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ABSTRACT

Ultra-short Carbon Nanotubes as Nanocapsules for Medical Imaging and Therapy
by

Keith Bennett Hartman

This thesis details the development of ultra-short, single-walled carbon nanotubes
(US-tubes) for use as nanocapsules to contain and deliver medical agents for both
imaging (Gd*") and therapeutic (*''At) purposes. In particular, Gd**-loaded US-tubes,
known as gadonanotubes, operate as high-performance MRI contrast agents with
relaxivities (image enhancement efficacy) a factor of 40-100 greater than current clinical
contrast agents. Furthermore, gadonanotube relaxivities are highly pH-dependent, with
image intensity nearly tripling from pH 7.5 to 6.8. Coupled with their high efficacies and
targeting potential, these agents are promising candidates for next-generation targeted
imaging probes for the early detection of cancer.

Single gadonanotubes have also been encapsulated in a polymer shell for use as
an intravenous MRI contrast agent. In addition, a new functionalization scheme has been
developed to covalently attach a variety of amino acids in high quantity to the outer
surface of the gadonanotubes and to attach a small peptide sequence for targeting breast
cancer cells. The gadonanotubes have also been used as magnetic cell labeling agents,
while also demonstrating efficacy in vivo as contrast agents.

In addition to functioning as an imaging agent platform, the US-tubes have

demonstrated efficacy as nanocapsules for radiotherapeutic agents. Astatine-211 (At-
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211), an o-emitting radionuclide, can be loaded inside the US-tube with excellent
containment stability for the targeted delivery of an a-radiotherapeutic agent to
micrometastatic and single-cell cancers. The loading levels for At-211 are comparable
to, or better than, other known compounds. At-211, existing as the mixed-halogen
compound *''AtCl, is retained in the US-tube nanocapsules due to van der Waals forces
between the *'' AtCl and the interior sidewalls of the nanotube.

Finally, the US-tubes have been shown to induce few health risks in mammalian
experiments. Acute toxicity tests were conducted on mice with both raw and purified
full-length carbon nanotubes (SWNTSs), as well as US-tubes, using large doses (up to 1
g/kg of bodyweight). Even at these large doses, no animal death was recorded, although
in a few cases behavioral changes were observed. Nanotubes were observed to be
eliminated from the liver and kidneys through the urine and feces. It is believed that any
toxicity at high doses can be attenuated (and prevented) by properly formulating the

administered dose.
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CHAPTER I: INTRODUCTION

Magnetic Resonance Imaging

In 2003, Paul Lauterbur and Peter Mansfield were awarded the Nobel Prize in
Medicine in recognition of their development of magnetic resonance imaging (MRI), now
a fundamental medical imaging technique. Essentially, the MR instrument images water,
making this technique ideally suited for the visualization of soft tissues in the diagnosis
of cancers, ligament damage, and brain activity. Annually, approximately 60 million MR
images are obtained worldwide.

Derived from the principles of nuclear magnetic resonance (NMR), clinical MRI
uses a strong homogenous magnetic field to align the proton spins of water and then
measures the time it takes them to equilibrate after perturbation, a process known as

relaxation.’

Differences in relaxation times are portrayed in the MR image as varying
shades of white and gray. Although water has a very slow relaxation time and is
ubiquitous in living organisms, complex instrumentation and mathematical algorithms are
able to filter the data and coarsely differentiate between neighboring tissues which have
slightly different relaxation times.

Because it is difficult to distinguish between similar tissue (e.g. a tumor within fat
tissue), chemical contrast agents (CAs) are often used to enhance images. CAs operate
by decreasing the relaxation time of local water protons by introducing a paramagnetic
species, thus allowing for better differentiation between areas of interest. Dozens of CAs

have been approved by the United States Food and Drug Administration (FDA), typically

consisting of a chelated Gd** compound (Magnevist, a common clinical Gd**-based CA
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Figure 1: A common Gd** chelate MR contrast agent, [Gd(DTPA)(H,0)]> (Magnevist).

is shown in Figure 1) that circulates in the blood until eliminated through the kidneys.
Proton relaxation occurs via two mechanisms: longitudinal relaxation, known as ry, and
transverse relaxation, or r,. An r;-agent produces a positively-enhanced image (the image
brightens), and it is usually a paramagnetic ion (Gd>* or Mn?*). An 1p-agent produces a
negatively-enhanced image (the image darkens), and it is typically a superparamagnetic
species (nanocrystalline Fe3O4). Generally clinicians prefer r; agents as it is easier to
distinguish features in a brightened image as opposed to a darkened image.

Relaxivity is relatively simple to measure. About 0.2 mL of sample is placed in
an NMR tube and positioned in a relaxometer or NMR instrument. Although
temperatures can be varied to determine characteristics of the system, the most
medically-relevant data is acquired at 37 °C (body temperature). A uniform magnetic
field aligns the proton spins of the sample and a pulse inverts the magnetization vector;
the time required for the magnetization vector to realign is known as the relaxation time
(T1 or T2, depending on whether it is an r; or r; agent). Fortunately, water protons relax
slowly, on the order of several seconds. Upon the addition of a CA, the relaxation time
decreases to tens of milliseconds. Because the relaxation time is concentration

dependent, mathematical adjustments are made to yield “relaxivity”, a standard by which
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all contrast agents are compared quantitatively for efficacy. The magnitude of the
relaxivity (units are mM™'s™), is directly proportional to the efficacy of a given contrast
agent. Typical relaxivities for clinical agents at 37 °C and clinical-field strengths (~60
MHZz or 1.5 Tesla) are approximately 4 mM's™ **

Current imaging methods are able to distinguish between neighboring tissues of
different composition and anomalies within these tissues. However, in the case of
tumors, too often by the time a tumor is large enough to be detected with today’s imaging
technology, it is metastatic and too late for a cure. To this end, medical imaging research
strives to image the most fundamental unit of life: the cell. Known as molecular imaging,
researchers seek to develop “smart CAs” that are molecularly targeted to diseased cells
(tumor cells, arterial plaque cells, etc.) so as to accumulate within targeted cells, in order
to detect disease (via some abnormal cellular biochemistry) at its earliest stage when
relatively few cells are present.*” Such capabilities would allow for earlier diagnosis of
cancer, arterial blockage, etc., leading to an increase in successful therapies and the
preservation of more lives. Pursuant to these goals, engineered nanostructures may be
able to overcome many of the limitations of current clinical MRI CAs. Specifically,
today’s CAs are not targeted to sites of disease, not internalized by cells, and have
relaxivities much too low to realize molecular imaging. However, nanomaterials, due to
their unique or enhanced properties, are gaining attention as possible solutions to these

limitations.
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Nanotechnology in Medicine
Several nanomaterials have already established a strong presence in medicine.
Quantum dots®® and gold nanoshells'® have demonstrated efficacy in mammals as agents

11-14

in fluorescence imaging, surface-enhanced Raman scattering,”” and thermal

ablation.'®!”

Currently, the most developed nanomaterial in medicine is
superparamagnetic iron oxide (SPI0)."*'* Viewed on the macroscale, rust (iron oxide) is
hardly exotic, however, on the nanometer scale, iron oxide particles exhibit remarkable
magnetic behavior that makes them attractive candidates for advanced medical materials.
Because of their nanoscale size, SPIO particles have a single magnetic domain, resulting
in a large magnetic moment, known as superparamagnetism.

The iron oxide species that has gained the most attention for medical applications
is magnetite (Fe3O4), which has mixed oxidation states of iron.”® Particle sizes can range
from several nanometers to hundreds of nanometers in diameter.”' Because magnetite
SPIOs possess highly-aligned/single-magnetic domains, they have a very large magnetic

122 In addition to

moment, making them especially effective MRI contrast agents.
chemical composition, other parameters that can influence relaxivity are the degree of
crystallinity/size of the SPIO particle and the agglomeration of the particles inside the
body.*

Several commercial SPIO agents are available with a variety of external coatings.

2
2327 often

Many such agents have been explored as CAs for MR imaging in humans,
“targeting” (more likely due to being a particulate, than being molecularly-targeted) liver
tumors.”® Much work still needs to be done to determine the relationship between

pharmacokinetics, particle size, and surface modification. Typical blood half-lives are

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



found to vary between one hour for anionic coatings to 24-36 hours for starch coatings in
humans and 2-3 hours in mice.”*’

SPIOs offer a convenient platform for covalent attachment of biologically-
relevant moieties due to their large, relatively easily-derivatized surface. SPIO-labeled
antibodies have been used to image a variety of targets, including rectal carcinoma,”
breast cancer,’’ and VCAM.*! Other targeting systems include the HIV-1 tat peptide for

33

lymphocyte imaging,*>** hormones for breast cancer,”® and folic acid as a general

targeting strategy for cancer.”> SPIOs have also been used as magnetic labels for tracking
stem cells in vivo.

These versatile agents are not only limited to imaging, but can also function as
magnetically-induced hyperthermia therapeutic agents. The word “hyperthermia” is
Greek for “over-heat”. It has long been known that tumor cells are more susceptible to
heat than are healthy cells, thus, if SPIOs can exercise fine control over tissue

temperature, they may act as cancer-selective agents.”*™*

Magnetic hyperthermia is
based on the phenomenon that metals produce an electrical current in an alternating
magnetic field."' Electrical conductivity in any metal is accompanied by resistance
which dissipates energy as heat to the surrounding medium. A superparamagnetic
species, with a single magnetic domain, has an enhanced effect caused by the relaxation
of the domain dipole which results in heat dissipation, a process known as Néel
relaxation. A far weaker field is needed to achieve the same level of heating with a
nanoscale superparamagnetic material relative to larger ferromagnetic materials and thus,

single-domain SPIOs (3-7 nm in size) far outperform their larger, ferromagnetic

counterparts in in vitro experiments.”” Calculations suggest that successful tumor
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ablation could be accomplished with a mere 5-10 mg of SPIO/cm’ of tissue.*

A major
problem is the difficulty in localizing and sequestering these particles inside a single
tissue. However, the recent completion of a Phase I clinical trial yielded promising
results for the treatment of prostate cancer using SPIOs as hyperthermia agents, where

decreases in prostate specific antigen, a protein correlated to prostate cancer, were

recorded in 8 of 10 patients.**

Carbon Nanostructures in Medical Imaging

Nanostructures. While quantum dots, gold nanoshells, and superparamagnetic iron oxide
clearly demonstrate that nanotechnology has much to offer medicine by way of new
materials with novel properties and capabilities, carbon nanostructures, especially carbon
nanotubes, have the potential for an even bigger impact on medicine because they are
much more versatile.

