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Abstract

Modular Carbon and Gold Nanoparticles for High Field MR Imaging and Theranostics

Nikhil Rammohan

The ability to track labeled cancer cells in vivo would allow researchers to study their
distribution, growth and metastatic potential within the intact organism. Magnetic Resonance
(MR) imaging is invaluable for tracking cancer cells in vivo as it benefits from high spatial
resolution and absence of ionizing radiation. However, many MR contrast agents (CAs) required
to label cells either do not significantly accumulate in cells or are not biologically compatible for
translational studies. Accordingly, we have developed carbon- and gold-nanoparticles coupled to
gadolinium(I) [Gd(I11)] chelates for Ti-weighted MR imaging that demonstrated remarkable
properties for cell tracking in vitro and in vivo.

We created nanodiamond-Gd(l11) aggregates (NDG) by peptide coupling Gd(I11) chelates
to aminated nanodiamonds. NDG had high relaxivity independent of field strength (unprecedented
for Gd(l11)-nanoparticle conjugates), and demonstrated a 300-fold increase in cellular delivery of
Gd(I11) compared to clinical Gd(l11) chelates. Further, we were able to monitor the tumor growth
of NDG-labeled flank tumors by Ti1-weighted MRI for 26 days in vivo, longer than reported for
other MR CAs or nuclear agents. Further, theranostic nanodiamond-gadolinium(111)-doxorubicin
(ND-Gd-Dox) aggregates were generated by conjugating doxorubicin (ND-Gd-Dox), which

enabled efficient cancer chemotherapy in breast cancer cells.
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Further, we synthesized Gd(l1l)-gold nanoconjugates (Gd@AUNPS) with varied chelate
structure and nanoparticle-chelate linker length. Significantly enhanced cell labeling was
demonstrated compared to previous gadolinium-gold-DNA nanoconstructs. Differences in Gd(l11)
loading, surface packing and cell uptake were observed between four different Gd@AUNP
formulations suggesting that linker length and surface charge play an important role in cell
labeling. The best performing GA@AUNPs afforded 23.6 + 3.6 fmol of Gd(Ill) per cell at an
incubation concentration of 27.5 puM. This efficiency of Gd(lll) payload delivery (Gd(lI1)/cell
normalized to dose) exceeds that of previously Gd(II)-Au conjugates and most other Gd(lll)-
nanoparticle formulations. Finally, Gd@AuUNPs were the first MR CAs of any type to effectively
image the pancreas in vivo.

In summary, both GA@AUNPs and NDG support future MR-mediated cell tracking and

theranostic applications in whole-animal models.
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1.1. Introduction: Molecular Imaging of Cancer.

Wilhelm Roentgen’s discovery of X-rays in 1896 enabled the visualization of internal
anatomical structures within a live, intact subject for the first time.! The discovery transformed the
capabilities of biology and medicine, for opaque subjects had become transparent for diagnosis,
treatment and research. Over the years, diagnostic imaging and radiology have evolved into a
complex multidisciplinary field involving physicists, chemists, biologists and engineers to advance
Roentgen’s vision to “see through” living organisms.

Imaging is grounded in the use of electromagnetic (EM) radiation to pass through a subject
and process the emitted radiation into a signal that can be interpreted. In that context, while the
use of EM radiation is a centuries-old concept, engineering advances have enabled a revolution in
diagnostic imaging utilizing a wide range of the EM spectrum (Figure 1.1).2 The advent of modern
medical imaging has allowed accurate diagnosis, detailed study of anatomy, improved therapeutic
outcomes, all at a scale not previously possible.>® While anatomical imaging can be thought of as
the visualization of STRUCTURE, “molecular imaging” refers to the study of FUNCTION -
biological processes ranging from variations in gene expression within a particular tissue type to
visualization of stem cell translocation and differentiation in vivo.”® Molecular imaging modalities
include computed tomography (CT),*! positron emission tomography (PET),24 single photon
emission computed tomography (SPECT),*>" ultrasound (US)*®1° optical imaging,2®?® and
magnetic resonance imaging (MRI).242® Each modality has several advantages and disadvantages
depending on the application. For example, PET and SPECT have the highest sensitivity but
limited spatial resolution. On the other hand, CT and MRI enable high spatiotemporal resolution

but their sensitivity usually needs to be augmented by the use of contrast agents.



>
2
2
L
£
R=
ake

Radiation /

Wavelength

Radio Wave

10°

Microwave

107

Infrared

1073

Visible Light

lo'(\

Ultraviolet

10°®

X-Ray

l()' 10

Gamma ray

IOIZ

Modality

MRI image

Ultrasound

Infrared

Imaging

Arthroscopy

UV-radiation

X-Ray

Scintigraphy

Medical information

Anatomy
Edema, flow

Chemical composition

Anatomy
Tissue structure

characteristics, flow

Anatomy
and Physiology

Surface temperature

Anatomy Intraarticular

structure, inflammation

Healing/Therapy
Skin, chronic

Inflammation

Anatomy

Bone injuries

Physiology
Inflammation,
metabolism

of the bone

Figure 1.1. Typical imaging modalities within the electromagnetic spectrum.?

29



30

The Meade Lab focusses on the development of MRI contrast agents, specifically on
improving the sensitivity, specificity, and target-specific accumulation of Gadolinium(IlI)
[Gd(I11)]-based agents. One of the strategies employed for addressing these goals is the utilization
of nanomaterials as delivery vehicles of small molecule Gd(I11) contrast agents.

An important application of molecular imaging is towards the effective diagnosis and
treatment of cancer. Cancer is the second leading cause of mortality in the United States and
worldwide.?” Modern clinical cancer treatments require tremendous precision and knowledge of
tumor environment, including location, size, nodal spread and extra-organ involvement.?? To be
able to answer these questions, mainstay imaging tools such as CT, MRI and US need to be
supplemented by the acquisition of molecular and physiological information using emerging
molecular imaging technologies.®"?® As summarized by Weissleder, it is expected that “clinical
molecular imaging will one day be used to achieve the following: (i) the detection of molecular or
physiological alterations that signal the presence of cancer when it is still at a curable stage, (ii)
the ability to evaluate and adjust treatment protocols in real time, and (iii) the ability to streamline
the cancer drug development process.”?°

MRI is commonly employed to track tumor size, location, and metastatic burden because
of its high resolution and ability to produce images of entire organs/organisms with exquisite soft-
tissue contrast and without the use of ionizing radiation.*3%32 In particular, the ability to localize
transplanted cancer cells in vivo and monitor their tissue biodistribution would be valuable to
understand cellular migration after transplantation.®® One of the most promising areas of
investigation that will benefit from the ability to noninvasively monitor cell migration and function

over time is monitoring cancer growth and cancer cell metastasis.?%2%33
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1.2. Scope of Thesis.

The focus of my research efforts over the course of my PhD was the utilization of carbon
and gold nanoparticles for amplification of Gd(I11)-based contrast agent delivery and performance
towards in vivo MRI of cancer growth. Nanomaterials not only provide a scaffold for contrast
agent conjugation, they also improve their performance and allow superior cellular penetration and
labeling.34%7

Carbon nanomaterials such as buckminsterfullerenes, nanodiamonds, carbon nanotubes,
graphenes and graphene oxides have all been utilized as MRI contrast agents. ¢34 Among these,
nanodiamonds are particularly useful due to their facile production, biocompatibility, and ease of
functionalization.®4*3 Previously, the Meade and Ho labs developed Gd(llI)-nanodiamond
conjugates, whose relaxivity (ability to decrease T relaxation time) exceeded nearly all other
Gd(I11)-based agents.*

In chapter 2, nanodiamond-Gd(I11) (NDG) conjugates are used to label cancer cells ex vivo,
and follow the growth of a labeled tumor in vivo over 26 days. The synthesis of NDG was modified
from previous methods to increase the Gd(lll) loading. The newly synthesized NDG were
biocompatible and afforded 300-fold increased cell uptake compared to unmodified and clinical
Gd(I11) agents. Further, the relaxivity of NDG was shown to be field-independent, a first for
nanoparticle-Gd(I11) conjugates. Finally, by quantifying relaxation times within the tumor, we
were able to demonstrate dual T:-T> contrast and describe tumor morphology and heterogeneity.
This work resulted in a first-author publication currently under review (Nano Letters, 2016).

In chapter 3, nanodiamond-Gd(lll)-doxorubicin (ND-G-D) theranostic nanoconjugates

were developed for chemotherapy that can be fate-mapped by MRI. Previously, doxorubicin (Dox)
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was adsorbed onto the faceted surface of NDs and was used to treat drug-resistant breast cancer &
liver cancer.***® This sequestration of Dox onto the ND surface produced a delayed release profile,
which in turn decreased systemic toxicity and the capacity of the tumors to expel Dox; furthermore,
it increased the circulation half-time 10-fold over unmodified Dox and allowed for higher dosages
of Dox in mice without affecting survivability. Given the success of NDs in both imaging and
therapy applications, a significant advance would be the simultaneous ND-mediated delivery of
both  MRI contrast agents and chemotherapy. ND-G-D enabled two-fold more potent
chemotherapy of breast cancer cells in vitro which could be tracked by Gd(l11) content within cells.
A first-author manuscript describing this work is currently in preparation.

Apart from carbon nanomaterials, | also utilized gold nanoparticles conjugated to Gd(I11)
chelates for MRI. Gold nanoparticles of different shapes, sizes, and surface chemistries have been
coupled to Gd(I11) chelates to produce high efficiency MRI contrast agents.3”#64° While spherical
nanoparticles of varying size are the predominant form of gold nanoparticle used in nanoconjugate
CAs, some groups have investigated the use of other shapes, including nanorods®®®! and
nanostars.*® The robustness of gold-thiol conjugation chemistry has enabled Gd(Il1)-gold
nanoconjugate CAs bearing ligands of DNA,*“® peptides,®>>® PEG,*** saccharides,>®>’
polymers®®-%® and various combinations of the above. In 2009, the Meade and Mirkin labs
conceived of a new Gd(Il1)-DNA-gold nanoconjugate contrast agent. A 3’ thiolated poly-
deoxythymidine (dT) DNA, covalently modified with Gd(III) at five positions and containing a 5’
Cyanine3 fluorophore, was conjugated to the surface of 13.1 nm gold nanoparticles.*® This

construct, termed DNA-Gd""@AuNP was also utilized to track the migration of neural stem cells
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in vivo.5! However, apart from being a carrier for the Gd(l11) chelates and optical dyes, it is likely
that the presence of DNA limits the amount of Gd(I11) that can be loaded onto the AuNP surface.

In chapter 4, the last and final chapter, we synthesized DNA-free Gd(lll)-gold
nanoconjugates for highly efficient cell labeling and for targeting the mouse pancreas in vivo. For
these new constructs, a series of Gd(I11) chelates were modified with lipoic acid and directly
coupled to the particle surface. This approach to Gd(l11) conjugation demonstrated superior Gd(l11)
loading, better particle stability, better relaxivity, and upto twenty-fold better Gd(l111) uptake
compared to the previous generation DNA-Gd"'@AUNPs. Besides the improvement in
performance, this new design enabled exceptional contrast of labeled cells at 7 T, and was also the
first MRI contrast agent of any type to accumulate in the pancreas of wild type mice. This work
resulted in one first-author publication (Bioconjugate Chemistry, 2016) and one second author
publication (Nano Letters, 2016).

1.3. Background
1.3.1. X-ray Computed Tomography (CT)

Since their discovery in 1895, X-rays still remain one of the widely used imaging
modalities diagnostic radiology today, in the guise of X-ray radiography and computed
tomography.®? X-ray radiography involves a source transmitting X-ray beams towards the subject,
where the subject’s inherent tissue composition results in differential absorption and transmittance
of the X-rays, which form an image when they come in contact with a detector.! CT scanning is a
modification of this concept, which involves rotation of the X-ray source and detectors about the
subject in a spiral trajectory, acquiring images in several different planes, and assembling these

tomographic images into a three dimensional (3D) reconstruction of the subject.®® CT is beneficial
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because images with high spatial resolution can be acquired quickly, at relatively low cost,
particularly with the use of contrast media. CT scans are first-line diagnostic techniques for head
and abdominal trauma, pulmonary embolism, cardiac angiography and other routine and emergent
examinations. However, like X-ray radiography, CT does suffer from the use of ionizing radiation,
which can preclude frequent imaging, especially in susceptible patients (e.g. cancer-afflicted or
pregnant patients).%*

CT is often augmented by contrast agents for increased signal-to-noise ratios (SNR). Most
clinical CT contrast agents are composed of iodine or barium, as these elements benefit from large
X-ray absorption cross sections.5 CT contrast agent development in a research setting has utilized
various gold nanoparticle formulations, which have often provided better contrast with lower
required doses of radiation.®®%” For example, Hainfeld et al. used 15 nm gold nanoparticles coated
with polyethylene glycol (PEG) and functionalized with an anti-Her2 antibody to detect tumors as
small as 1 mm, and demonstrated effective molecular targeting to Her2+ tumors (compared to
Her2- controls).%®
1.3.2. Positron Emission Tomography (PET).

PET is a tomographic technique where a positron emitting radionuclide is the basis for the
signal generation.®® A radioactive tracer (e.g. ‘®F-fludeoxyglucose (FDG)) undergoes B-decay
yielding a positron, which travels a nucleus-specific distance before coming in contact with an
electron — this results in an annihilation event, generating two gamma photons, traveling in
opposite directions, that collide with a detector.”® As a result, PET suffers from poor spatial
resolution (in the order of multi-mm), and images are typically co-registered by other anatomical

imaging techniques, such as CT (PET-CT). PET provides a highly sensitive, zero background
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signal for the detection of injected materials. In the context of molecular imaging, relevant
molecules can be targeted by PET-responsive nuclei, radiolabeled and quantified.” The
disadvantages of PET imaging, include poor spatial resolution, high cost of production of
radionuclides, and time-limited study durations depending on half-life of isotopes. Furthermore,
PET usually requires advanced infrastructure (e.g. a cyclotron to generate radioactive isotopes,
corresponding transport mechanisms etc.) which many clinical and research facilities do not have
access t0.%

The most common radioisotopes for PET include Carbon, *Nitrogen, *Oxygen and
BFlourine. These atoms are ideal since they can be easily incorporated into existing organic
molecules of interest, and immediately injected for efficient image acquisition. For example, 8F-
FDG is often used for cancer detection, since tumors have higher metabolic rate than surrounding
tissue thereby preferentially taking up the radiolabeled glucose. Since the glucose is fluorinated, it
accumulates within the tumor without undergoing further metabolism, and is a highly sensitive
marker of cancerous tissue.”>"

Isotopes such as ®’Gallium and 5“Copper can be chelated to organic ligands and can enable
longer time-course studies.”*"® These radionuclide inorganic metal complexes can be further
conjugated with biological ligands for efficient molecular targeting.”™® Efficiency can further be
amplified by conjugation of chelated radioisotopes to the surface of nanoparticles. This permits
increased local concentration of radionuclide, and inclusion of PEG coatings can enable longer
circulation times. Nanoparticle scaffolds allow conjugation of targeting groups for specificity, or
other imaging agents to generate targeted multi-modal agents.'* For example, Luehmann et al.

synthesized nanoparticles composed of a poly(methyl methacrylate) core surrounded by a PEG
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shell bearing ®*Cu chelated by DOTA ligands, and targeted using the D-Ala-peptide T-amide
peptide to the chemokine 5 receptor.”® This nanoparticle platform demonstrated significant
accumulation and targeted PET signal.

1.3.3. Single Photon Emission Computed Tomography (SPECT)

Like PET, SPECT is a radionuclide-based 3D tomographic technique but utilizes gamma
decay as opposed to p-decay. The radioisotopes involved include *™Tc, In and 2I, and can be
measured directly. The corresponding single photon emission limits spatial resolution to sub-
centimeter, and like PET benefits from co-registration with CT or MRI. SPECT also enables
sensitive, quantitative imaging of injected species for targeted molecular imaging applications.
The half-lives of ®*™Tc, 1*In and 2%l are considerably longer than PET radioisotopes, and permits
longer studies. Common clinical applications of SPECT include myocardial perfusion imaging,
functional brain imaging and tumor detection.®%8! SPECT agents can also be amplified by
conjugating radioisotopes to nanoparticles. For example, dual-radiolabeled gold nanoparticle
SPECT probes were developed for imaging MMP-9 activity, a marker of tumor metastasis.®?
1.3.4. Ultrasound Imaging (US)

US utilizes high frequency sound waves to generate images, and produces excellent soft
tissue contrast. Inherent variations in tissue density will cause sound waves to be deflected in
different directions before reaching the detector, producing native contrast.®® US is widely used
because of its portability, low cost, and short acquisition times. Clinically, it is used in maternal-
fetal medicine, rapid assessment of abdominal or testicular pathologies, and breast cancer
screening.8* US is not without its disadvantages, which includes low resolution, limited depth

penetration, and poor sensitivity.
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US contrast agents have been developed, which are comprised of micron-sized gas bubbles
(“microbubbles”).®> Mice bearing xenografts of human ovarian adenocarcinoma were imaged
using targeted microbubbles, and significantly higher tissue contrast was observed compared to
control injections or untargeted microbubbles.®®
1.3.5. Optical Imaging

Optical imaging is reliant on signal generated by bioluminescent and fluorescent probes.
These probes are frequently used in cellular imaging as they are versatile and require only an
excitation source, but application in whole animal models have been limited due to poor depth
penetration of visible light through intact tissue.?® To address this, near-infrared (NIR) dyes have
been used, which affords superior tissue penetration.8” Optical imaging techniques still allow
molecular imaging of a variety of targets. However, apart from depth penetration, quantification
of signal is difficult due to wide scattering of emitted radiation, which can vary greatly depending
on region of tissue being imaged.

Nanotechnology offers a method for targeted delivery of fluorophores. For example, a NIR
dye-nanoparticle formulation composed block co-polymer PEG nanovesicles bearing docetaxel
and BODIPY fluorophores was used for theranostics of mice with hepatocellular carcinoma
xenografts. The agent enabled tumor regression and fluorescence imaging of the xenograft over a
period of eight days.%®

Bioluminescent probes are analogous to fluorescent ones, except signal is from genetic
modification to create an endogenous probe. Specifically, the gene of interest can be linked to the
firefly luciferase gene, which can now be probed in the presence of the luciferin substrate.®® In this

context, bioluminescense is thus far used in research settings since it requires extensive genetic
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modification. Bioluminescence is particularly useful for monitoring long term response to cancer
therapy in transgenic animals. For example, Zhao et al. used bioluminescence to monitor the acute
effects of the vascular disrupting agent combretastatin A4 phosphate (CA4P) on luciferase-
expressing MDA-MBA-231 human breast cancer tumor cell xenografts. A 50 — 90% decrease in
luciferase signal was observed in the tumors, confirming the therapeutic efficacy of the CA4P at
restricting blood perfusion to the tumor.%°
1.3.6. Magnetic Resonance Imaging (MRI)

The foundation for MRI as a potential imaging modality can be largely attributed to the
work of two pioneering scientists, Raymond Damadian and Paul Lauterbur. In his seminal Nature
paper in 1973, Paul Lauterbur suggests “a new class of image generated, by taking advantage of
induced local interactions”.%! Up until that time, the prevalent theory was that the generation of an
image required the object to interact with matter or radiation with a wavelength equal or less than
the smallest feature to be delineated. Lauterbur’s idea was to use the principles of nuclear magnetic
resonance (NMR); his solution was place the object in a secondary magnetic field such that the
object’s interaction with the primary magnetic field would be restricted to a particular region,
thereby making the image measurement independent of wavelength. He described this new
technique as “NMR zeugmatography”® for general purpose imaging not specific to medicine.

Two years prior, in 1971, Raymond Damadian published in Science that tumors could
potentially be detected by their vastly different NMR relaxation times as compared to healthy
tissue.®? While he did not provide a technique for how an image of a patient or portion of a patient
could be obtained, it was perhaps the first indication the principles of NMR could be used in

medical imaging. To this day it remains a major point of contention that Raymond Damadian was
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denied the 2003 Nobel Prize in Physiology/Medicine while it was given jointly to Paul Lauterbur
and Peter Mansfield.

MRI offers several advantages over the other imaging techniques described previously.
Compared to X-ray radiography, CT, PET and SPECT, MRI provides exceptional soft tissue
contrast, has no limits to depth penetration, does not utilize nor produce ionizing radiation, and
enables imaging in three dimensions.%*-*" Compared to US or optical modalities, it has far superior
spatial resolution (as low as 50 pm depending on field strength of the magnet).31:998

While a detailed explanation of relaxation theory can be found in a number of excellent
articles®192 a brief overview is presented here. The signal-to-noise ratios in MRI depend on the
density of water protons (the human body is roughly 80% water) present in the region of interest
and the degree of polarization of the nuclear spin states. When placed in a magnetic field, some
protons will orient in the direction of the magnetic field and precess at a characteristic frequency
(known as the Larmor frequency) related to the strength of the magnetic field. Upon application
of an external radiofrequency pulse, the proton spins are perturbed; once the pulse is removed, the
protons return (“relax”) back to their ground state. Relaxation is measured in two directions,
longitudinal and transverse. Longitudinal or spin-lattice relaxation is defined by the time constant
T1 and occurs in the direction of the main magnetic field. Transverse or spin-spin relaxation
corresponds to vector dephasing in the plane perpendicular to the main magnetic field and is
characterized by T». T is always equal to or shorter than T1. Inhomogeneity in the static magnetic
field and spin-spin relaxation has an effect on the transverse magnetization, and T>* is the time
constant that takes these into account. Overall, the time constants always adhere to the following

relation: T>* < T, < Ty. Signals received from spin vectors are used to produce images by
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superimposing magnetic gradients which define the spatial location of the signal. Tissue types vary
in their relaxation properties, and thus MRI is used to reconstruct images to evaluate anatomical,
perfusion and flow-related abnormalities.%®-192
1.3.7. MRI Contrast Agents.

MRI contrast agents are used in clinical and research settings to augment the sensitivity of
MRI, particularly for the differentiation of magnetically similar but histologically distinct
tissues.*>%103 A majority of MRI contrast agents use paramagnetic or superparamagnetic species
that alter the relaxation rates of surrounding water protons to produce positive (bright) or negative
(dark) contrast. Thus it is important to note that MR contrast agents are themselves not a source of
a signal and are not directly visualized but rather affect the surrounding water molecules that in
turn directly influence the received signal. Today, contrast agents are administered in
approximately 40-50% of the 7-10 million MR examinations per year.!°? The purpose of these
agents is to add significant morphological and functional information to unenhanced MR images,
thereby allowing for better-than-native tissue contrast, characterization of lesions, and evaluation
of perfusion and flow-related abnormalities.

Although gadolinium based agents are by far are the most commonly used class of MR
contrast agents to date, several other types have emerged. The different classes of contrast agents
can be classified according to 1) the magnetic property of the agent, 2) the dominant effect of the
agent on the signal intensity and 3) the biodistribution of the agent. Figure 1.2 summarizes

different classes of MRI agents according to these properties.%
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(a) Paramagnetic vs Supermagnetic species'®: Most MR contrast agents in clinical use to date
are based on paramagnetic metal ions. Paramagnetic materials are metals with unpaired
electrons in the outer orbital shells (most transition and lanthanide metals), giving rise to
magnetic dipoles when exposed to a magnetic field. Since the magnetic moment of an
electron is about 700 times larger than that of a proton (due to smaller mass), the
paramagnetic ions induce large fluctuating magnetic fields experienced by nearby protons.
If the frequency of this fluctuation has a component close to the Larmor frequency, it will
result in a significant enhancement of proton relaxation, particularly T: relaxation. There
are many paramagnetic metal ions that could potentially be used as MR contrast agents but
the transition metal gadolinium (Gd(l11)) is by far the most commonly used. This is due to
a favorable combination of many (seven) unpaired electrons combined with a long electron
spin relaxation time which makes this metal a very efficient relaxation enhancing agent.
Superparamagnetic agents are most commonly based on magnetite (FezOas) or
maghemite (y- FexOs3) insoluble iron oxide nanoparticles. These particles, termed
superparagmagnetic iron oxide nanoparticles (SP10), have a core diameter between 5-10
nm, where each nanoparticle contains several thousand paramagnetic Fe ions (Fe** and
Fe3"), resulting in a net magnetic moment (only in the presence of an external magnetic
field) that is significantly larger than that of paramagnetic species. Other formulations of
superparamagnetic nanoparticles include Manganese-based nanoparticles which have
similar properties to SPIO. Superparamagnetic agents also produce strong enhancement of
T1 relaxation of water (depending on size and composition), but their dominant effect is on

Tof/To* relaxation.
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Biodistribution!®’: The biodistribution of a contrast agent describes how the agent is
distributed in vivo after intravenous administration. ECF agents are typically small
molecular weight (MW) paramagnetic agents that are capable of diffusing from the plasma
into the interstitium and be distributed to the extracellular fluid. They are not taken up by
cells and are therefore eliminated by renal excretion with a half-life determined by the
glomerular filtration rate. Intravascular agents are contrast agents with a MW large enough
to prevent leakage from the vascular to the intravascular space. All SP10 nanoparticles are
intravascular agents, with a half-life in blood ranging from a few minutes to several hours.
They are eventually eliminated from the blood by the reticuloendothelial system, via
phagocytosis by the Kupffer cells of the liver, and macrophages from the spleen and
lymphatic system. Other types of intravascular agents exist which are based on
macromolecular gadolinium compounds. Such agents are designed either by linking
Gd(I11) ions to a macromolecular polymer during synthesis or by making the Gd(llI)
complex bind to plasma proteins after injection and thus forming macromolecules in blood.
Tissue specific agents have been specifically designed to accumulate in a given organ or

tissue type (e.g. molecular targeting via antibodies or ligand-receptor interactions).

