the formation of a high
affinity, ‘hard’ protein corona around the nanocrystal.}”- 120 121 |f the exchange is fast,
some nanocrystals and proteins never complex, causing nanocrystal-protein complexes

to move faster and separately (multiple peaks, multiphasic) complexation — this would
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Figure 4.5 Size exclusion chromatography profiles for PAMPS-LA and PAA-LA coated Gd.0s nanoplates
in HSA and FBS solution. SE-HPLC profile of (a+c) PAMPS-LA and (b+d) PAA-LA coated Gd203 nanoplates

with and without (a+b) 10 mg/mL HSA or (c+d) 10 % FBS.

indicate the formation of a low affinity, ‘soft’ protein corona around the nanocrystal.l”

120,121

The SE-HPLC profiles of PAMPS-LA and PAA-LA coated GONPs indicate that they form hard
and soft protein coronas, respectively. PAMPS-LA coated GONPs in HSA and FBS have
multiphasic profiles that are stable over a wide range of protein solution incubation times
(0 — 24 hr) and therefore exhibit slow exchange (hard corona) (Figure 4.5a+c, Figure
S4.11a+b). Dissociation rate differences between monophasic and multiphasic profiles

can be estimated to be about 1 — 2 orders of magnitude.?° The profile for PAMPS-LA
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coated GONPs in FBS has three significant peaks compared to the two for HSA. This is
because, for the HSA solution, the only complex that can form is an HSA-nanocrystal
complex, resulting in an earlier complex peak and free HSA peak. For the FBS solution,
there are many other proteins than just albumin, so while the first earlier peak may
represent the formation of a nanocrystal-protein complex with a smaller protein like
albumin, the second even earlier peak could represent a complex formed between
nanocrystals and other larger/abundant proteins in FBS like phosphodiesterase subunits,
plasminogen, lactoperoxidase, ubiquinones, prothrombin, microglobulins,
trypsin inhibitor chains, and integrins.!'® 122 PAA-LA coated GONPs in HSA and FBS have
monophasic profiles that are stable over a wide range of protein solution incubation times
(0 — 24 hr) and therefore exhibit slow exchange (soft corona) (Figure 4.5b+d, Figure
S4.11c+d). Because PAA-LA coated GONPs have such rapid exchange, this allows them to
briefly interact with all proteins in solution, hence the single peak at an earlier elution
time — even in a solution like FBS where there are many different types of proteins.
However, this ability to interact with all the proteins in solution can be overwhelmed by

increasing the concentration of protein (Figure S4.12).

These SE-HPLC data support our hypothesis that the different relaxometric behavior
between the two different surface coatings, PAMPS-LA and PAA-LA, in protein solutions
can be attributed to their differential interactions with proteins. Since proteins do not
spend a lot of time interacting with PAA-LA coated GONPs (soft corona), it may be the
case that this is not sufficient to slow the tumbling of nanoparticles in solution and affect

ri. However, proteins do spend a long enough time associated with PAMPS coated
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nanocrystals (hard corona) to slow their tumbling rate and increase r1 — even in the

presence of salt and other solutes present in FBS.

However, as the protein-nanocrystal concentration ratio increases there is a critical point
at which r; decreases (Figure 4.6 and Figure S4.13). This decrease in r1 is likely the result
of too much protein built-up on the nanocrystal surface, causing excessive increases in
hydrodynamic diameter and aggregation, which can happen at high protein
concentrations (Figure $S4.14).123125 There are two ways such a scenario could negatively
impact T; relaxivity. First, excessive size-dependent decreases in tumbling can eventually
and drastically reduce r1.2* Second, with increased aggregation or protein build-up on
each nanocrystal, a semi-hydrophobic layer could start to form around the nanocrystal as
a result of phase separation, thus disrupting the accessibility of water to the inner or
second spheres and decreasing r1.1%® For PAMPS-LA coated GONPs (hard corona), as FBS
goes from 10 to 75 %, more nanocrystals are required to keep this critical point from
happening until eventually there is so much protein present (75 % FBS) that no amount
of nanocrystals (in the 0.1 — 1.8 mM Gd range) can overcome those forces. For PAA-LA
coated GONPs, which has a weaker interaction with proteins (soft corona), it is more
difficult to get an excessive amount of protein build-up on the nanocrystals and reach that
critical point. Therefore, it isn’t until the protein-nanocrystal ratio is very large (75 % FBS,

0.1 - 0.5 mM Gd) that the critical point can occur, decreasing ri.

A simple model for how the protein-nanocrystal could impact relaxivity suggests that
under physiologically relevant conditions (high protein-nanocrystal concentration ratio),

PAA-LA coated GONPs could outperform PAMPS-LA coated GONPs by over 350 % (Figure
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4.6). By making a few assumptions, the protein-nanocrystal concentration ratio at which
this critical point occurs can be calculated for each surface coating. This critical point
should be constant for each surface coating no matter the FBS concentration. To calculate
the concentration of nanocrystals (mM) from the concentration of gadolinium, we
assume a circular nanoplate with a diameter of 12 nm and width of 1.1 nm and a density
for cubic Gd,03 of 7610 mg/mL.1?’ To calculate the concentration of proteins in 10, 30,
and 75 % FBS solution, we estimated the average MW of proteins in 100 % FBS solution
using a weighted average of the 19 most abundant proteins primarily found in FBS (~59.2
kDa) and the average mass of a total protein found in three commonly used types of 100
% FBS stock solutions (37.2 g/L).1'° Using these assumptions, we find the critical protein-

nanocrystal concentration ratio (moles protein per moles of nanocrystal) to be about
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Figure 4.6 T1 relaxation rates of PAMPS-LA and PAA-LA coated Gd:03 nanoplates at different
FBS:nanocrystal concentration ratios. Longitudinal relaxation rate (1/T1, top) and Ti relaxivity (rs,
bottom) of (a) PAMPS-LA and (b) PAA-LA coated Gd20s nanoplates in 10, 30, and 75 % FBS over a range

of Gd*3 concentrations at 1.4 T.
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2100 and 500 for PAA-LA and PAMPS-LA coated nanocrystals, respectively. This makes
PAA-LA about 4.2 times more resistant to excessive protein-induced reductions in T
relaxivity. In the body, where the protein-nanocrystal concentration ratio will always be
very high, this may suggest that low affinity coatings (soft coronas) like PAA-LA may be
able to maintain high performance whereas high affinity coatings (hard coronas) like
PAMPS-LA would not. This would be counterintuitive from the water-based T relaxivity
values alone, where PAMPS-LA coated GONPs outperform the PAA-LA coated GONPs by

about 30 % (Figure 4.2).

Given our interest in clinical translation of these agents, we also screened these materials
for indications of cytotoxicity and gadolinium release (Figure 4.7 and Figure S4.15). Using
an MTS assay, surface chemistry dependent human dermal fibroblast (HDF) viability data
indicated none of the materials are significantly cytotoxic up to the highest
concentrations we could reasonably prepare (Figure 4.7). In the range of about 50 — 200
uM both PAMPS-LA and PAA-LA exhibit as much as about a 20 % decrease in viability
before recovering to about 100 % at higher Gd concentrations. We also explored whether
the materials released free gadolinium under a range of different conditions. An
important mode of toxicity for metal oxide particle is the release of free metals into the
biological environment.'?® We examined this process using a dialysis method to
distinguish free and nanoplate gadolinium in solution (Figure S$4.15). Over a period of 21
days in water, PAMPS-LA and PAA-LA coated GONPs do not exhibit significant dissolution
(< 7 %) while uncoated Gd,03 powder does (> 30 %). Over the same period in acetate

buffer (pH 4.5) — conditions similar to what can be found inside cellular lysosomes (pH 4.5
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Figure 4.7 Cell viability of PAMPS-LA and PAA-LA coated Gd20s nanoplates. (a) Percent of viable human
dermal fibroblast (HDF) cells evaluated by MTS assay after incubation with PAMPS-LA and PAA-LA

coated Gd203 nanoplates (0 — 250 uM Gd) for 24 h.
—5.5) —the coated nanocrystals exhibit more dissolution (< 30 %), but still not as much as
the uncoated powder (> 90 %).1?° This is likely because our robust surface coatings
prevent significant Gd dissolution even under acidic conditions (Figure S4.15). The
marginal dissolution of these surface coated GONPs could help explain their relatively low

cytotoxicity.

4.4, Conclusion

In this study, Gd203 nanoplates (GONP) were stabilized by highly charged amphiphilic
copolymers (PAMPS-LA and PAA-LA) for high T1 relaxivities. Their exceptional contrast
performance can be attributed to their plate-like morphology and negatively charged
surface coatings which together promote inner and second sphere relaxation processes.
We sought to use these high performance Ti contrast agents to examine the effects of

serum conditions on relaxivity and how, or if, surface coating can be used to mitigate
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those effects. The relaxivity of PAA-LA coated GONPs was generally unaffected by ionic
strength or protein concentration, while PAMPS-LA coated GONPs were significantly
affected. lonic strength induced a dehydration effect by which water was removed from
the inner and second spheres of GONPs, decreasing ri. This effect was more pronounced
for PAMPS-LA coated GONPs because of its greater zeta potential and H-bonding capacity
compared to PAA-LA. SE-HPLC and protein-nanocrystal concentration ratio dependent
data revealed that the differential effect of protein concentration on PAA-LA and PAMPS-
LA coated nanocrystals has to do with differences in protein interactions. Compared to
PAMPS-LA, PAA-LA coated GONPs have a lower affinity for proteins, resulting in the
formation of hard and soft protein coronas, respectively. This makes PAA-LA coated
GONPs about 4.2 times more resistant to excessive protein binding that can be
detrimental to T1 relaxivity at very high, and physiologically relevant, protein-nanocrystal
concentration ratios. Thus, supporting the use of low affinity coatings for high contrast
performance in vivo. Additionally, while the remarkable chemical stability of the Gd.03
nanoplates and their favorable in vitro cytotoxicity profiles suggest a positive biosafety

profile, in vivo toxicity remains to be fully characterized.

4.5. Experimental Section

Materials

Ethanol (100%), acetone (Certified ACS), hexanes (Certified ACS), DMF (Certified ACS),
DEE (Certified ACS), methanol (Certified ACS), methanol (HPLC grade), nitric acid (Certified
ACS), glacial acetic acid (Certified ACS), sodium acetate anhydrous (Certified ACS), and

water (HPLC grade) were purchased from Fisher Chemical and were used as received.
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Gadolinium(lll) nitrate hexahydrate (Gd(NOs3)3:6H,0, 99.99%), 1-octadecene (ODE, 90%),
oleylamine (OAm, 70%), oleic acid (OAc, 90%), 2,2'-azobis (2-methylpropionitrile) (AIBN,
98%), lauryl acrylate (LA, 90%), 2- acrylamido-2-methyl-1-propanesulfonic acid (AMPS,
99%), acrylic acid (AA, anhydrous), a-cyano-4- hydroxycinnamic acid (MALDI-TOF MS),
gadolinium standard for ICP (TraceCERT), bovine calf serum (BCS, SAFC USA sourced), and
micronized Gd,0s3 (> 99.9 %) were purchased from Sigma Aldrich. Deuterium oxide (99.9
%) and d-chloroform (99.8 %) were purchased from Cambridge Isotope Laboratories, Inc.
For cell studies, Raw 264.7 cells, DMEM, FBS, PBS, and MTS reagents were purchased from
ATCC (Manassas, Virginia). High purity Argon gas (>99%) for syntheses requiring inert
atmosphere conditions was purchased from TechAir. For syntheses requiring
photoinitiation, AIBN was further purified as follows: unpurified AIBN in dissolved in
methanol at 50 °C, solution filtered into ice bath cooled beaker until recrystallization, and
AIBN precipitate vacuum filter dried. All other reagents were used without further

purification.