In 1996, the Nobel Prize in Chemistry was awarded to Robert Curl, Harold Kroto,
and Richard Smalley for the discovery of a new allotrope of carbon known as fullerenes,
with Cgo or “buckyball” being the prime example.* This discovery marked the beginning
of extensive research into carbon-based nanotechnology. The two main building blocks
of carbon nanotechnology are fullerenes (Cgp, C72, Cso, Cap, €tc.), most of which are
spherical (or nearly spherical) molecules and carbon nanotubes, which are tube-like
materials (Figure 2).***” A full-length, single-walled carbon nanotube (SWNT) can be
visualized as a single layer of graphene, rolled upon itself, assuming the morphology of a
drinking straw; full-length SWNTs range from ca. 300-3000 nm in length, with a ca. 1.0

nm diameter. All carbon atoms are on the surface of SWNTs and are sp” hybridized.
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Ultra-Short Carbon Nanocapsules (US-tubes)

Figure 2: The building blocks of carbon nanotechnology.

Furthermore, the interior of a SWNT is empty, allowing for the filling with small
molecules or ions. Ultra-short carbon nanotubes (US-tubes), with sidewall defects from
the cutting process (Figure 2), have proven especially efficient in loading. Fullerenes,
such as Cgo, Csp, etc., can also be filled (with great difficulty) with 1-3 metal ions to

produce endohedral metallofullerenes such as GA@Ceo, as also shown in Figure 2.

Carbon Nanotube Fluorescence. SWNTs come in a variety of sizes and chiralities

(determined by the angle of the roll-up vector of a sheet of graphene) which control the
type of nanotube, semi-conducting or metallic, existing in approximately a 2:1 ratio in a
given batch of SWNTs.®* The band-gap of the semi-conducting SWNTs controls the
fluorescence properties. Altering the diameter and chirality of the carbon nanotube alters

the band gap, which in turn controls the fluorescence properties. SWNTs are immune to
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Figure 3: (A) Image of a single SWNT excited at 1000 W/cm?, scale bar = 100 nm; (B) Spectral
intensity of the same SWNT demonstrating signal intensity over 5 minutes (5 second measurement
intervals); (C) Emission intensity as a function of excitation intensity of the same SWNT.*!

photobleaching and they do not “blink” like quantum dots,”® and amazingly, even a
single nanotube has been imaged by fluorescence microscopy (Figure 3).”!

This SWNT fluorescence has been exploited as an optical imaging agent in living
organisms. It has been used to image the uptake of SWNTs in macrophages,’*
elimination of SWNTs from i.v. injection in rabbits,” and biocompatibility effects of
SWNTs on fruit-fly larvae’® Finally, exploiting the strong near-infrared (NIR)
absorption propertiecs of SWNTs has resulted in their application as hyperthermia
agents.” In the study, folate-labeled SWNTs were preferentially internalized by cancer
cells, and upon irradiation with near-infrared light, the nanotubes were heated hot enough

to induce cell death selectively to the cancer cells, without harming the surrounding
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healthy cells. In a similar vein, another method utilized radiofrequency (RF) radiation to

heat carbon nanotubes and kill a tumor in a rabbit model.”®

Gadofullerenes. One of the first use of carbon nanomaterials in medicine was the

application of gadolinium-encapsulated fullerenes (gadofullerenes) as MR contrast
agents.””® Initially, gadofullerenes were attractive contrast agents because the fullerene
cage acts as a perfect chelate (it is impossible for Gd** to escape the cage) and the
relaxivity (efficacy) of the gadofullerenes is supetior to traditional Gd** chelate-based
MRI CAs, like Magnevist. For example, Gd@Ce[C(COOH),}10 and Gd@Ceo(OH)y,
have relaxivity values ranging from 20 mM's™ to 100 mM's™ (per Gd** ion) at 1.5 T
and 37 °C, which is approximately 5-20 times greater than current clinical CAs®
Originally believed to be due to the unique confinement of the Gd*" ion and aggregation
effects,’’ more recent studies have demonstrated that the extremely slow molecular
tumbling time of the individual gadofullerenes (1.2 ns) and the nanoscale confinement of
water molecules within the gadofullerene aggregates are the main reasons for the
increased relaxivity over traditional Gd**-chelated clinical agents.”” The nuclear
magnetic relaxation dispersion (NMRD) profile, a plot of relaxivity as a function of
magnetic field strength, for the gadofullerenes can be modeled using classical Solomon-
Bloembergen-Morgan (SBM) theory of paramagnetic relaxation.®**® The gadofullerene
plot, shown in Figure 4, is a nearly perfect fit for the molecular-rotation-optimized SBM
relaxation.®**° Gadofullerenes have been used to magnetically label stem cells for in vivo
tracking.®* Several recent reports have attached fullerene materials to antibodies for

potential use in targeted drug delivery.”*"!
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Figure 4: NMRD plot of Gd@Cgo[C(COOH),];¢ as a function of temperature (circles) and the SBM
optimized theoretical curve (solid lines) for slowly-rotating molecules.®

While gadofullerenes are attractive candidates for next-generation CAs, a major
problem with all gadofullerenes is the enormous difficulty of synthesizing amounts large
enough to permit clinical application.  Obtaining gram quantities of purified
gadofullerenes is both chemically challenging and extremely time consuming.
Gd;N@Cso has higher yields, but it is much more difficult to chemically derivatize.
These two obstacles (low yields and synthetic difficulties) make the short-term
implementation of these materials into the clinic problematic. This realization prompted
the investigation of alternative nanostructures (ultra-short carbon nanotubes) which are

more available in mass quantities to substitute as a carbon cage.
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This thesis will detail the development of ultra-short carbon nanotubes (US-tubes)
as a nanoscale molecular capsule platform for medical imaging and therapy. The
advantages of this platform are multi-fold. Their carbon exterior functions as a scaffold
for the design of a nanoscale molecular carrier platform. Due to their intrinsic lipophilic
character (even when derivatized to be water-soluble), carbon nanotubes readily cross
cell membranes, and because of their bio-inertness, act as robust molecular capsules.
Coupled with the easily-functionalized surface, they are attractive candidates for the
development of an intracellular nanocapsule delivery vehicle. Upon loading US-tubes
with Gd** (known as gadonanotubes), the gadonanotubes were discovered to act as a
high-performance MRI contrast agent, dramatically outperforming all known contrast
agents.”” The high relaxivities (efficacies) of these agents make them attractive
molecular imaging candidates to image at the cellular level. They have been derivatized
with a variety of functional groups for biocompatibility and cell targeting. In order to
demonstrate their therapeutic possibilities, the US-tubes have also been internally-loaded
with At-211, an a-radionuclide, at levels comparable (or higher) to others reported in the
literature. Finally, initial toxicity studies in mice suggest that any US-tube toxicity can be

satisfactorily attenuated through proper dose formulation.
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CHAPTER II: GADONANOTUBES: OPTIMIZATION AND CHARACTERIZATION

The original motivation for the development of gadonanotubes was to investigate
an alternative Gd@carbon nanostructure to gadofullerenes. Although the latter exhibited
a marked increase in relaxivity compared to traditional Gd**-chelates, the extreme
synthetic difficulty, relatively low yields, and prohibitively high production costs made
near-term clinical application of these materials highly unlikely. Thus, the US-tubes,
which can be made relatively inexpensively and in significantly large quantities, offered a
possible alternative to the fullerene cage. However, much to our surprise, the
gadonanotubes had even larger relaxivities than the gadofullerenes, making them not only
attractive candidates for next-generation targeted imaging, but a significantly more viable

platform for near-term medical implementation than their fullerene counterpart.

US-tube Synthesis

Full-length, single-walled carbon nanotubes (SWNTs) are chemically cut into
ultra-short segments (US-tubes) by the fluorination/pyrolysis method.” In a typical
experiment, 500 mg of raw, full-length SWNTs were placed in a Monel boat and sealed
in a custom-built fluorinator apparatus pictured in Figure 5. The system was purged with
pure He gas for 45 minutes and heated to 50 °C for high pressure carbon monoxide
(HiPco) produced SWNTs or 100 °C for arc ablation (Arc) produced SWNTs.
Differences in temperature account for varying reactivity rates between SWNT types.
HiPco-produced SWNTs are smaller in diameter (0.8-1.0 nm), possessing greater bond

strain, and hence greater reactivity, than their Arc-produced counterparts (1.3-1.5 nm in
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Figure 5: Custom-built Monel fluorinator apparatus.

diameter). After the system reached the set temperature, the tubes were fluorinated with
gaseous F (1%) in He for 2 hours. The F, gas was then turned off, and the sample cooled
for 1 hour under a flow of He to remove any unreacted F, from the reactor. The
fluorination of SWNTs does not result in a random deposit of fluorine along the length of
the nanotube, but rather, fluorine forms bands of C-F bonds around the circumference of
the nanotube. These bands are several nm in axial length, with 20-100 nm of relatively
unfunctionalized nanotube between bands.

Upon removal of the fluorinated SWNTs from the reactor, they were heated under
flowing Ar gas to 1000 °C in a tube furnace for 1 hour. The volatile fluorocarbons were
driven off, leaving behind the ultra-short carbon nanotube segments (US-tubes) typically
20-100 nm in length. The result of this cutting method yields nanotube segments with

several defect sites in the sidewalls which facilitates the internal loading of ions and small
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molecules. Next, the US-tubes were added to ca. 75 mL of concentrated HCI and bath
sonicated for 45 minutes to remove the metal catalyst impurities. The sample was then
gravity-filtered over a rough sintered glass filter and washed several times with 20 mL
aliquots of deionized water. The US-tubes were either collected on a watch glass and
dried in an oven at 80 °C or directly added to an aqueous solution of Gd** ions for
loading. The dried, empty US-tubes can be loaded later with ions or small molecules,
functionalized for targeting or bio-compatibility, or chemically reduced to obtain single
US-tubes.