Image enhancement'®: The effect of the contrast agent on the signal intensity can either
be positive (increase in signal or Ti-enhancement) or negative (signal reduction or To-
enhancement). In general, Gd(l11)-based, paramagnetic agents predominantly behave as

T1-enhancing agents, and SPIO/Manganese oxide superparamagnetic nanoparticles behave
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as T./T>*-enhancing agents. However, it is important to note that almost all MRI contrast
agents will affect both T1- and T»-relaxation times and the distinction between T1- and T»-
enhancing agents is therefore somewhat artificial that will depend on several parameters as
well as contrast agent dose.
1.3.8. The Concept of Relaxivity
Relaxivity theory, presented in extensive detail in several books and review papers®®:190:102
is abridged and summarized in this section. The ability of a contrast agent to enhance the proton
relaxation rate is defined as relaxivity. The observed solvent relaxation, (1/Ti)obs, iS the sum of the
intrinsic diamagnetic solvent relaxation rate in the absence of the paramagnetic species, (1/Ti)q,

and the additional paramagnetic contribution, (1/Ti)p, that is:

Equation 1.1.

In the absence of solute-solute interactions, the solvent relaxation rate is linearly dependent on the
concentration of the paramagnetic ion, Cagent:

! ! + = 1,2
= —T17;C ;L =1,
Ti,obs Ti,d Lragent

Equation 1.2.

where ri agent is the relaxivity of the paramagnetic agent, typically defined in units of mM™ s,
The effect of the agent is dependent on the distance from the ion and the diffusion of solvent
molecules. Water interaction with the metal ion is classified into three types: (1) primary
coordination sphere, (2) hydrogen-bonded molecules in the secondary coordination sphere, and
(3) bulk water that translates and diffuses past the metal. These interactions are shown in Figure

1.3, with Gd(I1I) as the model paramagnetic ion.
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Figure 1.3. Relaxation coordination spheres of water: inner-sphere, outer-sphere and bulk water.
Also shown are the Solomon-Bloembergen-Morgan parameters: (i) tr, which is the rotational
tumbling or correlation time of the entire metal-water complex, (ii) T, which is the water residence
time in the metal center and (iii) g, which is the hydration number or the number of water molecules

bound to the metal center. Image adapted from: Villaraza et al. Chem Rev 2010, 110, 2921-59
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Inner-sphere relaxation is the enhancement found in the first coordination sphere. If the
time of interaction is long compared to the time of diffusion, second coordination sphere water
molecules demonstrate similar relaxation to the first sphere. However, typically enhancement in
the second coordination sphere and bulk water is grouped together as outer-sphere relaxation.
Thus, the total paramagnetic relaxation enhancement is the sum of the inner-sphere and outer-
sphere relaxation.

While outer-sphere relaxivity is difficult to quantify, there are several parameters that
govern inner-sphere relaxivity as modeled by the Solomon-Bloembergen-Morgan equations.
These parameters can be optimized to improve the efficiency of a contrast agent. The three most
important parameters that govern inner-sphere relaxivity are: (i) tr, Which is the rotational
tumbling or correlation time of the entire metal-water complex, (ii) T, which is the water residence
time in the metal center and (iii) g, which is the hydration number or the number of water molecules
bound to the metal center (see Figure 1.3 for more detail). In order to maximize relaxivity per
water molecule (q=1), tr must increase and tm must decrease i.e. longer tumbling time of the entire
water-metal complex and shorter mean residence lifetime of the water molecular at the metal center
would both enhance relaxivity. tr can be increased by using an agent with higher molecular weight
(tumbles longer in solution) and v can be decreased by changing the chemistry of the molecule
(e.g. inclusion of a back-binding arm that limits water coordination of the water molecule to the
metal center).

The mechanism presented above is valid for all paramagnetic metal ions; however, it must
be noted superparamagnetic species such as SP1O nanoparticles have a mechanism for relaxation

enhancement that is not fully known and is currently being extensively studied%-104.105
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For safe use of Gd(l11) in biological systems, the paramagnetic ion must be chelated by an
organic ligand. This is due to the ionic radius of Gd(I11) being similar to that of Ca(ll) and Zn(ll)
which can interfere with endogenous calcium and zinc signaling. For example, unchelated Gd(lI11)
can be permanently retained within bone when taken up in place of calcium. Accordingly, Gd(l1l)
is often chelated into macrocyclic and linear ligands, which provides adequate stability for clinical
use. Clinically used Gd(111) chelates are shown in Figure 1.4. These agents show incredibly high
values of thermodynamic stability, with formation constants (log Keq) of up to 25.8 for Dotarem.*
The agents shown in Figure 1.4 generate relaxivities between 3.5 — 5.5 mM* s, values which
represent only 10% of the maximum achievable relaxivity predicted for clinical field strength MR
instruments (most commonly 1.5 T).%®

Experimental manipulations of the variables presented in Figure 1.3 are often implemented
towards optimization of Gd(ll1)-based contrast agents. The number of bound waters, the inner-
sphere water exchange rate, and the molecular reorientation time, however, are more readily
accessible by synthetic modification of the ligand, and can be measured by straightforward
chemical techniques.'® For this reason, these are the most commonly used strategies for contrast
agent optimization.
1.3.9. High-Field MRI

Optimizing rz in practice is difficult. There are several variables which define relaxivity,
like the electronic relaxation time and the molecular reorientation time, which have different
optimized values at different magnetic field strengths.'®” Therefore, no single agent can perform
at the highest level across all magnetic field strengths. As research grade MRI magnets shift toward

higher and higher magnetic fields strengths (for the purposes of increased spatial resolution and
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Figure 1.4. Linear and macrocyclic varieties of clinically approved Gd(Ill) contrast agents and
their trade names. When coordinated into octadentate ligands which allow for dynamic chemical
exchange of one water molecule, these complexes exhibit thermodynamic stability constants

between 22.1 — 25.8.%
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decreased scan times), the beneficial effects of SBM parametric optimization decrease, because
the maximum values of r1 which are possible at increasingly high fields strengths diminish
rapidly.1% Specific strategies which address modulation of these parameters are described in more
detail below.

(a) Varying the Quantity of Inner-Sphere Water Molecules. As shown in Figure 1.4, small
clinical agents are chelated such that they allow coordination of one inner sphere water molecule
(g = 1). This prioritizes safety over performance, provides adequate thermodynamic stability
constants for clinical use. However, based on the equations that govern inner-sphere contributions
to ri1, the addition of a second or third inner sphere water can double or triple relaxivity. For
example, alternate ligand designs include variations of diethylenetriamine N, N, N’, N’-
tetraacetate (DTTA, g = 2), 6-amino-6-methylperhydro-1,4-diazepinetetraacetic acid (AAZTA, q
= 2) and a number of chemistries associated with the dihydroxypyridone (HOPO, q = 2, 3)
ligand. %8:108-113

(b) Modulating the Rotational Correlation Time.

Changing the molecular reorientation of the Gd(I1l) complex is known to produce large
changes in ry relaxivity, particularly at field strengths between 0.5—1.5 T. In practice, this strategy
is implemented by increasing the molecular weight of the Gd(l11)-ligand complex, or restricting
the rotational motion of the complex by coupling its local rotation to the global rotation of a larger
molecule, macromolecule, protein or nanoparticle. For example, using a multiplexing approach
multiple Gd(111) complexes can be immobilized about a barycenter, simultaneously increasing the
number of Gd(I11) complexes and the total molecular size and making tr longer. Alternately, using

bifunctional Gd(l11) complexes, linear or dendrimeric polymers can be made to both restrict
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motion and bear multiple Gd(I11) centers per polymer. 9111114117 By the simple addition of long
hydrophobic tails or amphiphilic peptide sequences to Gd(l11) complexes, a self-assembly process
provides the formation of spherical micelles, lamellar bilayers or even high aspect ratio cylindrical
fibers, which in each case is shown to slow the local rotation of the Gd(I1l) complex.®>118-121
Another strategy where the molecules themselves are not providing the increased molar mass is
the attachment of the Gd(I11) complex (covalently or non-covalently) to a biomacromolecule like
human serum albumin or viral capsids.'?>1?8 Recently, viral capsids were shown to provide a
nanometer sized substrate onto which the Gd(l11) complexes were bound, not only increasing the
relaxivity per Gd(lll), providing a large payload of Gd(IIl) per capsid, increasing the local
concentration of CA significantly.

1.4. Nanoparticle Contrast Agents for Amplification of MR Signal.

Despite its numerous advantages as an in vivo imaging modality, the principal shortcoming
of MRI for applications in molecular imaging is low agent sensitivity.'?° The limit of detection for
MR contrast agents in vivo is between millimolar and tens of micromolar in concentration, whereas
much of the mammalian transcriptome is expressed at concentrations of low micromolar through
picomolar in concentration.®1% Therefore, it is nearly impossible to design a Gd(Il)-based
targeted contrast agent to produce contrast in 1:1 ligand:receptor ratios.**>!3! This limitation can
be partially overcome by relaxivity enhancements per ion upon target binding (e.g. by tr or
inner/outer/second sphere modulation) but this strategy still requires target expression levels be
among the highest known (like HSA targeted agents for angiography), or additional significant
signal amplification.1?2123132-142 Myltiplexing Gd(l11) agents is another strategy for relaxivity

enhancement but this provides only a few-fold improvement at best.
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Nanotechnology is a viable alternative to overcome some of the shortcomings mentioned
above. Nanoparticle-contrast agent conjugates provide several advantages. Firstly, agents
immobilized to a particle surface will benefit from a boost in relaxivity by restricted rotational
freedom (which can be modulated by linker length and chemistry). Secondly, nanoparticle
scaffolds can be conjugated to hundreds or more Gd(lll) complexes per particle. Finally,
nanoparticles can be combined with a variety of conjugation chemistries and provide the capacity
for multi-modal imaging, delivery of chemotherapeutic payload, and molecular targeting, all while
continuing to display the unique features of the nanomaterial of choice.*® The subsequent sections
of this chapter will provide a brief overview of the different types of Gd(l11)-nanoparticle designs.
1.4.1. Silica-Based Gd(l11) Nanoparticle CAs.

Silica—based nanomaterials provide a number of interesting features for use as MR contrast
agents. They are readily synthesized, can be controlled for size, shape, porosity and surface area,
and be designed to coat the exterior surface of nanomaterials of other types.}*+1% The porosity and
hydrophilic surface of Si-Gd(I11) nanoparticles have been shown to produce high relaxivity at high
magnetic field strengths. For example, Rieter et al. synthesized ruthenium core-silica shell
mesoporous particles functionalized with two versions of Gd(l11)-DTPA complexes.'*® These
constructs achieved as high as 20 mM™ s at 3 T, with particle loading of 10,200 Gd(lll) per
particle.!*” Other groups investigating silica-based nanoparticles have used relatively large
mesoporous particles, all of which have r1 high values — this indicates Si-Gd(l11) nanoparticles
provide a unique enhancement to relaxivity not demonstrated by other nanoparticle-immobilized

Gd(111) complexes. 4814
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1.4.2. Polymeric Nanoparticle and Dendrimer Gd(l11) CAs.

Biocompatible polymers have been shown to provide high Gd(lIl) payload and high
performance. Research is largely split between spherical polymer particles (though there are some
examples of alternate shapes), and dendrimeric polymers. Some recent examples include covalent
attachment of Gd(111)-DTPA and Gd(111)-DOTA to poly(D,L-lactide-co-glycolide) nanoparticles,
Anti-VEGEF targeted triblock poly-lactic acid-polyethylene glycol-poly-L-Lysine functionalized
particles with Gd(l11)-DTPA, and non-covalent dissolution of Dotarem into a co-polymer of
hyaluronic acid and chitosan, which displayed some of the highest values of r1 ever reported for a
chelated Gd(I1l) — approximately 110 mM* st at 0.47T.15015L152 Thoygh this area of research
presents interesting work, there are relatively few examples in the literature, and of these, the most
often reported sizes of particle are around 100 nm, which limits their utility for in vivo applications.

Dendrimers are controlled growth polymers which are synthesized from a central core in
successive rounds of chemical reaction (to create layers of monomers that grow outward
exponentially, known as generations, by the strategy of divergent synthesis) or the linkage of
discretely synthesized branched units which are later bound to a central core (convergent
synthesis).*® They differ from spherical particles because they tend to be small, growing outward
approximately 1 nm per generation, and are reported to become unstable past the tenth generation
(G10). This characteristic limits the available size range, but based on the discrete chemistry used
to add each generation, dendrimers feature extremely low polydispersity indices (PDI).1>31%
Monomers and the chemistries used to create dendrimers are diverse, but the most common of
these use Poly(amido amines), known as PAMAM, and the earliest examples of these dendrimeric

CA:s incorporated Gd(I111)-DOTA, Gd(I11)-DTPA or other synthetic variants of Gd(111)-DO3A.1%*-
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159 More recent work has explored different chemistries for better biocompatibility and have
utilized the HOPO ligand for increased relaxivities. 60161
1.4.3. Micellar and Liposomal Gd(I11) Loaded Nanoparticle CAs.

The use of micelles and liposomes are some of the most commonly used nanoformulations
due to ease of synthesis, scalability, and size selection capacity. Specifically, these constructs are
made from amphiphilic molecules which display a hydrophobic tail and a polar head group, and
can be assembled in such a way as they form either solvent-excluded hydrophobic cores between
5 and 50 nm (micelles), or larger, spherical bilayers which range in size from 50 — 800 nm in size
(liposomes). Importantly, because these structures are assembled from monomeric amphiphiles,
other molecules with differently functionalized head groups can be doped into the formulation to
create mixed monolayers of different surface functionality.'%1%4 Application of this premise has
allowed the addition of targeting groups, additional charge stabilization, pharmaceuticals or
imaging agents like Gd(111).1%°1¢7 In addition, the hydrophobic core of micelles, and the intralayer
space of liposomes can be used to solubilize hydrophobic molecules like chemotherapeutics.%® In
recent work by Gianolio and Briley-Szabo, micelles were assembled using a lipophilic Gd(l11)-
AAZTA complex, and displayed relaxivities of 30 mM™* st using only the Gd(111) complex in 5.5
nm micelles.®® However, when the lipophilic contrast agent was co-assembled with high density
lipoproteins (HDL), the 10-15 nm nanoconstructs displayed a relaxivity which improved to 36
mM- s with loading of 80 Gd(lII) per particle.!”

1.4.4. Carbon Based Gd(111) Nanomaterials.
Carbon nanomaterials come in numerous sizes and shapes, from spherical

buckminsterfullerenes, truncated octahedral nanodiamonds, cylindrical single- and double-walled
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carbon nanotubes and single atomic layer graphenes and graphene oxides. These materials have
generated excitement in many fields for their remarkable properties of mechanical strength,
electronic and phonon conduction capacities, unmatched surface area per weight and unique
optical properties. 42171173

By placing a single Gd(l111) ion inside the volume of a Ceo buckminsterfullerene, researchers
observed remarkably high relaxivities, due to the Gd(l11) interaction with the carbon material, and
that it contained no organic ligand, and so could complex up to 9 water molecules at a time.>*174
176 However, these materials showed pH-dependent behavior, and highly variable colloidal
stability which may limit their use for in vivo applications in the short term. Similarly, carbon
nanotubes can be loaded with unchelated Gd(111) and generate relaxivities up to 170 mM=s?at 60
MHz.17"178 Using chelated Gd(I11) with long hydrocarbon tails, multi-walled carbon nanotubes
provided a non-covalent substrate, and proof-of-concept in vivo imaging was successfully
performed.*°

Hung et al. studied the non-covalent interaction of variably functionalized Gd(lIl)
complexes, examining colloidal stability, relaxivity and cell transfection ability of graphene and
graphene oxide. In addition to generating remarkably high relaxivities, the constructs were
incorporated into a cellular incubation process for efficient intracellular delivery of Gd(I11) for cell
labeling purposes.®:17®
1.4.5. Nanodiamonds

Nanoscale diamond particles, or nanodiamonds (NDs), represent one of several classes of
carbon nanoparticles that have great potential for a variety of biological applications,38180-189

Originally discovered in the 1960’s, their value in materials science was not explored till the
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1980’s. Today, nanodiamonds are commercially produced from detonation of explosives, which
provide both a source of carbon and energy for the conversion. The detonation takes place in a
closed chamber filled with an inert gas (‘dry synthesis’) or ice coolant (‘wet synthesis’).!®3 The
product — detonation soot — is a mixture of diamond particles 4-5 nm in diameter with other
carbon allotropes and impurities. Detonation soot contains up to 75 wt% of diamond and the carbon
yield is 4-10% of the weight of the explosive, depending on cooling media. The detonation soot
is then purified by oxidation to remove non-diamond carbon. Oxidation in air is robust, cost-
effective and the most environmentally benign purification technique, and increases the diamond
content from ~25 wt% (detonation soot) to >95 wt%. Oxidation also transforms functional groups
present on the nanodiamond surface to oxygen-containing species (mainly anhydrides and
carboxylic acids), thereby creating a product with a high content of diamond and a unified surface
chemistry.28 In order to further homogenize the ND surface, various ketones, esters, carboxylic
acids, and aldehydes are reduced to hydroxyl and hydroxymethyl groups using lithium aluminum
hydride or borane in THF. This hydroxylated ND can be used as a starting material for a wide
variety of subsequent functionalizations of the ND, allowing for greater control of the NDs
chemical and physical properties, as well as the development of related applications.® Individual
nanodiamonds have diameters of 4-5 nm, but they tend to aggregate when dispersed as a colloidal
suspension. Small aggregates are actually useful for the purpose of drug delivery and
chromatography, but individual nanodiamonds in a colloidal suspension can be generated by
milling with ceramic microbeads or by microbead-assisted ultrasonic disintegration.&
ND-based constructs have provided numerous breakthroughs for molecular imaging.92-1%

Through advances in covalent and noncovalent modification of the ND surface, imaging of ND
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particles has largely centered on optical imaging with fluorescence spectroscopy. lon beam
irradiation has been used to form fluorescent centers with red and green emission visible at the
cellular level. 1819 Blue fluorescent nanodiamonds (5 nm in diameter) have been produced by
covalent attachment of octadecylamine (ODA) to the carboxylate groups of the nanodiamond
surface.'®1% These fluorescent nanodiamonds provide an alternative to toxic quantum dots.
Recently, a novel biocompatible ND for MRI was synthesized in the Meade lab by covalently
coupling a Gd(l11) chelate to the ND surface.® ND-Gd(l11) complexes decreased the average
longitudinal relaxation time of environmental water protons 10-fold with respect to NDs that were
not functionalized, and 12-fold with respect to the free Gd(lll) chelate. The relaxivity of ND-
Gd(I11) complexes was among the highest ever reported in the literature.

1.4.6. Gold nanoparticle Gd(I11) Nanoconjugates.

In the area of nanoconjugate contrast agents, gold nanoparticles boast the largest variety,
with examples of different combinations of particle shapes, sizes, Gd(lIl) complexes, and
variations in surface stabilization strategies, targeting, and multi-modality. In fact, in a number of
cases Gd(I1I) bearing particles have used as multimodal agents by the generation of CT contrast
using the ability of gold to attenuate X-Rays.*"®58200 |n the simplest case of Gd(lII) gold
nanoparticle conjugates, thiolated metal complexes were added directly to the nanoparticle surface
as either monomeric complexes,?22%2 or bifunctional thiolated adducts of Gd(I11)-DTPA. For
example, Tillement and co-workers describe a nanoconjugate CA where the particle surface was
functionalized with loops of Gd(I11)-DTPA complexes linked end to end by disulfide linkages. “8
In a second example, Moriggi et al. functionalized 2.3 nm gold spherical gold nanoparticles with

a Gd(111) complex bearing a thiophenol modification off the backbone of a DTTA ligand. Despite
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the very small size of the gold core, loading of Gd(111) was 56 complexes per particle, and showed
30 MHz relaxivities up to 60 mM™ s, due to strong coupling of the local motion of the Gd(I11)
to the global rotation of the particle.?% In these cases the Gd(I11) complexes were acting as both a
contrast agent and stabilizing ligand for the colloidal stability of the nanoparticle.

While spherical nanoparticles of varying size are the predominant form of gold
nanoparticle used in nanoconjugate CAs, some groups have investigated the use of other shapes,
including nanorods®>! and nanostars.*® Due to the robustness of gold-thiol conjugation chemistry,
the availability of ligands for particle stabilization and attachment of Gd(l11) is vast. The literature
of nanoconjugate CAs boasts gold particles bearing ligands of DNA,*"4° peptides,®>* PEG,>**
saccharides,”®®" polymers®® and combinations thereof. Besides the use of the gold core for
generation of CT contrast, the modular nature of nanoparticle assembly and the ease of gold-thiol
chemistry allows the addition of other imaging modalities, including optical imaging and
PET/SPECT probes.

3’ thiolated deoxyribonucleic acid (DNA), and the subsequent product of its conjugation
to gold nanoparticles, is termed the ‘spherical nucleic acid’ (SNA).2% In 2009, the Mirkin and
Meade labs conceived of a new Gd(l11) DNA gold nanoconjugate contrast agent design. The
construct was composed of a 3’ thiolated 24-mer poly deoxythymidine (dT) DNA strand
containing modified dT bases at five positions, which was covalently modified with Gd(l11) and
which contained a 5> Cyanine3 fluorophore, and which is then conjugated to the surface of 13.1
nm gold nanoparticles.?%* After publication of this work, the DNA-Gd''@AuNP particle construct
was immediately considered for work in a long standing collaboration between the Modo and

Meade labs for the tracking of labeled human Neural Stem Cells (hNSCs).5!
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A large portion of this thesis was devoted to the synthesis of next-generation
gadolinium(I11)-gold nanoconjugates. These constructs, termed Gd@AUNPs, were synthesized to
be devoid of DNA, yet bear significantly greater Gd(I11) loading and long-term cell labeling. This
new construct was also the first MRI contrast agent of any type to accumulate in the pancreas,
which shows tremendous promise for preclinical imaging of pancreatic diseases. Chapter 4 of this
thesis is devoted to this work.

1.5. Nanoparticle MRI Contrast Agents for Cancer Cell Tracking.

Metastatic brain tumors are a leading cause of cancer-related death worldwide. Several
cancer subtypes have propensity for brain metastases, including melanoma, colon, kidney, lung
and breast cancer. Patients typically survive only twelve to seventeen months after metastatic
onset.2%5-27 Elycidating the mechanism of brain metastasis may enable early diagnosis and
therapy.

The current limits of spatial resolution from preclinical scanners and the efficiency of the
best Gd(I11)-based cell labeling agents affords a detection limit of only 1000 Gd(111)-labeled cells
in vivo.2%® In comparison, polysaccharide-coated iron oxide nanoparticles have been used to label
cells ex vivo and enables up to single cell detection due to a blooming T." susceptibility
artifact,32208.209

Superparamagnetic iron oxide nanoparticles (SPIONs) are the only contrast agents
approved for clinical use.?1%?* Lumirem® (silicon-coated iron oxide particles with a diameter of
300 nm) and Endorem® (magnetite nanoparticles of 150 nm in diameter, coated with dextran) are
commercial names of SPIONs available on the market, used for imaging the gastro-intestinal tract

and for the detection of liver and spleen diseases including cancer.?!%?! Endorem® exploits its
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uptake by Kupffer cells, which produces significant contrast between healthy and diseased tissues
devoid of Kupffer cells (e.g. tumors or metastases).

However, T> CAs for cell tracking are plagued by several disadvantages. Firstly, T> CAs
cause signal loss (negative contrast) as opposed signal gain (positive contrast). Negative contrast
can be confused with in vivo phenomena such as hemorrhage, blood flow, air pockets, or regions
of native high iron content such as liver or spleen.?%%212213 Secondly, blooming susceptibility
artifacts, while enabling more sensitivity, also overestimates the size of a cell cluster as determined
by imaging. This will severely hamper interpretation of surrounding anatomical structures in a cell
graft. Thirdly, iron oxide particles are susceptible to clearance by macrophages which can lead to
high transplanted cell death rates. Finally, T» CAs are best visualized by T.-weighted sequences,
which have an inherently lower signal-to-noise ratio than Ti-weighted images.