Synthesis of Gadolinium Oxide Nanocrystals

In a three-neck flask (50 mL), Gd(NOs3)3-6H,0 (1.8 g, 4 mmol) was dissolved in oleic acid
(1.25-3.75 mL, 4-12 mmol) and 1-octadecene (12.7 mL, 80 mmol). The reaction mixture
was heated to 100-110 °C under inert argon atmosphere conditions and medium stir for
1-5htoremove low boiling point impurities and generate the clear yellow to light brown
gadolinium oleate precursor. After this period, oleylamine (0—4 mL, 0—-12 mmol) was
added, followed by raising the temperature to 290 °C for 3—-18 h. At this temperature, the

gadolinium oleate complexes decompose, initiating nucleation and nanocrystal growth,
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generating an opaque brown solution. While still stirring and under argon, solution
allowed to cool gradually to room temperature. After cooling, the following purification
procedure was done three times: product dissolved in hexanes (5—-10 mL), transferred
into a centrifuge tube (50 mL) and filled with a solution of ethanol and acetone (1:5 vol%),
and centrifuged for 10 min at 10 000 rpm. The final precipitate was resuspended in

hexanes (10 mL).

Synthesis of Amphiphilic polymers

Poly (2-acrylamido-2-methylpropane sulfonic acid-lauryl acrylate) or PAMPS-LA and poly
(acrylic acid-lauryl acrylate) or PAA-LA polymers were formed through a reaction of AMPS
and AA, respectively, with LA. For both polymers, the ratio of hydrophilic monomer (AMPS
or AA) to hydrophobic monomer (LA) was 4:1 to 5:1 in 3 mL DMF. After all reagents were
dissolved in a glass scintillation vial, AIBN (3.75 mg) was added to photoinitiate the radical

polymerization of monomers for 1 — 4 hr in a UV reactor (Luzchem, 253 nm).

Surface Modification of Gadolinium Oxide Nanocrystals

To achieve dispersion of the nanocrystals in an agueous phase, PAMPS-LA or PAA-LA was
used as a phase transfer agent. A 1:1 by volume mixture of a gadolinium oxide nanoplate
solution in DEE (25 mg mL-1) and a solution of polymer in DMF (80—-120 mg mL-1) were
added to a glass scintillation vial (20 mL). Both solutions were probe sonicated (Hielscher,
UP100H) for 5 min prior to preparing the 1:1 mixture. The mixture was stirred vigorously
for 12 h (cap on) to allow encapsulation to occur. After that time, DI water (10 mL) was

added to the mixture and stirred vigorously for another 12 h (cap off) to evaporate DMF
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and DEE and allow the PAMPS-LA encapsulated GONP to transfer into water. After
centrifuging the sample for 30 min at 6000 rpm and discarding the precipitate to remove
uncoated GONP, the following purification procedure was done three times: separated
sample equally between eight ultracentrifuge bottles (26 mL, polycarbonate, Beckman
Coulter), filled each bottle with DI water, centrifuged for 1 h at 45000 rpm using an
ultracentrifuge (Beckman Coulter, Optima L-90K), gently extracted supernatant liquid,
and resuspended precipitate in DI water. Finally, purified GONP were probe sonicated for
5 min and filtered using 0.2 um polyethersulfone (PES) membrane filters (Watman,

Pauradisk 25 mm syringe filter PES, nonsterile).

Relaxivity Measurement

The concentration of Gd3* was measured using a Perkin EImer Nexion 300 inductively
coupled optical mass spectrometer (ICP-MS) equipped with an autosampler. The sample
preparation started with digesting nanocrystals (100 pL) in nitric acid (70%, 500 pL, trace
metal basis) on a hotplate at =90 °C for 2 h. Acidified solutions were filtered and diluted
to 10 mL with deionized water using a 0.2 um PES syringe filter. Calibration curve samples
were prepared using dilutions of gadolinium standard solution (0.5, 1.0, 2.5, 5.0, and 10.0
mg mL™?) for ICP (1002 ppm in 2% nitric acid) using nitric acid solution (2%). GONP sample
solutions (0.5-2 mM Gd3*) were prepared for relaxometric analysis. T1 measurements
were carried out on an MR relaxometer (NMR analyzer mqg60, Bruker, Billerica, MA) at 1.4
T. The inverse of T1 relaxation time (1/T1, s7%) was plotted as a function of GONP sample

Gd** concentration (mM). A linear regression was made using the GONP sample
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concentration data points and the ionic relaxivities per Gd3* (mM™ s™) were extracted

from its slope.

Size-Exclusion High-Performance Liquid Chromatography (SE-HPLC)

Size-exclusion high-performance liquid chromatography (SE-HPLC) experiments used to
analyze protein-nanocrystal interactions were performed using an Ultrahydrogel-200 7.8
x300 mm column (Agilent 1100 series, bead size = 200 nm). Protein-nanocrystal solutions
(0.5 mL) were added to autosampler vials (Kinesis SureStop, 9mm short tread) for
analysis. A PBS buffer (pH 7.4) was used for the mobile phase, set to a flow rate of 0.5 mM
mint for 30 min. The final chromatograms were obtained via UV-Vis detector at 250 and
275 nm. Depending on the experiment, protein solutions (FBS or HSA) were incubated
with polymer coated gadolinium oxide nanoplates at room temperature for 1 — 24 hr.
However, experiments with incubation times approaching 24 hr were done in a

refrigerator (30 — 40 C).

Transmission Electron Microscopy (TEM)

For transmission electron microscopy (TEM) images, a JEOL 2100F (200 kV) and Phillips
FEI CM 20 (200 kV) with single tilt holders were used. Samples were prepared by dropping
diluted hexane solution of nanocrystals (nearly light brown solution) onto ultra-thin
Formavar/Carbon coated copper grids (type-A, 400 mesh, grid holes ~ 42 um, Ted Pella
Inc.). For each sample, at least 200 particles were analyzed in Image J to get their average

dimensions.

Thermogravimetric Analysis (TGA)

197



A Mettler Toledo TG50 thermogravimetric analyzer was used to assess the efficiency of
the pre-phase transfer hydrophobic gadolinium oxide nanoplates purification process.
Concentrated nanoplate samples were placed in alumina crucibles for TGA
measurements at a heating rate of 20 °C/min between 50 to 650°C. Measurements were

done in triplicate and under air atmosphere with a flow rate of 80 ml/min.

Matrix-Assisted Laser Desorption lonization-Time of Flight Mass Spectrometry (MALDI-

TOF MS)

Polymer number averaged molecular weights were measured using a Bruker autoflex
MALDI-TOF mass spectrometer with a 355 nm Nd:YAG SmartBeam laser. For MS analysis,
a 1:1 by volume mixture was made with a solution of PAMPS-LA or PAA-LA in ethanol (30—
50 mg mL™) and a saturated solution of a-cyano-4-hydroxycinnamic acid (MALDI matrix)

in ethanol.

Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was performed on polymers (PAMPS-LA
or PAA-LA) and nanocrystal coatings (before and after phase transfer) using a Thermo
Nicolet NEXUS 670 spectrometer equipped with a Mercury Cadmium Telluride (MCT)
detector cooled down with liquid nitrogen. In preparation for FTIR, samples were dried in
a desiccator overnight on a calcium fluoride round window (12 mm diameter, 2 mm thick).
The calcium fluoride window was used as a baseline with a resolution of 4 cm-1 and 128

scans. Samples spectra were measured between 800 and 4000 cm™.

Dynamic Light Scattering (DLS)
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Dynamic light scattering (DLS) was used to measure the hydrodynamic diameter and zeta
potential for nanoplate samples using a Malvern Zen6300 Zetasizer NanoS equipped with
a 633 nm laser. Aqueous samples were filtered (0.45 um PES syringe filter) and placed in
disposable plastic cuvettes. DLS measurements were performed in triplicate.
Hydrodynamic size (based on intensity-weighted measurements; Z-average) and zeta

potential are reported as the average with the standard deviation as error bars.
Raman Spectroscopy

The Raman spectrum for gadolinium oxide nanoplates was recorded at 532 nm using a
Witec Alpha 300 Confocal Raman Microscope. Spectra were acquired using between 5-20

accumulations for 30 s, a laser intensity of ~1%, and a grating of 600.
X-ray Diffraction (XRD)

X-ray diffraction patterns were measured using a Bruker D8 Discovery 2D X-ray
diffractometer operating at 40 kV and 40 mA with a Cu tube (1.5413 A). Diffraction
patterns were smoothed using Microsoft Excel. Samples were prepared for XRD by
dropping highly concentrated solutions of materials onto glass slides and heat drying.

Solid samples were fixed to glass slides using double sided tape.
Cell Viability Assay

Cell viability assays are convenient, sensitive, and colorimetric methods for evaluating cell
viability.130 Here, an MTS cell viability assay was performed in a 96-well plate for human

dermal fribroblasts (HDF), and each dataset was measured in triplicate. When preparing

199



the assay after detachment from the original culture flask, cells were plated in the first
three rows of a 96-well plate (seeding density: 2 x 104/well, 100 pL). The fourth 96 row
was filled with 100 uL media without cells to act as the blank. In rows 1-3, 20 uL of
nanocrystals (PAMPSS-LA- or PAA-LA-coated) with various concentrations (10 — 300 uM
Gd) was added from columns 3—-11 (this step was repeated in exactly the same manner
for the 2nd and 3rd rows). Instead of nanocrystals, the 1st column was filled with 20 pL
of media and the 2nd column was filled with 20 uL of PBS (negative control). The last
column (12th) was filled with 20 pL of ethanol (positive control) to produce dead cells.

Rows 5-9 were filled in the same way, but with different concentrations of nanocrystals.

The prepared 96-well plates were placed in the incubator for 24 hr. After the incubation
period, the solutions were removed from all wells using glass pipettes attached to the
aspiration tube and fresh prewarmed media (100 uL), and an MTS reagent (20 pL) was
subsequently added to all wells. After another 1 h incubation period, absorbance of each

well at 490 nm was measured using a microplate reader (TECAN Infinite M1000).