Much like SWNTs, US-tubes exist in large bundled aggregates, rather than
discrete single US-tubes, due to the strong intermolecular van der Waals interactions
between the nanotubes. The force between SWNTs is ca. 0.5 eV per nm of carbon
nanotube,”® an incredibly strong force that is difficult to mechanically overcome by
sonication alone. However, by chemically reducing the SWNTs or US-tubes, a single
nanotube species can be obtained.

While several methods can successfully accomplish de-bundling of nanotubes
(e.g. Na’ in liquid ammonia or NaH in toluene), the US-tubes were usually reduced using
the Na” in THF method.” In this procedure, ca. 1 mg of metallic sodium was added for
every 1 mg of US-tubes in 100 mL of dry, distilled THF (maximum of 60 mg of
nanotubes). The solution was bath sonicated for 1 hour prior to quenching with

deionized water, filtering, washing, and drying. This process worked successfully for
both SWNTs and US-tubes. Figure 6 shows an AFM image of de-bundled US-tubes with

lengths of ca. 40 nm and heights of 0.5-1.2 nm, suggestive of single US-tubes.
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Figure 6: (A) AFM height image of reduced US-tubes and (B) Z-scan resolution height analysis of
reduced US-tubes.”

Gd3+-Loading of US-tubes

US-tubes were loaded with aqueous Gd** ions by sonicating the sample in ca. 1
ppt GdCl; in deionized water at ca. pH = 4.5. Typical loading was accomplished by
sonicating the sample for 30-60 minutes, followed by unperturbed soaking for at least
another 60 minutes before collecting the sample on a rough sintered glass filter. The
sample was then washed with several aliquots of deionized water. Studies of Gd**-ion
loading revealed that little to no loading occurred if the US-tubes were filtered
immediately following sonication. However, 15 minutes of soaking after a five minute
sonication period produced significant Gd**-ion loading with high-performance relaxivity
characteristics. Superconducting quantum interference device (SQUID) measurements
revealed that the gadonanotubes are superparamagnetic and that their magnetic behavior

is characteristic of small clusters.” Coupled with electron imaging, the Gd**-ions are
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Figure 7: Pictorial representation of the gadonanotubes.

believed to reside in the sidewall defects in the US-tubes in small clusters of 3-10 Gd**
ions, as illustrated in Figure 7.

Once loaded with Gd*" ions, the gadonanotubes can be directly suspended in
water via a dispersion agent or dried in a furnace at 60 °C for subsequent derivatization or
suspension at a later time. Due to the innate insolubility of carbon nanotubes, the
gadonanotubes must be “solubilized” with the aid of a dispersion agent, typically a
surfactant or a protein matrix, for relaxivity measurements. To accomplish this, roughly
1 mg/mL of gadonanotubes was added to a 0.1-1% aqueous solution of the dispersion
agent and sonicated for 1-5 minutes. Most gadonanotube batches were suspended in an
ionic surfactant, sodium dodecylbenzene sulfonate (SDBS), for characterization because
it was the most effective agent. Other biocompatible agents were also explored,
including polyethylene glycol, starch, bovine serum albumin (BSA) proteins, and
pluronic F-108. The relaxivity was found to be independent of SDBS and pluronic

surfactant coating.
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Methods of Gadonanotube Relaxivity Characterization
Initial characterization of a gadonanotube sample began with a T,—weighted
relaxation time using a Bruker mq60 MiniSpec operating at 60 MHz (1.41 Tesla). This

value was used to compute a relaxivity using the following formula:

;1 J.

[

I Py ! of
! ¢

where 7, is the T,-weighted (either Ty or T,, measured in seconds) relaxivity and c is the
concentration of the paramagnetic substance in mM." A full plot of relaxivity as a
function of magnetic field was obtained for several samples. Data points at 20, 40, and
60 MHz were obtained with Bruker MiniSpec mq series instruments while data points
from 1 MHz to 20 MHz were obtained using a custom-built, variable-field relaxometer,
and high-field measurements were obtained using Bruker NMR instruments at 100, 200,
and 400 MHz. Temperature baths were used for all data acquisition to regulate sample
temperature.

Due to the small concentrations of Gd** in the suspended samples (ca. 0.05 mM),
determination of the concentration is of utmost importance since any error will greatly
affect the relaxivity calculation. The best method for the determination of Gd*™-ion
concentration is inductively-coupled plasma optical emission spectroscopy (ICP-OES),
which has sub-ppb sensitivity. All measurements were conducted on a Perkin-Elmer
Optima 4300DV ICP-OES instrument. For a typical Gd** concentration measurement,
500 uL of suspended gadonanotubes were added to ca. 1 mL of 30% chloric acid
(HCI10;) and gently heated to the boiling point. The chloric acid oxidatively destroyed

the nanotube (as evidenced by the change in color from black to colorless). The sample

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

was heated until almost all liquid was boiled off. The sample was then diluted to 10.00
mL in a volumetric flask with a 2% HNOs solution, with care taken to ensure that all
Gd** was extracted from the original vessel by multiple 0.5 mL washings with the HNO3
matrix. The sample was filtered through a 0.22 pum syringe filter to remove any
undigested nanotubes. Typical Gd® concentrations in the gadonanotube samples ranged
from 0.02 mM to 1.5 mM. Some of the initial suspensions were sent to Galbraith
Laboratory for professional elemental analysis and the results were statistically identical
to our own measurements. Estimations suggest there are ca. 100 Gd®* ions per US-tube.
A plot of relaxivity as a function of magnetic field is known as a nuclear magnetic
resonance dispersion (NMRD) plot. This curve can be fitted through classical Solomon-
Bloembergen-Morgan (SBM) theory to determine a variety of molecular and electronic

64-

parameters. % The NMRD profile of the first gadonanotube reported and the plot of

Magnevist is shown in Figure 8. This plot has several features that cannot be fit by
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Figure 8: An NMRD profile of the gadonanotubes and Magnevist. Common clinically-used fields are
marked at 1.5 and 3.0 T.
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SBM theory: 1) The increasing relaxivity as magnetic field strength is reduced, ii)
constant relaxivity at high fields, and iii) the magnitude of the relaxivity. The failure of
SBM theory to model these new materials is likely due to their superparamagnetic

clusters and the fast flow rate of water through a carbon nanotube.”®

Gadonanotube Optimization

Typical characterization of a gadonanotube sample involved first measuring the
Ty at 37 °C and 60 MHz and then digesting a small amount of the sample to determine
the Gd** concentration used to calculate a relaxivity value. If the sample had a high
relaxivity value (>60 mM’ls'l), further tests were conducted to determine temperature,
pH, or salt effects. Stability was qualitatively measured by periodically re-measuring the
T, of a suspended sample. An unstable sample resulted in the precipitation of
gadonanotubes, leading to lower relaxation rates (greater T; times). Measuring the
relaxivity of an empty US-tube or Eu**-loaded US-tube resulted in low relaxivities (lower
than that of the clinical Gd®" chelate agents). Thus the Gd*" is certain to be responsible
for these remarkable relaxivities.

Drying out the sample did appear to affect relaxivity performance of the
gadonanotubes. US-tubes can be extensively loaded (30% by mass) using molten
anhydrous GdCl; (melting point = 609 °C), but the relaxivity is very low, ca. 4 mM's™.

In this case, it is believed that the US-tubes are full of tightly-packed GdCl; in which
most of the Gd*"-ions are inaccessible to bulk water protons, thereby substantially

lowering the relaxivity.
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Nanotube Type. The two main processes for synthesizing carbon nanotubes are the

HiPco and the Arc procedure. HiPco tubes are typically smaller in diameter (ca. 1 nm)
compared to Arc nanotubes (ca. 1.4 nm) in diameter. The former are synthesized using
an iron catalyst, while the latter use a nickel-yttrium catalyst. Gadonanotubes were
prepared from both of these nanotube types. In general, relaxivity was the same for the
two types. However, the Arc tubes suspend better (more tubes in suspension) and
therefore, gave stronger signals. The HiPco tubes were often difficult to suspend in high
concentrations. Therefore, for most experiments, Arc-produced tubes were used. HiPco
nanotubes are much easier to derivatize owing to their smaller diameter and greater
chemical reactivity, so when the exterior of the US-tubes were functionalized, HiPco

gadonanotubes were used (see Chapter I1I).

Gd’" Counter-Anion. The first gadonanotube sample was prepared by soaking the US-

tubes in an aqueous solution of GdCl;. XPS measurements indicated a Gd:Cl ratio of 1:3,
and the Gd peak is much closer to GdCl; than Gd,O;, suggesting that the clusters within
the US-tubes are composed mostly of GdCl;. A set of experiments was conducted to see
if the anion played a significant role in the degree of Gd*-loading or the relaxivity.
From the same batch of Arc US-tubes, samples were loaded with a 2.6 mM aqueous
solution of one of the following: GdCl;, Gd(NOs);, Gd(CH3COO0);, or Gd(CF3S03);.
Table I records the relaxivity and the concentration of Gd’" in solution for each of the

samples.
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Table I: Relaxivity values as a function of magnetic field (at 37 °C), high-field maxima (obtained from
NMRD profile), and Gd** concentrations of 4 different Gd salt preparations. All samples suspended in

SDBS.
Anion [GAd™] (mM) | r, (60 MHz) | r (40 MHz) | ry (30 MHz) | High-field Peak
mM’'s" mM's™ mM's™ Maxima (MHz)
Chloride 0.194 60.9 65.8 61.8 45.4
Nitrate 0.177 53.4 58.2 54.5 448
Triflate 0.112 60.1 65.7 61.2 44.9
Acetate 0.268 48.5 51.3 42.9 48.8

The anion size does not appear to influence Gd** ion loading as recorded in Table
I. The sample with the greatest Gd**-loading was that for acetate, one of the larger
anions. At a casual glance, the anion does not appear to affect relaxivity since the triflate
and chloride samples have nearly identical relaxivities at three measured fields.
However, a close examination of the acetate and the chloride-loaded samples revealed a
small, but significant, upward shift in the relaxivity peak maximum frequency, as shown
in Table I. These maximum points were determined by fitting the truncated NMRD
curves as second degree polynomials. In the six different chloride samples that were
tested, all exhibited similar maxima (within 1 MHz). The acetate sample is shifted by 3.5
MHz or about 0.1 Tesla. This suggests that the anion may play a role in shifting the
relaxivity maxima of the NMRD curves, which may allow the possibility of customizing
gadonanotube performance by selecting the proper anion to suit the field strength of the

MR scanner.
pH Dependency. Initial work exploring the relaxivity characteristics of gadofullerenes

found that their relaxivities were partially due to aggregation state and solution pH.®"6

Acidic solutions created larger gadofullerene aggregates, and therefore larger relaxivities.
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In order to assess possible similarities between the gadonanotubes and gadofullerenes,
relaxivity and aggregate size of the gadonanotubes were measured as a function of pH.