More recently, Gd(I11) chelates have been receiving increasing interest as an intracellular
imaging probe.®1:209214.215 One of the main advantages of Gd(l11) chelates over T, CAs is their
predominant positive contrast effect due to Ti shortening. Furthermore, as a result of its low
molecular weight, the Gd(I11) chelate can escape macrophage reuptake after cellular release due
to, for example, cell death. This is a highly important advantage in the in vivo setting as it
contributes to a high specificity of the MRI signal, aiding the assessment of overall cell viability
after cell transplantation. A major focus of Chapters 2 and 3 of this thesis is the development of
Gd(l11)-based nanoparticle conjugates (specifically using carbon nanodiamonds) for MRI of

cancer growth in vivo.
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1.6. Theranostic Nanoparticle Constructs for Cancer Imaging and Therapy.

Results of gene expression studies have confirmed that cancer of a specific organ is not a
single disease with variable morphologic features and biomarkers but a group of molecularly
distinct neoplastic disorders.?1%-21® For example, molecular classes of non-hereditary breast cancer
have been distinguished using gene-expression profiles. In particular, the estrogen receptor (ER)-
positive, progesterone receptor (PR)-positive, and Human Epidermal Growth Factor Receptor 2
(HER2)-positive subtypes have been used to design targeted therapies; for example, Tamoxifen is
a selective ER modulator (SERM) that is used in ER+ breast cancer, and trastuzumab is a
monoclonal antibody used in HER2+ breast cancer.??® However, triple-negative breast cancer
(TNBC) — no ER, PR or HER2 expression — is particularly challenging to treat since targeted or
hormonal therapies are not available. Furthermore, the intrinsic molecular heterogeneity TNBC
makes active targeting particularly difficult. In terms of treatment, primary breast tumors are
largely managed with surgery and radiation therapy; however, systemic disease often requires
adjuvant chemotherapy.??° Since a multitude of plastic phenotypes exist within a single TN tumor,
treatment resistance is becoming a significant challenge. Resistance to chemotherapeutics is
believed to be responsible for treatment failure in more than 90% of patients with metastatic
cancer, including metastatic breast cancer.* In order to combat resistance, large chemotherapeutic
doses are utilized that result in significant systemic toxicity.?2%22 Nearly all current adjuvant
chemotherapy protocols for breast cancer, regardless of hormone receptor status, include an
anthracycline agent like doxorubicin (Dox).?2%?%! Like other drugs of its class, Dox intercalates
DNA causing cell death in rapidly-dividing cells. However, at high doses, Dox can cause fatal

dilated cardiomyopathy, hepatic failure and severe myelosuppression.??422¢ Therefore, in order for
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selective delivery of cytotoxic agents like Dox, a single delivery system that combines molecular
targeting and chemotherapy is highly desirable.

A “theranostic” system is one that combines diagnostic imaging and therapeutic delivery
into a single platform. Such a system overcomes undesirable differences in biodistribution and
selectivity from having two distinct agents.168210.229-31 The yltimate goal of the theranostic field
is to image the diseased tissue, evaluate delivery kinetics, and assess drug efficacy in the course of
a single treatment. In the long-term, theranostics allow for tuning of therapy and dose for a more
effective and personalized treatment approach,168:210229-231

The most promising aspect of utilizing nanoparticles as therapeutics, diagnostics, and
theranostics is their potential to localize to the site of disease, thereby reducing numerous side
effects, 190229232235 The nanometric size of these materials precludes them from being readily
cleared through the kidneys and extends their circulation in the blood pool. In the context of cancer
treatment, blood vessels in many tumor types are irregular in shape, dilated, and “leaky” with a
greater number of fenestrations between endothelial cells. Therefore, nanoparticles can more easily
extravasate from the blood pool into tumor tissues, and be retained due to poor lymphatic drainage.
This phenomenon of selective accumulation of nanoparticles near tumor tissues is termed the
enhanced permeability and retention (or EPR) effect, and is often exploited as a form of passive
targeting of nanoparticles to tumors,168210.230,231

Additionally, nanoparticles have high surface area-to volume ratios, yielding high loading
capacities. Thus, nanoparticles can be loaded with therapeutic drugs and imaging agents; they may
also be surface functionalized with targeting ligands and cloaking agents like PEG. Introduction

of targeting ligands may help to increase the target-to-background contrast in imaging and improve
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the local concentration of the therapeutic at the target of interest, thereby reducing systemic
toxicity.?10.231

Nanodiamonds described earlier meet the requirements for being an efficient drug delivery
platform: they are biocompatible, can carry a broad range of therapeutics, are dispersible in water
and allow uniform, scalable production. A range of other cargos have been delivered using NDs,
including covalently attached drugs!®2189236.237  nroteins?”238 small molecules under acidic
conditions (which are commonly observed in tumors)!®” 2723 and siRNA for specific
Cancers.186,188,189

Our collaborator, Prof. Dean Ho, developed Nanodiamond—doxorubicin complexes (ND—
Dox) to treat drug-resistant breast cancer (4T1) and liver cancer (LT2-M).*** NDs, by
sequestering Dox onto its surface and producing a delayed release profile, reduced the capacity of
the tumors to expel Dox. Further, the circulation half-time of ND—Dox complexes was found to be
10 times that of unmodified doxorubicin. Other advantages of ND-Dox were the absence of
myelosuppression (which is high when free Dox molecules are used), the absence of mortality
when high doses are delivered (high doses of free Dox generally kill the mice in these experiments)
and significant reductions in the sizes of the tumors.** The breakthroughs using ND-Gd(lII) for
MRI and ND-Dox for chemotherapy can be exploited to create theranostic ND-Gd(111)-Dox, which

is a major focus of chapter 3 of this thesis.
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Chapter 2:
Nanodiamond-Gadolinium(l11) Aggregates for Tracking Cancer Growth In

Vivo at High Field

Rammohan, N.; MacRenaris, K.; Moore, L.; Parigi, G; Mastarone, D; Manus, L.; Lilley L;

Preslar, A.T.; Waters, E.A.; Filicko, A; Luchinat, C; Ho, D.; Meade, T.J. Nanodiamond-
Gadolinium(l11) Aggregates for Tracking Cancer Growth In Vivo at High Field. Nano Letters.

2016. Under Revision.
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2.1. Introduction
Magnetic Resonance (MR) imaging is a non-invasive technique to image live organisms
in three dimensions with high spatiotemporal resolution.’® MR imaging is reliant on intrinsic
proton relaxation times of tissue, and is widely used in clinical settings as an alternative to X-ray
radiography, computed tomography and nuclear modalities since it requires no ionizing radiation.
To enhance tissue contrast, paramagnetic gadolinium(l11) [Gd(111)] chelates are commonly utilized
as contrast agents (CAs).”® These agents shorten the relaxation time of water protons in the region
of CA accumulation to generate contrast in tissue.”® Gd(l11)-based agents at clinically-relevant
concentrations produce positive contrast by shortening the longitudinal (T1) proton relaxation time.
In regions of very high CA accumulation, these agents can produce negative contrast by decreasing
the transverse (T2) proton relaxation time. The efficiency with which CAs decrease relaxation time
is termed relaxivity (r1 or rp for longitudinal and transverse relaxivities respectively). One
application of MR imaging is cellular labeling, which can be harnessed to track transplanted cells
and tissues in vivo. MR imaging is advantageous due to absence of ionizing radiation and better
spatiotemporal resolution than optical and nuclear techniques.!®®® Information on cellular
localization and movement would enhance our understanding of numerous disease processes,
including immune cells homing to sites of inflammation, invasion and metastasis of cancer cells,
and stem cell differentiation and migration, 10141
In the context of cancer, the ability to noninvasively track cancer cells in vivo would permit
researchers to study cellular distribution, growth and metastatic potential in pre-clinical models.
Cancer cells can be labeled ex vivo with CAs, implanted into a small-animal model system, and

longitudinally monitored for tumor growth. Unlike stem cells and immune cells, cancer cells
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present a unique challenge for CA development because their growth and proliferation dilutes the
concentration of CA in the cell. Therefore, an ideal CA for tracking cancer cells should possess
the following properties: substantial intracellular accumulation and retention, biocompatibility,
congruence with cellular function, performance at clinically relevant field strengths, and enable
imaging over long periods of time.141°

Unfortunately, clinically-utilized Gd(l11) chelates such as Dotarem®, Magnevist®, and
ProHance® do not effectively accumulate in cells.1*%® In contrast, nanoparticle CAs composed of
iron oxide or manganese have been utilized to label cell populations.!?1"1 Although these
particles benefit from high labeling efficiencies, they produce non-tunable negative contrast, suffer
from susceptibility artifacts and clearance by macrophages.!* If Gd(I11)-based CAs can be designed
for high cell accumulation, labeled cancer cells can produce tunable T1-T> contrast according to
CA concentration within the cell.

A popular strategy to improve cell labeling efficiency of Gd(lll)-based agents is
conjugation to nanoparticles. There are numerous reports of Gd(llI)-nanoparticle formulations
with high cell labeling efficiency and imaging efficacy.1>1°20-2 |n particular, carbon-based
nanomaterials bearing Gd(I11) ions such as gadographene, gadofullerene and gadonanotubes have
been explored.?t?*2" However, a majority of these constructs have not enabled long-term cell
labeling and fate-mapping in vivo due to limited stability in biological media.?®2° In contrast to
other carbon-based nanomaterials, detonation nanodiamonds (NDs) have great potential for a
variety of in vivo applications.3>® NDs are 4-6nm carbon particles with a diamond crystal
structure.3*36:37 NDs are biocompatible, can carry a broad range of therapeutics, are dispersible in

water and allow uniform, scalable production.®®*3® Nanodiamonds were recently analyzed for
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biocompatibility in rats and non-human primates, and shown to be non-toxic over 6 months by
comprehensive analysis of serum, urine, histology and body weight.*

We previously developed NDs for MR imaging by covalently coupling Gd(ll1)-based
contrast agents to the ND surface.®® These ND-Gd(l11) conjugates provided approximately 10-fold
enhancement in relaxivity with respect to the uncoupled Gd(I11) CA and clinical Gd(lI1) CAs.

Herein we report the synthesis, characterization, in vitro and in vivo testing of a new class
of ND-Gd(I11) conjugates (NDG) for MR imaging of cancer growth (Figure 2.1). To increase
Gd(l11) loading, we functionalized the nanostructure with amines by silanization of the ND surface,
and peptide-coupled the aminated NDs to a carboxylated Gd(II1) chelate. NDG aggregates were
evaluated for relaxivity across a wide range of field strengths, biocompatibility, cell labeling
efficacy, and tracking long-term tumor growth in vivo using T1- and T2-weighted MR imaging at
7T.

2.2. Results and Discussion

2.2.1. Synthesis and characterization of ND-Gd(l11) conjugates (NDG):

NDs were reduced using borane in tetrahydrofuran, followed by silanization with (3-
aminopropyl)-trimethoxysilane as previously described.*® Silanization provided additional
primary amine groups on the ND surface to create aminated NDs (NDA). A Gd(lll) chelate
composed of a tetraazacyclododecanetriacetic acid with a six-carbon linker terminating in a
carboxylic acid (Gd-C5-COOH) was synthesized (Figures 2.2-2.3). Gd-C5-COOH was peptide-
coupled to NDA in the presence of 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS), yielding ND-Gd(111) conjugates (NDG)

(Figure 2.1).
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Figure 2.1. Nanodiamond-Gadolinium(111) aggregates (NDG) for tracking cancer cell growth in
vivo. 1) A colloidal suspension of detonation nanodiamonds (NDs) is reduced using borane in
tetrahydrofuran, followed by silanization with (3-aminopropyl)-trimethoxysilane to increase
primary amines on the ND surface (NDA).*° 2) NDA is peptide-coupled to Gd(111) chelates bearing
a carboxylate with a six-carbon linker arm using EDC/NHS chemistry. 3) NDG spontaneously
aggregates but maintains colloidal stability in water, saline and serum-supplemented media. 4)
MDA-MB-231 m-Cherry human breast cancer cells are labeled with NDG. 5) NDG-labeled cells
are engrafted on the flank of immunocompromised SCID beige mice; on the other flank is
engrafted an unlabeled xenograft of the same cells as a control. 6) Mice are serially imaged by

MRI at 7 T to visualize tumor growth and morphology.
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Figure 2.2. Synthesis of ethyl protected DO3A macrocycle (1,4,7-TRIS(ETHYL ACETATE)-

1,4,7,10-TETRAAZACYCLODODECANE-HBr.
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The resulting NDG and NDA aggregates were analyzed using a number of physical and
chemical characterization methods. Transmission electron microscopy (TEM) was used to
visualize particle structure, and revealed NDA and NDG to be heterogeneous particle aggregates
(Figure 2.5a-d). Energy-dispersive X-ray (EDX) spectroscopy was employed to compare the
chemical composition of NDG and NDA. The EDX spectrum of NDG exhibited characteristic
Gd(I11) peaks while the spectrum of NDA did not (Figure 2.5e). Gd(Ill) content of NDG was
additionally confirmed and quantified by inductively-coupled plasma-mass spectroscopy (ICP-
MS) (Table 2.1). The Gd(III) content of NDG was 1.5 £ 0.2 umol/mg and exceeded that of the
first-generation ND-Gd(I11) conjugates by two orders of magnitude.*® Amide bond formation was
assessed by Fourier-transform infrared spectroscopy (FTIR), where an amide stretch was
visualized in the IR spectrum of NDG, but not in the spectra of NDA or Gd-C5-COOH (Figure
2.6). Therefore, the conversion of amines to amides was assessed by a modified Kaiser test*
(Table 2.1, Figure 2.7). The number of primary amines in NDG was significantly lower than that
of NDA, suggesting that a majority of the Gd(l11) is covalently coupled to the ND surface by amide
bonds. Finally, the hydrodynamic size of NDG aggregates in water was measured by dynamic light
scattering (DLS), while the surrogate surface charge was assessed by measuring zeta potentials
(Figure 2.8, Figure 2.9, Figure 2.10). NDA aggregates were 75.6 + 8.6 nm with a zeta potential
of +50.8 + 1.8 mV. The strong positive potential observed is attributed to the large number of free
amines on the NDA surface. Hydrodynamic size increases while zeta potential did not change
significantly as peptide-coupling ratios of Gd-C5-COOH:ND increased from 0.1:1, 1:1 to 5:1. As
more Gd(111) is coupled to NDG aggregates, there is greater hydration as more water molecules

coordinate with Gd(ll11).
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Figure 2.5. Transmission Electron Microscopy with EDX spectroscopy of NDA and NDG. (a)
NDA images at low magnification, and (b) high magnification show a granular appearance with
dense aggregates of particles, where individual particles are approximately 5 nm. (c-d) Low- and
high-magnification images of NDG retain a similar appearance but also includes the presence of
enhancing bridging structures. (e) EDX spectroscopy of NDG and NDA — the Loy and Loz peaks
of gadolinium are clearly observed in the NDG spectrum and not in the NDA spectrum. Present in

both spectra are Cu, Al, and Si (from sample preparation).



73

NDG NDA Gd-C5-COOH
Gd(I11) content
1.5+0.2 n.a. n.a.
(nmol mg™)
Primary amines
02%0.1 1.6+0.3 n.a.
(pmol mg™)
n@l4aT
11.1+£0.9 n.a. 6.4+0.8
(mM-1st)
r@114T
16.1£0.9 n.a. 10.4+£0.8
(mM-1st)
rnre@14T 0.69 n.a 0.61
n@7T
115+0.8 n.a 48+0.7
(mM-1st)
R@7T
155+£0.8 n.a. 81+£0.7
(mM-ist)
ne@7T 0.74 n.a 0.59

Table 2.1. Chemical characterization of NDG. Gd(I1) content of NDG is quantified by ICP-MS.
Peptide coupling is verified by comparing primary amine content in NDA (pre-coupling) and NDG
(post-coupling). Primary amine content is assessed using a modified Kaiser test*! (see Figure S6).
The number of primary amines is lower in NDG compared to NDA as a majority of surface amines
are modified to amides post-chelate coupling. r1 for NDG is two-fold greater, and r; is 1.5-fold
greater, than Gd-C5-COOH at 1.4 T. Unlike other nanoformulations bearing Gd(l1l) that suffer
from less efficient relaxation kinetics at higher field strengths, the longitudinal relaxivity of NDG

and r1/r, ratio are maintained at 7 T. n.a. = not applicable.
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Figure 2.6. FTIR spectra of NDA (blue), NDG (red), and Gd-C5-COOH (black), where an amide

stretch is visualized in NDG but not in NDA or Gd-C5-COOH.
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Figure 2.7. Primary amines are quantified based on absorbance at 570 nm. Spectra are shown for

different concentrations of benzylamine, along with the spectra for 1 mg/ml solutions of NDA and

NDG.
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Figure 2.9. Histograms of DLS intensity spectra of three batches of NDG aggregates bearing 1.4

umol Gd/mg of ND.
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Figure 2.10. Histograms of zeta potential spectra of three batches of NDG aggregates bearing 1.4

umol Gd/mg of ND.
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To evaluate CA performance, the r; and r; relaxivities of NDG aggregates and Gd-C5-
COOH were measured (Table 2.1). At 1.4 T, the r1 relaxivity of NDG aggregates was 11.1 + 0.9
mM-1s?, about two-fold greater than the r1 of Gd-C5-COOH. The r relaxivity of NDG aggregates
was 16.1 + 0.9 mMs, about 1.5-fold greater than the r, of Gd-C5-COOH. Compared to the first-
generation ND-Gd(l1l) conjugates, the relaxivities of NDG aggregates was 5-fold lower. One
explanation for lower ry relaxivity is that the silanization of the ND surface alters the coordination
network of Gd(I1l) compared to the previously un-silanized surface. Remarkably, the ry and r
relaxivity of NDG aggregates at 7 T was 11.5 + 0.8 mM™s and 15.5 + 0.8 mM st and comparable
to the relaxivities at 1.4 T. The ri/r» ratio of 0.74 at 7 T is among the highest for dual T1-T> agents
and favors tunable contrast. Further, other nanoconstructs bearing Gd(111) experience a significant
drop in r1 relaxivity as a result of increasing field strength and altered relaxation kinetics.’842
Therefore, the magnetic field-independence of NDG r; relaxivity required further exploration.
2.2.2. Nuclear Magnetic Relaxation Dispersion (NMRD) profile of NDG aggregates:

The parameters influencing r1 relaxivity of Gd(l11)-based chelates are described by the
Solomon-Bloembergen-Morgan (SBM) theory. SBM theory outlines three primary ways to
optimize the relaxation kinetics of Gd(III) chelates: (i) changing the rotational correlation time, tr;
(i) increasing the rate of water exchange in the inner-sphere, tm; and (iii) increasing the number
of coordinated water molecules, q.”° Of these parameters, modulation of 1 by slowing the
reorientation time (e.g. by conjugation to a nanoparticle) is commonly used to increase ri
relaxivity.>#? This method is most effective at field strengths up to 1.5 T, but at higher field
strengths, long tr times can result in up to 90% decrease in r1 relaxivity. NDG aggregates, like

other nanoparticle constructs, would be expected to benefit from a t-mediated increase < 1.5 T
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and a t-mediated decrease at higher field strengths. However, we have observed a unique
phenomenon where ry relaxivity of NDG at 7 T was actually comparable to that measured at 1.4
T. This finding suggests different mechanisms of relaxation kinetics are involved.

To explore which parameters gave rise to high-field performance of NDG, we obtained
nuclear magnetic relaxation dispersion (NMRD) profiles of NDG aggregates and Gd-C5-COOH
where the r1 relaxivity was measured across field strengths ranging from 0.01 - 300 MHz (2.3 x
10* -7 T) (Figure 2.11). We observed that the pattern of relaxivity changes across field strengths
was similar between NDG aggregates and the small-molecule chelate Gd-C5-COOH, except NDG
aggregates had higher relaxivity at all field strengths (relaxivity decreased at higher temperature
due to greater molecular tumbling rates). This is in agreement with the expected fast exchange
regime*** of the coordinated water molecules, indicating optimized tm values both for the NDG
aggregates and Gd-C5-COOH. There was no increase in relaxivity between 0.5 — 2 T typically
seen when 1 0f the underlying construct is long. The best fit parameters of the NMRD profiles*4>-
47 revealed that the 1 values of NDG aggregates and Gd-C5-COOH were not significantly
different. This suggests that the Gd(l11) chelate retained rotational freedom even after attachment
to NDs and that the major contributor for high-field performance was the high number of
“coordinated” water molecules, ¢ (Figures 2.11-2.12, and Table 2.2).

As expected for a chelate bearing a seven-coordinate gadolinium ion, the NMRD fits of
aqueous Gd-C5-COOH indicate that there are 2 water molecules coordinated to Gd(l11) in the first
coordination sphere (approximately 3.1 A).8° The NMRD profiles reported on ¥; q;/r?, where r

is the metal-hydrogen distance of the i" water molecules.
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Figure 2.11. Nuclear Magnetic Relaxation Dispersion (NMRD) profiles of NDG and Gd-C5-
COOH. Longitudinal proton relaxivities of NDG and Gd-C5-COOH decrease with increasing
magnetic field strength, but remain stable at field strengths greater than 60 MHz. The r; of NDG
is higher than that of Gd-C5-COOH at all field strengths. Unlike most other Gd(l11)-nanoparticle
constructs, NDG does not benefit from a tr-mediated increase between 10-100 MHz, nor does it
suffer from a decrease in relaxivity between 60-300 MHz. This is likely due to ND aggregates in
solution providing a loose framework for Gd(I11) conjugation that does not hinder the rotational

freedom of the chelates. For parameter values, see Table 2.2.
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Figure 2.12. NMRD profiles at 25°C and 37°C of two different batches of NDG (“NDGd 1” and

“NDGd 2”), Gd-C5-COOH (“Gd-free”) and an uncoupled mix of NDA and Gd-C5-COOH

(“NDMix”). Measurements in red were acquired separately, as detailed in Materials & Methods,

sections 2.4.7.
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NDG @ 25°C | NDG @ 37°C | Gd-C5-COOH | Gd-C5-COOH
@ 25°C @ 37°C
TR (PS) 77 62 78 56
Qast sphere (#) 2! 1.6
Fist sphere (A)? 3.05 3.05?
Tm (it sphere) (NS)* 36 25 36 25
Q2nd sphere (#) 13.4 -
Fand spherefouter (A)? 3.6 3.6°
Tm (2st sphere) (PS) 38 26 - -

Table 2.2. Parameter estimates for NMRD fits of NDG and Gd-C5-COOH at 25°C and 37°C.

lvalues kept fixed in the best fit minimization

2qlst sphere = 2 With rist sphere= 316 A

30uter-sphere relaxation calculated with a distance of closest approach fixed to 3.6 A and diffusion

coefficients fixed to 2.3-10° and 3.3-10° m?/s at 25 and 37°C, respectively.
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For NDG aggregates, the two water molecules in the first coordination sphere must be
supplemented by a relatively large number of water molecules in what is termed the “second
coordination sphere”. Assuming a second-sphere radius of 3.6 A, approximately 13 water
molecules would need to coordinate with the Gd(III) ion with a lifetime tm Of tens of picoseconds.
The presence of this large network of water molecules close to the Gd(l11) ion may explain the
high-field performance of NDG aggregates.