To calculate cell viability, first the average absorbance of blank wells was subtracted from
the negative control wells, nanocrystal-containing wells, and positive control wells to
remove the absorbance of media or nanocrystals. Then the average absorbance of all
wells (except the blank wells) was divided by the average absorbance of the negative
control. In this study, all negative control cells were considered viable cells where cell

viability is the percentage of the resulting value

Gadolinium Dissolution Studies
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Dialysis experiments coupled with ICP-AES were used to determine the amount of Gd3*
leaching from Gd-containing samples (PAMPS-LA and PAA-LA GONPs, micro Gd.Os3
powder, or Gd(NO3s)s3) dispersed in a variety of biologically relevant media (water and pH
4.5) over time (1, 4, 7, 11, 14, 18, and 21 days). Stock sample Gd** concentrations were
approximately 0.5 — 4 mM for nanoplate samples, approximately 5 mM for gadolinium
oxide powders (micro and nano), and 5 mM for gadolinium nitrate. For all experiments, 3
— 3.5 mL of sample was pipetted into a 7 — 10-inch section of dialysis tubing, sealed with
clips, and placed in a beaker of water or acetate buffer (4.5). Dialysates were manually
stirred twice daily for 30 seconds. Also, in the case of the micro and nano gadolinium
oxide powders, homogeneous solutions could not be prepared, and micrograms of
material weighed on an analytical balance were poured into the tubing and then water
was added. A 1:100 volume ratio of sample inside tubing to the dialysate was used for all
experiments. Spectra/Por 6 dialysis membranes (prewetted RC tubing, 1 kDa MWCO)
were used in all dialysis experiments. A Thermo Scientific iCAP 7400 DUO inductively
coupled plasma atomic emission spectrometer (ICP-AES) was used to measure Gd>*
concentrations of samples, tubing, and dialysate. Samples were digested with tubing in a
Milestone Ultrawave SRC microwave digestion system in preparation for ICP analysis.
Calibration curve standards were prepared using 0.050, 0.10, 0.25, 0.50, 1.0, 2.5, 5.0, 10,
and 50 ppm dilutions of a gadolinium standard solution for ICP (1002 ppm Gd3* in 2%
nitric acid) using 2% nitric acid solution. The following experiments always had total mass

recoveries of more than 70 % - with most were above 85 %.
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4.6. Supporting Information

Figure S4.1 Transmission electron microscopy (TEM) of Gd,O, nanoplates. TEM images of
monodisperse Gd,0, nanoplates with dimensions of (a) 5.7 £ 0.06, (b) 8.0 £ 0.07, (c) 9.7 + 1.3, and (d)

12.0 £ 1.3 nm. The scale bar (white) for all images is 50 nm.
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Figure S4.2 X-ray diffraction pattern of Gd:03 nanoplates. XRD patterns for as-synthesized Gd20s

nanoplates (black) and cubic Gd.0s.
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Figure S4.3 Raman spectroscopy for Gd203 nanoplates. Raman spectrum of Gd203 nanoplates (Aex =

532 nm).
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Figure S4.4 Thermogravimetric analysis (TGA) of Gd20s nanoplates. TGA profile of hydrophobic Gd203

nanoplates before (black) and after (red) purification via centrifugation.
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Figure S4.5 Fourier transform infrared (FTIR) spectroscopy of polymer coatings. FTIR spectra of (a)

PAA-LA and (b) PAMPS-LA and their respective monomers before and after polymerization.
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Table S4.1 Hydrodynamic diameters (HD) and zeta potentials for coated GONPs in varying pH solution

PAMPS-LA GONP PAA-LA GONP
pH HD (nm) Zeta potential HD (nm) Zeta potential
(mV) (mV)
4 259+0.4 -32.3+6.3 11.1+0.5 -48.6+2.1
7 27.3+3.1 -45.5+1.0 37.8+5.4 -33.0+2.8
10 26.8+1.6 -34.7+25 32.0+£2.2 -36.7+0.8
80
B PAA-L A-water
B PAMPS-L&-water
60 4  ePAALAHSA
® PAMPE-LA-HEA
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Figure S4.6 Ti relaxation rates for Gd203 samples in water, protein, and salt solution. Longitudinal
relaxation rates (1/T1) of PAA-LA and PAMPS-LA coated Gd>03 nanoplates in 10 mg/mL HSA or 100 mM

NaClat1.4T.
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Figure S4.7 T1 relaxation rates for Gd.03 samples in different concentration solutions of protein and

salt. Longitudinal relaxation rates (1/T1) of (a) PAMPS-LA and (b) PAA-LA coated Gd»0s nanoplates in

different protein concentration solutions (0 — 30 mg/mL HSA). Longitudinal relaxation rates (1/T1) of (c)

PAMPS-LA and (d) PAA-LA coated Gd203 nanoplates in different ionic strength solutions (0 — 150 mM

NaCl). All measurements taken at 1.4 T.
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Figure S4.8 Dependence of surface coated Gd20s: nanoplates hydrodynamic size on solution ionic
strength. Effect of ionic strength (0 — 150 mM NaCl) on the hydrodynamic diameter (HD) of PAMPS-LA

and PAA-LA coated Gd203 nanoplates.
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Figure S4.9 T: relaxivity (r1) of PAMPS-LA coated nanoplates in water, salt, protein, and serum
solutions. PAMPS-LA coated Gd»0s nanoplates r1 in water, 100 mM NaCl, 10 mg/mL HSA, a solution of

100 mM NaCl and 10 mg/mL HSA, and 10 % FBS at 1.4 T.
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Figure S4.10 T: relaxation rates for PAMPS-LA coated Gd20s nanoplates in water, salt, and protein
solution. Longitudinal relaxation rates (1/T1) of PAMPS-LA coated Gd203 nanoplates in water, 100 mM

NaCl, 10 mg/mL HSA, and a solution of 100 mM NaCl and 10 mg/mL HSA at 1.4 T.
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Figure S4.11 Time-dependent size exclusion chromatograms for surface coated Gd.0s3 nanoplates in
HSA solution. Time-dependent SE-HPLC profile of (a,b) PAMPS-LA and (c,d) PAA-LA coated Gd203

nanoplates after the addition of 10 mg/mL HSA.
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Figure S4.12 Time-dependent size exclusion chromatograms for surface coated Gd.0s3 nanoplates in
FBS solutions. Time-dependent SE-HPLC profile of PAMPS-LA and PAA-LA coated Gd»0s nanoplates after

the addition of (a,d) 10, (b,e) 30, and (c,f) 75 % FBS.
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Figure S4.13 Concentration-dependent size exclusion chromatograms for surface coated Gd.Os
nanoplates in FBS solution. Gd concentration-dependent SE-HPLC profile of (a-c) PAMPS-LA and (d-f)

PAA-LA coated Gd203 nanoplates after the addition (a,d) 10, (b,e) 30, and (c,f) 75 % FBS.
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Figure S4.14 Dependence of surface coated Gd.0s nanoplates hydrodynamic size on BCS solution
concentration. Effect of bovine calf serum (0—75 % BCS) on the hydrodynamic diameter (HD) of PAMPS-

LA (blue) and PAA-LA (red) coated Gd.0s nanoplates.

212



Water
(b)
AlOO N © Micro
xX 1 ©PAMPS-LA
— 80 OPAA-LA
S ]
> 60 A
2 40 |
a 4
(a) 3 @ ©
100 A S 20 ] ® o 9
— ] O 1
g o189 oo oe
el 0 5 10 15 20
O 50 1 Time (days)
©
S
o Water
= (d) 200
W Micro
0 - EPAMPS-LA
150 EPAA-LA

Dayl Day2 Day3

Total Gd (%)
8

w
o

TE

o

Figure S4.15 Dissolution of gadolinium from coated and uncoated Gd:0s particles in water and pH 4.5
solution. (a) Percent gadolinium released into dialysate (gray) from a water solution of Gd(NO3)3 in
dialysis tubing over 3 days. Percent gadolinium retained in dialysis tubing (pink) after 3 days. Percent
gadolinium released into dialysate from (b) water and (c) acetate buffer (pH 4.5) solutions of micronized
Gd203 powder (red), and PAMPS-LA (blue) and PAA-LA (green) coated Gd:03 nanoplates in dialysis
tubing over 21 days. Percent total gadolinium recovered from dialysate and dialysis tubing from (d)

water and (e) acetate buffer (pH 4.5) solutions of micronized Gd.0s powder (red), and PAMPS-LA (blue)
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Chapter 5 Clustered Magnetic Nanomaterials as MRI Contrast agents: Iron
Oxide Nanoworms and Ferrite Clusters

5.1. Abstract

Here, we present robust synthetic procedures allowing for the dimensional control of iron
oxide clusters, manganese-ferrite clusters, and nanoworms for use as highly sensitive MRI
contrast agents. Primary particle (4 — 10 nm) and cluster (20 — 200 nm) size of iron oxide
and manganese ferrite clusters are reliably controlled with reaction temperature and
concentration of water, respectively. The length of iron oxide nanoworms is reliably
controlled between 0.8 and 4.7 um by applied magnetic field during silica deposition. The
T2 relaxivity of these materials is exceptional (300 — 450 mM-*s!) compared to commercial
T2 MRI contrast agents (<200 mMst). Also, manganese ferrite clusters demonstrate
exceptional T1 relaxivity (80 mMs!) and open the door to advanced applications in
multimodal Ti1/T> imaging. In sum, with comprehensive dimensional control over
clustered magnetic materials, their magnetic properties can be optimized for the efficient

design of highly sensitive MRI contrast agents.

5.2. Introduction

Iron oxide nanocrystals (IONCs) have garnered considerable interest as gadolinium-free
MRI contrast agents.’® These materials generate localized inhomogeneous fields in the
large magnetic fields of MRI scanners which accelerate transverse water 'H relaxation (T2)
near their surface producing negative (dark) contrast in images. Due to their
biocompatibility, hepatobiliary biodistribution, and clearance mechanisms, IONCs are the

only gadolinium free nanoscale contrast agents approved by the US Food and Drug
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Administration (FDA) for clinical use as MRI contrast agents.? Commercial IONCs like
ferumoxytol (Feraheme) have been used for diverse applications including tumor imaging
(e.g., liver, spleen, lymph nodes, brain), stem cell tracking, angiography, and perfusion
imaging. More advanced applications in molecular imaging require stable and
biocompatible materials with enhanced contrast performance (T, relaxivity) and

specificity for greater sensitivity. 3-®

A major challenge to developing high performing T, contrast agents for advanced MRI
applications is understanding their physiochemical and magnetic properties in relation to
their relaxation dynamics. A common trend reported is that IONC contrast performance
(T2 relaxivity; r2) increases with core size due to increases in magnetization and water
diffusion times.”!! Because of their larger magnetic moments and high surface energy,
these materials also have the potential to aggregate — leading to acute toxicity, RES organ
uptake, and shorter circulation times.?'4 Robust surface coatings are therefore required
for optimal colloidal stability, pharmacokinetics, biodistribution, and biocompatibility.'
13 Surface coating, along with crystallinity, shape, and clustering, are also known to
significantly impact r2.2°28 Clustering is a particularly interesting approach as it offers an
enhanced magnetic properties and greater tunability than other types of magnetic
materials.” 3 However, greater synthetic control of the dimensions of clustered materials

is needed take advantage of their tunability for use as MRI contrast agents.' 3 %°

Here, we present robust synthetic procedures allowing for the dimensional control of iron
oxide clusters, manganese-ferrite clusters, and nanoworms for use as highly sensitive MRI

contrast agents. Iron oxide nanocrystals are monodispersed and colloidally stable with
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primary particle and cluster sizes controlled between 4 to 10 and 20 to 200 nm,
respectively. Primary particle and cluster size are reliably controlled with reaction
temperature and concentration of water, respectively. Consistent with contemporary
relaxation theory, T relaxivity is cluster size dependent with optimal dimensions around
50 nm for a maximum r, of approximately 350 mM-1s1.3 30,31 Sjlica-encapsulated iron
oxide nanoworms are monodispersed and colloidally stable composed of 40 nm iron
oxide cluster subunits with controllable length (0.8 — 4.7 um). Length of nanoworms is
reliably controlled by the linear external magnetic field strength applied during silica
deposition. T; relaxivity is nanoworm length dependent with optimal size around 2 pum
for a maximum r, of approximately 450 mM-1s1, Reaching maximum r; at such a large size
is unexpected but can be explained by the affect its impermeable silica surface coating
has on the relaxation of water.® 3932 The maximum r, for these materials is also
attributable to their large saturation magnetizations. Beyond clustering, another effective
way is to increase saturation magnetization of the materials by doping other divalent
metals such as Zn, Mn, Co, and Ni and forming ferrites (MxFes.xOs, M = Zn, Mn, Co, Ni).>
10, 18, 3336 \We synthesize manganese ferrite clusters (MFCs) with the same range of
dimensional control as iron oxide clusters, but with greater saturation magnetization and,
as expected, T, relaxivities much greater than their dimensionally similar counterparts
(450 vs 275 mM-1sl). Manganese composition is easily controlled with the ratio of iron
and manganese salts. Also, inclusion of paramagnetic ions like Mn?* give MFCs
exceptional T1 relaxivities (80 mMs!), making them promising dual T1/T, contrast

agents for advanced multimodal imaging applications.3”*? In sum, with comprehensive
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dimensional control over clustered magnetic materials, their magnetic properties can be

optimized for the efficient design of highly sensitive MRI contrast agents.