Relaxivities (per Gd** ion) of SDBS-suspended gadonanotubes were acquired as a
function of pH from 3-10 at 60 MHz and 37 °C. pH was altered using sub-pL. amounts of
1 M LiOH and HCI. The mass of the sample was measured after addition of each acid or
base and was less than 0.01 mg, so Gd**-ion concentration change was negligible.

The plot of 11 as a function of pH at 60 MHz and 37 °C is shown in Figure 9. The
r; vs. pH curve was found to be fully reversible upon pH cycling. As seen from Figure 9,
the relaxivity of the gadonanotubes undergoes more than a three-fold increase in
relaxivity from pH = 8.3 (40 mM™'s™") to pH = 6.7 (133 mM's™") at 37 °C, with the slope

of the change between pH 7.4 and 7.0 being 98 mM's™/pH. Although the magnitude of
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Figure 9: A plot of relaxivity as a function of pH for the gadonanotubes at 60 MHz and 37 °C.
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the relaxivity change can vary somewhat between different batches of gadonanotube
preparations, samples other than that from Figure 9 have demonstrated at least a 25%
increase in relaxivity from pH 7.4 to 7.0, with the greatest being a 100% increase (a
300% increase from pH 8.3 to pH 6.9). This has the potential to be a very important
discovery, as tumor cells exhibit depressed pH levels (pH=6.9 or lower) compared to
healthy tissue (pH=7;4).77’78

No other pH-responsive MRI CA has demonstrated such a dramatically-large
change in relaxivity over such a narrow pH range. For example, a pH-responsive agent
described by Woods er al. utilized a pH-respondent pendant arm that ligates Gd** ion at
high pH and releases it at low pH and undergoes a 60% increase in relaxivity from 4.4
mM's™ at pH 8.5 to 7 mM's™ at pH 6.5 (slope = 1.3 mM's'/pH).” A Gd>*-DO3A
tetrapod system detailed by Jebasingh and Alexander exhibited a near-doubling of
relaxivity from 3.2 mM's™ at pH 8.5 to 6 mM™'s™ at pH 6.5 (slope = 1.4 mM s /pH).¥°
Another example, a PAMAM dendrimer-based system, has demonstrated an approximate
20% increase in relaxivity over similar r,/pH ranges (slope = 4.4 mM™'s™/pH).*! Finally,
a few Gd@Cgo-based CAs (gadofullerenes) also exhibit r;/pH variation which is strongly
aggregation-state dependent (slope < 10 mM™'s™//pH).>***# Thus, the gadonanotubes are
interesting materials for MRI CA development, not only because they possess the
greatest efficacy (relaxivity) by far at clinical fields of any known CA, but also because
of their dramatic response to pH around physiological pH.

While the aforementioned relaxivity measurements are the accepted standard by
which CAs are compared, relaxivity measurements do not guarantee that agents will

perform accordingly in an MRI scanner. To confirm its pH-dependent properties in an
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Figure 10: An inversion recovery MR scan of the gadonanotubes at pH = 7.0 (red) and pH = 7.4 (green)
at 1.5 Tesla (63.8 MHz).

MRI scanner, a sample of gadonanotubes was divided into two parts, in which one part
was adjusted to pH = 7.0 and a second to pH = 7.4. The pH was measured both before
and after the MRI scan and found to be unchanged. A T;-weighted inversion-recovery
scan was collected on the two samples using a 1.5 T Philips MR scanner which
confirmed a large relaxivity difference between the two samples (Figure 10). The image
in Figure 10 shows the significant difference in the relaxivity of the two samples, which
differed by a mere 0.4 pH units. The relaxivities from the images were calculated to be
200 mM's™ (pH 7.0) and 98 mM's™! (pH 7.4) at 25 °C.

To investigate whether the pH dependency of the gadonanotubes was an
aggregation phenomenon (as is the case for gadofullerenes), dynamic light scattering
(DLS) measurements were collected using a Nanotrac Ultra DLS Nanoparticle Analyzer,

as a function of pH. In the DLS experiment, pH was adjusted incrementally from 5.3 to
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8.5 and then back down to 7.4, 7.0, and 5.3. Five measurements were taken at each point,
with the high and low measurement discarded, and an average of the three remaining
measurements at each point was plotted in Figure 11. The accuracy of the measurements
was validated with a 20 nm polystyrene bead standard.

The DLS data proves that aggregation of the gadonanotubes does not play a major
role in their high-performance relaxivity characteristics. Previous studies on Gd@Cgo
found that relaxivities were both pH and aggregation state dependent.”*>*? For example,
gadofullerene aggregates range in size from 50 nm at pH = 9 to 1200 nm at pH = 4, with
relaxivities of 75 mM's” at pH = 4 and 39 mM's™ at pH =~ 10. Thus, it was first
assumed that gadonanotubes would also exhibit a similar aggregation state behavior and
that this would be related to their pH-dependent relaxivities. However, the DLS data
clearly demonstrates that the aggregation-state behavior of the gadonanotubes is vastly
different than that for gadofullerenes and is unlikely to contribute to the observed

relaxivity properties.

80

70

60

50

40

dy, (nm)

30

20

10

0 T Y T T 1

Figure 11: DLS measurements of the hydrodynamic diameter as a function of pH for the gadonanotubes.
The sample was adjusted from 5.3 to 8.0 (blue) and then back down from 8.0 to 5.3 (red).
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Gd’" Cluster Stability. An alternative explanation of the pH-relaxivity relationship is that
pH manipulation leads to Gd**-ion loss from the gadonanotubes upon exposure to
alkaline solutions. Because the superparamagnetic clusters are believed to be a key to the
high-performance characteristics of these probes, the integrity of these Gd**-ion clusters
and their retention of Gd*>" are of utmost importance. The scope of the experiment was
widened to test not only pH, but also different physiological challenges, including
phosphate buffered saline solution (PBS), bovine serum, and heat. In an additional set of
experiments, a sample of gadonanotubes was membrane dialyzed in PBS solution for 48
hours, with samples periodically taken for Gd’*-ion analysis. None of these trials
resulted in a measurable loss of Gd**-ion as determined by ICP-OES. Furthermore, there
was no adverse effect on gadonanotube relaxivity after dialysis. The dialysis experiments
confirmed that the Gd**-ion clusters are stable with regard to physiological conditions
and that Gd** ion is not leaked from the gadonanotube itself. The limit of detection for
ICP-OES instrumentation is ca. 1 ppb, which is less than 1% of the total Gd’'-ion
concentration present in a gadonanotube sample. Thus, the gadonanotubes retained
greater than 99% of their Gd*"-ion concentration upon exposure to pH and temperature
challenges, as well as the physiological condition challenge mimicked by PBS dialysis.
Taken together with the DLS results, the physiological challenge data indicate that the
high-relaxivity property of the gadonanotubes is not due to an aggregation phenomenon,
nor are Gd’* ions released from the gadonanotubes during pH cycling, since the pH-

dependent relaxivities of Figure 9 are reproduced exactly upon repeated cycling.
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Temperature. To investigate the temperature dependence of the water exchange rate
(assuming access to Gd*" ions by water), a temperature dependence study was performed
on three gadonanotube samples, with one sample under acidic conditions (pH = 2.8), a
second sample under basic conditions (pH = 9.4), and a third sample at physiological pH
= 7.4 at 60 MHz. The results of the study are shown in Figure 12. This plot of relaxivity
vs. temperature demonstrated that the relaxivity is independent of temperature under
basic conditions, whereas under acidic conditions the relaxivity rose dramatically to ca.
500 mM's" as the temperature was lowered from 50 °C to 5 °C. The general shape of
the temperature plot for the acidic curve in Figure 12 has been previously documented for
a Gd*" chelate attached to a large protein where the relaxivity nearly tripled from 3.2

mM's? to 82 mM's? over the same temperature range.®’

There are two possible
explanations for the strong increase of relaxivity at pH 2.8 by lowering temperature: (i) A
formation of larger aggregates leading to slower rotational motion or (ii) slower rate of

proton exchange. Previous DLS data suggest that aggregation does not appear to
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Figure 12: Relaxivity as function of temperature for the gadonanotubes at 60 MHz.
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influence relaxivity dynamics, thus eliminating the aggregation explanation. Therefore,
if we assume that the high relaxivity observed with gadonanotubes is due to high mobility

8485 Wwe can assume that

of water protons, a property known from several studies,
relaxivity is limited at high temperatures by fast proton exchange and that the lowering of

temperature would lead to an increase in rj.

Conclusion

Clearly gadonanotubes are intriguing building-block materials for the
development of clinical MRI CAs, not only because they possess unprecedentedly high
relaxivities, but also because they can be made relatively inexpensively in large
quantities, with relatively high reproducibility. We have demonstrated that nanotube type
(HiPco or Arc) and suspension agent (SDBS, F-108, BSA, etc.) does not appear to play a
significant role in relaxivity performance. The anion identity may play a small role in the
relaxivity peak maximum, which might allow for some tailoring of the relaxivity.

Although the relaxivity of gadonanotubes exhibits an impressive thermal
response, it is unlikely to be of practical use in medicine or biology since the relaxivity
change is relatively small over the narrow range of temperatures found in biology. In
contrast, because of the sharp and dramatic change in relaxivity over physiologically-
relevant pH ranges, the gadonanotubes make compelling agents for the development of
pH-sensitive CA probes. The DLS and physiological challenge experiments demonstrate
that these effects cannot be attributed to aggregation effects or Gd** ion loss from the
tube. Coupled with the fully recyclable relaxivity curve, these phenomena unique to the

gadonanotubes, are possibly attributed to the exceptionally fast water flow through
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carbon nanotubes, or to complex bridging oxide/hydroxide structures known in
lanthanide clusters. There is clearly still more that needs to be further investigated in this
system before it is fully understood.