There are previous reports of carbon-based nanomaterials, particularly gadonanotubes,
having unique NMRD profiles in solution, especially at low field strengths (< 0.1 MHz), attributed
to geometric confinement of Gd(l1l) and high water coordination numbers.?**® A plausible
explanation for the relaxometric behavior of NDG may be related to the hydrophilic, amidated
NDG being able to form robust and continuous hydration layers near the surface.®**° In this
scenario, the Gd(I11) ions would increase the relaxation rates of the water protons in these hydration
layers as in the case of water molecules in the second coordination sphere.*

2.2.3. Labeling cancer cells using NDG:

The MDA-MB-231 m-Cherry human triple-negative breast cancer cell line was used as the
model system for cellular studies using NDG. Cellular tolerance of NDG was evaluated by cell
viability measurements across ND concentrations ranging from 31.25 — 1000 pg/ml, where NDG
maintained colloidal stability in serum-supplemented media at all concentrations. We observed
that NDG was well tolerated with a range of doses (Figure 2.13a). The cell labeling efficiency of
NDG was compared with that of Gd-C5-COOH and Gd-DOTA, a clinically used chelate. Cells
were incubated with different Gd(l11)-equivalent doses of NDG, Gd-C5-COOH and Gd-DOTA for

24 hours, after which the agents were washed and cells harvested for analysis of Gd(I11) content.
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Figure 2.13. Labeling MDA-MB-231 m-Cherry cells with NDG. (a) Cell viability shows that
NDG is well-tolerated across a wide dose range. (b) Cells are incubated with NDG, Gd(111)-DOTA
or Gd-C5-COOH for 24 hours, after which they are harvested for analysis of Gd(I11) content. NDG
confers 300-fold improvement in cellular delivery of Gd(111) compared to Gd(I11)-DOTA and Gd-

C5-COOH.
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NDG delivered in excess of 160 fmol of Gd(I11) per cancer cell, which was 300-fold greater than
the amount delivered by the two free chelates (Figure 2.13b). The detection limit of cells labeled
with Gd(I11) by MR imaging is known to be approximately 0.1 fmol/cell in vitro and 1 fmol/cell
in vivo, %1
In order to confirm that cells internalized NDG aggregates, individual cells were visualized
using scanning-transmission electron microscopy (STEM). The resulting images showed NDG
clusters within the cell and being engulfed by membrane-associated vesicles at the cell periphery
(Figure 2.14a). Two regions-of-interest (ROIs) were delineated in the higher magnification STEM
image of the cell: one with apparent NDG aggregates and the other a vacant region of cytoplasm
(Figure 2.14b). EDX spectroscopy of the two ROIs revealed the characteristic Gd(I11) X-ray
spectrum only in the ROI bearing NDG aggregates and not in the region of vacant cytoplasm
(Figure 2.14c). Collectively, we have shown that NDG aggregates are one of the most efficient
delivery vehicles of Gd(lll) to cells compared to other Gd(lll)-nanoparticle formulations.
Furthermore, the cell labeling efficacy of NDG compares favorably to other carbon-based
nanomaterials such as gadographene?!, gadonanotubes®? and gadofullerenes®® without sacrificing

biocompatibility.
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Figure 2.14. Labeling MDA-MB-231 m-Cherry cells with NDG. (a) STEM image of single cell
after 24-hour incubation with NDG. Enhancing NDG aggregates are seen inside the cell and also
being engulfed near the plasma membrane (white arrows). (b) STEM image at greater
magnification showing two highlighted areas — one with apparent NDG aggregates (teal) and
another without (red). (c) EDX spectroscopy of the two regions highlighted in (b) — the Laz peak
of gadolinium is clearly observed in the spectrum for the region bearing NDG aggregates (teal)

and not in the region of vacant cytoplasm (red). The Loz peak of gadolinium is also seen.
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2.2.4. High field MR imaging of cells labeled with NDG:

In order to determine if the high cellular Gd(l11) loading conferred by NDG translates into
contrast, cellular phantoms were imaged using MR. Cells were labeled with increasing dose of
NDG, spun down to a pellet, and imaged by MRI at 7 T (Figure 2.15). As expected, when cellular
concentration of Gd(I11) exceeds a certain threshold, positive contrast diminishes to yield negative
contrast even in a Ti-weighted sequence. At the highest dose (Figure 2.15, (iv)), T.- and T2'-
relaxation times are shorter than the “short” echo time of a Ti-weighted sequence, resulting in a
predominant T, effect over Ti.

We sought to demonstrate this “T»-shortening” is concentration-dependent, and can be
exploited for dual T1-T2 imaging. Instead of being spun down to a pellet, cells labeled with highest
dose of NDG were diluted in an agarose:media suspension. Specifically, cylindrical cavities were
created in an agarose gel and were filled with NDG-labeled (110 fmol Gd(lI1)/cell) or unlabeled
cells suspended in 1:1 agarose:media (Figure 2.16a). The cavity containing the NDG-labeled cells
exhibited positive contrast while the cavity containing unlabeled cells could not be differentiated
from agarose background (Figure 2.16b). In addition, cells incubated with NDA (equal ND
concentration but no Gd(l1)) could not be differentiated from background (Figure 2.17.). In the
T»-weighted sequence, the cavity containing the NDG-labeled cells appeared dark and the outline
of the cavity containing the unlabeled cells is visible (Figure 2.18.). This vial was imaged using
the IVIS® Lumina optical imaging system and m-Cherry fluorescence showed the presence of cells
in both cavities (Figure 2.16c¢). These findings suggest that NDG aggregates are efficiently able
to deliver a Gd(l1l) payload to cells, and labeled cells can produce both positive and negative

contrast.
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(i) (ii) (iii) (iv)

Figure 2.15. MR imaging at 7 T of MDA-MB-231 m-Cherry cells labeled with NDG. (a) Axial
MRI section of cell pellets having 0 (i), 0.6 (ii), 6.4 (iii) and 117.6 (iv) fmol/cell of Gd(llI) after
labeling with increasing concentrations of NDG for 24 hours. (ii) yields significantly greater
contrast than (i). As cellular concentration of Gd(l1l) increases, positive contrast diminishes to
yield negative contrast. At these higher concentrations, To-relaxation times are even shorter than

the “short” echo time TE of a T1-weighted sequence, resulting in a predominant T effect over Ti.
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Figure 2.16. (a) Experimental setup for imaging cells suspended in agarose. Two 5-mm cylindrical
cavities are created in a vial containing a 1:1 agarose:media gel. Each cavity is gelled with either
NDG-labeled or unlabeled cells suspended in a 1:1 agarose:media mixture. (b) Coronal (top) and
axial (bottom) section of vial described in (a), containing cells suspended in agarose:media.
“NDG” indicates the cavity containing NDG-labeled cells, where significant contrast enhancement
is observed, while the cavity containing unlabeled cells is indiscernible (location indicated by
dotted circle in axial section). (c) Same vial imaged in an IVIS® Lumina optical imaging system
detecting m-Cherry fluorescence, measured as radiant efficiency with units of
[(p/sec/icm?/st)/(WW/cm?)]. “NDG” indicates the cavity containing NDG-labeled cells. m-Cherry

readouts indicate the presence of cells in both cavities.
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Figure 2.17. T1-weighted MRI of NDA-labeled or unlabeled cells suspended in 1:1 agarose:media
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Figure 2.18. T»>-weighted MRI of NDG-labeled or unlabeled cells suspended in 1:1 agarose:media
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2.2.5. High field MR imaging of NDG-labeled xenografts in immunocompromised mice for
tracking cancer growth in vivo:

Immunocompromised mice were inoculated with two tumors, one composed of NDG-
labeled cells (right flank) and one composed of unlabeled cells (left flank). Mice were imaged at
several time points over 26 days. Tumor growth was quantified over time by m-Cherry
fluorescence readouts using an IVIS® Lumina optical system (Figure 2.19).

To demonstrate tunability of contrast, cells were treated with maximum NDG dose at
inoculation, where it was expected that high initial cellular NDG concentration would translate to
negative contrast in Ti-weighted sequences. T»-shortening is expected to dissipate as the tumor
grows, where dilution of cellular NDG concentration would result in T-weighted positive contrast.

As early as day 2 NDG-labeled cells were visible, providing negative contrast in the Ti-
weighted sequence, as expected (Figure 2.20a). The unlabeled cells displayed similar signal as
surrounding muscle. The T»>-weighted images showed the location of the unlabeled cells on the left
flank more clearly (Figure 2.20b). By day 14, the NDG tumor was enlarged, and still displayed
T»-shortening. The unlabeled tumor grew and continued to exhibit as much signal as surrounding
muscle. However, by day 26 there was significant variance in contrast enhancement in different
parts of the NDG tumor, with some regions showing positive contrast with others showing negative
contrast. This suggests that Gd(I11) was heterogeneously distributed. This profile was further
validated by the T»-weighted images that showed a contrast differential within the tumor (as
expected, regions which appeared bright in the Ti-weighted image were dark in the T»-weighted
image). This transition from negative to positive contrast is helpful for determining tissue

distribution of agent.
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Figure 2.19. Top Row - NDG tumor (right flank) and unlabeled tumor (left flank) of representative
mouse imaged at 2-, 14- and 26-days post-inoculation imaged by an IVIS Lumina optical system
detecting m-Cherry fluorescence. Bottom Row — m-Cherry fluorophore-mediated radiant
efficiency of each tumor at each timepoint. Images are from same mouse whose MR images are

shown in Figure 6 of manuscript.
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Figure 2.20. 7 T MR images of a SCID-beige mouse bearing a NDG-labeled xenograft and an
unlabeled xenograft of MDA-MB-231 m-Cherry cells (n = 5, representative mouse shown).
Images are shown 2, 14 and 26 days after engraftment. NDG tumor = right flank (left in page, red
arrows), Unlabeled tumor = left flank (right in page, white arrows). (a) T1-weighted images, where
the NDG tumor is clearly visualized as a dark mass on the right flank, while the unlabeled tumor
shows similar signal as compared to surrounding muscle. As the NDG tumor enlarges, there is a
progressive increase in signal brightness as Gd(lll) dilutes within the tumor to limit the To-
shortening effect. (b) T.-weighted images, where the NDG appears dark and the unlabeled tumor
appears bright relative to surrounding tissue. This sequence of images validates the positions of

the tumors in the T1-weighted sequence, particularly of the unlabeled tumor in the left flank.
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At each MR imaging time point, the T1- and T.-relaxation times within each tumor and
surrounding muscle was measured. However, during early time points (up to 19 days), the Ti- or
To-relaxation times could not be quantified due to high cellular NDG concentration causing To-
shortening. At Day 26, a quantitative T:-map was overlaid on the To-weighted anatomical image
(Figure 2.21, left panel). The Ti-relaxation time for a representative ROI defined within the NDG
tumor 26 days post-engraftment was 844 ms, compared to T1 times of 2225 ms and 1999 ms in
ROIs defined in the unlabeled tumor and muscle respectively. Within the NDG tumor the Ty times
ranged from 0 — 2500 ms. Ty values have previously been correlated with tissue properties, where
short Ty values are associated with fat or Gd(I11)-mediated contrast enhancement, long T1 values
are associated with fluid (blood, lymph, or edema) and intermediate values are associated with soft
tissue.®%°3 Accordingly, in the NDG tumor, Ti-times < 100 ms likely corresponded to areas of
high Gd(I11) concentration (e.g. necrotic regions where Gd(l11) has pooled), intermediate T1 times
between 500 — 800 ms corresponded to actively dividing NDG-labeled cells, while long T1 times
> 2500 ms were likely due to edema within the tumor.

To further quantify MR signal in the tumors, ROIs were delineated within each tumor and
one within surrounding muscle. The saturation recovery of longitudinal magnetization was plotted
against time for each of the ROIs (Figure 2.21, right panel). We observed that the unlabeled
tumor and muscle have typical Ti-signal recovery profiles while the signal is not completely
recovered in the NDG tumor, suggestive of T»-shortening. Overall, by dilution of Gd(l1l) across
time and a quantitative T: map within the NDG-labeled tumor, we are able to describe tumor

morphology and heterogeneity.
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Figure 2.21. 7 T MR images of a SCID-beige mouse bearing a NDG-labeled xenograft and an
unlabeled xenograft of MDA-MB-231 m-Cherry cells (n = 5, representative mouse shown). A
quantitative heat map of T relaxation times in the NDG tumor, unlabeled tumor and muscle is
overlaid on the T>-weighted anatomical image of the mouse at Day 26. Shorter T times in the
NDG tumor likely indicate high levels of Gd(I11) within the tumor core, while longer T1 times at
the tumor edge likely indicate edema. The saturation-recovery plots of longitudinal relaxation
(right panel) demonstrate the T2-shortening effect in the NDG tumor, while showing the longer

relaxation time of the unlabeled tumor compared with surrounding muscle.
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The regional contrast variance used to describe tissue features would not be possible with
other MR CAs, since T2-agents (e.g. iron oxide nanoparticles) display negative contrast only and
other Gd(I11) agents suffer from low sensitivity.

2.2.6. Biodistribution of NDG aggregates in recipient mice and within tumor xenografts:

At the end of the 26-day time point three mice were euthanized, and both tumors, proximal
leg muscles, kidneys, liver, spleen, stomach and bowel were harvested for analysis of Gd(lIll)
content. On average the NDG tumors had 971 + 534 pg of Gd(III) per g of tissue, where proximal
leg muscle and unlabeled tumors had < 1 pg/g of tissue (Figure 2.22a). The Gd(IIl) content
detected in the other clearance organs was also < 1 pg/g of tissue (Figure S16). The NDG tumors
at the end of day 26 retained approximately 95% of the Gd(I11) inoculated at day O (Figure 2.22b),
indicating that NDG aggregates are well-retained within the tumor nearly one month post-
engraftment. This level of retention would not be possible with iron oxide nanoparticles due to

metabolism by the innate immune system.
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Figure 2.22. (a) Gd(I1l) content of tumors harvested at the 26-day endpoint (n = 3) — the NDG
tumors have high Gd(l11) content of approximately 1 mg per g of tissue, while unlabeled tumors
and muscle has negligible quantities of Gd(l1l). (b) Gd(I11) content in NDG tumors was compared
between the inoculation timepoint and the 26-day endpoint, and on average, 95% of the Gd(lII)
remained within the tumor. (c) H&E section of unlabeled tumor (40x magnification) showing
uniform, invasive neoplastic cells along with a region of central clearing indicative of necrosis,
along with showing several mitoses indicative of high proliferative rate. (d) H&E section of NDG
tumor (60x magnification) showing a similar morphology to the unlabeled tumor but containing
visible NDG aggregates within neoplastic cells and in the interstitial space (black arrows). The
number of mitoses visible is comparable to the unlabeled tumor. An enlarged image is shown in

Figure 2.23 for greater detail.
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The remaining two mice were euthanized for histological analysis of the NDG tumor and
unlabeled tumor. In H&E sections, we observed invasive tumor cells with high mitotic rate, along
with diffuse regions of necrosis and edema in both the unlabeled and NDG tumors (Figure 2.22c-
d). We noted that the NDG tumor section contained several granular masses which were most
likely NDG aggregates (Figure 2.22d — black arrows, Figure 2.23). Laser-ablation ICP-MS of
an approximately 12 mm x 6 mm NDG tumor cross-section showed that Gd(l11) was distributed
throughout the tumor with highest concentrations in the center (Figure 2.24). Similar analysis of
the unlabeled tumor showed absence of Gd(Ill) as expected. These findings correspond to the
morphological changes described based on the T1-maps of the tumors. Collectively, these findings
serve as evidence that NDG aggregates can be visualized within the tumor by light microscopy
and that they accumulate significantly within the tumor without affecting negatively affecting

tumor architecture.



99

Figure 2.23. Figure 2.22d enlarged to show greater detail. H&E section of NDG tumor (60x
magnification) showing a similar morphology to the unlabeled tumor but containing visible NDG

aggregates within neoplastic cells and in the interstitial space (black arrows).
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Figure 2.24. Laser Ablation ICP-MS for spatial distribution of Gd(I11) content in tumor sections.
Both %Zn and *°’Gd values are reported for each of the NDG and unlabeled tumor sections. %¢zZn
is uniformly distributed in the tumor sections corresponding closely with the tumor section
boundaries. Only the NDG tumor has Gd(lll) distributed throughout the tissue with highest

concentrations in the center.
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2.3. Conclusions

In summary, we present a new class of nanodiamond-gadolinium(lI1) conjugates for MR
imaging of cancer growth in vivo. NDG aggregates fulfill nearly all the criteria for a highly
effective T1-weighted MR contrast agent: high relaxivity at high field strengths, significant Gd(l11)
payload delivery to cells, biocompatibility, no adverse effects on the behavior or function of
recipient cells, retention over time, and long-term imaging capability up to one month. While other
carbon nanomaterials such as graphene, fullerenes and nanotubes have all been conjugated to
Gd(l11) and have been shown to label cells with high efficiency, few of these constructs have been
translated toward in vivo biological applications.?1:26:28:54

The ability to track the pattern of cancer growth in vivo is highly valuable to determine
tumor properties such as growth potential and invasiveness.*1%%>° We have shown that cancer
cells pre-labeled with NDG aggregates enable longitudinal monitoring of cancer growth from
engraftment to growth and differentiation. We have presented a new method to describe tumor
morphology and regional variance in tumor architecture on the basis of T1 relaxation. While we
used flank xenografts as a proof-of-concept, our findings can be extended to orthotopic tumor
xenografts within the brain, thorax, abdomen, and pelvis — locations that can only be imaged non-
invasively via a modality that provides high spatial resolution, unlimited depth penetration and
three-dimensional imaging.

The long-term retention of NDG aggregates within cancer cells without inducing
cytotoxicity can be applied towards tracking other types of therapeutic cells such as pluripotent
stem cells and immune cells. Cell-based therapies often fail because injected or implanted cells

cannot be fate-mapped for long time periods, and their biodistribution within the recipient
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organism becomes untraceable.!®*15 Studies are underway to label pluripotent stem cells with
NDG aggregates, where the biocompatibility and inertness of NDG aggregates can be especially
useful since these cells are particularly sensitive to ex vivo treatments. NDG-labeled stem cells can
potentially be used to evaluate and monitor the regeneration of bone, fat, cartilage and even cardiac
tissue. NDG aggregates can be used to label immune cells such as T-cells or macrophages. For
example, chimeric antigen receptor (CAR) T-cells which have shown tremendous promise for
targeted cancer therapy®’°® can be pre-labeled with NDG and mapped to tumor locations to
monitor treatment response rates. Similarly, adoptive transfer of NDG-labeled macrophages may
further the understanding of the innate immune system, particularly macrophage phenotype
activation and switching during infection, inflammation, and cancer.

It is clear that nanodiamond-gadolinium(l1l) aggregates are a promising class of MR
contrast agents for imaging cancer in vivo and can potentially be utilized for labeling, imaging and
tracking a variety of cells towards advanced therapeutic benefits.

2.4. Materials and Methods

2.4.1. General Synthetic Methods and Characterization: Reagents and solvents were
purchased from Sigma Aldrich Chemical Co. (St. Louis, MO, USA), unless specified otherwise.
Synthetic procedures were performed under ambient conditions unless described explicitly. Initial
purification of Gd(I11) chelates and precursors was accomplished by flash chromatography using
standard grade silica gel (Sorbent Technologies, Norcross, GA, USA). A Varian 500 MHz Avance
1l NMR spectrometer and a Bruker Amazon X LC-MS lon Trap Mass Spectrometer (Billerica,
MA, USA) were used for chemical characterization. Final purification was achieved using a Varian

Prostar 500 HPLC using a Waters 4.6 x 250 mm 5 um Atlantis C18 column and mobile phases of



103
Millipore water, 0.05% trifluoroacetic acid in Millipore water, and acetonitrile. Dynamic light
scattering for NDG characterization was performed on a Malvern ZetasizerNano (Malvern
Instruments Ltd., Malvern, United Kingdom) particle size and zeta potential analyzer.

2.4.2. Synthesis of ethyl protected DO3A macrocycle (1,4,7-TRIS(ETHYL ACETATE)-
1,4,7,10-TETRAAZACYCLODODECANE-HBr: Cyclen (Strem Chemicals Inc., 2.202 g, 12.8
mmol), sodium acetate (3.158 g, 38.5 mmol), and acetonitrile (40 mL) were added sequentially
into a 250 mL round bottom flask equipped with a magnetic stir bar and a digital thermometer.
The reaction vessel was cooled in an ice bath and stirred at 0 °C for 10 minutes. In a separate 150
mL Erlenmeyer flask, ethyl bromoacetate (4.20 mL, 37.9 mmol) was diluted into acetonitrile (20
mL). The dissolved ethyl bromoacetate was transferred into an addition funnel and added dropwise
to the reaction vessel containing cyclen and sodium acetate in acetonitrile over 30 minutes while
maintaining a temperature below 5 °C. The reaction was stirred under these conditions for an
additional 15 minutes before removing the ice bath, and then allowed to warm to room temperature
and continue stirring overnight. After stirring 18 hours, the solids were separated by filtration and
rinsed with acetonitrile. The organic solution was concentrated to a clear oil and dissolved in
methanol (5 mL, required heat/sonication). Upon complete dissolution, diethyl ether (25 mL) was
slowly added. The resultant suspension was cooled at -20 °C for 12 hours. The white precipitate
was collected and dried by lyophilization. Yield: 2.505 g (35%). *H NMR (500 MHz, CDCls) &
10.01 (s, 1H), 4.17 (qd, J = 7.2, 1.2 Hz, 6H), 3.75 — 2.41 (m, 22H), 1.28 (td, J = 7.2, 1.2 Hz, 9H).
13C NMR (126 MHz, CDCl3) § 171.15, 170.31, 61.31, 60.78, 57.27, 55.17, 51.38, 49.25, 48.22,

47.43, 14.31. ESI-MS (m/z): observed: 431.3, calculated: 431.3 [M + H]".
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2.4.3. Synthesis of 1-(ETHYL HEXANOATE)-4,7,10-TRIS[(TERT-
ETHYLCARBONYL)METHYL]-1,4,7,10-TETRAAZACLYCODODECANE: To a 50 mL round
bottom flask was added 1,4,7-tris(ethyl acetate)-1,4,7,10-tetraazacyclododecane-HBr (0.550 g, 1.1
mmol) and potassium carbonate (0.375 g, 2.7 mmol) followed by dissolution in acetonitrile (10
mL). To the cloudy suspension was added ethyl 6-bromohexanoate (0.29 mL, 1.6 mmol). The
reaction mixture was heated to 50 °C and allowed to stir under nitrogen for 18 hours. Reaction
progress was monitored by thin layer chromatography with 1:9 methanol:dichloromethane and
iodoplatinate stain. Upon completion of the reaction, the solution was filtered using a Blchner
funnel to remove excess salts and the residual solids were washed with acetonitrile. The product-
containing filtrate was concentrated under vacuum and the crude material was purified using flash
column chromatography with a gradient of 5:95 to 10:90 methanol:dichloromethane. Elution of
product was monitored by TLC using iodoplatinate stain. 3C NMR analysis of purified product
contained peaks which suggest partial deprotection or transesterification of ethyl esters during
column chromatography. Therefore, primary product characterization was achieved by ESI-MS.
Combined fractions were collected, concentrated by rotary evaporation and stored under vacuum

overnight. Yield: 0.501 g (82%). ESI-MS (m/z) observed: 572.5, Calculated 572.7 [M + H]".

2.4.4. Synthesis of Gd-C5-COOH: To a 50 mL round bottom flask was added the tetra-
ethyl protected chelate (0.279 g, 0.5 mmol) dissolved in aqueous 1 M sodium hydroxide (10 mL)
for saponification of the chelate ethyl esters. The reaction was stirred at room temperature for 4
hours, at which time complete deprotection was observed by ESI-MS. The pH of the stirring
solution was adjusted to 7.2 using 1 M hydrochloric acid. Gadolinium(l11) acetate hydrate (0.242

g, 0.6 mmol) was added, followed by an observed drop in pH to 4.7. The mildly acidic conditions
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required for metalation were achieved by addition of 1 M sodium hydroxide to pH 6.5. The
metalation reaction was stirred at room temperature for 24 hours. The crude mixture was purified
by semipreparative reverse phase HPLC using the following conditions: 0 min 0 % solvent B, 17
min 31 % solvent B, 21-26 min 100% solvent B, and 31-34 min 0 % solvent B. The desired
product, Gd-C5-COOH, elutes from 15.0 to 15.9 minutes as monitored by UV-vis at 201/210 nm
and was collected and lyophilized. Yield: 0.156 g (52%). ESI-MS (m/z) observed: 616.1618,
calculated 616.16166 [M + H]". Anal. Calcd. for K[C20H32GdN4Og] * 5H20, C:31.57 H:5.83

N:7.36 ; Found: C:31.22 H:5.69 N:7.12.

2.4.5. Nanodiamonds (NDs), Aminated nanodiamonds (NDA) and Nanodiamond-
Gadolinium(l11) aggregates (NDG): Nanodiamond (ND) powders were acquired from the
Nanocarbon Research Institute (Nagano, Japan). Amine modified NDs were produced according
to the protocols from Kruger et al®®, Zhang et al®® and Chow et al®2. Briefly, after reduction of the
ND surface (2.5g) with BH3*THF (25mL, 1M) for 3 days, the ND surface (1g) was functionalized
with (3-aminopropyl)trimethoxysilane (100mL, 5%), purified by centrifugation and dried by
lyophlization. NDA powder was then re-suspended to a concentration of 10 mg/ml in 0.2% w/v
acetic acid. 1 mL of this NDA suspension (10 mg of NDA) was dissolved in 0.5 mL of
diisopropylethyl amine and 3.5 mL of DMSO, following by vigorous sonication. In a separate
vessel, 0.5, 5 or 50 mg of Gd-C5-COOH (see Figures S1-S3 for synthetic details) was combined
with five equivalents of NHS and EDC in 5 mL of 3:1 DMSO:Millipore water and vigorously
sonicated. NDA and Gd-C5-COOH mixtures were combined in a 15 mL Falcon tube and shaken
overnight at room temperature. The mixture was purified first by 3 rounds of centrifugation with

milli-Q water at 10000 x g for 20 minutes. At the end of the third round, the pellet was resuspended
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in 1 mL of milli-Q water and transferred to a 1.5 mL eppendorf tube. This mixture is purified by a
further 3 rounds of centrifugation at 21000 x g for 20 minutes. The final pellet is re-suspended in

1 mL of 0.2% w/v acetic acid resulting in the NDG aggregates at 10 mg/mL.