5.3. Results and Discussion

5.3.1. Iron Oxide Clusters

Here, we synthesize iron oxide nanoclusters with control of primary particle diameter (dp)
and overall cluster diameter (D.) over a wide range of sizes. Iron salts hydrolyzed in
alcohol at high temperatures form iron oxide nanocrystals that aggregate into individual
clusters (Figure 5.1a). Studies have demonstrated that there are many steps during this
process.*> 44 Small amount of water in the alcohol solvents cause the formation of iron
hydroxides, which form denser, crystalline iron oxides (primary particles) like magnetite
at temperatures over 185°C (Figure 5.1b). Hundreds of these primary particles then
aggregate into compact, and porous, clusters. These clusters can be characterized by both

primary particle (dp) and cluster (D) size (Figure 5.1c). Independently controlling these

a '
FeCl; |Ethylene
PAA! M Glycol
Urea +

L Water
b

i.  CO(NH,), + 3H,0 — CO, + 2NH," + 20H-

ii. Fe¥ + 30H — Fe(OH);

iii. Fe(OH); + OHCH,CH,0OH — Fe(OH), + OHCH,CHO
iv. Fe(OH), + 2Fe(OH); — Fe;0,

Figure 5.1 Synthesis of the iron oxide nanoclusters. (a) Schematic outlining reaction procedure. (b)
Reaction pathway for the formation of Fes0a. (c) Transmission electron microscopy (TEM) image
outlining the dimensional parameters of iron oxide clusters: cluster (D¢, 50 nm) and primary particle (dp,

10 nm) sizes outlined in red.
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parameters, and over a wide range, has not been achieved. Attempts to make larger
primary particles by increasing iron concentrations has also led to larger (> 100 nm) and

more polydisperse clusters — with some smaller exceptions (30 nm).*>>1

Temperature and volume of water added can more effectively control primary particle
and cluster size, respectively. This approach yields a range of cluster (20 — 200 nm) and
primary particle (4 — 10 nm) sizes. As a necessary reactant for hydrolyzing iron salts, water
is critical in controlling cluster size; complete removal of water results in micron-sized
clusters.> Here, increasing the molar concentration of water (0.3 — 6.2 M) effectively
reduces cluster size (125 — 35 nm) with a constant primary particle size of about 4 nm
(Figure 5.2a-e). We hypothesize that increased water not only increases iron salt

hydrolysis, but also changes the solution viscosity, which promotes smaller and more

125 £9 nm

01 +
0 30 60 90 120150 0 30 60 90 120150 0 30 60 90 120150 0O 30 60 90 120150 0 30 60 90 120 150
Cluster size (nm) Cluster size (nm) Cluster size (nm) Cluster size (nm) Cluster size (nm)

Figure 5.2 Transmission electron microscopy (TEM) images and size distributions for iron oxide
clusters of different size. (bottom) Size distribution histograms and (top) are cluster samples of different
cluster sizes. The molar concentrations of water for each synthesis are (a) 6.2, (b) 3.9, (c) 2.6, (d) 1.1,
and (e) 0.3 M, respectively. The reported spread in diameter is the standard deviation from the

measured diameters of the 500 clusters. Scale bar: 200 nm.
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monodispersed clusters.3? >3 On the other hand, reaction temperature is useful for tuning
primary particle size. Reaction temperature both speeds up nucleation and facilitates
Ostwald ripening and LaMer growth.* In agreement with the literature, we find that
primary particle size increases with temperature.®® > Limited by the maximum
temperature of our reactor (275 °C), we achieve a maximum primary particle size of 10
nm (Figure 5.1c). Reducing the reaction temperature from 275 °C to the minimum
temperature allowing crystallization (185 °C), we achieve a range of primary particle sizes
(10 — 4 nm) with a constant cluster size of approximately 50 nm. Using these two
parameters, water concentration and reaction temperature, we can form libraries of
uniform iron oxide clusters with a range of cluster (25 — 90 nm) and primary particle (4 —

9 nm) sizes (Figure S5.1, Table 5.1).

Other reaction parameters like the reaction time and the concentrations of polyacrylate
(PAA), urea, and iron chloride (FeCls) could also be used to tune cluster and primary
particle size, but with varied success (Figure S5.2a-f). Urea and PAA have little impact on
either primary particle or cluster size compared to water and reaction temperature. As a
surface coating, increasing concentration of PAA prevents aggregation, reducing cluster
size (50 — 80 nm) but not over as wide a range as water.*®>6 Used as a base in the reaction,
urea is necessary to form the more dense, crystalline iron oxide and can therefore
decrease cluster size (50 — 100 nm) with increased concentration but not over as wide a
range as water.*? Cluster size is pretty sensitive to FeCls concentration (40 — 200 nm), but
produced optimally uniform clusters at 100 mM. Increasing reaction time can increase

primary particle size by Ostwald ripening, which in turn reduces sample uniformity.
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The crystal phase of iron oxide nanocrystals is characterized by x-ray diffraction (XRD),
Raman spectroscopy, and vibrating sample magnometry (VSM) to be magnetite (Fe304)
iron oxide (Figure S5.3 and Figure S5.4). For XRD, patterns for a wide range of cluster and
primary particle sizes are found to closely match the standard diffraction pattern for bulk
magnetite iron oxide between 10 and 95° (Figure $5.3a,b). Close attention to higher order
peaks (85 — 95°) help further confirm that these clusters are magnetite as opposed to
maghemite iron oxide (Figure S5.3c,d). However, since distinguishing between these two
phases is difficult in XRD, Raman spectroscopy shows that clusters have both Fe(ll) and
Fe(lll), characteristic of magnetite (Figure S5.4).>” As expected, samples smaller than 50
nm, VSM data show that clusters are superparamagnetic having no observable hysteresis
at room temperature (Figure S5.5). The saturation magnetization for these clusters
remains fairly constant (74 — 86 emu/g Fes304) no matter the cluster or primary particle
size. This strong magnetization, similar to that of bulk magnetite, is another good

indication the clusters are highly crystalline magnetite, rather than maghemite.>®

As-synthesized PAA-coated iron oxide clusters have reasonable colloidal stability in water.
After magnetic separation or centrifugation, clusters can be easily redispersed in water
forming a transparent yellow-brown solution at low concentrations. The infrared
spectrum for as-synthesized clusters shows that they have vibrational modes associated
with PAA, thus helping to confirm that they are PAA-coated (Figure $5.6). Not only does
PAA help bind primary particles in the clusters, but it also extends into solution and
promotes colloidal stability — PAA-coated 45 nm clusters have a hydrodynamic diameter

of about 65 nm (Figure 5.3a). However, PAA-coated clusters are not stable under
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physiologically relevant acidic and ionic (PBS) conditions (Figure 5.3b,c). Further
modification with a more colloidally stable polymeric surface coating is important for

future biomedical applications.

Here, we modify our clusters with a sulfonated copolymer poly(AA-co-AMPS) surface
coating to promote colloidal stability under harsher physiologically relevant conditions.>*
61 The hydrodynamic diameter of copolymer-coated clusters increases to 100 nm (Figure
5.3a). Further, the copolymer-coated clusters have much greater colloidal stability,
exhibiting no aggregation over a wide pH range and in PBS buffer solution (Figure 5.3b,c).
Sulfonate-containing polymers have been shown to exhibit great charge stabilization, and

therefore colloidal stability, over a wide range of harsh media conditions.>>®! Further,
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Figure 5.3 Cluster surface functionalization and colloidal stability. (a) DLS size distribution of a
representative as-synthesized PAA-coated cluster and poly(AA-co-AMPS) modified cluster (PDI of 0.12
and 0.11, respectively). (b) Hydrodynamic size PAA- and poly(AA-co-AMPS)-modified clusters at
different pH (x signifies visible aggregation). (c) Stability in phosphate buffered saline (PBS) solution of

PAA- and poly(AA-co-AMPS)-modified clusters.
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unlike the original carboxylate groups anchoring PAA to the clusters, poly(AA-co-AMPS) is
linked to the clusters via a stronger, bidentate, catechol (nitro-dopamine) interaction —
the nitro functionality further strengthening the bond.®?%> The molecular weight (87 kDa)
and composition of poly(AA-co-AMPS) are confirmed using HPLC and NMR, respectively

(Figure S5.7a-c).

The high saturation magnetization and lower dimensional tunability of these clusters
make them potentially useful for biomedical applications like contrast enhanced magnetic
resonance imaging (MRI).% > 31 Magnetic nanoparticles inside the external field of an MRI
system generate localized fields that facilitate the relaxation of water protons which, in
the case of T> contrast agents like our clusters, generates dark signal enhancement.? 3!
Phantom MR images demonstrate that these clusters do in fact affect contrast, and in a

concentration- and cluster size-dependent fashion (Figure 5.4a). The ability of a contrast

Particle Size (nm)
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Figure 5.4 T: weighted MR images and relaxivity of iron oxide clusters. (a) Phantom images of the
clusters as a function of cluster size and iron concentration (only 50 nm cluster are significantly dark at
0.2 nm). (b) T2 relaxivity as a function of cluster (Dc) and primary particle (dy) size. Black dashed line fits

the universal scaling law proposed by Vuong et al.
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agent to speed up relaxation, and therefore enhance contrast, is called its relaxivity.
Plotting the T, relaxivity (r2) as a function of cluster dimensions reveals that r; is
dependent on cluster and primary particle size (Figure 5.4b). Relaxivity decreases slightly
with primary particle size but is significantly impacted by cluster size — a trend following
the universal scaling law for clustered iron oxide T, contrast agents proposed by Vuong et
al.3% Consistent with this law, for smaller cluster sizes (20 — 50 nm) relaxivity increases
with size and for larger cluster sizes (50 — 100 nm) relaxivity decreases with size. Relaxivity
is maximized at a mid-range cluster size (~50 nm) because that is the size at which freely
diffusing water molecules spend the optimal amount of time being affected by the
cluster’s localized magnetic field — a similar cluster size trend (50 — 60 nm) found by
others.?% 30 Notably, this maximal relaxivity is quite high (>350 mM-1s?) — especially when
compared to that of commercial T, contrast agents (<200 mMs1).# In fact, our clusters

outperform similar clusters reported by Kratz et al. and Maity et al. (~300 mM1s1),66, 67

5.3.2. Nanoworms

Magnetic nanoparticles colloidally stabilized with polymer coatings can experience three
major interparticle forces in an external magnetic field: Van der Waals forces (attractive),
magnetic dipolar forces between magnetized particles (attractive), and charge/steric-
mediated forces (repulsive) (Figure 5.5). Magnetic nanoparticles are often coated with
thick and/or charged polymers like PEG or PAA to induce charge/steric-mediate forces for
greater colloidal stability.?® Magnetic moments of magnetic nanoparticles can attract

each other via dipolar forces and large enough magnetic nanoparticles can generate
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Figure 5.5 Schematic of forces governing nanoworm formation. (a) Attractive Van der Waals (VDW)
and magnetic dipolar forces (blue) and repulsive charge/steric forces (red). (b) Individual chains
(nanoworms) can be isolated with silica deposition (gray) when inter particle repulsion overcomes chain
bundling. (c) Bundling occurs and is isolated with silica deposition (gray) when interparticle repulsion is

weak.

motive forces in an external field — aligning parallel with field lines and forming one-
dimensional chains.®® If too concentrated, these one-dimensional chains can bundle into
three-dimensional superstructures.?® 8% Attractive, charge/steric-mediated forces from

surface coatings can prevent this process.