With their high relaxivity alone, the gadonanotubes make for an attractive
circulatory CA candidate, especially in attempts to diagnose areas of cellular stress such
as cancer or ischemia where the extracellular pH is 6.9 or lower (physiological pH is
7.4).”7" Because of the ultra-sensitivity of these agents to minute pH change, they also
might lend themselves to a variety of other physiological applications that depend upon
tight pH regulation, including certain enzymes that operate within narrow pH ranges® or

processes involving heart mechanics,®”*®

or might even function as a non-targeted cancer
detection probe. However, before such applications can be fully realized, gadonanotubes
must be derivatized for biocompatibility and/or targeting and demonstrate that their high

relaxivity performance is maintained in living systems. Some of the initial studies will be

discussed in Chapter III.
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CHAPTER III: GADONANOTUBES: FUNCTIONALIZATION FOR IN VITRO AND
IN VIVO IMAGING

The previous chapter detailed the characterization of a new, nanotube-based MRI
contrast agent, known as gadonanotubes. The relaxivity of this agent is the highest ever
reported for a Tj-agent, and its sensitive response to pH is unprecedented. Classical SBM
theory of paramagnetic relaxation cannot fit the relaxivity characteristics of the
gadonanotubes, likely because of their new nanoscale properties. These properties make
them attractive candidates in the development of next-generation, high-performance MRI
applications, such as cellular tracking, early cancer detection, and single-cell imaging (yet
to be accomplished by a Ti-weighted MRI contrast agent). In order for this to be
realized, the gadonanotubes must be made biocompatible and/or targeted to cancer cells
and demonstrate efficacy in living systems. This chapter will detail various solubilization
and cancer targeting schemes, as well as initial in vitro and in vivo imaging of the

gadonanotubes.

GadoPegEgg
The simplest application of a contrast agent in medical imaging is that of an
intravenous contrast agent (e.g. ionic Gd*>* chelates such as Magnevist).! These agents
are injected into the bloodstream and circulate through the body for a short time before
being eliminated. Maximum contrast agent solubility is desired, and such agents are not
targeted to tissues of interest, nor do they accumulate inside of cells. In previous studies,
gadonanotubes were suspended non-covalently using a surfactant, sodium dodecyl

benzenesulfonate (SDBS) to conduct measurements. Unfortunately, SDBS is highly
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Figure 13: The GadoPegEgg encapsulate (figure amended from the original literature report™).

toxic and is not suitable for animal studies, thus, an alternative had to be found. One
solution is the direct functionalization of the gadonanotubes, but this can be difficult due
to the inert nature of the carbon nanotube, and highly water-soluble and salt-stable
nanotube materials have yet to be discovered. Covalent functionalization strategies are
more likely to be applied to specialized applications where performance, not solubility, is
most important. Another possibility is the use of a biocompatible surfactant, such as
pluronic or tween, but previous reports suggest that these types of non-covalent coatings
are lost from the nanotubes, possibly within seconds of injection, and replaced by plasma
proteins.*

A very promising solution to this problem is a recently developed material known

as PEG-egg.® In this material, the nanotube is suspended inside a shell-crosslinked
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polyethylene glycol (PEG) micelle, resulting in a highly stable material. There is no
covalent attachment of this PEG shell to the outside of the nanotube, thus, the Gd>*
clusters and gadonanotube sidewalls remain intact (Figure 13). This product is denoted
as ‘GadoPegEgg’. The PEG encapsulation should also resist protein displacement,

resulting in long blood circulation times needed for intravenous application.”®"!

Materials and Methods. Gadonanotubes were synthesized as previously described using

HiPco-produced carbon nanotubes. The PEG micelle shell synthesis has been recently
reported® and was followed with minor amendments. In brief, the tri-block copolymer
poly(ethylene  glycol)-b-poly(acrylic  acid)-b-(polystyrene) (PEG-PAA-PS) was
synth}esized by previous literature methods. Water was slowly added to a DMF solution
of gadonanotubes and PEG-PAA-PS under probe tip sonication. To initiate the
crosslinking of the polymer, EDC was added, followed by 2,2’-
(ethylenedioxy)diethylamine (Figure 14). The sample was then purified by dialysis and
fractional centrifugations at 5000 rpm. The resulting pellet was resuspended in HPLC
grade water by sonication.

The sample was imaged on a JEOL 2010 transmission electron microscope
(TEM) operating at 100 keV. Samples were prepared by evaporating a drop of diluted
sample on a lacey carbon TEM copper grid. Atomic force microscopy (AFM) was
performed using a Digital Instruments ITla Nanoscope AFM instrument. Samples were

spin-coated onto a mica wafer prior to analysis.
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Figure )14: The cross-linking procedure to form the PEG-egg shell (figure amended from original literature
report™).

Results. In the TEM image (Figure 15A), a single tube wrapped with a ca. 5 nm PegEgg
shell coating the exterior can be clearly seen. This evidence is corroborated by AFM
(Figure 15B) in which ovular features are clearly observed. The GadoPegEgg conjugate
spans from 40-75 nm in length, with z-resolution heights of ca. 1.5-4.2 nm. The
widened, flat structures are indicative of the GadoPegEgg laying flat on the surface, with
the PEG coating flattened out, suggestive of individual GadoPegEgg conjugates. In
solution, they would morphologically be more like rods as observed in the TEM, rather
than as flat discs observed by the AFM.

The GadoPegEgg conjugate was soluble at ca. 4 mg/mL, by far the most stable of
any nanotube suspension scheme. Furthermore, it was highly stable towards PBS
solution and demonstrated stability for an excess of 2 weeks upon salt addition (most
other systems flocculate in minutes or hours). The impressive stability of this conjugate
is attributed to the single-species nature of the conjugate (i.e. not heavily bundled as

observed for surfactant-suspended gadonanotubes).
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Figure 15: (A) A TEM image of the GadoPegEgg (scale bar = 10 nm) shows a single nanotube with ca. 5
nm of PegEgg shell around the tube. (B) An AFM image of the GadoPegEgg (750 nm x 750 nm) in which
most conjugates are between 40-75 nm in length with heights up to 4.2 nm.

Initial relaxivity characterization indicated that the Gd®* clusters inside the
gadonanotube are not disturbed. The relaxivity of the GadoPegEgg at 37 °C, 60 MHz,
and pH = 6.0 at 60 MHz was 87 mM's”', indicating that the large relaxivity values are
not diminished buy the coating. However, subsequent experiments revealed that the
GadoPegEgg relaxivity behaved in sharp contrast to previous gadonanotube suspensions
in SDBS. Unlike the gadonanotubes in SDBS, which showed extreme sensitivity to pH
changes (Figure 9), the GadoPegEgg relaxivity was relatively unchanged by pH (see
Appendix II).

In an attempt to discern possible reasons for this discrepancy, a full NMRD
profile was obtained at 37 °C (Figure 16). Whereas the earlier reported NMRD plot for
gadonanotubes suspended in SDBS is characterized by increasing relaxivity at low fields
(<10 MHz; see Figure 8), the profile for the GadoPegEgg in Figure 16 is relatively flat at
low fields. The qualitative shape of the plot is more reminiscent of gadofullerenes (or an

SBM theoretical fit of a molecular rotation-optimized chelate;* see Figure 4) than that of
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previous gadonanotube profiles. This may be because the GadoPegEgg is more like a
“discrete” molecule, compared to bundled gadonanotubes in the SDBS-suspended
samples. The AFM and TEM data clearly show that the samples are single nanotubes, in
contrast to the previously reported surfactant-suspended gadonanotubes which are
significantly bundled.”® If the relaxivity Was due to the molecular rotation (i.e. slow
tumbling rate), it should exhibit a strong temperature dependence, however, this was not
observed for the GadoPegEgg (see Appendix II).

This suggests that molecular environment plays a very strong role in
gadonanotube relaxivity. Coupled with the anion-relaxivity dependence described in
Chapter II, these data further suggest that gadonanotube relaxivity (and the response to
temperature and pH) may be further controlled through the gadonanotube coating. For
instance, surface covering might alter the inner-sphere/outer-sphere relaxation
mechanisms, water exchange rates, proton mobility rates, or another parameter yet to be
discovered. Clearly, there is more work to be done in this area to better understand this

new contrast agent.
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Figure 16: An NMRD plot of the GadoPegEgg, the shape of which is a clearly different than that of earlier
SDBS-suspended gadonanotubes.
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Covalently Functionalized Gadonanotubes

While the GadoPegEgg is a notable advance toward the application of
gadonanotubes into medicine, it is not a good candidate for the realization of molecular
imaging which requires cell-specific targeting. The PEG moieties in the GadoPegEgg
scheme cannot be functionalized (at least with great control or pure products), nor do
typical PEG encapsulates enter cells. As a result, we investigated direct covalent
attachment of targeting ligands to the exterior of the gadonanotube. Although we have
previously documented addition of water-solubilizing groups via the Bingel reaction, this
mechanism only attached about 4-6 groups per nanometer of nanotube, and the products
were not stable in salt solution.” Thus, we have developed a new functionalization
scheme that uses an organometallic catalyst to attach a wide variety of solubilizing and

cell targeting moieties with much greater coverage of the gadonanotube exterior surface.

Materials and Methods. The gadonanotubes were prepared from HiPco nanotubes

because, due to their increased ring strain, they were found to be much easier to
derivatize than their Arc counterparts. The gadonanotubes were dried at 60 °C prior to
functionalization. The derivatization of the gadonanotubes is shown in Scheme I.
Raman spectroscopy, thermogravimmetric analysis (TGA), and XPS data for compounds
II-V are shown in Appendix III.