2.4.6. Low-field relaxivity (r1 and r2): A stock suspension of NDG was made by
suspending 10 mg of NDG in 1 ml of 0.2% w/v acetic acid as explained in section (b). Then,
between 50-100 puL was taken from the stock and dissolved in Millipore water to total volume of
1 mL. This sample was serially diluted four times generating 5 samples each of 500 puL volume.
Solutions were heated to 37 °C and 500 uL of each concentration was placed into a Bruker
minispec mg60 60 MHz (1.41 T) NMR spectrometer (Billerica, MA, USA) for measurement of Ty
and T relaxation time. Data were collected using an inversion recovery pulse sequence using 4
averages, a 15-second repetition time and 10 data points. The remaining volumes of each solution
were utilized for ICP analysis of Gd(I11) concentration. The inverse of the relaxation time (1/Tyor
1/T2, st) was plotted against the Gd(l11) concentration (mM) determined by ICP-MS of each of
the five samples. By applying a linear fit to this data, the slope that was generated was defined as

the relaxivity of the agent in units of mM* s,

2.4.7. High Field Relaxivity (7 T): A stock suspension of NDG at 10 mg/mL was made as
described in section (b). 10-, 7.5-, 5-, and 2.5 pL of the stock suspension was added to Millipore
water to a total volume of 500 pL. Each solution was added to a 53" flame-sealed Pasteur pipet,
and centrifuged at 100 x g at 4.0 °C for 5 minutes. The bottom sections of the pipets were scored
with a glass scribe to make small capillaries, which were imaged on a Bruker Pharmscan 7 T
imaging spectrometer fitted with a RF RES 300 1H 089/023 quadrature transmit receive 23-mm

volume coil (Bruker BioSpin, Billerica, MA, USA). Ti relaxation times were measured using a
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rapid-acquisition rapid-echo (RARE-VTR) Ti-map pulse sequence, with static echo time (11 ms)
and variable repetition time (150, 250, 500, 750, 1000, 2000, 4000, 6000, 8000, and 10000 ms)
values. Imaging parameters were as follows: field of view (FOV) = 25 x 25 mm?, matrix size
(MTX) =256 x 256, number of axial slices = 4, slice thickness (SI) = 1.0 mm, and averages (NEX)
= 3 (total scan time = 2 h 36 min). Ty analysis was carried out using the image sequence analysis
tool in Paravision 6.0 software (Bruker, Billerica, MA, USA) with monoexponential curve-fitting
of image intensities of selected regions of interest (ROIs) for each axial slice. Spin-spin relaxation
times (T2) were measured using a multi-slice multi-echo (MSME) T.-map pulse sequence, with
static TR (5000 ms) and 32 fitted echoes in 11 ms intervals (11, 22,..., 352 ms). Imaging parameters
were as follows: field of view (FOV) = 25 x 25 mm?, matrix size (MTX) = 256 x 256, number of
axial slices =4, slice thickness (SI) = 1.0 mm, and averages (NEX) = 3 (Total scan time = 48 min).
T> analysis was carried out using the image sequence analysis tool in Paravision 6.0 software
(Bruker, Billerica, MA, USA) with mono-exponential curve-fitting of image intensities of selected

ROIs for each axial slice.

2.4.8. Metals Analysis by ICP-MS: ICP-MS was performed on a computer-controlled
(QTEGA V. 2.6) Thermo (Thermo Fisher Scientific, Waltham, MA) iCapQ ICP-MS equipped with
an ESI SC-2DX autosampler/autodilution system (Elemental Scientific Inc., Omaha, NE).
Quantitation of metal concentration was performed by acid digestion of nanoconjugate samples,
followed by ICP-MS analysis. Specifically, for NDG aggregates, Gd(l11) content was measured
by addition of 5 ul of NDG sample into 300 puL of concentrated nitric acid (BDH AristarPlus Nitric
acid, 70%). The mixture was heated at 65 °C for at least 2 hours. This was followed by addition

of ultra-pure H20 (18.2 Q'm) up to 10 mL total sample volume. For cells labeled with NDG, 20 —
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150 pL of NDG-labeled cells suspended in PBS or media were added to 100 puL. 70% nitric acid
and heated at 65 °C for at least 4 hours. Following digestion, ultra-pure H.O water was added for
a final sample volume of 3 mL. Individual Gd elemental standards were prepared at 0, 0.78125,
1.5625, 3.125, 6.25, 12.5, 25.0, 50.0, 100, and 200 ng/mL concentrations with 2% nitric acid (v/v),
2% HCI (v/v) and 5.0 ng/mL internal standards (6L, Sc, Y, In, Ho, Bi) up to a total sample volume
of 5 mL. Each sample was acquired using 1 survey run (1 sweeps) and 3 main (peak jumping) runs
(100 sweeps). The isotopes selected were °°1°’Gd using **°In and '*°Ho as internal standards for
data interpolation and machine stability. Instrument performance was optimized daily by means

of manufacturer’s autotune and Thermo TuneA solution.

2.4.9. FTIR: NDG, NDA, and Gd-C5-COOH, were dried in vacuo. Infrared spectra were
obtained with a Bruker Alpha FTIR spectrometer equipped with an attenuated total reflectance

accessory. Approximately 3 mg of each sample was analyzed with the anvil depressed.

2.4.10. Primary Amine Quantification: A modified Kaiser test was used to quantify
primary amines and is based on a procedure previously reported by Jarre et al.** The following

reagents are utilized.

i.  Acetate buffer at pH 5.5

ii. 5% Ninhydrin solution
iii.  KCN-pyridine reagent: 2 mL of 30 mM KCN dissolved in 98 mL of pyridine
iv.  Phenol solution: 40 g of phenol dissolved in 10 mL of ethanol.

v.  Ethanol solution: 30 mL of reagent alcohol is dissolved in 20 mL of DI water.
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For the standard curve, 1 mL of known concentrations of benzylamine (10-, 5-, 2.5-, 1.25-, 0.625-
mM) were used. For NDG or NDA, 1 mg of dried sample was vigorously sonicated in 1 mL of DI
water. To this 1 mL solution of NDG, NDA or benzylamine was added 1 mL of reagent (i) followed
by sonication for 15 minutes. Next, 1 mL of reagent (iii) and 1 mL of reagent (iv) were added and
the suspension was heated in an oil bath @ 120° C for 10 minutes. Then 1 mL of reagent (ii) was
added and heated for another 10 minutes. The solution was then cooled to room temperature within
30 minutes and 5 mL of ethanol solution was added. The solids were separated by centrifugation,
and a UV-vis spectrum was recorded from the supernatants. The peak at 570 nm indicated presence

of primary amines. Unknown amine concentrations were determined from a standard curve.

2.4.11. STEM and EDX spectroscopic analysis: NDG and NDA samples were dried and
placed on gold slot grids with a carbon coated Formvar support film, and analyzed in a STEM
(HD2300-A, Hitachi) with a dual detector EDX system (Energy Dispersive X-ray Spectroscopy,
Thermo Scientific, MA). System settings were as follows: 200 kV acceleration voltage, objective
aperture of 75 pum in diameter, and 2 minutes spectrum recording time per area. The NSS Noran
System Seven software was used for EDX analysis. Resin embedding of cells for STEM and EDX
spectroscopic analysis: Cells were labeled with 1 mg/ml NDG in media for 24 hours. Cells were
washed, harvested and fixed in 2.5 % glutaraldehyde (25 % aqueous stock solution), 2 %
formaldehyde (16 % aqueous stock solution) (EMS, Electron Microscopy Sciences) in DPBS
(Dulbecco’s Phosphate-Buffered Saline, Cellgro Mediatech, Inc., VA), pH 7.4. After fixation
overnight at 4° C, the samples were rinsed in PBS and in ddH20 for 15 minutes each and post-
fixed in aqueous 2% osmium tetroxide (EMS) for one hour. After two rinses in ddH.O for 15

minutes each, the specimens were dehydrated in 25%, 50%, 75%, 90% ethanol for 20 minutes



110
each, and two times for 10 minutes each in 100 % ethanol. After infiltration with a 1:1 mixture of
Spurr resin (EMS) and ethanol for 3 hours, the samples were infiltrated overnight in pure resin.
For polymerization, the samples were transferred into fresh resin in flat embedding molds and
polymerized at 60°C for 48 hours. The blocks were sectioned using a diamond knife (Diatome)
with an ultramicrotome (UC7, Leica) at a nominal thickness of 70 nm, and the sections were
collected on 200 mesh copper grids, dried and observed in a STEM (HD2300-A, Hitachi) with an

acceleration voltage of 80 kV. The NSS Noran System Seven software was used for EDX analysis.

2.4.12. NMRD profiles and analysis: Water proton relaxation rates of solutions containing
NDG, Gd-C5-COOH, or Gd-C5-COOH mixed with NDA were measured from 0.01 to 40 MHz
proton Larmor frequency using a fast field cycling Stelar relaxometer. The relaxivity profiles of
NDG were obtained after the subtraction of the diamagnetic NDA relaxation rates and normalized

to 1 mM Gd(I11) concentration.

2.4.13. General Cell Culture: DPBS, media, and dissociation reagents were purchased
from Life Technologies (Carlsbad, CA). CorningBrand® cell culture consumables (flasks, plates,
etc.) and sera were purchased from VWR Scientific (Radnor, PA). MDA-MB-231 m-Cherry
(ATCC® HTB-26TM) cells were purchased from the American Type Culture Collection (ATCC,
Manassas, VA) and cultured in phenol red-free minimum essential media-alpha (a-MEM)
supplemented with 10% fetal bovine serum (FBS), 1% non-essential amino acids, 1% sodium
pyruvate, and 1% 100mM L-glutamate. Cells were confirmed free of mycoplasma contamination
by MycoAlert™ Mycoplasma Detection Kit (Lonza Group Ltd., Switzerland). Prior to all

experiments, cells were plated and allowed to incubate for 24 hours before dosing. Cells were
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harvested with 0.25% TrypLE for 5 minutes at 37 °C in a 5.0% CO2 incubator. Cells were grown

in a humidified incubator operating at 37°C and 5.0% CO..

2.4.14. Guava ViaCount Assay for Cell Counting: Cell counting was conducted using a
Guava EasyCyte Mini Personal Cell Analyzer (EMD Millipore, Billerica, MA). After cell
harvesting, an aliquot (50 pL) of the cell suspensions was mixed with Guava ViaCount reagent
(150 pL) and allowed to stain at room temperature for at least 5 minutes (dilution factor of 4 and
cell density between 20-150 cells/uL). After gently vortexing for 10 seconds, stained cells were
counted using a Guava EasyCyte Mini Personal Cell Analyzer (PCA) using the ViaCount software
module. For each sample, 500-1000 events were acquired. Gating of live/dead and cell/debris
classifications were performed manually by the operator. Instrument performance was validated

biweekly using GuavaCheck Beads following the software module “Daily Check”.

2.4.15. Cellular Delivery Studies. Cellular delivery studies were performed with MDA-
MB-231 m-Cherry cells. MDA-MB-231 m-Cherry cells were plated at a cell density of
approximately 25,000 per well for 24-hour uptake in a 24-well plate as counted by a
hemocytometer. Stock solutions of NDG were prepared by resuspending a pellet of known mass
of NDG in fresh media. Gd(I11) concentration ranged from 5— 1500 uM (0.005 — 1 mg/ml diamond
concentration). To harvest, cells were rinsed in-plate three times with 500 uL PBS and trypsinized
using 100 pL 0.25% TrypLE. Following trypsin treatment, 150 pL of media was added to each
well and mixed by a pipette to ensure that all cells were lifted into suspension. The cellular
suspensions were centrifuged at 1000 x g for 5 minutes at 4 °C, after which the supernatant was

discarded and the pellet was re-suspended in fresh media. This process was repeated twice. From
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the final cell suspension, 50 uL. was used for cell counting and 150 pLL was used for Gd content

analysis via ICP-MS.

2.4.16. Cell Pellet MRI: Approximately 7.5 x 10° MDA-MB-231 m-Cherry cells were
incubated in 25-cm? T-flasks with NDG aggregates (Gd(I11) concentrations of 500-, 50- and 5-
uM) suspended in media for 24 h, rinsed with DPBS (2 x 1 mL/flask), and harvested with 500 puL
of trypsin. After addition of 500 pL of fresh complete media, cells were transferred to 1.5-mL
microcentrifuge tubes and centrifuged at 1000 x g at 4.0 °C for 5 minutes. The supernatant was
removed,; the cell pellets were re-suspended in 1 mL of complete media, added to 5% flame-sealed
Pasteur pipets, and centrifuged at 100 x g at 4.0 °C for 5 minutes. The bottom sections of the flame-
sealed pipets were then scored with a glass scribe, broken into small capillaries, and imaged using
a RF RES 300 1H 089/023 quadrature transmit receive 23-mm volume coil (Bruker BioSpin,

Billerica, MA, USA). T1and T> relaxation times were measured as described in section 2.4.7.

2.4.17. Agarose cell phantoms: A 2% w/v low melting temperature agarose solution was
mixed in equal parts with serum supplemented media at 37°C to create a 1% agarose/media
mixture. A 10-mL glass vial was gelled with 5-mL of the agarose/media mixture around two 5 mm
O.D. NMR tubes placed approximately 3 mm apart and about 1 cm from the bottom of the vial.
The tubes were then removed to create cylindrical cavities within the gel. One cavity was filled
with 250 pL of cells labeled with 0.5 mg/ml NDG for 24 hours, suspended in warm agarose/media
mixture at a cell density of 30,000 cells/uL. The other cavity was filled with unlabeled cells
suspended in warm agarose/media mixture at the same cell density. The vial was placed on ice for

15 minutes for gelling to take place.
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The vial was filled with media, capped, and sealed with parafilm. The vial was imaged in

a Bruker Pharmscan 7 T imaging spectrometer fitted with RF RES 300 1H 089/023 quadrature
transmit receive 23-mm volume coil (Bruker BioSpin, Billerica, MA, USA) at 25 °C. A rapid
acquisition with refocused echoes (RARE) pulse sequence was used. For Ti-weighting, the
following parameters were used: TR = 208.7 ms, TE =10.8 ms, flip angle = 180°, NEX = 1, FOV
= 25 x 25 mm?, slice thickness = 1 mm, and matrix size = 256 x 256. For T,-weighting, the
following parameters were used: TR = 4000 ms, TE = 40 ms, flip angle = 180°, NEX = 1, FOV =
25 x 25 mm?, slice thickness = 1 mm, and matrix size = 256 x 256. The same vial was also imaged
in an VIS Spectrum (PerkinElmer, Waltham, MA, U.S.A.) for m-Cherry fluorescence. An

excitation wavelength of 580 nm and an emission wavelength of 620 nm were used.

2.4.18. In vivo studies. All mice were handled and processed according to a protocol
approved by Northwestern University Animal Care and Use Committee in accordance with current
guidelines from the National Institutes of Health Model Procedure of Animal Care and Use.
Female, SCID-beige mice aged 6-8 weeks at initiation were used for the length of the study. Mice
were imaged by MRI on a Bruker PharmaScan 7 T magnet (Bruker Biospin, Billerica, MA,
U.S.A.). Five flasks containing approximately 5 x 105 MDA-MB-231 m-Cherry cells were labeled
with NDG at 500 uM Gd(III) concentration (0.5 mg/ml diamond concentration) for 24 hours. Cells
from each flask were washed repeatedly, re-suspended in sterile phosphate buffered saline to a

volume of 0.1 mL, and injected into the right rear flank of the mice (n = 5).

Similarly, unlabeled cells were injected into the left rear flank of the same mice. Mice were
then imaged at 2-, 5-, 9-, 14-, 19- and 26-days post-engraftment using both T:- and T»-weighted

sequences. During imaging, mice were held under 1-2% inhaled isoflurane anesthesia and
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respiration was monitored using an SA Instruments MR compatible monitoring system (SA
Instruments, Stonybrook, NY, U.S.A.). Ti-weighted images were acquired using a rapid
acquisition rapid echo (T1-RARE) sequence with imaging parameters as follows: RARE factor =
4, repetition time (TR)/echo time (TE) = 750 ms/6.2 ms, field of view (FOV) = 30 x 30 mm?,
matrix size (MTX) = 200 x 200, number of axial slices (NS) = 3, slice thickness (SI) = 0.7 mm,
and averages (NEX) = 1. Tr-weighted images were acquired using an accelerated TurboRARE
sequence with imaging parameters as follows: RARE factor =4, TR/TE =800 ms/17 ms, NEX=4,
and identical geometry to the T1-RARE sequence. T: relaxation times were measured using a
RARE T:-map pulse sequence (RARE-VTR), with static echo time (6.5 ms) and variable repetition
time (100, 200, 400, 800, 1500, 3000, and 6500 ms). Imaging parameters were as follows: RARE
factor = 2, FOV = 30 x 30 mm?, MTX =128 x 128, NS = 3, slice SI = 0.7 mm, and NEX = 1 (total

scan time = 11 min).

T, analysis was carried out using JIM 6.0 (Xinapse Systems, Essex, UK) with
monoexponential curve-fitting of image intensities. JIM 6.0 was also used to draw ROlIs in each
tumor and surrounding muscle in the Ti-weighted image obtained at Day 26 of each mouse. T:-
maps obtained in each ROI were overlaid on a T»-weighted anatomical reference image from the

same time point.

2.4.19. In Vivo Fluorescence Imaging: Immediately prior to each MRI time point,
fluorescence images of mice were obtained an IVIS Spectrum (PerkinElmer, Waltham, MA,
U.S.A.). Mice held under 3% inhaled isoflurane anesthesia for the duration of imaging. Mice were
placed on their right or left side to image the NDG tumor or unlabeled tumor respectively. For m-

Cherry fluorescence readouts, an excitation wavelength of 580 nm and emission wavelength of
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620 nm were used. Mice were allowed to recover and ambulate for several minutes before MR
imaging. Image data was processed using Living Image software. ROIs were defined

corresponding to each tumor and used to determine background subtracted radiant efficiency.

2.4.20. Organ Analysis for Gd(I11) content: At the end of the 26-day time point, mice were
sacrificed and organs were digested and analyzed for Gd(l1l) content by ICP-MS. The tumors,
proximal leg muscles, spleen and kidneys were placed into preweighed Teflon tubes, weighed, and
dissolved in 9:1 ACS reagent grade nitric acid/hydrogen peroxide to a total volume of 1 mL. The
livers, stomachs and bowels were placed into preweighed TFM vessels, weighed, and dissolved in
9:1 ACS reagent grade nitric acid: hydrogen peroxide (10 mL). The solutions were digested using
an EthosEZ microwave digestion system (Milestone, Shelton, CT, U.S.A.) with a 120 °C ramp for
30 min followed by a 30 min hold and a 45 min exhaust cycle. The resultant solutions were
weighed and an aliquot was transferred to a preweighed 15 mL conical tube. The final ICP-MS

sample was prepared as described above in section 2.4.8.

2.4.21. Laser ablation ICP-MS: Laser ablation ICP-MS was accomplished using a
NuWave UP213 Nd:Yag Laser (Elemetnal Scientific Inc., Portlan, OR) coupled to a computer-
controlled (QTEGRA v. 2.6.2) Thermo iCapQ ICP-MS (Thermo Fisher Scientific, Waltham, MA)
of NDG-labelled and unlabeled tumor cross sections. Laser ablation performance was optimized
prior to ample runs using a NIST 612 glass standard using an 80 um spot size, 10 Hz rep rate, and
100% laser power (%He was optimized at 5% with nebulizer Ar pressure at 1). Tissue sections
were ablated using a 100 um spot size, 20 Hz rep rate, 100 um/sec laser passes and laser output of
39-42% (Laser power was adjusted to a fluence of 0.2-0.3 mJ for accurate tissue ablation).

Additionally, the method was setup with a 40 second laser warm-up time prior to each line pass
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and a 20 second washout time at the end of each line pass. The isotopes selected or analysis were
%4Zn, %2zn, >"Fe, 1°5Gd, and *’Gd with a 10 ms dwell time for each isotope. Following ablation,
data was analyzed using MATLAB (Version R2016a) to produce 2D color maps of signal

intensities of the selected isotopes.

2.4.22. Statistics: Structural and chemical characterization results of NDG aggregates and
Gd-C5-COOH report on the average and standard deviation of a minimum of three independently
synthesized batches. NMRD profiles were obtained for two independently synthesized batches of
NDG and Gd-C5-COOH. Results of cell studies represent averages of three separate experiments,
each in triplicate wells. Five mice were used for in vivo MRI, each bearing two tumors (NDG-
labeled and unlabeled). This setup requires no randomization and investigators were not blinded.
MR and fluorescence images of a single representative mouse are shown. After the final imaging
time point, three subjects were used for Gd(l11) biodistribution analysis, while two subjects were
used for histological analysis. All bar graphs indicate averages while error bars represent standard

deviations.
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Chapter 3:
Theranostic Nanodiamonds for Targeted Breast Cancer Imaging and

Chemotherapy

Rammohan, N.; McLeod, S.; Moore, L.K.; MacRenaris, K.W.; Waters, E.A.; Preslar, A.T.; Ho,

D.; Meade, T.J. Theranostic Nanodiamond-Gd(l1l)-Doxorubicin Nanoconjugates for Efficient

Chemotherapy Monitored by MR Imaging. 2016. In Preparation.
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3.1. Introduction

Breast cancer is the second most common malignancy and leading cause of cancer death
among women worldwide.! In 2013, it is estimated that there will be 232,340 new cases of invasive
breast cancer among women in the United States.? It exceeds all other cancers in terms of
healthcare costs in the US; in 2010, the disease burden was $16.2 billion.® Historically women
have been taught to use a monthly self-breast exam in combination with clinical exams and
screening mammaography to monitor for the development of breast cancer. However the utility of
any of these screening measures is questionable.*® Even in women over 50 years of age annual
screening mammography provides only a modest reduction in mortality, along with a significant
increase in the number of unnecessary biopsies and false positive diagnoses.? In younger patients
and in hormone receptor-negative tumors, mammography is often inconclusive due to soft tissue
changes and decreased incidence of tumor calcifications.” The shortcomings of the currently
available techniques for breast cancer detection make it clear that a better diagnostic modality is
desperately needed.

Breast cancer treatment is not lacking for challenges. Current breast cancer treatment
regimens typically involve a combination of surgery, radiation and chemotherapy.® Depending on
the tumor size, type and location, surgical treatment of breast cancer may involve either a
lumpectomy or a complete mastectomy. However, even with the aid of modern imaging systems
it can be difficult for a surgeon to determine exactly where the tumor ends and healthy tissue
begins. Failure to remove all of the cancerous tissue can result in tumor recurrence and treatment
failure. Delivery of a targeted contrast agent prior to surgery could facilitate pre-operative surgical

planning and improve breast cancer treatment. Furthermore, cell-targeted imaging could aid in the
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detection of both local and distant metastases. Finally, studies have shown that both chemotherapy
and radiation improve breast cancer survival rates when given after either breast conserving or
radical surgery.®® Although researchers have demonstrated that breast cancer responds to a wide
variety of chemotherapeutic and hormone modulating agents, selection of the proper
chemotherapeutic agents can prove challenging, especially when resistance is involved.®® The
response to treatment is currently assessed by gross changes in tumor volume that can take 6-8
weeks to appear.2® More detailed non-invasive imaging, such as with targeted MRI contrast agents,
could allow physicians to monitor changes in tumor size and receptor expression over the course
of treatment thereby facilitating earlier detection of non-ideal treatment responses.

Since the emergence of hormone modulatory therapies, such as selective estrogen receptor
modulators, selective progesterone receptor modulators, and Trastuzumab (anti-Her2), breast
cancer treatment can now be tailored to each patient based on hormone receptor expression.
Although these hormone modulators have greatly improved breast cancer treatment, cancers that
do not express estrogen, progesterone or epidermal growth factor type 2 receptors (ER, PR and
Her2/neu respectively) do not benefit from these therapies. Of all the subsets of breast cancer,
these triple negative breast cancers (TNBCs) are the most aggressive and have the worst
prognosis.!! However, TNBCs present an interesting treatment paradox - they are associated with
an aggressive clinical course and poor survival rates, but are relatively responsive to
chemotherapy.'? Additionally, although TNBCs do not express ER, PR and Her2/neu, they are
known to overexpress CD44.131® Therefore, CD44-targeted therapies have the potential to

revolutionize the treatment of TNBC.
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Nanoscale diamond particles, or nanodiamonds (NDs), represent one of several classes of
carbon nanoparticles that have great potential for a variety of biological applications.!’”?° NDs are
4-6nm, spherical, carbon particles with a diamond crystal structure. NDs meet the requirements
for being an efficient bioagent delivery platform: they are biocompatible, can carry a broad range
of therapeutics, are dispersible in water and allow uniform, scalable production.}” A range of
cargos have been delivered using NDs, including covalently attached drugs!®?-23, proteins®24,
small molecules under acidic conditions (commonly observed in tumors)®2°2°and siRNA for
specific cancers.?326:27
One feature that sets NDs apart from other particles is its faceted surface shape that
provides unique physical properties. The faceted surface of NDs allows electrostatic attachment
of a variety of small molecules. For example, doxorubicin (Dox) adsorbed onto the faceted surface
of NDs was used to treat drug-resistant breast cancer & liver cancer.?®? This sequestration of Dox
onto the ND surface produced a delayed release profile, which in turn decreased systemic toxicity
and the capacity of the tumors to expel Dox; furthermore, it increased the circulation half-time 10-
fold over unmodified Dox and allowed for higher dosages of Dox in mice without affecting
survivability.
ND-based conjugates have provided numerous breakthroughs for molecular imaging.>°-’
In particular, the Meade group developed NDs for magnetic resonance imaging (MRI) by
covalently coupling Gd(lIl)-based contrast agents to the ND surface.®® These ND-Gd(IlI)
conjugates provided approximately a 12-fold enhancement in ability to produce contrast with

respect to the uncoupled Gd(l11) contrast agent.
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Given the success of NDs in both imaging and therapy applications, a significant advance
would be the simultaneous ND-mediated delivery of both MRI contrast agents and chemotherapy
in vivo.
Here we seek to build on the success achieved with ND conjugates, such as ND-Dox and ND-
Gd(l11), by combining the imaging and therapeutic features onto the same ND platform (Figure
3.1). In addition, molecular targeting will be accomplished by further conjugating the NDs to
hyaluronic acid (HA) - the targeting ligand of CD44. While some passive targeting of ND
conjugates is observed in animal models due to the enhanced permeability of tumor vasculature,
it is not optimal for selective tumor targeting. The addition of HA to the ND platform would enable
selective targeting to the tumor and not to healthy tissue. A project workflow is presented in

Figure 3.2.
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Figure 3.1. Theranostic NDs for targeted imaging & therapy. Gd(111) chelates enable MR imaging,

Dox enable chemotherapy and HA enables molecular targeting to CD44.
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Figure 3.2. Project workflow and experimental progression. Completed steps highlighted in green.