One-dimensional nanoparticle assemblies could be fixed via silica deposition into self-
contained chains that persist after the removal of the applied field (Figure 5.5b).
Balancing the relevant attractive and repulsive forces could tailor the length of these
chains — proportional to the number of nanoparticle subunits in the chain. Increasing the
external field increases attractive magnetic forces, thus bringing nanoparticles together
for greater chaining. However, decreasing repulsive forces can reduce interchain

distances, resulting in the encapsulation of bundles (Figure 5.5c).

237



Isolated chains of magnetic nanoclusters (Dc = 40 nm, dp = 6 nm) could be formed under
the application of modest applied fields, and the structures captured permanently using
a silica coating (Figure 5.6). Here, we use iron oxide nanoclusters (FNC) coated with a
highly charged sulfonated copolymer as the links, or building blocks, for larger one-
dimensional chains (nanoworms). These clusters have high susceptibilities, making them
sensitive to modest external fields and are composed of a general class of magnetic

materials used in a wide range of biomedical applications.* % Cluster chains are fixed into

Figure 5.6 Role of applied magnetic field in the formation of nanowormes. (a, d, g) Without an external
field, silica deposition coats individual clusters. (b, e) With a single applied magnetic field, non-linear
nanoworms form because field is curved. (c,f) With two oppositely aligned magnets, generating a linear
field, linear nanoworms form during silica deposition. (h) Nanoworms have a silica shell encapsulating
cluster chains and in between individual clusters. (i) Selected area electron diffraction (SAED) showing

primary particles have parallel crystallographic alignment.
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isolatable nanoworms using tetraethoxysilane (TEOS) to coat field-assembled
nanoclusters with a layer of silica. Ideally, TEOS is added before introduction of cluster
samples to the external field so that the formed nanoworms have a layer of silica between

each cluster.

Figure 5.6 illustrates the central role that the field application geometry plays in defining
the chain morphology. Under field-free conditions (Figure 5.6 a, d, and g) particles are
merely coated with silica individually, generating uniformly coated core-shell silica-coated
clusters (Figure 5.6 d, g). With a single permanent magnet next to the reaction vessel,
non-linear worms are formed (Figure 5.6 b,e). Curved nanoworms are formed because of
the non-linear field lines generated by the single magnet.”® When the silica deposition is
allowed to occur between two oppositely facing magnets, field lines are more uniformly
linear and parallel, and the resultant worms are as well (Figure 5.6¢,f).”° Cluster subunits
within nanoworms are approximately 10 nm apart (Figure 5.6h). The selected area
electron diffraction (SAED) of two neighboring nanoclusters indicates their
magnetocrystalline easy axes are aligned, which is crucial for dipolar interactions and the
alignment of the magnetic spins of these magnetic nanoclusters (Figure 5.6i).25 7% 72 After
purification, nanoworms are easily redispersed in water, forming stable colloidal solutions
forup to 5—10 days (Figure S5.8). The larger size of nanoworms compared to free clusters
makes them somewhat more prone to sedimentation and aggregation — especially if

placed in a magnetic field.

Because of charge/steric mediate repulsive forces, cluster surface coating dictates

whether nanoworms or bundles form during silica deposition. PAA and nitrodopa-PEG
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coated clusters are well-dispersed prior to silica deposition, but end up forming small
bundles afterwards (Figure S5.9a,b) — likely because of their smaller zeta potentials (-23.3
and -17.7 mV) and hydrodynamic size (61 and 75 nm) compared to sulfonated polymer
(PAMPS, -45.5 mV and 90 nm). Therefore, dipolar forces are able to overcome
charge/steric forces, causing worms to bundle together.?® For the sulfonated coating
(PAMPS), cluster size becomes important (Figure $S5.9¢,d). If clusters are too large (65 nm)
or too small (25 nm), bundles and very short chains (2 — 3 clusters) form, respectively.”®
7> The 40 nm clusters provide the most consistent nanoworms with an assembly yield of

83 % compared to the 25 nm (< 20%) — so cluster size in not a good way to tune nanoworm
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Figure 5.7 Nanoworm length dependence on applied field strength. (a) Field strength dependence on
separation (d) between oppositely facing magnets. (b, c, e, f) Transmission electron microscopy (TEM)
images of 0.8 £ 0.2 (NW1), 1.8 £ 0.4 (NW2), 2.5+ 0.5 (NW3), and 4.7 £ 0.7 (NW4) um nanoworm samples

(scale bar = 1 um). (d) Dependence of nanoworm length on applied field strength.
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length. This decrease in efficiency is likely due to the lower magnetic moment of smaller

clusters. To get similar yields would perhaps require a much larger external field.

This cluster size dependence would indicate that nanoworm length could be controlled
by the applied field strength. With the polysulfonate coated 40 nm clusters, we adjust the
external field strength by placing the oppositely facing magnets closer together around
the reaction vessel. We find that nanoworm length can be controlled between 0.8 and
4.7 um by adjusting the distance between magnets (16.5 — 4.5 nm; 200 — 16 cluster links)
and, consequently, the applied field (2.1 — 18.3 mT) (Figure 5.7 and Figure S5.10).
Nanoworms synthesized with these conditions are relatively monodispersed in terms of
length (< 20 %; 100 nanoworms counted). Field strengths, and therefore distances
between magnets, above or below this range are not ideal. Further separation drastically
decreases nanoworm vyield (forming silica coated single clusters) and more narrow
distances cause motive forces to take over and pull particles to the sides of the reaction

vessels resulting in aggregation (obstructing silica encapsulation).

With relatively high saturation magnetizations (Table 5.1, Figure S5.11), one-dimensional
tunability, and larger sizes — leading to greater cellular retention — nanoworms may be

Table 5.1 Summary nanoworm physical and magnetic properties.

Sample Length Miat » ry » _ ri _
(um) (emu/g Fes0,) (st mM7?) (st*mMm1)
FNC 0.04 £ 0.003 79.1 350.0 2.2
NW1 0.8+0.2 78.9 524.5 1.5
NW2 1.8+04 78.7 549.5 1.8
NW3 25+0.5 78.9 453.8 24
NW4 47+0.7 78.9 459.5 2.1
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promising magnetic resonance imaging (MRI) contrast agents for cellular tracking and
labelling applications.?* 31 76 Magnetic nanoparticles inside the external field of an MRI
system generate localized fields that facilitate the relaxation of water protons — the
principle mechanism of signal production in MRl —which enhances contrast.> 3! The ability
of a contrast agent to speed up this relaxation process and therefore enhance image
contrast is called relaxivity (mMs1). We plot the longitudinal (1/T1) and transverse (1/T>)
relaxation rates (s*) for nanoworms and cluster solutions as a function of concentration
(mM Fe) to measure their T1 and T, relaxivities — r1 and ry, respectively. The r1 and r; values
for FNC and NW1 — NW4 are reported in Table 5.1. Because of their silica surface coating
likely preventing inner sphere interactions with surface iron, nanoworms exhibit low, size-
independent T1 relaxivity (~2 mMs) comparable to the gadolinium chelate contrast
agent used clinically (3 —4 mMs?) (Figure 5.8b).>2 However, T, contrast agents generate
contrast via indirect, outer sphere interactions and are preferred for cellular labelling and
tracking MRI applications for their greater sensitivity.> % 3! Also, their relatively large sizes
can obstruct rapid exocytosis, allowing for greater tracking duration.’® 7’ Fortunately,
compared to clusters alone — which already exhibit relatively high T, relaxivities (350 mM-
's1) compared to commercial T, contrast agents (<200 mMs!) — exhibit exceptionally
high T, relaxivities (450 — 550 mM-!s?) (Figure 5.8a).* There is clearly a size dependent
trend similar to the universal scaling law for clustered iron oxide T, contrast agents
proposed by Vuong et al.3° However, maximal r; is achieved at sizes much larger than 50
— 60 nm for nanoworms (~2 um).?> 3° This is likely because water-impermeable silica

coating for nanoworms excludes water from a majority of its field, so even larger
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materials are required for water to optimize their interactions with that field.?* 78
Nanoscale contrast agents must also exhibit colloidal stability so they do not aggregate —
which can cause acute toxicity.'> 7 Because of the surface coating of these nanowormes,
they exhibit good colloidal stability at a clinically relevant MRI field strength (3 T) over the

course of the 15-minute measurements.2®

5.3.3. Ferrite Clusters

Monodispersed manganese ferrite clusters (MFCs) are synthesized via a hydrothermal
polyol synthetic approach similar to that of the iron oxide clusters. Visually, the product
is a black ferrofluid after purification with a strong response to an external magnetic field
(Figure S5.12). High resolution transmission electron microscopy (TEM), x-ray diffraction
(XRD), selected area electron diffraction (SAED), and electron energy loss spectroscopy

(EELS) are used to characterize the dimensions, morphology, and composition of MFCs. A
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Figure 5.8 T1 and T2 relaxivities of silica coated Fe3Os clusters nanowormes. (a) T2 relaxivity and (b) T1

relaxivity of FesOs clusters (red) and nanoworms (blue) as a function of chain length (3 T).

243



representative TEM images show that a representative MFC sample has uniform primary
particle (5.5 nm) and cluster sizes (84 + 7 nm) (Figure 5.9a-c). Figure 5.10a provides a
useful schematic outlining the different dimensional parameters of MFCs: cluster size (D)
and primary particle size (dp). Notably, intracluster primary particle lattice fringes are
parallel to one another, which is further supported by the SAED pattern with discrete
scattered spots rather than the rings consistent with randomly oriented polycrystals
(Figure 5.9¢,d).8° This is a good indication that when primary particles cluster during the
synthesis, they form hard aggregates via oriented attachment.8 82 This could help explain
the high saturation magnetization of similar materials at low field strengths.®3 Elemental
mapping with EELS shows that both iron and manganese are present and homogenously
distributed throughout the clusters — an indication of successful doping throughout the

ferrite crystal structure (Figure 5.9e,f). Analysis with inductively coupled plasma
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Figure 5.9 Morphology, composition, and magnetic properties of MFCs. (a, b) Transmission electron
microscopy (TEM) images of representative samples of MFCs — (c) High resolution TEM image show
lattice fringes. (d) Selected area electron diffraction (SAED) pattern for a single MFC. (e, f) Electron
energy loss spectroscopy (EELS) elemental mapping of iron and manganese in MFCs. (g) X-ray diffraction
(XRD) pattern for MFCs and iron oxide clusters compared to standard patters for magnetite iron oxide
and manganese ferrite. (h) The magnetization curves of MFCs (i), iron oxide clusters (ii), manganese
ferrite nanoparticles (iii), and iron oxide nanoparticles (iv).

techniques provide a quantitative measure of the exact composition of the ferrite
(Mno.1sFe2.8504). Low Mn concentration ensures that higher magnetic moment Mn?* is

doped into Fe304 octahedral sites, thus replacing lower magnetic moment Fe?* and
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improving saturation magnetization. & 8% 8> Excessive concentrations of manganese
could result in the formation of manganese oxide, which would significantly reduce
saturation magnetization.8® Finally, XRD patterns of MFCs and iron oxide clusters confirm
that they are both consistent with the standard diffraction patterns for different crystal

structures, MnFe;04 and FesQa, respectively (Figure 5.9g).