In a typical experiment, 20 mg of purified gadonanotubes (I), dried under Ny(g) at
100 °C for 12 hours, were dispersed in 100 mL of anhydrous toluene by bath sonication.
1 mL of a freshly-prepared, saturated solution of rhodium carbonyl, Rhg(CO);6, in THF

(~ 4 mg) and 200 mg of ethyl diazoacetate were then added. The suspension was stirred
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Scheme I: Derivatization scheme for the covalent functionalization of gadonanotubes.

under N at 90-100 °C for 96 hours. Usually the coverage of the SWNT surface increases
from 5-9 cyclopropanations per nanometer of tube after 24 hours, to 14-25
cyclopropanations per nanometer of tube after 96 hours; however, further treatment did
not increase coverage. The SWNT ester (II) was filtered from solution, washed with
toluene, methanol and water, and then dried under N, at room temperature.

30 mg of purified II, dried under N,(g) at 100 °C for 12 hours, were dispersed in
20 mL of anhydrous CCl4 by bath sonication. 0.1 mL of hexamethyldisilane (0.5 mmol)
and 63 mg of I, (0.25 mmol) was added. The suspension was stirred under N at 60 °C
for 24 hours. All steps, excluding sonication, were performed in the drybox. Afterwards,
the gadonanotube intermediate was collected by filtration, washed with methanol and
water, and suspended in water with 2 hours of sonication. The product was washed
repeatedly and then dried under N, at room temperature. It was then dispersed in 10 mL
of anhydrous dioxane by sonication, and 0.33 g of perfluorophenyl 2,2,2-trichloroacetate
and 0.1 mL of anhydrous Et;N were added. The vial was sealed and sonicated at 50 °C
for 2 hours and then stirred at 50 °C for 2 days. The gadonanotube derivative III was
filtered from organic solvents and washed with dioxane on a PTFE filter. Compound III,
which is sensitive to moisture, but stable under anhydrous conditions for months, readily

reacts under mild conditions with sterically unhindered primary amines in several
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solvents including dioxane, methylene chloride, or DMF to yield amides (Compounds

IVa-fand V, Table II).

Results. Compound III was used as a starting material to attach several different amino
acid derivatives, IVa-fand V. Compound I'Va was used to estimate the number of groups
per nanometer of tube using X-ray photoelectron spectroscopy (XPS) to determine the
atomic percentage of nitrogen, since the reaction with MeNH, is quantitative. Thus,
Scheme I is a new, convenient method to make the gadonanotubes water-soluble by
attaching alcohol-containing compounds like serinol or hydroxy amino acids, such as
threonine and serine.

Table II compiles the coverage, solubility, and relaxivity for each of the attached
groups. Several amino acid derivatives yielded appreciable solubility, in the 1-2 mg/mL

range, but the most soluble compound was obtained by the attachment of threonine. This

Table II: Gadonanotube functionalities, coverage, solubilities, and relaxivities.

Groups | ¢ 1 ubility|  r
Derivative -OR /-NHR groups Abbreviation| per nm 1.
s l(:f tube (mg/mL) | (mM"*s™)
I n/a 0 0 64
(SDBS)

11 - OEt 14-25 0 28
III - OC4F; PFP ester 14-19 reacts n/a
IVa - NHMe N-methyl |5 19 60

amide
IVb -NHCH(CH,OH), Serinol 12 1-2
Ve “NHCH(CO,H)(CH.,),SMe Met 1 0 21
Ivd -NHCH(CO,H)CH,0OH Ser 14 1-2 47
IVe “NHCH(CO,H)CHy(Me)OH Thr 9 3 49
Ivf - Ar 12 1-2 33
NHCH(CO,H)(CH,);NHC(NH,)=NH &
A% -RGD+Ser RGD+Ser 8-9 1-2 33
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cationic amino acid derivative was the most soluble at 3 mg/mL, however, it immediately
precipitated out of solution upon exposure to salt, likely due to the change in ionic
strength of the solution. Thus, non-ionic amino acids are probably the best choice for
stable nanotube derivatives in biological media. The relaxivities of all the gadonanotube
derivatives were lower than that of the original gadonanotube sample. This may be due
to alteration of the Gd-clusters as ICP-OES measurements revealed that some Gd** ion
was lost from the gadonanotubes during the rigorous synthetic conditions. Finally,
another obvious possibility is the role of surface functionalities on gadonanotube
relaxation, which is a variable that is not yet well understood.

We also used this method to attach a cyclic arginine-glycine-aspartic acid (RGD)
peptide sequence (specifically, cyclized RGDYK). RGD is a well-known targeting
compound, most notably for breast cancer cells, and it has been demonstrated to deliver
other nanoparticles successfully to breast cancer tumors.”** The reaction with higher
molecular mass compounds such as the cyclic RGD peptide, required a longer reaction
time, the coverage was significantly lower, and the resulting gadonanotube-RGD material
was nearly insoluble. Due to the low coverage of the RGD, it was possible to also attach
smaller solubilizing constituents such as serinol amides (Ser). The gadonanotube-RGD-
Ser compound (V) was highly soluble (1-2 mg/mL), and contained roughly 0.65-1 RGD
units and 8 Ser units per nanometer of gadonanotube (Figure 17). We are currently

testing this compound for cellular targeting and uptake on a breast cancer cell line.
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0.6-1

Figure 17: RGD-functionalized gadonanotube, with 8-9 serines and 0.6-1 RGD molecules per nanometer
of gadonanotube.

Cell Labeling

Current clinical contrast agents such as Magnevist are unable to cross cell
membranes, thus making them poor candidates for molecular MR imaging, which
requires internalization and cell accumulation. Several nanostructures have been reported
to cross cell membranes and have been used for magnetic labeling of cells for such high-
performance applications like in vivo stem cell tracking.**>  Gadofullerenes
(Gd@Cs2(OH)x and Gd@Ce[C(COOH),]10) have especially proven to be excellent for
labeling cells in high efficiency, so we conducted similar experiments to investigate the

ability of the gadonanotubes to also magnetically label cells.

Materials and Methods. Human breast cancer cells (MCF-7) were grown in tissue

culture, and then incubated for 24 hours in serum free medium with Magnevist (Mag),
gadofullerenols, GA@Ceso(OH)x (Ful), BSA-suspended gadonanotubes (BSA), and serine-

functionalized gadonanotubes (Ser), all at equal Gd®" concentrations (0.029 mM, 200
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pL). This was performed in the presence or absence of the transfection agent protamine
sulfate. Previous work with gadofullerenols documented that Gd@Cs2(OH)x required a
transfection agent,” whereas Gd@Cso[ C(COOH),]10 did not.%? Each experiment was
performed in triplicate.

Examination of the MCF-7 cells showed no change in viability for any of the treated
samples (Figure 18). Following incubation, the cells were lysed from the cell medium
with 0.25% trypsin and then thoroughly washed with PBS, pelleted down, the liquid
removed and resuspended three times to remove any external contrast agent. The cells
were then digested with boiling chloric acid and the Gd** concentration measured by

ICP-OES. The Gd** concentrations are shown in Figure 19.

Figure 18: MCF-7 cell viability upon addition of 24 hour incubation with 0.029 mM (A) control, (B) Mag,
(C) Ser, and (D) Ful; no change in viability was observed.
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Results. ICP measurements confirmed that, as expected, Magnevist was unable to enter
the cells. The values for the control and Mag samples are likely zero because these levels
were at the limit of detection and the large amounts of salt in the sample from the cells
interfere, yielding a false positive. There was minor transfection with BSA-coated
gadonanotubes, but the low values are likely due to the large size of the BSA covering
which inhibits transfection. In contrast, serine-derivatized gadonanotubes and
gadofullerenols were able to enter MCF-7 cells in relatively high concentrations, both
with and without the aid of a transfection agent. For the Ser sample, with the aid of the
transfection agent, on the order of 10° Gd®* ions per cell (65% of administered dose), was
internalized by the cells. While carbon nanotubes and Gd@Ceo[ C(COOH);]10 have been
reported to readily cross cell membranes,”>*"?® Gd@Cs(OH)y was reported to require a
transfection agent.>’ It is noteworthy that Gd@Cgo(OH)x behaved differently than what

has been reported for the Gd@Cs,(OH)y.

0.07 -
0.06 - Ser
0.05 |

0.04 4

(Gd] (ppm)

0.03 -
0.02 4

0.01 4 Control

0 A
Protamine - + - + - + - + - +

Figure 19: Gd*" cellular uptake as measured by ICP-OES, (-) no transfection agent and (+) with
transfection agent.
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in vitro Imaging
To investigate the possible application of using these agents as magnetic labels for
cellular MRI, their imaging efficacy was tested in an MR imager. Derivatized
gadonanotubes and gadofullerenols were both found to transfect and accumulate within
breast cancer cells (Figure 19). If they are to be used for high-performance applications
such as magnetic cell-labeling, they must maintain their high-relaxivity in biological

systems.

Materials and Methods. For the imaging, MCF-7 cells were incubated as described

above with Mag, Ser, or Ful. Cells were resuspended in agar and then imaged at 9.4 T.
In an attempt to gauge the feasibility of imaging a single cell, attempts were made to
discern the fewest number of cells possible to image. Cells were also acid-stripped,
removing the outside proteins to ensure that the signal was attributed to internalized CAs.
Briefly, the protocol involved centrifuging chilled cells (4 °C), resuspending them in ice-
cold acid-strip buffer (50 mM glycine, HCl, 100 mM NaCl, and 2 mg/mL
polyvinylpyrrolidone at pH 3.0) for 5-10 min, and washing them twice with cold PBS.
Images were acquired utilizing a 9.4 T, Bruker Avance USR Biospec
Spectrometer, 21 ¢m bore horizontal scanner with a 35 mm volume resonator and BG06
micro-imaging gradient insert. A T;-weighted FLASH gated MRI sequence was utilized.
The imaging parameters to acquire the dynamic contrast enhanced data in Bruker’s
Paravision 3.2 were as follows: TR = 47.8 ms; TE = 1.8 ms; FOV = 3.0 c¢m; slices = 8;
slice thickness = 1 mm,; interslice distance = 3.0 mm; matrix = 512 x 512; NEX = 8. Data

was processed utilizing Paravision 3.2 software.
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Figure 20: Cell pellets labeled with Ser and Ful demonstrate increased enhancement over Mag which
is similar to control. Images are successive slices of the cells pelleted in agar in a tapered Eppendorf
tube.