124
3.2. Results and Discussion
3.2.1. Synthesis and Characterization of Nanodiamond-Gd(l11)-Dox-HA (ND-G-D-H):

NDs for MR imaging: ND-Gd(IIl) (ND-G) conjugates were synthesized as described in
Chapter 2, section 2.2.1. Briefly, nanodiamond powders were provided by our collaborator Dr.
Dean Ho from Univ. of California, Los Angeles. The NDs were reduced using boron tetrahydride
in tetrahydrofuran, followed by silanization with (3-aminopropyl)-trimethoxysilane as previously
described.®® Silanization provides an abundance of primary amine groups on the ND surface. Then,
carboxylate-functionalized Gd(l11) chelates were peptide-coupled to the amine groups on the ND
surface, using 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS). ND-Gd(l11) (ND-G) conjugates were purified by centrifugation, and
covalent coupling was confirmed by inductively-coupled plasma-mass spectroscopy (ICP-MS) for
Gd(I11) content of NDs and supernatants. For characterization purposes, the T1 and Ta relaxivity of
ND-G were measured. For summary of results, see Table 2.1.

Targeted NDs: HA (average molecular weight of 10-100 kDa) was purchased from
Lifecore Biomedical (Chaska, MN, USA). HA was covalently-coupled to the aminated NDs using
the same peptide coupling chemistry as described above, exploiting the free carboxylate on the
HA monomers, to form ND-HA (ND-H) conjugates.

Theranostic NDs: ND-G or ND-H conjugates were mixed with doxorubicin in varying
ratios by mass (5:1, 3:1, 1:1, 1:3 and 1:5 ND:Dox) and spun down to produce ND-Gd(I11)-Dox
(ND-G-D) or ND-Gd(II)-Dox-HA (ND-G-D-H) conjugates (Figure 3.3). The solution will be

adjusted with 3 mM NaOH to promote drug complexing.
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Figure 3.3. ND-G (or ND-H) was mixed with Dox in varying mass ratios (5:1, 3:1, 1:1, 1:3 and

1:5 ND:Dox) in 3 mM NaOH. The reagents were vortexed for at least one minute and allowed to

mix overnight. The mixture was then spun down at 21,0009 for 30 minutes at 4 °C.



126
Loading was assessed by absorbance (Dox) intensity of supernatant and purified NDs. A standard
curve was used to estimate Dox concentration in the supernatant (Figure 3.4). Based on Dox
remaining in supernatant, efficiency of Dox loading onto ND-G was determined (Figure 3.5). Dox
loading efficiency was determined for a range of ND:Dox mixing ratios by mass, where Dox
loading decreases when more Dox is added to the ND:Dox mixture (Figure 3.6). Dox elution over
time was assessed by absorbance intensity in supernatants after periodic particle spin-down
(Figure 3.7). Dox leeched from ND-G-D suspended in media gradually over a period of 72 hours,
but remained relatively stable in PBS and water.
3.2.2. Cellular studies using ND-G-D:
ND-G-D was tested in human triple-negative breast cancer MDA-MB-231 m-Cherry cells.
These cells overexpress CD44 and are a reliable model for assessment of HA-mediated
targeting.13144%41 Cells were incubated with ND-G, ND-G-D, ND-D or Dox alone 24 hours
(Figure 3.8) or 72 hours (Figure 3.9) and then assayed by a flow cytometric live/dead assay. The
number of live vs. dead cells served as an indicator of therapeutic efficacy. ND-G-D is the most
potent agent with an EC50 at least two-fold better than free Dox after 24 hours and 72 hours. For
assessment of in vitro theranostics, we set up the following experiment. Cells were treated with
various Dox-equivalent concentrations of ND-G-D. After 4 hours, the doses were washed away
and replaced with fresh media. After 72 hours, for each Dox-equivalent dose, cells were separated
into live and dead cells by flow cytometry. Cellular Gd(111) was measured in the live cells at each
dose and plotted along with cell viability (Figure 3.10). Increasing cell death is associated with
increasing Gd(I11) in remaining live cells, demonstrating that therapeutic efficacy can be tracked

by Gd(111) uptake.
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Figure 3.4. Dox-HCI was dissolved in 3 mM NaOH, 0.02% wi/v Acetic Acid at serially diluted

concentrations to form the standard curve. Absorbance reading was fit to curve and concentration

of unbound Dox was determined.
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Dox loading onto ND and ND-Gd
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Figure 3.5. Based on Dox remaining in supernatant, efficiency of Dox loading onto ND-G and

ND was determined. For 5:1 ND:Dox, loading efficiency in excess of 90% was achieved.
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Figure 3.6. Dox loading efficiency for different ND:Dox mixing ratios by mass. (Top) Dox
loading efficiency decreases with increasing mixing quantities of Dox, and loading amount can be
chosen depending on dose requirement. (Bottom) With increasing Dox quantities, more Dox

remains in the supernatant, decreasing loading efficiency.
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Figure 3.7. Dox elution from ND-G-D, demonstrating gradual leeching into media over 72 hours,

with relative stability in water and PBS.
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24h cytotoxicity
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Figure 3.8. MDA-MB-231 m-Cherry cells were treated with ND-G-D, ND-D, ND-G or Dox alone
for 24 hours. ND-G-D is the most potent agent, where its EC50 is nearly two-fold better than that

of free Dox.
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72h cytotoxicity
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Figure 3.9. MDA-MB-231 m-Cherry cells were treated with ND-G-D, ND-D, ND-G or Dox alone
for 72 hours. ND-G-D is the most potent agent, where its EC50 is nearly 2.5-fold better than that

of free Dox.
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Figure 3.10. In vitro theranostics. Cellular Gd(l11) was measured along with cellular viability
across a wide dox-equivalent dose range of ND-G-D. Increasing cell death is associated with
increasing Gd(I1) in remaining live cells, demonstrating that therapeutic efficacy can be tracked

by Gd(l11) uptake.
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3.2.3. Cellular Studies Using ND-G-H

ND-H and ND-G were mixed 1:1 to form ND-G-H, a targeted imaging agent. Since NDs
spontaneously aggregate in solution, we generated ND-G-H as a mixture of NDs with
heterogeneous expression of Gd(l111) or HA on the surface (Figure 3.11). MDA-MB-231 cells were
incubated with either ND-G or ND-G-H at the same concentration, and ND-G-H had 30%
increased uptake over ND-G (p < 0.001) (Figure 3.12). This suggests that HA-mediated targeting
to CD44 can further boost contrast enhancement. When increasing ND-H was added to the mixture
in 2:1 and 5:1 ratios to ND-G, the targeting effect was diminished (Figure 3.13). This suggests
that at higher ND-H mixing concentrations, CD44 receptors become saturated, limiting efficiency
of molecular targeting.
3.2.4. Preliminary In Vivo studies

ND-G-D was selected for preliminary studies of in vivo theranostics. The efficacy of ND-
Dox in vivo was established by Chow et al.?® and therefore the focus of this preliminary study was
establishing the imaging efficacy of ND-G-D. The setup for the study is shown in Figure 3.14.
Mice were inoculated with right flank xenografts of MDA-MB-231 m-Cherry cells. MR imaging
was performed in a Bruker PharmaScan 7 T magnet. 6 mice were imaged at baseline (pre-injection)
and then after intraperitoneal injection of ND-G-D (5 mg/mL, [Gd(IIl)] of 8 mM, and [Dox] of
0.22 mM) at 15 minutes and 24h post-injection. 3 mice were eliminated from the study due to
incorrect injection into the subcutaneous fascia as opposed to peritoneal cavity. Images from
Mouse 1, Mouse 2 and Mouse 3 are shown in Figure 3.15, Figure 3.16, and Figure 3.17

respectively.
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Figure 3.11. Heterogeneous mixture of ND-G and ND-H yield ND-G-H.
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Figure 3.12. 24h Gd(11) uptake after incubation with ND-G or ND-G-H. ND-G-H affords 30%

greater uptake showing promise for CD44 targeting.
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Figure 3.13. 24h Gd(l11) uptake after incubation with ND-G or ND-G-H, with ND-G-H in 1:1, 2:1
and 5:1 compared to ND-G. ND-G-H only affords greater uptake when mixed 1:1, and decreased

uptake compared to ND-G at higher ratios. This suggests saturation of CD44 receptors.
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Figure 3.14. Preliminary in vivo study setup using ND-G-D. Mice were injected IP with ND-G-

D and imaged by MR pre-injection, 15 min, 30 min and 24h post injection. After 24h, mice were

euthanized and organs were collected for biodistribution of Gd(111) and Dox.



139

Pre-injection 15 min post 24h post

Figure 3.15. T1- and T»-weighted images pre-, 15 min post-, and 24h post-injection of Mouse 1
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Figure 3.16. T1- and T2-weighted images pre-, 15 min post-, and 24h post-injection of Mouse 2
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Figure 3.17. T1- and T2-weighted images pre-, 15 min post-, and 24h post-injection of Mouse 3
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Based on Figure 3.15, Figure 3.16, and Figure 3.17, no contrast enhancement is observed
after IP administration of ND-G-D. There are several reasons for this. Firstly, it is possible that
ND-G-D did not distribute adequately to the tumor by the EPR effect as expected. Based on
contrast enhancement observed in the gastrointestinal tract, it is likely that most of the agent pooled
in that region and did not accumulate in the tumor. Biodistribution studies to assess organ
accumulation of Gd(I11) and Dox are currently underway.

3.3. Conclusions

We have developed theranostic ND-Gd(II1)-Dox (ND-G-D) conjugates capable for
therapeutic efficacy and cellular imaging. ND-G-D demonstrated excellent cell uptake by Gd(l1l)
and cytotoxicity of MDA-MB-231 m-Cherry via Dox. These promising in vitro results
unfortunately did not translate into observable contrast of tumor xenografts in vivo.

One concern is that optimal concentrations of Gd(l11) chelates and Dox for in vitro studies
did not translate for in vivo experiments. That is, a majority of the injection concentration of Gd(111)
and Dox may have cleared by GI or renal routes limiting tumor accumulation. Biodistribution
studies, looking at organ accumulation of Gd(111) and Dox, will reveal whether this was the case.
Depending on the results, it may be necessary to re-tune the synthesis in terms of Gd(l11) and Dox
loading to ensure optimal imaging and tumor targeting.

Another possibility for the lack of observable contrast is the xenograft model itself. One
limitation of orthotopic xenografts of cell lines passaged in vitro is that they fail to recapitulate the
full extent of tumor development seen in the human breast. While these tumor models are an
important first step to understand biodistribution, metabolism and clearance, they may be

inconclusive for determining bioagent efficacy in vivo, largely because they are poorly
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vascularized limiting agent access to the tumor. Patient-derived tumor xenografts (PDX) may be
a better alternative. The Developmental Therapeutics Core at Northwestern University has
developed several PDX models, including TNBC. These PDX more accurately represent the global
gene-expression patterns, mutational status, metastatic potential, drug responsiveness and tumor
architecture of endogenous tumors.*29

In summary, ND-G-D is a valuable theranostic construct to combine Ti-weighted
molecular MRI and targeted chemotherapy. Furthermore, this ND platform is highly versatile. A
different chemotherapeutic (e.g., taxols), imaging agent (e.g., near IR fluorophore), or targeting
molecule (e.g., antibody), could be conjugated to produce NDs that can be used to image or treat
any number of different disease states.

3.4. Materials and Methods

3.4.1. Nanodiamonds (NDs), Aminated nanodiamonds (NDA) and Nanodiamond-Gadolinium(l11)
aggregates (NDG): Nanodiamond (ND) powders were acquired from the Nanocarbon Research
Institute (Nagano, Japan). Amine modified NDs were produced according to the protocols from
Kruger et al®®, Zhang et al® and Chow et al?®. Briefly, after reduction of the ND surface (2.59)
with BH3*THF (25mL, 1M) for 3 days, the ND surface (1g) was functionalized with (3-
aminopropyl)trimethoxysilane (100mL, 5%), purified by centrifugation and dried by
lyophlization. NDA powder was then re-suspended to a concentration of 10 mg/ml in 0.2% w/v
acetic acid. 1 mL of this NDA suspension (10 mg of NDA) was dissolved in 0.5 mL of
diisopropylethyl amine and 3.5 mL of DMSO, following by vigorous sonication. In a separate
vessel, 0.5, 5 or 50 mg of Gd-C5-COOH was combined with five equivalents of NHS and EDC in

5 mL of 3:1 DMSO:Millipore water and vigorously sonicated. NDA and Gd-C5-COOH mixtures
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were combined in a 15 mL Falcon tube and shaken overnight at room temperature. The mixture
was purified first by 3 rounds of centrifugation with milli-Q water at 10000 x g for 20 minutes. At
the end of the third round, the pellet was resuspended in 1 mL of milli-Q water and transferred to
a 1.5 mL eppendorf tube. This mixture is purified by a further 3 rounds of centrifugation at 21000
x g for 20 minutes. The final pellet is re-suspended in 1 mL of 0.2% w/v acetic acid resulting in

the NDG aggregates at 10 mg/mL.

3.4.2. ND-Gd(I11)-Dox (ND-G-D) synthesis: ND-Gd(I11) (ND-G) was dispersed in 0.2% HAc, and
diluted to 10 mg/ml. A solution (10 mg/ml) of aqueous Dox was prepared. The ND-G was mixed
with Dox to produce an ND-G-D conjugate solution with ND-G:D mass ratios of either 5:1, 3:1,
1:1, 1:2, or 1:5, with net diamond concentration ranging from 5 mg/ml-1 mg/ml. The solution was
adjusted with 3 mM NaOH to promote drug complexing, resulting in a pH of ~7.74 followed by
vortex for 1 min.

3.4.3. General Cell Culture: DPBS, media, and dissociation reagents were purchased from Life
Technologies (Carlsbad, CA). CorningBrand® cell culture consumables (flasks, plates, etc.) and
sera were purchased from VWR Scientific (Radnor, PA). MDA-MB-231 m-Cherry (ATCC®
HTB-26TM) cells were purchased from the American Type Culture Collection (ATCC, Manassas,
VA) and cultured in phenol red-free minimum essential media-alpha (a-MEM) supplemented with
10% fetal bovine serum (FBS), 1% non-essential amino acids, 1% sodium pyruvate, and 1%
100mM L-glutamate. Cells were confirmed free of mycoplasma contamination by MycoAlert™
Mycoplasma Detection Kit (Lonza Group Ltd., Switzerland). Prior to all experiments, cells were

plated and allowed to incubate for 24 hours before dosing. Cells were harvested with 0.25%



145
TrypLE for 5 minutes at 37 °C in a 5.0% CO2 incubator. Cells were grown in a humidified

incubator operating at 37°C and 5.0% COx.

3.4.4. Guava ViaCount Assay for Cell Counting: Cell counting was conducted using a Guava
EasyCyte Mini Personal Cell Analyzer (EMD Millipore, Billerica, MA). After cell harvesting, an
aliquot (50 puL) of the cell suspensions was mixed with Guava ViaCount reagent (150 uL) and
allowed to stain at room temperature for at least 5 minutes (dilution factor of 4 and cell density
between 20-150 cells/ul). After gently vortexing for 10 seconds, stained cells were counted using
a Guava EasyCyte Mini Personal Cell Analyzer (PCA) using the ViaCount software module. For
each sample, 500-1000 events were acquired. Gating of live/dead and cell/debris classifications
were performed manually by the operator. Instrument performance was validated biweekly using

GuavaCheck Beads following the software module “Daily Check”.

3.4.5. Cellular Viability Studies. Cellular viability studies were performed with MDA-MB-231 m-
Cherry cells. MDA-MB-231 m-Cherry cells were plated at a cell density of approximately 25,000
per well for 24-hour uptake in a 24-well plate as counted by a hemocytometer. Stock solutions of
ND-G-D were prepared by resuspending a pellet of known mass of ND-G-D in fresh media.
Gd(I11) concentration ranged from 5 — 1500 uM (0.005 — 1 mg/ml diamond concentration), and
Dox concentration ranged from 1 — 200 uM. To harvest, cells were rinsed in-plate three times with
500 pL PBS and trypsinized using 100 pL 0.25% TrypLE. Following trypsin treatment, 150 pL
of media was added to each well and mixed by a pipette to ensure that all cells were lifted into
suspension. Washes and cells were collected together in the same tube. From the final cell

suspension, 50 pLL was used for cell counting and viability.
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3.4.6. In vivo studies. All mice were handled and processed according to a protocol approved by
Northwestern University Animal Care and Use Committee in accordance with current guidelines
from the National Institutes of Health Model Procedure of Animal Care and Use. Six female,
SCID-beige mice aged 6-8 weeks at initiation were used for the length of the study. Mice were
imaged by MRI on a Bruker PharmaScan 7 T magnet (Bruker Biospin, Billerica, MA, U.S.A.). Six
75 cm? flasks containing approximately 5 x 106 MDA-MB-231 m-Cherry cells were washed
repeatedly, re-suspended in sterile phosphate buffered saline to a volume of 0.1 mL, and injected
into the right rear flank of the mice (n = 6). Mice were imaged at baseline after two weeks of tumor
growth. On Day 14, all mice were administered ND-G-D (5 mg/mL, [Gd(I1)] of 8 mM, and [Dox]
of 0.22 mM) by intraperitoneal injection. 3 mice underwent failed injection into the subcutaneous
fat and were eliminated from the analysis. The remaining mice were imaged at 15-min, 30-min,
and 24h post-injection using both T:- and T»-weighted sequences. During imaging, mice were held
under 1-2% inhaled isoflurane anesthesia and respiration was monitored using an SA Instruments

MR compatible monitoring system (SA Instruments, Stonybrook, NY, U.S.A.).

T1-weighted images were acquired using a rapid acquisition rapid echo (T:-RARE)
sequence with imaging parameters as follows: RARE factor = 4, repetition time (TR)/echo time
(TE) = 750 ms/6.2 ms, field of view (FOV) = 30 x 30 mm?, matrix size (MTX) = 200 x 200,
number of axial slices (NS) = 3, slice thickness (SI) = 0.7 mm, and averages (NEX) = 1. To-
weighted images were acquired using an accelerated TurboRARE sequence with imaging
parameters as follows: RARE factor = 4, TR/TE = 800 ms/17 ms, NEX=4, and identical geometry
to the T:-RARE sequence. Ti relaxation times were measured using a RARE Ti-map pulse

sequence (RARE-VTR), with static echo time (6.5 ms) and variable repetition time (100, 200, 400,
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800, 1500, 3000, and 6500 ms). Imaging parameters were as follows: RARE factor =2, FOV = 30

x 30 mm?, MTX = 128 x 128, NS = 3, slice SI = 0.7 mm, and NEX = 1 (total scan time = 11 min).

T, analysis was carried out using JIM 6.0 (Xinapse Systems, Essex, UK) with
monoexponential curve-fitting of image intensities. JIM 6.0 was also used to draw ROIs in each
tumor and surrounding muscle in the Ti-weighted image obtained at Day 26 of each mouse. T:-
maps obtained in each ROI were overlaid on a T>-weighted anatomical reference image from the

same time point.



148

Chapter 4:
Gd(111)-Gold Nanoconjugates for Cell Labeling and High Field MR Imaging
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4.1. Introduction

In vivo cell tracking is a burgeoning field of research because it is considered the crucial
technology for the advancement of cell-based therapy.t* Cell therapy has implications for a variety
of diseases and disorders such as cancer®’, cardiovascular disease®®, neurodegenerative
diseases!®!, and musculoskeletal'? disorders by providing unique opportunities for tissue
regeneration, targeted therapy and drug delivery. In the context of cancer, cell tracking technology
would elucidate the behavior of cancer cells at the molecular level, and further understanding of
their metastatic potential. However, the outcomes of cell therapy have been variable as the fate of
transplanted cells remains indeterminate.

Magnetic resonance (MR) imaging is ideally suited for non-invasive clinical diagnosis,
molecular imaging and cell tracking.?**1” MR imaging can visualize live specimen, and benefits
from high spatiotemporal resolution and excellent soft-tissue contrast while avoiding radiolabels
or ionizing radiation. However, MR imaging suffers from lower sensitivity compared to competing
modalities such as fluorescence, bioluminescence, positron emission tomography, or single-
photon emission computed tomography, all of which have little or no background. Paramagnetic
or superparamagnetic contrast agents are used to enhance the sensitivity of MR imaging.
Paramagnetic gadolinium(I11) [Gd(I11)]-based agents are the most frequently used MR contrast
agents.181° These agents are typically chelated Gd(l11) which reduce the longitudinal relaxation
time of nearby water protons, aided by the high magnetic moment and symmetrical S state of the
Gd(I11) ion.1182021 Regions which incorporate Gd(111) appear brighter on a T1-weighted image.

Most clinical and pre-clinical magnets now operate at higher field strengths (3T or higher)

in order to increase resolution, signal-to-noise ratio, and contrast-to-noise ratio. However, the
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benefits of high-field MRI must outweigh the resulting susceptibility artifacts and altered
relaxation kinetics. These factors must be taken into account when designing a new contrast agent
for high-field performance. Additionally, clinical Gd(lll)-based MRI contrast agents are not
effectively internalized by cells.?%%3

To address these issues, Gd(I11) chelates have been conjugated to nanoparticles, including
gold nanoparticles, for improved relaxivity along with increased agent permeability and retention
within cellular compartments.8202124 Qur group previously devised cell permeable, Gd(I11)-
enriched DNA—gold nanoparticle conjugates (DNA-Gd(I1T)@AuNPs) for cellular Ti-weighted
MR imaging.?! These constructs demonstrated high stability, cellular uptake, and surface loading
of Gd(I11). DNA-Gd(I11)@AuNPs were used to successfully track the implantation of neural stem
cells into rat brain regions affected by stroke.* However, apart from being a carrier for the Gd(lI1)
chelates and optical dyes, it is likely that the presence of DNA limits the amount of Gd(lII1) that
can be loaded onto the AuNP surface.

Herein, we report the synthesis of a series of DNA-free Gd(II1)-Au nanoconjugates
(Gd@AUNPs) for cancer cell labeling. Four different Gd(I11)-based chelates were modified with
lipoic acid generating a terminal dithiolane, which was in turn coupled to thiols on the AuNP

surface (Figure 4.1).
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Figure 4.1. Synthetic scheme for facile, DNA-free, GA@AUNPs with varying linker lengths
conjugating Gd(I11) chelates to the AuNP surface. Gd-Au surface conjugation is accomplished in
the absence of reducing agents. By modifying the linkers lengths and coordination chemistry of
the Gd(I11) chelates, we demonstrate that surface loading and cellular delivery of Gd(lI1l) can be

optimized for highly efficient labeling of cancer cells.
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Figure 4.2. Synthetic scheme for lipoic acid-modified Gd(l11) chelates.
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4.2. Results and Discussion
4.2.1. Synthesis and Characterization of Gadolinium-Gold Nanoconjugates:

Synthesis of GA@AUNP constructs: The overall synthetic scheme for the GA@AUNPs is

presented in Figure 4.1 and Figure 4.2. To investigate the role of surface chemistry on our AUNP
system and optimize cellular delivery of Gd(l11), we studied four different Gd(I11) chelates coupled
to AuNPs.

Three amine-functionalized  Gd(l1l)-tetraazacyclododecanetriacetic acid (DO3A)
complexes of varying linker lengths (3-, 6- and 12-carbons), and an amine-functionalized Gd(l11)-
diethylene triaminepentaacetic acid (DTPA) with a four-carbon linker were synthesized according
to previously reported protocols.?>? The DTPA complex is negatively charged, while the DO3A
complexes are neutral. The four different chelates were peptide-coupled to lipoic acid-NHS ester
in 1:1 DMSO: pH 8.5 carbonate buffer, and purified by reverse-phase high performance liquid
chromatography (HPLC) with yield ranging from 60% generating 1a-4a respectively (Figure 4.2).