The magnetic properties, namely saturation magnetization, are characterized for MFCs
along with iron oxide clusters, iron oxide nanoparticles, and Mn-doped iron oxide
nanoparticles for comparison (Figure 5.9h). All samples reach their peak saturation
magnetization at about 1KOe. Notably, Manganese ferrite materials have higher
saturation magnetizations than their iron oxide counterparts. For MFCs, iron oxide
clusters, manganese ferrite nanoparticles, and iron oxide nanoparticles, their saturation
magnetizations are about 90, 70, 55, and 50 emu/g. This is likely because Fe?* is replaced
by Mn?*, which has a greater magnetic moment, in the octahedral site of Fe304, resulting
in a greater overall saturation magnetization.’ 3® The saturation magnetizations of the

MFC samples are comparable to that of bulk magnetite (92 emu/g).>®

Controlling the dimensions of MFCs is similar to that of the iron oxide nanoclusters —
cluster and primary particle size can be independently and reliably controlled by the
concentration of water and reaction temperature used for the synthesis, respectively.?®
For example, by reducing the concentration of water (1.95 — 0.2 mL), cluster size increases
from 26 to 90 nm while maintaining a constant primary particle size of 5.5 nm (Table
$5.1). Increased water not only increases iron salt hydrolysis, but also changes the

solution viscosity, which promotes smaller and more monodispersed clusters.3% 53
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Figure 5.10 Transmission electron microscopy (TEM) images of MFCs of different dimensions and
composition. (a) Schematic representation of the dimensions of an MFC. (b-d) MFC with increasing
cluster diameter (32 £ 3,53 £ 5, and 68 = 7 nm), (e) with their cluster size distribution histograms. (f-h)
MFCs with increasing dp (3.5, 5.5, and 10.5 nm). (h-j) MFC with increasing manganese content

(Mno.osFe2.9504, Mno.1sFe2.8504, Mno.eFe2.404). Scale bar = 100 nm.

Representative MFCs with cluster sizes of 32 + 3,53 + 5, and 68 + 7 nm were produced by
altering the concentration of water (Figure 5.10b-d). By increasing the reaction
temperature (170 — 260 °C), primary particle size increases from 2.5 to 10.5 nm while
maintaining a constant cluster size of 53 nm (Table S5.2). Reaction temperature both
speeds up nucleation and facilitates Ostwald ripening and LaMer growth.**
Representative MFCs with primary particle sizes of 3.5, 5.5, and 10.5 nm were produced
by altering the reaction time (Figure 5.10f-h). Also, the manganese content can be
controlled by the ratio of iron and manganese salts used. By increasing the molar ratio of
Mn/Fe salts (0 - 1), manganese content in MFCs increases from 0 to 20 % (Fe30a4 to
MnosFe2.604) while maintaining a constant cluster and primary particle size of 53 and 5.5

nm, respectively (Table S$5.3). Representative MFCs with manganese content of
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Mno.osFe2.9504, Mno.15Fe2 8504, MnosFe2.404 were produced by altering the molar ratio of

Mn/Fe salts (Figure 5.10i-k).

The high saturation magnetization — compared to pure iron oxide clusters and Mn-ferrite
nanoparticles alone — and lower dimensional tunability of MFCs make them potentially
useful for biomedical applications like contrast enhanced magnetic resonance imaging
(MRI).% 331 Magnetic nanoparticles inside the external field of an MRI system generate
localized fields that facilitate the relaxation of water protons — the principle mechanism
of signal production in MRI — which enhances contrast.> 3! The ability of a contrast agent
to speed up this relaxation process and therefore enhance image contrast is called
relaxivity (mMst). Typically, contrast agents are classified as either Ti- or T»-type,
meaning the different mechanisms by which they facilitate water proton relaxation
produces positive or negative contrast enhancement.! T; contrast agents (positive) are
known to have better spatial resolution, while T, contrast agents have better sensitivity —
hence why the former are used in more quantitative applications (tumor volume
assessment) while the latter are used more qualitatively (cell tracking and labeling).*
However, with the recognition that both types of imaging can facilitate more accurate
diagnoses, there is a need for multimodal T1/T. contrast agents with high T; and T:
relaxivities.3”*2 The high saturation magnetization of MFCs (~90 emu/g) compared to
similarly sized iron oxide clusters (70 emu/g) lends to a much greater outer sphere
interactions with water, thus increasing T relaxivity by about 60 % (Figure 5.11b).% 3 31
The T2 relaxivity of MFCs is about 450 mM-1s* which is much greater than commercially

available T2 contrast agents (<200 mMs1).# On the other hand, replacing Fe?* with a
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Figure 5.11 T1 and T: relaxivities of FesOs and ferrite clusters. (a) T1 relaxivity and (b) T2 relaxivity of

Fe30as, Mn-Fe304, Gd-Fes0as, and Eu-Fes0as clusters at 3 T.
higher moment paramagnetic ion like Mn?* allows for greater inner sphere interactions
with water, thus increasing T1 relaxivity by a factor of about 40 (Figure 5.11a).! The r; of
MFCs is about 80 mMs* which may be one of the highest recorded T; relaxivities for a
nanocrystal contrast agent. Interestingly, doping other strongly paramagnetic ions like
Gd or Eu into similarly size iron oxide clusters (Figure $5.13) does not have the same
effects on T1 and T, relaxivity (Figure 5.11).! For Gd- and Eu-doped clusters, T, relaxivity
slightly decreases and T1 relaxivity does not increase as dramatically as it does for MFCs.
This is because the ionic radii of Gd and Eu are larger than Mn?*, and likely occupy
different positions within the crystal structure of Fe304." 3¢ However, Eu-doped clusters
still retain a relatively high T1 and T relaxivity and, because of its strong fluorescence
emission peak at about 620 nm, offers an opportunity for fluorescence imaging along with
MRI (Figure $5.14). Due to the intrinsically low sensitivity of MRI, combining it with a more

sensitive modality like fluorescence imaging could be advantageous.'-3
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5.4. Conclusion

Here, we introduce a systematic approach to the synthesis of dimensionally controlled
clustered magnetic materials. With the ability to tune these dimensional parameters, we
successfully optimize their magnetic properties for maximal performance as MRI contrast
agents. Our optimized iron oxide clusters, nanoworms, and manganese ferrite clusters all
have exceptional T, relaxivities (300 — 450 mMs?) compared to commercially available
T2 MRI contrast agents (<200 mM-1s).4 Also, manganese ferrite clusters demonstrate
exceptional T relaxivity (~80 mMs1) and open the door to advanced applications in
multimodal T1/T, imaging. In sum, with comprehensive dimensional control over
clustered magnetic materials, their magnetic properties can be optimized for the efficient

design of highly sensitive MRI contrast agents.

5.5. Experimental Section

Materials

Ethylene glycol (anhydrous, 99.8%), tetraethyl orthosilicate (TEOS, 99%, GC), ethanol (ACS
reagent, 299.5%), ammonium hydroxide solution (~30%), O-Methyl-O'-
succinylpolyethylene glycol (PEG-COOH, Mw ~5,000), 4-morpholineethanesulfonic acid,
poly(ethylene glycol) methyl ether acrylate (Acryl-PEG, Mw ~480, contains 100 ppm BHT
and 100 ppm MEHQ as inhibitor), 2-(N-morpholino)ethanesulfonic acid (MES, 99%),
iron(lll) chloride hexahydrate (FeClz-6H.0, ACS reagent, 97%), urea (ACS reagent, 99.0%),
azobisisobutyronitrile (AIBN, 98%), acrylic acid (anhydrous, contains 200 ppm MEHQ as
inhibitor, 99%), 2-acrylamido-2-methylpropane sulfonic acid (AMPS, 99%),
dimethylformamide (DMF, anhydrous, 99.8%), dimethyl sulfoxide (DMSO, anhydrous,
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>99.9%), 3,4-dihydroxyphenethylamine hydrochloride (dopamine), rhodamine B (295%),
5-((2-aminoethyl)amino)naphthalene-1-sulfonic acid (EDANS), methoxypolyethylene
glycol amine (PEG-NH,, Mw = 5,000), poly(maleic anhydride-alt-1-octadecene) (PMAO,
Mw = 30,000), triethylamine, iron standard solution (Fe(NOs)3 in HNO3 0.5 mol/L, 1000
mg/L Fe) Certipur®, 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p’-disulfonic  acid
monosodium salt hydrate (FerroZine™ Iron Reagent), ammonium acetate (for molecular
biology, 298%), hydroxylamine hydrochloride (99.995% trace metals basis), europium(lil)
nitrate pentahydrate (99.9%), gadolinium nitrate hexahydrate (99.9 %), and sodium
nitrite (ACS reagent, 297.0%) were obtained from Sigma Aldrich. Polyacrylic acid sodium
salt (PAA, My~6,000) was obtained from Polyscience Inc. 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC), hydrochloric acid (ACS grade,
37%), sulfuric acid (ACS grade, 98%), and hydrogen peroxide (30%) were obtained from
Fisher Scientific. All water was obtained from a Milli-Q purification system (specific

resistance less than 18 mQ).

Synthesis of poly(AA-co-AMPS) modified Fe304 clusters

Clusters are synthesized via hydrothermal polyol method. First, FeClz-6H,0 (540 mg, 2
mmol) is dissolved in 20 mL ethylene glycol using magnetic stirring. Next, PAA (250 mg,
0.042 mmol; MW = 6000 Da) is added, then urea (1200 mg, 20 mmol) and water. This
solution is stirred vigorously for 30 min, becoming a transparent yellow. This solution is
transferred into a 40 mL Teflon-lined reactor (cleaned in 37% HCI for 30 min, washed
several times with water, and dried at 60 °C), tightly sealed, and then heated at 185 °C for
6 hours with a temperature ramp of 20 °C/min in a stainless-steel autoclave. Once cooled
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to room temperature, a black solution of 50 nm clusters is recovered. Clusters are
precipitated magnetically and then washed by a water/acetone mixture three times. Final
purified product is resuspended in water. Sample can be easily concentrated using a
magnet to pull sample to bottom of container and slowly pouring out water. Cluster size
(Dc) can be controlled with the amount of water added to the synthesis (0 — 4 mL) and

primary nanocrystal size (dp) is controlled by the reaction temperature (185 to 275 °C).