Results. As expected, and confirming our ICP analysis, Magnevist showed no MR
contrast enhancement, confirming its inability to function as a cellular labeling agent
(Figure 20). In stark contrast, both Ser and Ful labeled cells showed dramatic MRI
contrast enhancement. To ensure that the measurement is real, and not due to
physisorbed nanostructures on the exterior, the cells were acid-stripped to remove
external proteins. This technique is known to remove 95% of proteins from the cell
surface.”” This experiment was repeated several times, and each time, the signal from the
Ser sample after acid-stripping increased in intensity (Figure 21). This might be
attributed to lower pH in the cell, resulting in increased relaxivity from the
gadonanotubes, as described in Chapter 1, demonstrating that this important property is
maintained in cells. The measured Gd®* concentration was equal to that of the non-acid-
stripped sample, confirming internalization of the gadonanotubes.

Attempts were made to image a single cell, but failed due to limitations in the

instrument or experimental procedure. While single voxels were imaged, the size of a
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Figure 21: Cell pellets labeled with Ser appear to increase in image intensity after acid-strip
treatment. Right image is color-enhanced for better visualization.

voxel (ca. 5 cm®) is many times the size of a cell. Thus, there may have been multiple
cells present. Another difficulty is that bright field images could not be obtained of the
agar, thus we could not determine whether cells existed within the illuminated voxel, or
whether it was random error. If, as we believe, that illumination from a single voxel was
real, then it could be no more than 6 cells. A more conclusive result may be obtained

with better cell patterning.

in vivo Imaging

Materials and Methods. All experiments were approved by the Baylor College of

Medicine Animal Care and Use Committee. Animals were placed in a prone position on
a custom-built head holder with adjustable nose bar and secure ear pins. The respiratory
rate was monitored with a pressure pad placed under the animal. Temperature was
monitored by use of a rectal probe and maintained at 37 °C using both a water blanket

and an air heating system. Vital signs were monitored using the Model 1025 Small
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Figure 22: Enhancement in the kidneys (A, B) and liver (C, C) at several time points after the injection
of 0.14 mM Magnevist (A, C) or BSA (B, D). The images are calibrated against a water phantom (the
large circles in the upper left hand corner of each image).

Animal Monitoring and Gating System software. A tail vein line was introduced for
infusion of the contrast agent. Mice were injected with equivalent Gd** concentrations
(350 pl of a 0.14 mM solution) of BSA or Mag and T-weighted images were collected
sequentially every minute (a phantom image of water was included in every image for
normalization). BSA was used because it was the most solubilizing formulation we had
in large quantities. Neither spontaneous animal death nor change in animal behavior was
observed.

Data was processed utilizing Paravision 3.2 software. For each image, several

regions of interest (ROI) were selected and the average of the intensity was normalized
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Figure 23: Pseudocoloring of the liver (above) and kidney (lower) at several time points upon the
addition of 0.14 mM BSA.

with the intensity of the phantom. The corrected intensity was obtained from the
normalized intensity of the pre-injection (Time 0) image subtracted from the normalized

intensity at different time points.

Results. Injection of Mag caused a rapid enhancement of contrast in both the kidney

(Figure 22A) and the liver (Figure 22C). In the kidney, gadonanotubes caused a similar
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enhancement in the outer cortex, presumably representing a concentration of blood
vessels with the glomerulus (Figure 22B). In the liver, gadonanotubes caused
enhancement of major blood vessels and also caused a ‘blush’ of enhancement across the
liver, presumably representing enhancement of microcapillaries (Figure 22D) similar to
the effects caused by Magnevist.

The ability of gadonanotubes to cause enhancement was best visualized using
pseudocoloring (Figure 23). Baseline images were colored green and subsequent images
red. An overlay indicated no differential signal (i.e. everything yellow) at pre-injection
(0 minutes), but 2 minutes after injection of 0.14 mM BSA-gadonanotubes, we observed

strong enhancement (red areas) in major blood vessels and capillaries. This signal
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Figure 24: A quantification of contrast enhancement as a function of time for both Mag and BSA in the
kidney. Three spots were selected for each image.
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dissipated over time and was only slightly visible after 120 minutes. In the kidney, the
gadonanotubes initially highlighted the cortex, and interestingly after 120 minutes, the
signal was found in the major blood vessels of the cortex, suggesting that the
gadonanotubes may be accumulating in this area.

Finally, we quantified the contrast enhancement by measuring pixel density in the
MR images (normalized against a phantom image of water included in every scan). We
measured intensity in three areas of the kidney (Figure 24) and liver (Figure 25). In the
kidney, Magnevist caused a rapid enhancement after 1-5 minutes which then declined to

baseline after approximately 24 hours. In contrast, gadonanotubes showed a dramatically
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Figure 25: A quantification of contrast enhancement as a function of time for both Mag and BSA in the
liver. Three spots were selected for each image.
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different enhancement, with rapid and sustained enhancement of the outer cortex,
followed by a gradual enhancement of the inner cortex, which was apparent only after 24
hours. In the liver, the area of contrast enhancement was similar between the Mag and
BSA samples, although the gadonanotubes persisted longer, suggesting that the
gadonanotubes may offer longer enhancement properties. Additional non-calibrated
images with intensity quantifications (which demonstrate similar trends for the

gadonanotubes) are shown in Appendix IV.

Conclusion

Gadonanotubes have not only demonstrated exciting new nanoscale properties for
MRI contrast agent applications, but these materials, even upon functionalization, retain
their high-performance relaxivity characteristics in both cells and animals. We have
demonstrated the ability to cross-link the gadonanotubes in a PEG micelle with potential
for an intravenous MRI contrast agent. Alternatively, for high-performance applications,
gadonanotubes can be covalently functionalized with amino acids for solubility and
biocompatibility, or with small peptide sequences for targeting, (in this work, RGD for
breast cancer cells). Other possibilities for targeting agents include other small peptides,
antibodies, or hormones. The water-soluble gadonanotubes are still highly lipophilic and
can operate as magnetic cell labels for MRI cell tracking. Preliminary results indicate
that the pH influence on relaxivity is maintained inside the cells. Finally, they have been
injected into animals and demonstrated their ability to outperform Magnevist in vivo.

The gadonanotubes have demonstrated differential accumulation and elimination
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compared to Magnevist, which may allow them to used for important imaging

applications not fulfilled by Magnevist.
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CHAPTER IV: US-TUBES AS NANOCAPSULES IN a-RADIOTHERAPY

After cancer has been diagnosed, there are four general treatment strategies that
may be employed (sometimes in combination) by oncologists to treat the patient:
chemotherapeutics, surgery, antibody treatment, or radiotherapeutics. The most common
approach taken in cancer treatment is the administration of chemotherapeutics that are
highly lethal to cells (cell toxins). Unfortunately, these drugs kill indiscriminately, so the
oncologist must delicately balance the dose ensure that there is enough drug to kill the
cancer, but not so much that significant damage is done to other healthy tissue. The two
major drawbacks of chemotherapeutic treatment are the heavy toll it takes on the
patient’s overall health (due to indiscriminate killing of healthy cells), and cancer cells
have been known to develop immunity to these drugs over time. Surgery is highly
invasive and is limited to large tumors that are accessible. It cannot be used to treat
metastatic or small cancers (e.g. leukemia), and it is often difficult to ensure that all the
cancerous tissue has been removed from an opened patient. Antibody treatment utilizes
the body’s own natural immunogenic response to foreign cells (tumors) to treat the
disease. While these specialized proteins are specific to only cancer cells, they haven’t
proved to be the magic bullet that they were claimed to be upon their discovery, mainly
because they have low efficacy and have trouble penetrating larger tumors past the first
few layers of cells.

Oncologists have long been interested in the use of radioactive isotopes to treat
cancers because cancer cells cannot develop immunity to radiation. Typical radiation

treatments utilize either o- or B -particles, emitted from ingested radionuclides.”® -
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particles are electrons and require thousands df particles to kill a cell. In contrast, o-
particles are helium nuclei (He*"), and due to their greater charge and much larger mass,
only a few are required to kill a cell.”” The main difficulty harnessing this potential
treatment is safe delivery of the radionuclide to the area of interest. Typical a-emitting
radionuclides are very large and thermodynamically unstable to traditional chelates,
resulting in significant loss of the radionuclide. Because radiation damage is
indiscriminate, most potential drugs fail because they cannot deliver the radionuclide to
the cancerous region without unacceptable damage to healthy bystander tissue.

Recent advances in cellular targeting strategies, such as cell-specific antibodies or
small peptides, have increased interest in radionuclides as agents for cancer therapy.
Two antibody-targeted radiopharmaceuticals have recently been approved by the United
States FDA using B-emitting radionuclides (*°Y and '1).1%1%! One of the limitations of
B -emitting radiotherapeutics, such as %%y and "1, is their unsuitability for the treatment
of small clusters of cancer cells (e.g. micrometastatic cancers or single-cell leukemias)
because the path length of B~ particle penetration is hundreds of cell diameters, resulting
in damage to healthy bystander tissue.”®'®> In contrast, o-particles (‘He*") have much
higher linear energy transfer (LET) values and are therefore more lethal over much
shorter path lengths, on the order of a few cell diameters. It is estimated that a single o-
decay that penetrates the cell nucleus can kill the cell, whereas thousands of "-decays are
required to cause cell death.”

Several a-emitting radionuclides have garnered special attention in recent years
as radiotherapeutic agents. The four most studied o-emitting radionuclides for

radiotherapeutic applications are 2At (t, = 7.2 hours), 2'*Bi(ty, = 1 hour), 2BBi(ty, = 46
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minutes) and *Ac(ty, = 10 days).”® While the short half-life of >*Bi and *"’Bi can pose
significant logistical problems for synthesis, labeling, and delivery, some recent success

+ .
1032257 ¢ delivers a

has been reported with a *"’Bi-labeled myeloid leukemia antibody.
cascade of a-particles (4 per *’Ac*"), however, the three daughter nuclei are extremely
difficult to contain upon decay in vivo and can result in significant renal toxicity.'®* The
long half-life of **Ac*" also poses a significant problem for targeting and retention in the

. . 211
diseased site. Thus,

At is currently an attractive candidate for the development of a-
radionuclide therapy because its half-life is reasonable for targeted delivery, its potential
for treatment monitoring by SPECT imaging,'® and its daughter nucleus, 2*’Bi (EC; ty, =
35 years), is relatively benign (i.e. has low radiation dose). However, the delivery of
At in vivo also has some problems. The carbon-astatine bond is considerably weaker
than the carbon-iodine bond and, hence, many *'’At-labeled compounds, which exhibit
excellent ex vivo stability, de-halogenate in vivo.”®  Because of these difficulties,
nontraditional solutions to the problem of 2''At labeling, including carboranes'® and
silver-astatinide nanoparticles'”’ have recently been reported.