The synthesis of citrate-stabilized AuNPs was carried out by literature procedures.? The
diameter of the AuNPs was 18.0 = 2.1 nm as determined by analysis of transmission electron
microscopy (TEM) images. The hydrodynamic radius of the AuNPs suspended in water was 26.1
+ 0.2 nm with a polydispersity index of 0.08 + 0.01 as determined by dynamic light scattering
(DLS). Four, separate 10 nM AuNP suspensions in in Dubecco’s Phosphate Buffered Saline
(DPBST) in 0.01% Tween20 were aliquoted. To each of these AuNP suspensions was added either
la, 2a, 3a, or 4a, dissolved in 1:1 MeOH:water. The AuNP mixtures were agitated overnight at
ambient temperature. The crude mixtures were purified by four rounds of ultra-centrifugation, and

the final particles were suspended in DPBST as 1 mL stocks at a gold concentration of 250 nM
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yielding four, distinct, DNA-free Gd(I11)@AuUNP complexes 1-4 (Figure 4.1). It is notable that
the coupling occurs without the aid of any reducing agents.

Characterization of GA@AUNP constructs: Inductively-coupled plasma mass spectrometry

(ICP-MS) was used to measure Gd(I11) and Au content of complexes 1-4 (Table 4.2). Taking into
account the Gd(111) and gold ratios from ICP-MS, the average diameter of AuNPs and the spherical
packing of gold atoms, the loading of Gd(I11) per AuNP was calculated. Similarly, the coverage
density of Gd(111) was determined by assuming a spherical surface area of AUNPs. Hydrodynamic
size and polydispersity of AuNPs in solution were measured using DLS, and are not significantly
different between complexes 1-4. It is evident that complex 3 has the greatest surface loading and
coverage of Gd(I1), following by complexes 1-2 (which have comparable levels) and lastly by
complex 4 which has lowest surface loading of Gd(l11).

This trend suggests the 12-carbon alkyl chain in complex 3a confers greater packing
efficiency on the AuNP surface, while the negative charge of 4a may prevent the same level of
surface coverage. It is likely complexes 1a-2a have linker lengths that are suboptimal compared
to complex 2 but their neutral surface charge confers better packing on AuNP than complex 4.
Overall, these results suggest that DO3A-based Gd(111) chelates are able to pack more efficiently
on the AuNP surface compared to DTPA-based Gd(lIl) chelates, most likely due to charge on
DTPA ligand and steric differences between the two chelates. Specifically, 1a-3a are neutral while
4a bears a negative charge, and the latter would be unable to pack as efficiently due to electrostatic
repulsion. Notably, each of 1-4 demonstrate greater Gd(lll) loading than previously reported
DNA-Gd(HT)@AuUNPs, suggesting that polyvalent DNA bearing smaller Gd(I11) chelates do not

pack as efficiently.?
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Loading Surface Hydrodynami Polydispersit
(Gd/AuNP) Coverage ¢ radius (nm) y Index
(Gd/nm?)
1 1979+£370 1.94+0.36 27.2+1.4 0.16 £ 0.01
2 171575 1.69 £0.07 28715 0.08 £0.01
3 2308 +291 2.27+£0.29 30.7+2.6 0.13+0.01
4 1114+£116 1.09%£0.11 27.8+1.2 0.13+0.01

Table 4.1. Characterization of AuNP constructs, specifically Gd(I1) loading, surface coverage,
hydrodynamic size, and polydispersity index. Complex 4 has significantly decreased loading and
surface coverage of Gd(Ill) compared to complexes 1-3 (p < 0.05 for two-tailed t-test). The
hydrodynamic radii and polydispersity indices are not significantly different between complexes

1-4.
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We investigated the ability of 1-4 to decrease the Ti relaxation time, referred to as
longitudinal relaxivity (r1). r1is the slope of the linear plot of 1/T1 versus Gd(I11) ion concentration
(Table 4.2). Measurements were made at 1.4 T and 7 T. The ionic relaxivity r1 of 1-4 at 1.4 T is
comparable to the value reported for DNA-Gd@AUNPs.?! The ionic r; values of 1-4 at 1.4 T are
higher than small-molecule clinically used Gd(l1l) chelates, whose ry values range between 3.3 —
4.0 mMs.27 This can be explained by an increase in the rotational correlation time, -, mediated
by conjugation to the AuNP surface. A longer t corresponds to a slower tumbling rate that
ultimately elongates the longitudinal relaxation of the Gd(l1l) ion. At 7 T, we observe a drop in
ionic relaxivity for all complexes, which is expected of Gd(I11)-based contrast agent behavior at
higher field strengths.?®
The particle relaxivity is computed by multiplying the number of Gd(l11) ions per particle
and the ionic relaxivity. This is a useful parameter to compare the efficiencies of AuNPs with
different surface chemistries as realized in complexes 1-4. For example, while the ionic relaxivity
for complex 3 is lower than that for complex 2, the particle relaxivity is greater since complex 3
confers greater packing density of Gd(l1l) ions.
Notably, complex 1 posed a challenge for further characterization as it demonstrated low
colloidal stability in DPBST, suggestive of shorter linker lengths of the Gd(l11) chelates conferring
less salt stability than complexes 2 and 3. As such, complex 1 was omitted from further analysis

and not utilized for subsequent cellular studies.
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I particle (M M-1s

I'1,ionic (mM_ls_

I'1 particle (mM'ls'

h@14T h@14T he7rt he7rt
1 156+1.0 30872 + 1979 34+0.1 6728 + 198
2 146 +0.7 25039 + 1201 40+0.1 6860 + 172
3 129+ 0.7 29773 £ 1616 3.5+0.2 8078 + 462
4 13.7+0.8 15262 + 891 4.7+0.2 5236 + 223
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Table 4.2. Longitudinal relaxivity (r1) of AuNP constructs, measured at 1.4 T and 7 T. The

relaxivities of complexes 1-4 are not significantly different for measurements at both field

strengths. *Complex 1 was not stable in DPBST so relaxivity of Complex 1 was measured in 25%

DPBST in water.
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4.2.2. Cancer Cell Labeling Using Gd(I11)@AuNP constructs:

A majority of clinically utilized Gd(I11)-based contrast agents do not accumulate in cells.??23
As a first step in evaluating the efficacy of cell-permeable contrast agents, it is vital to determine
their cellular uptake and general biocompatibility in vitro. MDA-MB-231 m-Cherry human triple-
negative breast cancer (TNBC) cells were treated with various Gd(l11)-equivalent concentrations
of complexes 2, 3 or 4 and incubated for 24 hours at 37 °C. The treated cells were harvested and
counted through a flow cytometric live/dead assay. Cell viability and counts indicated that
Gd@AuUNPs were well-tolerated across a wide dose range (Figure 4.3). The cellular Gd(ll)
concentration per cell was quantified through ICP-MS (Figure 4.4A). Significant differences in
the cell uptake of Gd(I11) were observed. Complexes 2 demonstrated the greatest overall uptake of
Gd(l11), and achieved approximately four times greater Gd(I11) uptake over complex 3 and 20-fold
greater than complex 4. Cells incubated with the unbound chelates 2a, 3a and 4a resulted in
negligible Gd(111) uptake per cell ().

These results suggest that while 3a conferred the greatest packing density of Gd(l11) on the
AuNP surface, the longer alkyl linker prevented cellular internalization to the same extent as
complex 2. For complex 4, it appears that the negative surface charge in addition to the relatively
poor surface loading confers the least favorable conditions for cellular penetration in this particular
cell line. Notably, for the same dosing concentration, all formulations of GA@AUNP are superior
in terms of cellular Gd(IIl) delivery compared to the previously synthesized DNA-
Gd(I1@AuUNP.2 In addition, time-dependent uptake for the cellular delivery of GA@AUNPs was
performed with MDA-MB-231 m-Cherry cells (Figure 4.4B). Cells were incubated with 50 uM

Gd(l11)-equivalent concentration of either complex 2, 3 or 4 for 1, 2, 4, 8, and 24 hours at 37 °C.



159

10} brmg——f :
% Viable oot
cells 90
60
- 2
15 o3
cell Count 10 B
e oun -
(109 g } -o- No treatment
04 ,

0 5 10 15 20 25 30 35 40 45 50
[Gd(I)] M

Figure 4.3. Viability and counts of MDA-MB-231 m-Cherry cells after no treatment or 24 hour

incubation with various Gd(I11)-equivalent concentrations of complexes 2, 3, or 4.
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Figure 4.4. (A) MDA-MB-231 m-Cherry cell uptake of Gd(lll) after incubation with either
complex 2, 3 or 4. Complex 2 demonstrates the best overall uptake, and approximately 4-fold
greater than complex 2 and 20-fold greater than complex 4. (B) Time course of MDA-MB-231 m-
Cherry cell uptake over a 24 hour period after 50 pM incubation with either complex 2, 3 or 4.
Complexes 2 and 3 demonstrate a significant increase in uptake between 8-24 hours post-

incubation, while complex 4 achieves maximal uptake within 2 hours.
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Figure 4.5. MDA-MB-231 m-Cherry cell uptake of Gd(I11) after 24h incubation with 2a, 3a or 4a.

The free chelates do not significantly accumulate in cells.
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After each time point, cells were harvested, counted and the Gd(l11) content was quantified.
The similar trend of cell uptake of Gd(lI11) between complexes 2, 3 and 4 was observed. However,
the uptake of complex 4 did not appear to be time-dependent. Maximum cell uptake of complex 4
was achieved within one hour. This suggests that complex 4 behaves similar to clinical Gd(l11)
chelates where extracellular and intracellular Gd(I11) concentrations equilibrate quickly resulting
in insignificant cellular uptake of Gd(lI11). Conversely, the cell uptake of complex 2 and 3 was time
dependent. Significant increase in cell uptake of 2 and 3 was observed between 8 and 24 h
incubation, suggesting uptake occurs concurrently with cell division. This pattern of time-
dependent uptake corroborates that surface charge and linker length significantly contribute to
degree of particle internalization by MDA-MB-231 m-Cherry cells.

To visualize AUNP uptake, MDA-MB-231 m-Cherry cells were incubated with 50 uM Gd(l111)-
equivalent concentration of complexes 2, 3 or 4 for 24 hours and subsequently harvested for TEM.
The intrinsic contrast afforded by the gold core of GA@AUNPs enables the visualization of all
three complexes in the intracellular space. In particular, complex 2 appeared in more abundance
relative to complexes 3 and 4, and appear to undergo phagocytosis in large aggregate form (Figure
4.6A, D). Furthermore, the phagosomes appear to merge together and sequester the AuNPs in a
single, large vesicle (Figure 4.6A, D). In similar fashion, this behavior is observed for complexes
3 and 4 (Figure 4.6B, C, E, F). This further corroborates the differences in cell uptake between
complex 2 compared to complexes 3 and 4. In general, these studies reveal that complexes 2-4
undergo a form of endocytosis (or phagocytosis) and accumulate inside the cell for Gd(lII1) cell

labeling.
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Figure 4.6. TEM images of MDA-MB-231 m-Cherry cells following 24 h incubation with
complex 2 (A, D), complex 3 (B, E), or complex 4 (C, F). Complex 2 is present in large (0.5 pm)
lysosomes as particle aggregates (A, D). Complexes 3 and 4 are more sparsely distributed within

the cell (B, C, E and F).
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4.2.3. MRI of MDA-MB-231 m-Cherry cell pellets labeled with GA@AUNPs:

We investigated the ability of the various GA@AUNPSs to produce contrast enhancement via
MRI. MDA-MB-231 m-Cherry cells were labeled with complexes 2, 3, or 4 for 24 hours, after
which the cells were harvested and concentrated to a pellet. MR images of the cell pellets were
acquired at 7 T. The cells were incubated with either complex 2, 3, or 4 at a normalized Gd(lll)
concentration of approximately 15 uM (Figure 4.7).

As observed in the Figure 4.7, cells incubated with complex 2 demonstrated the shortest T1
relaxation time and greatest positive (bright) contrast, and this was significantly shorter and
brighter than demonstrated by cells incubated with complexes 3 and 4 (p < 0.05 for one-way
ANOVA). Finally, for a relatively low dose of complex 2, there is marked contrast enhancement

compared to unlabeled cells, and when compared to DNA-Gd(111)@AuNP.%
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Intensity

(AV)

Cells only Complex2  Complex3  Complex 4

T1(ms) 2126 + 129 975+ 73 1838 £105 1770 + 103
Gd(l)/cell 0 2.060 0.246 0.333
(fmoles)

Figure 4.7. MR images of MDA-MB-231 m-Cherry cell pellets treated with Gd@AuNPs acquired
at 7 T. Cells labeled with Complex 2 demonstrate the greatest contrast enhancement and shortest

T relaxation time. Cells labeled with complexes 3 and 4 are indistinguishable from unlabeled

cells.
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4.2.4. Preliminary In Vivo Studies:

Complex 2, the most promising agent from the cellular studies, was selected for preliminary
in vivo MR imaging. Mice were IV injected with 4.0 nmol/kg body weight of complex 2
(approximately 9.0 pmol/kg body weight of Gd(III)). Immediately after injection, a series of fast
FLASH MR images were acquired on Bruker Biospin 9.4T magnet to visually observe the
distribution of the agent over 10 minutes (

Figure 4.8A-B). In the T, weighted image (

Figure 4.8A), the aorta and vena cava are dark and easily seen. The left kidney and stomach
are easily identifiable.

Figure 4.8B represents the subtraction of the post-contrast T: weighted image from the
corresponding pre-contrast image, termed the Area-Under-Curve (AUC). The AUC image is
displayed to demonstrate net contrast enhancement, and the T»-weighted image is shown as an
anatomical reference. In the AUC image, part of the interior of the kidney is starting to enhance.
The AUC image suggests that Complex 2 is still in circulation during the FLASH image
acquisition, as evidenced by the bright vessels. As expected, clearance is relatively slow. Therefore
the AUC image does not show accumulation in the kidney or liver in the first 10 minutes. After 3
h, organs were harvested, and quantification of Gd(I11) was performed using ICP-MS (n = 3) and
reported as total pg of Gd(III) per gram of tissue (

Figure 4.8C). There is significant accumulation of complex 2 in clearance organs but
negligible accumulation in other vital organs. These results indicate that complex 2 is well-
tolerated by mice in the short-term and shows promise for future in vivo longitudinal imaging

studies in mice.



167

c 20
~ 15 _%
(=]
k=)
<
Q
2 10 N
@2
s
=1
o |
i D

: r
g
R P &
VvV
2 {.\bo *}bo Q,,o é‘

Figure 4.8. (A-B) FLASH MR Images post-1V injection of complex 2. (A) T2-weighted image 10
minutes post-1V injection. The great vessels are dark and easily seen. The left kidney and stomach
are also easily identifiable. (B) AUC image obtained by subtracting post-contrast image from pre-
contrast image. Part of the interior of the kidney is starting to enhance. As evidenced by the bright
great vessels, complex 2 is still in circulation during the FLASH image acquisition. Clearance is
relatively slow, as expected. Therefore the AUC does not show accumulation in the kidney or liver
in the first 10 minutes post-injection. (C) Organ accumulation of Complex 2 in C57 mice 3 hours
after 1V injection (n = 3). Significant accumulation is seen in the liver and spleen while

accumulation in other organs is negligible.
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4.2.5. GA@AUNPs for in vivo MR imaging of the pancreas:

Pancreatic cancer is a leading cause of cancer death worldwide and bears the poorest
prognosis of any major malignancy.?’ With a 5-year survival of approximately 3% and median
survival of six months, it has among the most dismal of all prognoses in medicine. While outcomes
for other cancer types have improved steadily in the past few decades, results for pancreatic cancer
have not changed significantly. The poor prognosis is largely due to delayed diagnosis where 80%
of patients remain asymptomatic until affected by local or distant metastases. Furthermore, at this
late stage, only 20% of patients can benefit from surgery and adjuvant chemotherapy, which
extends 5-year survival to 20%.%° The first-line imaging techniques used for diagnosis and
preoperative staging of pancreatic cancer are abdominal ultrasound and computed tomography,
but these modalities have diagnostic value at only an advanced disease stage.®' The shortcomings
of the currently available techniques for pancreatic cancer detection make it clear that new
diagnostic approaches are needed.

The newly synthesized Gd@AuNPs demonstrated greater Gd(lll) loading, surface
coverage, cellular Gd(l1l) delivery and MR imaging efficacy than previously reported DNA-
Gd(II)@AuNPs. We explored whether these GA@AUNPs can be used to image the mouse
pancreas in vivo. Previous studies by Mukherjee et al. have shown the surface charge of AuNPs
using small molecule PEG surface ligands can fine tune the circulation time and biodistribution
through the systemic intravenous (IV) and intraperitoneal (IP) administration of AuNPs.%2
Interestingly, these AuNPs were observed to accumulate predominately in the pancreas of athymic

nude mice through IP administration, due to intraperitoneal circulation and altered lymphatic
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clearance. We hypothesized that surface functionalization of AuNPs with Gd(Ill) chelates may
have a similar effect and result in pancreatic localization.

In vivo imaging of animals incubated with Gd@AuNPs (complexes 2 and 4) was conducted
to measure enhanced MR image contrast in pancreatic tissue. In particular, pancreatic imaging in
rodents can be challenging since the organ is not a well-defined solid retroperitoneal organ, but
rather a thin membrane, spread throughout the upper abdomen and lying immediately adjacent to
the gut.** Furthermore, the low intrinsic Ti-weighted contrast of the pancreas, motion artifacts, and
intestinal gas makes MR detection of the pancreas notoriously difficult.

In an effort to evaluate the performance of Gd@AuNPs for pancreatic imaging, animals
were injected with 4.0 nmol/kg body weight of AuNPs through IP administration. For complex 2,
this equates to 8.8 umol/kg body weight of Gd(III). For complex 4, this equates to 5.5 umol/kg
body weight of Gd(III). Following IP injection and 24 h incubation, MR images were acquired of
the peritoneal cavity at 9.4 T (n =3 for complex 2 and complex 4, respectively) using standard 77-
weighted FLASH scans. Significantly increased contrast enhancement was observed for mice
treated with Gd@AuNPs, allowing obvious identification of the pancreas, with high contrast-to-
noise ratios (CNRs) in all subjects (Figure 4.9). The muscle signal was subtracted from each pixel
in the pancreas ROI, and divided by the standard deviation of the noise to generate the CNR map.
The resulting CNR maps were set to a threshold at a value of 35 and the number of pixels in the
pancreas ROI of each mouse was counted (see Figure 4.10, Figure 4.11). The number of pixels
with a CNR greater than 35 ranged from 343 to 805 for complex 2, and from 178 to 364 for
complex 4. Furthermore, the two control mice were observed to have 27 and 174 pixels with CNRs

greater than 35.
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Figure 4.9. T1-weighted FLASH images were obtained at 9.4 T to assess contrast after injection
of complexes 2 and 4 (n = 3; 2 images are displayed; see supplementary figure 2). Contrast-to-
noise ratio (CNR) relative to muscle, computed from Ti-weighted FLASH images, were overlaid
on TurboRARE T»>-weighted anatomical images at 9.4 T after administration of complex 2,
complex 4, and no agents (control) following 24 h incubation. Upon administration of both

complex 2 and 4, significant contrast enhancement is observed in the region of the pancreas.
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Figure 4.10. Ti:-weighted FLASH images of mice after IP injection of complexes 2 and 4 were
obtained at 9.4 T (for the second of two controls, and the third mouse of each nanoconjugate
injection, shown here). Contrast-to-noise ratio (CNR) relative to muscle, computed from Ti-
weighted FLASH images, were overlaid on TurboRARE T»>-weighted anatomical images at 9.4 T

after administration of complex 2, complex 4, and no agents (control) following 24 h incubation.
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# pixels > CNR 35

Figure 4.11. Graph depicting number of pixels in pancreas ROl above CNR of 35 relative to
muscle in each mouse tested. CNR maps were measured by placing a single region of interest
around the pancreas, in leg skeletal muscle, the bladder, and a noise region in the corner of the
image. The muscle signal was subtracted from each pixel in the pancreas ROI, and divided by the
standard deviation of the noise. CNR maps were set to a threshold at a value of 35, and the number

of pixels in the pancreas ROI of each mouse was counted.
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The marked increase in CNR of the 7i-weighted images of mice dosed with Gd@AuNPs
indicates the localization of particles within the pancreas and subsequent contrast enhancement.
To investigate the performance observed in MR imaging, biodistribution of complex 2 and 4
was conducted. Animals were sacrificed and organs were harvested for quantification of Gd(III)
and Au using ICP-MS (n = 5 for complex 2 and 4, respectively; Figure 4.12). Significant
accumulation in the liver and spleen was observed (~700 and ~400 pg of Au per g of tissue,
respectively, for both complex 2 & 4). The high levels of AuNPs found in the liver and spleen
suggest that the reticuloendothelial system (RES) is the dominant mode of clearance for these
particles.’**> However, despite this high accumulation, no significant MR contrast enhancement
is observed in these organs when compared to the pancreas. This phenomenon may be attributed
to organ density and differences in contrast agent diffusion rates within the tissues.® Importantly,
significant localization to the pancreas was observed (~550 pg of Au per g of tissue for both
complex 2 & 4). Indeed, the levels of GA(III) relative to Au in all tissues reflect the Gd(III) loading
observed for complex 2 & 4 and not the differences in charge of the two chelates. In general, the
biodistribution of Gd@AuNPs through IP administration reflects previously reported behavior of
small molecule, PEGylated AuNPs.>**"*% These results validate our approach toward
accumulation to the pancreas through AuNP surface modification with hydrophilic, small

molecule Gd(IIT) CAs.
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Figure 4.12. Biodistribution of complexes 2 and 4 in C-57 mice. Following IP administration and

24 h incubation, organs were harvested and metal analysis was conducted via ICP-MS to determine

the amount of Gd and Au per g of organ. GA@AUNPs accumulate in the clearance organs, liver

and spleen, and accumulates in the pancreas. Similar amounts of Au per g of organ were observed

for both complexes 2 and 4. However, complex 2 was observed to have a greater amount of Gd

per g of organ, reflecting the higher Gd(l11) loading onto the particle. Two-tailed T-test: * p <0.01,

**p <0.05.



175

In an effort to validate the accumulation of Gd@AuNPs to the pancreas, TEM and histology of
the pancreas were performed following 24 h incubation with complexes 2 & 4, respectively.
Immediately following harvesting of the pancreas, the tissue was divided in two and fixed in
formalin. The tissue was separately prepared for sectioning for TEM and histology. TEM images
of pancreatic tissue slices revealed the presence of AuNPs in mice incubated with both Lip-
Gd@AuNP constructs (Figure 4.13A4). Significant presence of particles was observed to be
encapsulated in large particle aggregates in lysosomes (~1 pum) of macrophages and located in the
interstitial spaces between acinar cells of the pancreatic tissue. The identification of the acinar cells
was based on the presence of extensive endoplasmic reticulum (ER) organelles because they are
indicative of this particular pancreatic cell type.