For poly(AA-co-AMPS) coating, 10 mL cluster solution (of 500 ppm Fe304; Dc = 45 nm, dp
= 4 nm) was added to 2 mL of dopa-Poly(AA-co-AMPS) solution (10 mg/mL) at 1
drop/second. The solution was stirred for 30 min to replace PAA with dopa-Poly(AA-co-

AMPS). Magnetic separation was used to remove excess polymer.

Synthesis of silica modified Fe304 cluster nanoworms

Clusters (Dc = 40 nm) are synthesized via hydrothermal polyol method. First, FeClz-6H,0
(540 mg, 2 mmol) is dissolved in 20 mL ethylene glycol using magnetic stirring. Next, PAA
(250 mg, 0.042 mmol; MW = 6000 Da) is added, then urea (1200 mg, 20 mmol) and 2000
mg water. This solution is stirred vigorously for 30 min, becoming a transparent yellow.
This solution is transferred into a 40 mL Teflon-lined reactor (cleaned in 37% HCI for 30
min, washed several times with water, and dried at 60 °C), tightly sealed, and then heated
at 215 °C for 6 hours with a temperature ramp of 20 °C/min in a stainless-steel autoclave.
Clusters are precipitated magnetically and then washed by a water/acetone mixture three

times. Final purified product is resuspended in water.
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For poly(AA-co-AMPS-co-PEG) coating, first add nitro-dopamine (10 mg) to a 10 mL
solution of clusters (10 mg/mL). Magnetically separate particles after rapid aggregation
and add EDC (20 mg), MES (100 mg), 60 mg of poly(AA-co-AMPS-co-PEG), and water (5

mL). Then, probe sonicate this mixture for about 30 min.

Next, add clusters (4 mg/mL) to a 20 mL glass scintillation vial with ethanol (10 mL),
ammonium hydroxide solution (1 mL, 30 %), and TEOS (0.025 mL). For linear chain
nanoworms (NW), immediately center the vial between two oppositely facing magnets
(40 x 40 x 20mm strong neodymium cube magnets, N52) for 1 hour. Sample NW1, NW2,
NW3, and NW4 are prepared with a distance between the magnets of 16.5, 11.5, 7.5, and
4.5 cm, respectively. Once finished, purify using magnetic separation, pouring out pale-
yellow supernatant solution, adding water, and probe sonicating until the solution is

homogeneous. Repeat purification process three times.

To make free non-chained silica coated clusters (FNC), place the vial in a mixer at a speed
of 1000 rpm for 1 hour — instead of in between the two oppositely facing magnets. Use

the same purification process as for the nanoworms.

Synthesis of Mn-ferrite clusters (MFC) and Gd- and Eu-ferrite clusters

To synthesize manganese ferrite clusters, FeCls and MnCl, (combined total of 2 mmol)
and PAA (250 mg, Mw ~6000) are dissolved in ethylene glycol (20 mL), followed by urea
(1.2 g), and water (0.2 — 2 mL). To change the concentration of metals in the MFC, the
ratio of metal salts can be changed while maintaining the same total number of mmol.

For Gadolinium or Europium ferrite clusters, the same synthesis can be done with
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Gd(NOs)3 or Eu(NO3s)s instead of MnCl,. The solution is mixed well, transferred to a
polyphenylene-lined reactor vessel (50 mL), sealed in a stainless-steel autoclave, and
heated for 20 hr at 170 — 260 °C. Clusters are precipitated magnetically and then washed

by a water/acetone mixture three times. Final purified product is resuspended in water.

For a Poly(AMPS-co-PEG) coating, add 10 mg nitro-dopamine in 10 mL MFC (10 mg/mL).
Magnetically separate particles after rapid aggragation and add EDC (20 mg), MES (100
mg), 60 mg of Poly(AMPS-co-PEG), and water (5 mL). Probe sonicate this mixture for

about 30 min until homogenous. Wash three times with magnetic separation and water.

Synthesis of nitro-dopamine functionalized Poly(AA-co-AMPS)

The copolymer Poly(AA-co-AMPS) is synthesized via free radical polymerization. A
mixture of AIBN (50 mg), AMPS (1.5 g), and acrylic acid (500 mg) in 10 mL DMF is stirred
for 30 min, then transferred to a UV reactor (LZC-4Xb photoreactor, UVA 350 nm, 36 W)
for 1 hr. Next, 10 mL of water are added and the solution is dialyzed in water using a 3
kDa MWCO dialysis tubing (Cellulose Membrane, Sigma Aldrich) and then freeze-dried

(LABCONCO FreeZone 6 Liter Freeze Dry Systems) for 2 days.

Nitrodopamine was synthesized as follows. Dopamine (5 g) is dissolved in water (150 mL)
and stirred in an ice bath. Next, sodium nitrate (6.5 g) and sulfuric acid (50 mL, 20%,
dropwise) are added. Since NO; is generated, make sure the reaction is vented. Reaction
is removed from bath and allowed to cool to room temperature for 12 hr. This mixture is
filtered and washed multiple times to recover nitrodopamine hydrogensulfate

(nitrodopa), which was then freeze dried. Next, EDC (12 mg) and nitrodopa (20 mg) are
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added to a solution of 200 mg of Poly(AA-co-AMPS) in 0.1 M MES buffer (10 mL) and are
stirred for 2 hr at room temperature. Final sample are dialyzed in water using a 3 kDa
MWCO dialysis tubing (Cellulose Membrane, Sigma Aldrich). After dialysis purification,

the synthesized copolymer solution is about 10 mg/mL.

Synthesis of PEG-, sulfonate-, and carboxylate-containing copolymer Poly(AA-co-AMPS-

co-PEG)

The copolymer Poly(AA-co-AMPS-co-PEG) is synthesized via free radical polymerization.
A mixture of AIBN (200 mg), AMPS (750 mg), acrylic acid (250 mg), and acryl-PEG (1000
mg) in 10 mL DMF is heated for 1 hr at 70 °C in a water bath. Once cooled to room
temperature, 10 mL of water are added, and the solution is dialyzed in water using a 3
kDa MWCO dialysis tubing (Cellulose Membrane, Sigma Aldrich). After dialysis

purification, the synthesized copolymer is dissolved in water (40 mg/mL).

Synthesis of PEG- and sulfonate-containing copolymer Poly(AMPS-co-PEG)

The copolymer Poly(AMPS-co-PEG) is synthesized via free radical polymerization. A
mixture of AIBN (200 mg), AMPS (750 mg), acrylic acid (250 mg), and acryl-PEG (1000 mg)
in 10 mL DMF is heated for 1 hr at 70 °C in a water bath. Once cooled to room
temperature, 10 mL of water are added and the solution is dialyzed in water using a 3 kDa
MWCO dialysis tubing (Cellulose Membrane, Sigma Aldrich). After dialysis purification,

the synthesized copolymer is dissolved in water (40 mg/mL).

Electron Microscopy
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High-resolution transmission electron microscopy (HRTEM) and selected area electron
diffraction (SAED) done with a JEOL 2100 field emission gun TEM at 200 kV. Scanning
electron microscopy (SEM) was done with a Quattro Environmental SEM at 20 kV. Sample
solutions (3 — 5 L, 300 ppm) were drop cast onto Carbon/Formvar coated copper TEM
grids (200 mesh, Ted Pella). Material dimensions were analyzed using ImageJ software
using at least 500 clusters or at least 100 nanoworms. Elemental mapping of Manganese

and Iron in MFCs was done with electron energy loss spectroscopy (EELS).
X-Ray Diffraction (XRD)

X-ray diffraction patterns for samples were done using a Bruker D8 Discovery 2D X-ray
Diffractometer (Cu Ka, A = 1.54056 A). Samples (1 mL, 3000 ppm) were drop cast onto
single depression microscope slides (AmScope BS-C12). A small magnet was placed
underneath the glass slide to assure a concentrated deposition. Once dried, XRD patterns
were measured between 10 to 95° or 20 to 80° (depending on the sample). Grain sizes
could be calculated based on the FWHM of the peak at 35.4 ° (311) measured using Origin
Pro’s peak analysis function. Grain size is finally calculated using the Debye-Scherrer

equation:

A
FWHM cos(8)

Grain size =

Dynamic Light Scattering (DLS)

A Zetasizer Nano S90 was used to measure the hydrodynamic diameter and zeta potential

of cluster samples. A Zetasizer Nano ZS (Malvern Instruments Ltd, Malvern, UK) was used
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measure the hydrodynamic diameter and zeta potential of nanoworm samples. All
measurements taken at room temperature, and at a pH of 7. Error bars are from triplicate

hydrodynamic diameter measurements (Z-average).

Raman Spectroscopy

A Witec Alpha 300 confocal Raman microscope was used to obtain the Raman spectra of
clusters. Samples (1 mL, 3000 ppm) were drop cast onto single depression microscope
slides (AmScope BS-C12). A small magnet was placed underneath the glass slide to assure
a concentrated deposition. Spectra were recorded with a two-laser source (532 and 785

nm) from 100 to 1500 cm2.

Relaxivity Measurements

A 3.4 T Tim Trio MRI scanner was used to measure the T, relaxation times of iron oxide
cluster samples. The following sequencing parameters were used for the measurements:
2280 ms repetition time (TR), 9 — 150 ms echo time (TE), 0.5 x 0.5 x 10.0 mm reference
voxel size, 7 slices, and the second slice from the top was used. Clusters were diluted to
0.5,0.4,0.3,0.2,0.1, and 0.01 mM Fe and transferred to a 100-well plate. T, relaxivity (rz)
was calculated based on the slope of a line of the graph of 1/T; (1/s) as a function of
concentration (mM). Error recorded for r, was calculated from the regression used to fit

that plot.

A Siemens 3 T PRISMA MR scanner equipped with 64 receive channels and high-
performance XR 80/200 gradients was used to measure the T, and T; relaxation times for

nanoworm and ferrite cluster samples. The following sequencing parameters were used
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for the T, measurements: 2280 ms repetition time (TR) and 16 echoes at 9.4 ms intervals.
The following sequencing parameters were used for the T1 measurements: 15 ms
repetition time (TR), 13 — 67° flip angles, and a 3 mm slice thickness (12 slices total). For
T1 measurements for nanoworms, samples were diluted to 0.5, 0.185, 0.07, 0.026, and
0.01 mM Fe. For T2 measurements for nanoworms, samples were diluted to 0.185, 0.07,
0.026, and 0.01 mM Fe. For T1 measurements for ferrite clusters, samples were diluted to
0.5, 0.185, 0.07, 0.026, and 0.01 mM of the dopant (Mn, Gd, or Eu). For T, measurements
for nanoworms, samples were diluted to 0.185, 0.07, 0.026, and 0.01 mM total metal
concentration (Fe + dopant). Relaxivies (r2 or r1) was calculated based on the slope of a
line of the graph of 1/(T1 or T2) (1/s) as a function of concentration (mM). Error recorded

for rp and r1 were calculated from the regression used to fit that plot.

Nuclear Magnetic Resonance (NMR) Spectroscopy

Poly(AA-co-AMPS) was characterized via H-NMR using a Bruker Ascend™ 600 NMR
spectrometer. As-synthesized sample (10 mg) was dissolved in DO (0.7 mL) and

transferred into an NMR tube for measurement.