Further confirmation of pancreatic tissue labeling by Gd@AuNPs was obtained through
histological analysis. The presence of AuNP aggregates is observed in hematoxylin and eosin
stained pancreatic tissue sections for animals incubated with complex 2 and 4, respectively (Figure
4.13B). No structural and morphological abnormalities were noted in either of the two pancreases.
However, slight inflammation was noted in the adjacent fatty tissues. Under high power
magnification (100x), black AuNP aggregates are diffusely distributed in the surrounding fatty
tissue of the pancreas. The inflammatory cells include lymphocytes and histiocytes and
nanoparticle-laden phagocytes. Furthermore, the tissue contained nanoparticle aggregates directly
in the pancreatic tissue among acinar cells. While we have not established a mechanism of organ
localization, we hypothesize that Gd@AuNPs (when delivered by IP administration) can elicit an
immune response that drives accumulation to the pancreas through sequestration by

macrophages.’>?
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A Complex 4 Complex 2

Figure 4.13. (a) TEM images of pancreatic tissue from mice treated with complex 2 and 4.
Particles are present (as black spheres) in a lysosome as particle aggregates (< 1 pum) in the
macrophage. The labeled cell is present in the interstitial spaces of acrine cells as identified by the
extensive ER organelles (scale bars are 1 um). (b) Histology reveals mild inflammatory foreign
material reaction in the adjacent tissue of the pancreas. The low magnification images (10x) show
Gd@AuUNP-labeled pancreatic tissue and the adjacent fatty tissues. No structural or morphological
abnormalities were noted in either of the two pancreases. Under the high power magnification
(100x), black nanoparticles are diffusely distributed in the fatty and pancreatic tissue (black
arrows) of both pancreas slices. The inflammatory cells include lymphocytes and histocytes, some

with phagocytic nanoparticles (red arrows) (scale bars are 100 pum).
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4.3. Conclusions
We have reported the facile synthesis of Gd@AuNPs with four unique surface chemistries.
Specifically, complexes 1-3 were synthesized bearing DO3A-based Gd(lll) chelates with alkyl
linkers of different lengths, while complex 4 was negatively charged LipGADTPA@AUNP as
previously reported.® Complexes 2-3 were stable in DPBST, whereas complex 1 was not,
suggesting that the shorter alkyl linkers confer less salt stability than longer linkers. The newly
synthesized Gd@AUNPs demonstrated greater Gd(111) loading, surface coverage, cellular Gd(l11)
delivery and MR imaging efficacy than previously reported DNA-Gd(111)@AuNPs. Interestingly,
complex 2 was significantly better at delivering a Gd(l11) payload to MDA-MB-231 m-Cherry
breast cancer cells compared to complexes 3 and 4. It is likely that the longer linker of 3a and the
negative charge of 4a limit the cellular penetration of complexes 3 and 4 respectively, as evidenced
by lower Gd(l11) uptake and sparse intracellular localization observed in TEM images. Therefore,
while complexes 2 and 4 showed unprecedented performance as Ti-weighted CAs of the
pancreas®, only complex 2 is optimal for cell labeling.
Further, Gd@AuNPs described here provide the first methods for using 71-weighted MRI
CAs for imaging the pancreas. The functionalization of AuNPs and increased surface loading of
Gd(IIT) were demonstrated by ICP-MS during the synthesis and development of the Gd@AuNP
system. Biodistribution experiments showed that both complex 2 and complex 4 accumulate to the
pancreas. Furthermore, by TEM and histological analysis we found that significant nanoparticle
labeling occurs through uptake by macrophages within the pancreatic tissue. As a result,

unprecedented MR image contrast enhancement of the pancreas was observed.
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Gd@AuNPs are the first MRI contrast agents of any type - either paramagnetic or
superparamagnetic - to effectively image the pancreas. Targeting to the pancreas is a significant

challenge since the organ is hypovascular and surrounded by abundant fibrous stroma and fatty

42,43 44,45

tissue.***! Other CA formulations utilizing iron oxide***, manganese***, or gadolinium*®*’ for
MR imaging of the pancreas have been unconvincing. In this context, the efficacy of Gd@AuNPs
for pancreatic MRI is compelling, but several features of this platform need further exploration.

Firstly, the lack of appreciable contrast in the liver and spleen is surprising, given the nearly
equal Gd(III) content in those tissues compared to the pancreas (Figure 4.12). This may be due to
differences in tissue density and contrast agent diffusion within tissue between the three organs.
The mouse pancreas is a thin, membranous organ®® where localized particle accumulation was
observed by TEM and histology and resulted in high image contrast in 7}-weighted imaging.
However, the mouse liver and spleen are dense organs, where diffusely distributed Gd(III) may
not result in similar image contrast. Further study is required to understand and correlate particle
diffusion and behavior within different tissue types and the image contrast produced in 7i-
weighted imaging.

While the accumulation of Gd@AuNPs in the liver and spleen can be explained by their function
as clearance organs, the mechanism by which Gd@AuNPs accumulate specifically in the pancreas
is currently unknown. Studies are underway to explore which features of the nanoparticle construct
1.e., size, shape, charge or gadolinium-gold surface chemistry, contribute toward pancreatic
localization. We hypothesize, based on significant accumulation of Gd@AuNPs in macrophages

in pancreatic tissue, that targeting to the pancreas is achieved via macrophage uptake by tissue-

resident and peritoneal macrophages that home to the pancreas. Accordingly, the recruitment,
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phenotype and inflammatory response of macrophages during administration and action of
Gd@AuNPs should be evaluated.

In conclusion, GA@AUNPs provide a robust platform for the development of pancreas-specific
MR imaging agents, which may prove invaluable in the diagnosis and treatment of pancreatic
disease. Further, the short-term in vivo pilot study reported herein suggests that the material is
biocompatible and suitable for long-term studies in mice bearing tumor xenografts of human
cancer cells. GA@AUNPs label cancer cells ex vivo with high efficiency and can be used to track
transplanted cells in vivo thereby enabling the success of cell therapy.

4.4. Materials and Methods

4.4.1 General Synthesis Protocols and Characterization Techniques: Reagents and
solvents were purchased from Sigma Aldrich Chemical Co. (St. Louis, MO, USA). For flash
chromatography, standard grade silica gel was purchased from Sorbent Technologies (Norcross,
GA, USA). For NMR and mass spectroscopy, a Bruker 500 MHz Avance 111 NMR spectrometer
and a Bruker Amazon X LC-MS lon Trap Mass Spectrometer (Billerica, MA, USA) were used
respectively. Final purification was accomplished using a Varian Prostar 500 HPLC (Santa Clara,
CA, USA) using a Waters 4.6 x 250 mm 5 um Atlantis C18 column (Milford, MA, USA). Mobile
phases consisted of Millipore water, 0.05% trifluoroacetic acid in Millipore water, and acetonitrile.
Gd@AUNP particles were assessed for hydrodynamic size by dynamic light scattering using a
Brookhaven ZetaPals particle size analyzer. For structural characterization of GA@AUNPs, TEM
images were acquired using a JEOL 1230 microscope.

4.4.2 Synthesis of lipoic acid N-hydroxysuccinimidyl ester (Lip-NHS). To a 100 mL round

bottom flask containing a magnetic stir bar and (x)-lipoic acid (0.500 g, 2.4 mmol) and N-



180
hydroxysuccinimide (0.418 g, 3.6 mmol) was added 20 mL of chloroform. The mixture was stirred
at room temperature until dissolution of the NHS, at which time was added N, N’-
diisopropylcarbodiimmide (0.563 mL, 3.6 mmol) dropwise at room temperature. Complete
formation of the coupled NHS ester was assessed by the appearance of product by TLC (Rf =0.4)
in diethyl ether and was visualized by CAM stain. Purification of the product was achieved by
silica gel chromatography in 100% diethyl ether resulting in an 80% yield. Proton and carbon
NMR spectra are shown in Figure 4.14 and Figure 4.15 respectively. 'H NMR (500 MHz,
Chloroform-d) & 3.64 — 3.53 (m, 1H), 3.24 — 3.07 (m, 2H), 2.84 (s, 4H), 2.63 (t, J = 7.3 Hz, 2H),
2.47 (g, J = 12.3, 6.6 Hz, 1H), 1.92 (q, J = 13.5, 6.9 Hz, 1H), 1.85 — 1.43 (m, 7H). 3C NMR (126
MHz, CDClI3) & 169.10, 168.40, 56.09, 40.15, 38.52, 34.42, 30.79, 28.32, 25.59, 24.37. ESI-MS

(m/z) observed: 617.1, calculated 617.1 [M]".
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Figure 4.14. Proton NMR spectrum of Lip-NHS.
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Figure 4.15. Carbon-13 NMR spectrum of Lip-NHS.
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4.4.3. Synthesis of 1a. Gd-DO3A-C3 amine (0.050 g, 0.091 mmol) and 2 mL of 100 mM
carbonate buffer pH 8.5 were added to a 10 mL round bottom flask. Lip-NHS (0.030 g, 0.099
mmol), synthesized according to published procedure®, and 3 mL DMSO were added in a separate
glass vial. After Lip-NHS was dissolved, the solution was added to the Gd-DO3A-C3 amine
solution, and stirred at room temperature for 12 hours. Reaction was monitored by ESI-MS for
the disappearance of starting material. Final product was purified by semipreparative HPLC. The
mobile phase comprised of Millipore water and HPLC grade acetonitrile (ACN). Initial conditions
of 0% ACN were held constant for 5 min, then gradually increased to 32% ACN between 5-17
min, followed by a further increase to 40% ACN at 31 min. The product peak eluted between 21
and 23 minutes, as monitored by UV absorption at 210 nm. The product was collected, and
lyophilized to a fluffy pale yellow solid. (m/z) observed: 747.1, calculated: 747.01 [M + H]".
4.4.4. Synthesis of 2a: To a 10 mL round bottom flask containing a magnetic stir bar was
added previously reported Gd-DO3A-C6 amine (0.100 g, 0.17 mmol) in 1 mL of carbonate buffer
pH 9.2. In a separate vial was added Lip-NHS (0.08 g, 0.20 mmol) and 2 mL DMSO. Upon
complete dissolution of lipoic acid NHS-ester, the solution was added to the stirring solution of
Gd-DO3A-C6 amine at room temperature, and left to stir for 12 hours. Purification of final product
was achieved by semipreparative HPLC. The crude mixture was injected directly, eluting via the
use of the following method, where the mobile phase consisted of Millipore water and HPLC grade
acetonitrile (ACN): initial conditions of 0 % ACN were held constant for 5 min, then ramped to
32 % ACN between 5-17 min, followed by a gradual ramp to 40% ACN at 31 min. The product

peak eluted between 23 and 26 minutes, as monitored by UV absorption at 210 nm. The product
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was collected, and lyophilized to a fluffy pale yellow solid. ESI-MS spectrum is shown in Figure
4.16. (m/z) observed: 811.0, calculated: 811.1 [M + Na]".

4.45. Synthesis of 3a. 3a was synthesized by an analogous procedure to la and 2a.
Specifically, Gd-DO3A-C12 amine (0.047 g, 0.069 mmol) and 2 mL of 100 mM carbonate buffer
pH 8.5 were added to a 10 mL round bottom flask. Lip-NHS (0.025 g, 0.08 mmol), synthesized
according to published procedure?®, and 3 mL DMSO were added to a separate glass vial. After
Lip-NHS was dissolved, the solution was added to the Gd-DO3A-C12 amine solution, and stirred
at room temperature for 12 hours. Reaction was monitored by ESI-MS for the disappearance of
starting material. Final product was purified by semipreparative HPLC. The mobile phase
comprised of Millipore water and HPLC grade acetonitrile (ACN). Initial conditions of 0% ACN
were held constant for 5 min, then increased to 5% ACN between 5-10 min, and held constant at
5% CAN until 20 min. ACN was then gradually increased to 100% through 25 min and held
constant at 100% ACN until 40 min. The product peak eluted between 32 and 35 minutes, as
monitored by UV absorption at 210 nm. The product is collected, and lyophilized to a fluffy pale

yellow solid. (m/z) observed: 873.23, calculated: 873.01 [M + H]".
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Figure 4.16. ESI-MS spectrum of 2a.
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4.4.6. Synthesis of 4a. 4a was synthesized by an analogous procedure to 1a-3a. Specifically, a 10
mL round bottom flask was charged with a magnetic stir bar and previously reported Gd-DTPA-
C4 amine (0.100 g, 0.16 mmol) in 1 mL of carbonate buffer pH 9.2. In a separate vial was added
lipoic acid NHS-ester (0.08 g, 0.20 mmol) and 2 mL DMSO. Upon complete dissolution of Lip-
NHS, the solution was added to the stirring solution of Gd-DTPA-C4 amine at room temperature,
and left to stir for 12 hours. Reaction completeness was monitored by ESI-MS for the
disappearance of starting material. Purification of final product was achieved by semipreparative
HPLC. The crude mixture was injected directly, eluting via the use of the following method, where
the mobile phase consisted of Millipore water and HPLC grade acetonitrile (ACN): initial
conditions of 0 % ACN were held constant for 5 min, then ramped to 5 % ACN between 5-10
min, and held constant at 5 % CAN until 20 min. Acetonitrile was then ramped to 100 % through
25 min and held constant at 100 % ACN until 30 min. The product peak eluted between 26.0 and
26.9 minutes, as monitored by UV absorption at 210 nm (chromatogram of pure product shown in
Figure 4.18). ESI-MS spectrum is shown in Figure 4.17. (m/z) observed: 805.02,

calculated:805.2 [M].
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Figure 4.18. HPLC chromatogram of pure 4a measured by UV absorption at 210 nm. Sample was

suspended in 0.01% w/v TCEP buffer (TCEP peak visualized at approximately 12 minutes).
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4.4.7. Synthesis of citrate-stabilized AUNP. Gold nanoparticles were synthesized by citrate
reduction of gold chloride. Specifically, HAuCls trihydrate (0.197 g) was dissolved in 498 mL of
Millipore water in an acid washed two necked round bottom flask and brought to reflux. To the
boiling mixture was added trisodium citrate (0.509 g) in 2 mL of water, and the solution was left
to boil for 30 minutes. Particles were filtered using a 200 nm filter, and the plasmon resonance
wavelength was observed by UV/Vis spectroscopy, and size was confirmed by DLS and TEM.
Final particle concentration was determined using ICP-MS. Particle size was determined by
examination of over 100 particles using ImageJ, and volume and total gold content approximations
were made by using the geometric formula for the volume of a sphere and the density of bulk gold
(59.01 Au/nm?).
4.4.8. Synthesis of GAd@AUNPs. Functionalization of the citrate stabilized AuNPs with Lip-
DO3A or Lip-DTPA were performed using 25 mL of 10 nM AuNPs with 0.01 % Tween 20 (v/v).
The complexes 1a-4a were dissolved in 500 puL of methanol and 500 uL of Millipore water, added
to the AuNP solution, and shaken overnight for the formation of complexes 1-4, respectively.
Notably, functionalization of the AuNP surface was achieved without the addition of a reducing
agent. The functionalized AuNPs were purified and concentrated using ultra-centrifugation. Five
rounds of centrifugation at 21.1 x g (20 min, 7 °C) were performed to sediment the particles.
Following each round of centrifugation, the top solution was subsequently decanted, and the
particles were resuspended in Dulbecco’s phosphate buffered saline (DPBS) with 0.01% Tween
20. The particles were concentrated down to 250 nM AuNPs as a 1 mL stock solution in DPBS

0.01% Tween 20. When not in use, particles were stored at 4 °C.
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4.4.9. Low-field relaxivity (r1): Stock solution of complexes 1-4 (approximately 500 uM
Gd(l11)) was serially diluted four times for five total samples in 150 puL volumes. Solutions were
heated to 37 °C and 150 pL of each concentration was used for measurement of T relaxation time
via a Bruker minispec mgq60 NMR spectrometer (60 MHz). An inversion recovery pulse sequence,
with a repetition time of 15 seconds, 10 data points and 4 averages, was used to acquire data. The
remaining solutions were used to prepare samples for ICP analysis of Gd(I11) concentration (see
3.4.11). The slope of the linear fit of the relaxation rate (1/T1, st) plotted against the Gd(I11)
concentration (mM) yields the relaxivity of the agent (MM s™).

4.4.10. High Field Relaxivity (7 T): A Bruker Pharmscan 7 T (Billerica, MA, USA)
imaging scanner fitted with shielded gradient coils at 25 °C was used. Samples of complexes 1-4
were prepared by serial dilution, and Gd(I11) concentration was measured by ICP-MS. Solutions
were placed in glass capillary tubes of approximate diameter = 1 mm, and the tubes containing the
samples were taped around a larger tube containing water. For acquisition of T relaxation times,
a rapid-acquisition rapid-echo (RARE-VTR) pulse sequence was used. The following parameter
values were utilized: static echo time = 11 ms, variable repetition time = 150, 250, 500, 750, 1000,
2000, 4000, 6000, 8000, and 10000 ms, field of view = 25 x 25 mm?, matrix size = 256 x 256,
number of axial slices = 4, slice thickness = 1.0 mm, and averages = 3. Paravision 6.0 software
(Bruker, Billerica, MA, USA) was used for Ty analysis, by monoexponential curve-fitting of image

intensities of selected regions of interest (ROIs) from each axial slice.

4.4.11. Metals Analysis by ICP-MS: A computer-controlled (QTEGA v. 2.6) Thermo
(Thermo Fisher Scientific, Waltham, MA) iCapQ ICP-MS equipped with an ESI SC-2DX

autosampler/autodilution system (Elemental Scientific Inc., Omaha, NE) was utilized for metal
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quantification. ICP-MS analysis was preceded by acid digestion of Gd@AUNPs samples.
Specifically, for Gd analyses 20 pL of GA@AUNPs sample was added into 120 pL of 1:1
concentrated nitric acid: concentrated hydrochloric acid (TraceSelect Nitric acid, >69%;
TraceSelect HCI, fuming 37%) and mixed thoroughly. Similarly, for Au analyses, 5 pL of
Gd@AUNPs sample was added to 500 pL of 1:1 HNO3:HCI as above, and mixed thoroughly.
Sample:acid mixtures were heated at 65 °C for at least 2 hours. Then, ultra-pure H20 (18.2 Q-m)
was added up to 10 mL total sample volume. For cells labeled with Gd@AuNPs, 150 uL of labeled
cells suspended in PBS or media were added to 100 uL. 70% nitric acid and heated at 65 °C for at
least 4 hours. Following digestion, ultra-pure water was added for a final sample volume of 3 mL.
Individual Au and Gd elemental standards were prepared at 0, 0.78125, 1.5625, 3.125, 6.25, 12.5,
25.0, 50.0, 100, and 200 ng/mL concentrations with 2% nitric acid (v/v), 2% HCI (v/v) and 5.0
ng/mL internal standards up to a total sample volume of 5 mL. Each sample was acquired using 1
survey run (10 sweeps) and 3 main (peak jumping) runs (100 sweeps). The isotopes selected were
17 Ay, 158157Gd and °1In, %°Ho, and 2°°Bi (as internal standards for data interpolation and machine
stability).

4.4.12. General Cell Culture. All reagents used for cell culture, such as Dulbecco's
modified phosphate buffered saline (DPBS), media, and dissociation reagents, were purchased
from Life Technologies (Carlsbad, CA). Only CorningBrand® (VWR Scientific, Radnor, PA) cell
culture flasks, plates, and sera were used. MDA-MB-231 m-Cherry cells were purchased from the
American Type Culture Collection (Manassas, VA). Cells were cultured in phenol red-free alpha
minimum essential media (a-MEM) supplemented with 10% fetal bovine serum (FBS), 1%

nonessential amino acids, and 1% sodium pyruvate. Cells were grown in a humidified incubator
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operating at 37 °C and 5.0% CO». Cells were allowed to incubate for 24 hours before all
experiments. For harvesting cells, 0.25% TrypLE was added and cells were incubated for 5
minutes at 37 °C in a 5.0% CO2 incubator. For sterilization, GA@AUNPs suspensions in media
were filtered with 0.2 um sterile filters prior to concentration determination and dosing.

4.4.13. Guava ViaCount Assay for Cell Counting and Viability. A Guava EasyCyte Mini
Personal Cell Analyzer (EMD Millipore, Billerica, MA) was utilized to count cells and determine
viability by a flow cytometric live/dead assay. 50 uL of cell suspension (from each well of 24-well
plate) was mixed with 150 uL of Guava ViaCount reagent for 5 minutes to facilitate cell staining.
Stained cells were counted using the ViaCount software module. For each sample, 1000 sampling
counts were acquired and gated manually by the operator for live versus dead cells. Number of
live cells and percentage of live cells were recorded. Instrument reproducibility was assessed
biweekly using GuavaCheck Beads and following the manufacturer's suggested protocol using the
Daily Check software module.

4.4.14. Cellular Delivery Studies. Cellular delivery studies were performed with MDA-
MB-231 Cherry cells. Cells were plated at a cell density of approximately 25,000 cells per well
for 24-hour uptake in a 24-well plate as counted by a hemocytometer. Stock solutions of
complexes 2-4 (500 uM Gd(111)) were prepared. Samples from stock solution were diluted with
media to 50 uM Gd(III) or less to prepare incubating solutions of 180 uL per well. Cells were
incubated with complexes 2, 3 or 4 for 24 hours. Time-dependent uptake for cellular delivery
studies were performed with MDA-MB-231 m-Cherry cells. Cells were plated at a cell density of
approximately 35,000 cells per well in a 24-well plate as counted by a hemocytometer. Cells were

incubated with 50 uM Gd(III)-equivalent concentration of complexes 2, 3, or 4 for 1, 2, 4, 8, and
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24 hours. To harvest, cells were rinsed in-plate three times with 500 uL PBS and trypsinized using
100 pL 0.25% TrypLE. Following trypsin treatment, 150 pL of media was added to each well and
mixed by a pipette to ensure that all cells were lifted into suspension. 50 pL of the cell suspension
was used for cell counting and 150 pL. was used for Gd content analysis via I[CP-MS.

4.4.15. Cell pellet imaging: Approximately 7.5 x 10° MDA-MB-231 m-Cherry cells were
incubated in 25-cm? T-flasks with complexes 2, 3, or 4 suspended in media or plain media for 24
h, rinsed with DPBS (2 x 1 mL/flask), and harvested with 500 pL of trypsin. After addition of 500
uL of fresh complete media, cells were transferred to 1.5-mL microcentrifuge tubes and
centrifuged at 1000 x g at 4.0 °C for 5 minutes. The supernatant was removed; the cell pellets were
re-suspended in 1 mL of complete media, added to 5%" flame-sealed Pasteur pipets, and
centrifuged at 100 x g at 4.0 °C for 5 minutes. The bottom sections of the flame-sealed pipets were
then scored with a glass scribe, broken into small capillaries, and imaged using a RF RES 300 1H
089/023 quadrature transmit receive 23-mm volume coil (Bruker BioSpin, Billerica, MA, USA).
A rapid acquisition with refocused echoes (RARE) pulse sequence was used. For Ti-weighting,
the following parameters were used: TR = 500 ms, TE =10 ms, flip angle = 90°, NEX = 3, FOV =
20 x 20 mm?, slice thickness = 1 mm, and matrix size = 256 x 256.

4.4.16. In vivo studies. (a) Short-term distribution of complex 2 - All mice were handled
and processed according to a protocol approved by Northwestern University Animal Care and Use
Committee in accordance with current guidelines from the National Institutes of Health Model
Procedure of Animal Care and Use. Male C-57 black mice (wild type) were acquired from Charles
River (Wilminton, MA), and were housed under pathogen free conditions. Mice (n = 3) were

injected 1V 4.0 nmol/kg body weight of Complex 2 through IV administration which equates to
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9.0 umol/kg body weight of Gd(III). Mice were imaged by MRI on a Bruker Biospin 9.4T magnet
(Bruker Biospin, Billerica, MA, U.S.A.) within the first 10 minutes of injection using a standard
FLASH sequence. Mice were kept warm using a heated pad and maintained under 1-2% inhaled
isoflurane anesthesia. Respiration was monitored using an SA Instruments MR compatible
monitoring system (SA Instruments, Stonybrook, NY, U.S.A.) for appropriate gating. After 3
hours, mice were euthanized and organs were analyzed for Gd(I11) content by ICP-MS. The heart,
lungs, liver, spleen, kidneys, muscle, pancreas, fat, stomach, blood, and urine were placed into
preweighed Teflon tubes, weighed, and dissolved in 9:1 ACS reagent grade nitric acid/hydrogen
peroxide (10 mL for livers and spleens, 1 mL for kidneys, 500 puL for remaining organs). Organ
digestion was accomplished using an EthosEZ microwave digestion system (Milestone, Shelton,
CT, U.S.A.). Solutions were heated to 120 °C ramp over 30 min followed by a 30 min hold and a
45 min exhaust cycle. The resultant solutions were weighed and an aliquot was transferred to a
preweighed 15 mL conical tube. The final ICP-MS samples were prepared as described in section
4.4.11. (b) Pancreas imaging - In vivo MR images (n = 3) were acquired 24 hours post injection
of Lip-Gd@AUNPs on a 9.4T Bruker Biospec (Bruker Biospin, Billerica, MA, USA) using a 38
mm quadrature mouse body volume coil. For anatomical reference, T» weighted accelerated spin
echo (TurboRARE) images were acquired with TR/TE = 570 ms / 24ms, RARE factor 8, field of
view 4 cm x 4 cm, matrix 256 x 256, 1 mm slice thickness, 7 slices, 0.3 mm slice gap, and 9
averages. To measure contrast enhancement, T; weighted gradient echo FLASH images were
acquired with TR/TE/a = 100 ms/2.2 ms/45° and 2 averages. Slice geometry was identical to the
T> weighted images except for a matrix of 192 x 192. During imaging, mice were held under 1-2

% inhaled isoflurane anesthesia and respiration was monitored using an SA Instruments MR
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compatible monitoring system (SA Instruments, Stonybrook, NY, USA). Images were processed
using JIM 6 software (Xinapse Systems, Essex, United Kingdom). Contrast to noise ratio (CNR)
maps were measured by placing a signal region of interest in leg skeletal muscle and the bladder,
and a noise region in the corner of the image, subtracting muscle signal from each pixel in the
image, and dividing by the standard deviation of the noise. For visualization, CNR maps were set
to a threshold at a value of 35, a color lookup table was applied, and the map was overlaid on the
T> weighted anatomical reference image.

4.4.17. Statistics: Characterization results of Gd@AUNPs are reported as the average and
standard deviation of at least three independently synthesized batches. Hydrodynamic radii,
polydispersity indices and relaxivities of complexes 1-4 were compared by one-way ANOVA.
Results from in vitro experiments are expressed as the average of three separate experiments, each
performed in triplicate. Three mice were used for in vivo MRI and biodistribution analyses. MR
images from a single representative experiment are shown. Bar graphs represent averages while

error bars represent standard deviations.
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