Fourier Transform Infrared Spectroscopy (FTIR)

A Shimadzu IRAffinity-1S FTIR spectrometer was used to record the IR spectra of cluster
samples with and without polymer coating. The cluster solutions (1 mL, 500 ppm) were
drop cast onto single depression microscope slides (AmScope BS-C12). A small magnet

was placed underneath the glass slide to assure a concentrated deposition. Sample was
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dried at 60°C and spectra were recorded at room temperature between 4000 and 400 cm”

1

Size Exclusion High Performance Liquid Chromatography (SE-HPLC)

Poly(AA-co-AMPS) molecular weight was characterized via size exclusion high
performance liquid chromatography (SE-HPLC) using an Agilent HPLC 1100 series
chromatogram equipped with a pL-aquagel-OH 40 and a pL-aquagel-OH 60 (25.0 x 300
mm, 15 um) column and a refractive index detector (connected with a 3000 x 0.17 mm
SS capillary tube). These columns are ideal for polymers of molecular weight between 10
— 200 kDa and 200 — 10000 kDa, respectively. All experiments were done at 30°C with
minimal dead volumes. Sulfonate polystyrene beads of known molecular weight (1, 2, 4.5,
10, 30, 80, 140, 280, and 450 kDa; American Polymer Standards Corp.) were dissolved in
10 pH phosphate buffer and used as a standard curve. Poly(AA-co-AMPS) was ran under
the same conditions and its elution time was used to get its molecular weight using this
standard curve. The conditions used for all experiments are as follows: flow rate of 1
mL/min, 40 bar pressure, 25 pl injection volume, and column and detector temperature

of 30 °C.

UV-Vis Absorption Spectroscopy

Cluster concentration can be determined via UV-Vis absorption spectroscopy. First, a
calibration curve is made based on iron standards as follows: mix 0.2 mL iron nitrate (1,
5,10, 25, and 50 ppm Fe), 0.15 mL ammonium acetate (7.5 M), 0.25 mL of hydroxylamine

hydrochloride (5 %), 0.4 mL ferrozine (0.1 %), and 1 mL water in a 4 mL cuvette (quartz).
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Fe(lll)-ferrozine complex absorption peak could be found at 590 nm with intensity linearly
dependent on Fe concentration. For cluster concentration, the following procedure is
followed: dissolve 0.1 mL sample in 0.89 mL hydrochloric acid (37 %) and 0.01 mL H202,
wait until transparent yellow, then take 0.1 mL of that solution and add 0.9 mL water;
then take 0.2 mL of this dilute solution and add 0.15 mL ammonium acetate (7.5 M), 0.25
mL of hydroxylamine hydrochloride (5 %), 0.4 mL ferrozine (0.1 %), and 1 mL water in a 4
mL cuvette (quartz). The absorption spectrum of this solution is measured and the

intensity at 590 nm is compared to the standard curve to get the Fe concentration.

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) and Mass

Spectrometry (ICP-MS)

The relative concentration of different metals in ferrite clusters was measured using a
Thermo Scientific iCAP 7400 DUO inductively coupled plasma atomic emission
spectrometer (ICP-AES) and an Agilent 7900 inductively coupled plasma mass
spectrometer (ICP-MS). To prepare the ICP samples, 0.1 mL of ferrite clusters are
dissolved in 0.4 mL hydrochloric acid (37%) until transparent yellow. Then, 9.5 mL nitric
acid (1%) is added to the solution. Prepare the Mn and Fe standard solutions with a
concentration of 1 ppm, 5 ppm, 10 ppm, 20 ppm, 50 ppm, and 100 ppm, respectively,
where 1,000 ppm is equivalent to 1 mg/mL. For ICP-MS, the same standards were

prepared for Fe, Mn, Gd, and Eu and diluted by a factor of 10000.

Vibrating Sample Magnometer
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A Lake Shore 7400 Series vibrating sample magnometer (VSM) was used to get the
magnetization curves for dried samples (clusters and nanowroms). Sample preparation
includes mixing 0.1 mL of sample (1000 ppm), mixing it with gypsum (10 mg), and drying

at 60 °C. Measurement is recorded at room temperature from 10000 to -10000 Oe.

5.6. Supporting Information
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Figure S5.1 Transmission electron microscopy (TEM) images iron oxide clusters with different cluster

(Dc) and primary particle (dp) sizes. TEM images of iron oxide nanoclusters with cluster and primary

particle sizes of 25 to 90 nm and 4 to 9 nm, respectively.
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Figure S5.2 Dependence of cluster dimensions on reaction conditions. The dependence of cluster (D)
and primary particle (dp) size on the mass of (a) FeCls-6H20, (b) polyacrylic acid (PAA), and (c) urea; (d)
the volume water; and the reaction (e) time and (f) temperature. Unless stated in the figure, other

reaction conditions are fixed at: 100 mM FeCls-6H20 3.9 M H20, 2.1 mM PAA, 1 M urea and 20 mL

6 9 12 15 18 21
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ethylene glycol and heated at heated at 185 °C for 6 h.
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Figure S5.3 X-ray diffraction (XRD) patterns of iron oxide clusters. Clusters with different (a,c) cluster
and (b,d) primary particle sizes. Standard diffraction patterns for bulk magnetite (PDF#19-0629, red)

and maghemite (PDF#39-1346, green).

263



§§ —— Laser 532 nm
— Laser 785 nm

Intensity
151
312

670
1266

200 400 600 800 1000 1200 1400
Wavenumber / cm!

Figure S5.4 Raman spectra of iron oxide clusters. For a representative iron oxide cluster (D¢ = 45 nm,
dp =4 nm), characteristic peaks are located at 607, 402, and 291 cm™ (532 nm laser) and at 670 and 312

cm® (785 nm laser), which are the characteristic bands for Fe30a. Peaks at 1304 and 1266 cm™ indicate

surface defects.
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Figure S5.5 Magnetization curves of iron oxide clusters. Magnetization curves for clusters of different
(a) cluster (Dc) and (b) primary particle (dp) sizes. Hysteresis loops recorded from 10,000 to -10,000

oersted (Oe) at room temperature. Saturation magnetizations ranged from (a) 81.2 to 86.7 emu/g Fe30a

and (b) from 78.7 to 86.7 emu/g Fes0a.
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Figure S5.6 Fourier transform infrared (FTIR) spectra of iron oxide clusters. FTIR spectra of the clusters
before (black) and after (red) surface modification. PAA-modified clusters (black) exhibit peaks

characteristic of a carboxylic acid containing polymer, as expected. Poly(AA-co-AMPS)-modified clusters

(red) exhibit peaks characteristic of a sulfonic acid containing polymer, as expected.

265



D,0

(3)
“
)]
_zl\ o M S J'I':'._ ‘_
5 4 n S "0
6 (ppm)
b 3¢
ﬁ -
Z
2z 3 2 2
5 E <
g g 1
=]
2
2 01
0 2 4 6 8 10 12 7 & 9 10 11
Retention Time (min) Retention Time (min)

Figure S5.7 Characterization of poly(AA-co-AMPS). (a) NMR spectrum of as-synthesized Poly(AA-co-
AMPS) — peak intensities suggest a 1:1 ratio of monomers. (b) HPLC elution profile for as-synthesized
Poly(AA-co-AMPS). The 7 — 12 minute elution peak for Poly(AA-co-AMPS) can be compared to (c) the

sulfonate polystyrene bead calibration curve to get the molecular weight (87 kDa).

Day 1 k Day 5 » Day 10 Day 5 Day 20 Day 30
Figure S5.8 Colloidal stability of nanoworms. The solution (NW3, 1 mg/mL) was sonicated and left

undisturbed for 1 month. Nanoworms remain homogenously dispersed for 5 — 10 days.

266



<

er@PAMPS [oanZo Nim CIuster@PAMPéT v

Figure S5.9 Dependence of nanoworm formation on cluster size and surface coating. Transmission
electron microscopy (TEM) images of structures formed after silica deposition of (a) 40 nm PAA-coated
clusters, (b) 40 nm PEG-coated clusters, (c) 65 nm PAMPS-coated clusters, and (d) 25 PAMPS-coated

clusters. Field strength used for NW3 used throughout.
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Figure $5.10 The chain length distribution of the nano-worm samples. The average length for a-d is 0.8

+0.2um, 1.8 £0.4 um, 2.5+ 0.5 um, and 4.7 £ 0.7 um.
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Figure S5.11 Magnetization curves of nanoworms. (a-b) Magnetization curves of free nanoclusters
(FNC) and the nanoworms of varying length (NW1 — NW4) all at 1 mg/mL. (a) At high field, saturation
magnetizations are all about the same (~80 emu/g). (b) At low field, saturation magnetizations can be

more easily distinguished.
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Figure S5.12 Image of MFC ferrofluid. An aqueous solution of MFCs (20 mg/mL, Dc = 53 nm, dp = 5.5

nm, Mno.1sFe2.8504) is placed on an upside-down beaker over a handheld magnet.

Table S5.1 MFC dimensions based on changing concentration of water.

Composition (l-r:(l_)) T(irg)p Mn/Fe (::1 ) (:ri) (e'rj/tg)
Mn Fe, O, 1.95 215 0.525 26 5.5 72
MN, 1578, 5C% 1.5 215 0.525 34 5.5 80
Mn  Fe O, 1.25 215 0.525 40 5.5 84
Mn, Fe, .0, 1 215 0.525 | 45 5.5 86
Mn e .0, 0.85 215 0.525 | 48 5.5 88
Mn Fe .0, 0.75 215 0.525 53 5.5 89
Mn Fe .0, 0.7 215 0.525 57 5.5 90
Mn Fe O, 0.6 215 0.525 62 5.5 91
Mn Fe .0, 0.55 215 0.525 68 5.5 91
Mn Fe .0, 0.45 215 0.525 78 5.5 92
Mn Fe .0, 0.2 215 0.525 90 5.5 93
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Table S5.2 MFC dimensions based on changing reaction temperature.

Composition (:f) T((irg)p Mn/Fe (r?n:) (::1) (e'\r/lnia/tg)
Mn, sFe, 40, 0.75 170 0525 | 53 25 74
Mn, sFe, .0, 0.75 185 0525 | 53 35 80
Mn, Fe, .0, 0.75 200 0525 | 53 45 88
Mn, .Fe, .0, 0.75 215 0525 | 53 5.5 89
Mn Fe .0, 0.75 230 0525 | 53 6.5 89
Mn_ .Fe, .0, 0.75 245 0525 | 53 8 90
Mn Fe .0, 0.75 260 0.525 53 10.5 91

Table S5.3 MFC composition based on changing Mn/Fe salt ratio.

compositon |5 | T | Mk | ot | am) | et
Fe O, 1.35 215 0 53 5.5 83
Mno.osFez.94O4 0.6 215 0.333 53 5.5 84
Mn Fe .0, 0.65 215 0.429 53 5.5 87
Mn Fe .0, 0.75 215 0.525 53 5.5 88
Mno.lsFe2.8204 1.05 215 0.6 53 5.5 90
Mn _Fe 0, 1.3 215 0.667 53 5.5 92
Mn _Fe O, 1.65 215 0.818 53 5.5 95
Mn_ Fe O, 2 215 1 53 5.5 102

Figure S5.13 Transmission electron microscopy (TEM) images of Gd- and Eu-ferrite clusters.

Representative TEM images of (a) Gd-ferrite (Dc =41+ 6 nm) and (b) Eu-ferrite (Dc = 52 + 6 nm) clusters.
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Figure S5.14 Photoluminescence emission spectra of Fe3s0s and Eu-Fe304 clusters. Photoluminescence

emission spectra of (a) Fes04 (Aex = 260 nm) and (b) Eu-Fe304 (Aex = 330 nm).
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