US-tubes were investigated as a new platform for the containment and delivery of
2IAt in targeted o-radionuclide therapy for several reasons. Previous work with 1257-
found that once US-tubes are loaded with '2°T', it could be oxidized to '*°I, and strongly
retained by the US-tubes (likely as '*L@US-tubes).'” The '*’I" retention half-life of the
radioconjugate under flowing water was 2720 hours, however, even more impressive is
the fact that with 1 mM H,0,, the retention half-life was 14,300 hours, or approximately

two years. This result suggested that US-tubes might be good candidates to also retain a

short-lived o-radionuclide such as *''At (as *"'AtCl@US-tubes or similar species).
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Furthermore, the US-tubes possess several other properties that make them desirable as a
universal o-TRT delivery platform. The carbon exterior, which is easily derivatized for
biocompatibility and cellular targeting (see Chapter III), is relatively bioinert, preventing
degradation and thus, radionuclide leakage in vivo. Several reports have now
demonstrated the proclivity of single-walled carbon nanotube (SWNTSs) materials to cross

1 . . .
3396109 and cellular internalization of a

cell membranes and accumulate inside cells,
radionuclide greatly enhances its therapeutic efficacy.'® No current radionuclide

treatment is intracellular, thus making the US-tube platform particularly attractive.

At-211 Labeling of US-tubes

Materials and Methods. US-tubes were synthesized from HiPco-produced SWNTs by the

fluorination/pyrolysis method,” followed by chemical reduction with metallic potassium
in dry THF for the radiolabeling experiments.” All experiments involving *''At labeling
were conducted at the University of Washington according to approved protocols. *''At
was produced by bombarding a *’Bi target with 28 MeV o-particles on a Scandatronix
MP-50 cyclotron.'! Recovery of *''At was carried out in a drybox under vacuum. The
2Bj target was inserted into a tube furnace and heated to 650 °C to isolate *''At by
distillation from the ***Bi target as previously described in depth. Briefly, argon gas was
flowed through the tube furnace, and the product was collected in a coil of PEEK tubing
cooled in a dry-ice bath. 2!’At was removed from the PEEK tubing by washing with 0.5
mL portions of 0.05 N NaOH. 2""At extracted under basic conditions will exist in the -1

2

oxidation state, HAr 112 The total amount of 2!'At recovered after distillation and

extraction was approximately 4 mCi.
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211 At labeling experiments were conducted in parallel using using 0.1 mg of US-
tubes suspended in either deionized H,O or MeOH as solvents, with the a reducing agent,
either chloramine-T (ChT) in water or N-chlorosuccinimide (NCS) in methanol, as

depicted in Scheme II.'"

All experiments were conducted at room temperature. The
labeling was conducted in 1.5 mL eppendorf tubes fitted with 0.5 mL centrifuge filters.
A general procedure is as follows: The US-tubes were placed in the centrifuge filter with
250 pL of solvent. Next, 25-50 pL of *'' At in NaOH was added (approximately 16 pCi),
followed by a 35 pL of the oxidizing agent (either ChT or NCS). If NCS/methanol was
used, 2uL of acetic acid (yielding a 1% solution) was added to activate the oxidizing
agent. The mixture was allowed to react for ten minutes and vortexed twice at 0 and 8
minutes before centrifugation at 12,000 g for 5 minutes with the *''At labeled US-tubes
caught on the filter. This solution was saved for y-counting measurements on a Wallach
1480 Wizard Gamma Counter.

The US-tubes (trapped on the filters) were transferred to a new Eppendorf tube
and washed with a 200 uL aliquot of the solvent, briefly vortexed, and centrifuged as
described above. The washing was conducted twice, with the two washings collected and
combined for y-counting. The filters were again transferred to a new Eppendorf tube and
either 35 pL of metabisulfate (a reducing agent to quench the reaction), 400 pL
phosphate buffer solution (PBS), or a solvent wash, and allowed to react for 10 minutes.
In the serum challenges, 400 pL. of human serum was added and the mixture was allowed
to react for 30 minutes. The mixtures were all briefly vortexed at 0 and 8 minutes before

centrifugation upon the end of the reaction.
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211
Raw, full-length SWN AtCi@US-tubes washed
eng T with water, PBS, or Serum
Cutting
Washing E)

Individual US-tubes

B) F'"At-labeling with NaAt D) | ?"at” Oxidation

Scheme II: A flow diagram for the preparation and ex vivo testing of the *''AtCI@US-tube
radiotherapeutic agent.
Results. The first astatine radiolabeling experiments were conducted to determine
whether a 2! At/US-tube conjugate is more stable when the radionuclide is present in the
anion form (*''At) or as the mixed halogen ("' AtCl), which is a well-known stable
compound.'™ At is not likely to form since the amount of *''At present is so small
(36 femtomoles) which is several orders of magnitude less than the level of most
contaminants (CI” from the oxidant, solvent, etc). Previous work with '*°I" found half-life
removal times of 2720 hours for '*I' and 14,300 hours for '*I,.'® The huge increase in
retention of '*’I, compared to 11 is believed to be due to greatly enhanced van der
Waals interactions between I, and the interior of the US-tube sidewall as compared to I'.
After the US-tubes were labeled and washed, the initial radiolabeling (the amount
of 2"At retained by the tubes) was relatively poor: 24.7% in water and 13.1% in

methanol (Table III)."" In contrast, when an oxidizing reagent (chloramine-T or N-
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Table I1I: The effect of *'' At oxidation state on the radiolabeling of US-tubes.

Oxidation Solvent Oxidant Initial Labeling Wash Overall Labeling
State (%) (% remaining) (%)
“HAr H,O None 24.7 (14.0) 79.7 (1.0) 19.6 (10.9)
“TAtCl H,0 ChT 91.3 (8.5) 66.5 (12.9) 60.7 (14.0)
AL CH,OH None 13.1 (4.6) 77.6 (4.0) 11.0 (5.2)
“AtCl | CH;0H NCS 77.7 (11.4) 69.8 (15.4) 55.4 (19.0)

ChT: Chloramine-T; NCS: N-chlorosuccinimide; four and three replicates for the ChT and NCS
oxidized tubes, respectively; two replicates for the non-oxidized tubes; data is displayed as an average
value with the standard deviation in parentheses.

chlorosuccinimide) was added before the washing, the resulting *''AtCl molecules
labeled the US-tubes to a much greater extent, 91.3% and 77.7% for water and methanol,
respectively, as similarly observed for the I /'*°I, pair.'*®

While "' AtCl has a high affinity for individual US-tubes, there is likely a small
quantity of agent located at exterior US-tube sidewall defect sites or tube ends, which can
be removed upon washing with metabisulfite (used to quench the reaction by reducing
any accessible 2! AtCl to *!'At") as shown in Table IIL.'" As a result, overall retention of
2HAtC] by the US-tubes upon oxidation and washing to produce *''AtCl@US-tubes is

2 At is not oxidized

60.7% and 55.4% for water and methanol, respectively. When the
to the mixed halogen, but rather allowed to remain in anionic form, the labeling
(following washing) was drastically reduced to only 19.6% and 11.0% for water and
methanol, respectively. The overall labeling yields of the *!' AtC1@US-tubes are very
encouraging considering that the labeling procedure is not yet optimized but is
comparable to many astatine compounds in the literature: 23-41% for biotin
derivatives,'® 23-57% for carborane derivatives,'® and 40-60% for benzoate-antibody

conjugates.''¢
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In an attempt to better simulate in vivo conditions, a series of PBS washings and a

serum challenge were conducted at room temperature. After labeling, the *!' AtCl@US-

tubes were washed twice with PBS, resulting in the retention of 72-85% of the

radionuclide, and upon challenge with human serum, 85-93% was retained post-exposure

(Table IV).""®> This observed loss may be due to easily removed *''AtCl residing at

sidewall defect spaces or tube ends. An alternative explanation is that upon o-decay, the

decay products puncture the nanotube, and some interior radionuclide is lost during

washings, thus indirectly lowering the 211 AtCl retention percentages. Nevertheless, these

results demonstrate that >''AtCl@US-tubes exhibit reasonable stability toward

physiological challenge.

Table IV: Washings and Serum Challenge Experiments with ' AtCI@US-tubes

Solvent | Oxidant |  Initial Labeling 1 Wash 2m Wash Serum
(%) (% remaining) (% remaining) (% remaining)
H,O ChT 30.0 (0.2) 85.4 (1.3) 81.0 (1.9) 85.53.4)
CH;0H NCS 374 (2.2) 78.3(3.2) 72.4 (5.0) 93.1 (0.6)

Two replicates were conducted in each experiment.

Inside or Outside?

Finally, an important question that still lingers is whether the 21 AtCl-labeling

molecules are truly inside the US-tubes or are merely physisorbed to the tube exterior.

To help answer this question, we have simulated the astatine labeling experiments using

I, as an appropriate halogen substitute for *''AtCl

Under these aqueous loading

conditions, it has been well documented that oxidation by chloramine-T does not form
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Figure 26: The peak at ~519-520 eV in the black trace (lower) has physisorbed exterior iodine. In the
red trace (upper), the exterior iodine has been removed and the 520 eV peak is missing. The L@US-
tube spectrum (Figure 2) clearly lacks a peak at ~520 eV, so no exterior I, is indicated.

"7 This has been done because, taken

ICL, but rather the product is present as I».
together, X-ray photoelectron spectroscopy (XPS) and X-ray-induced Auger emission
spectroscopy (XAES) have the ability to prove the presence of I, and to discriminate
between interior-loaded I, and exterior physisorbed I, for carbon nanotube materials.'"
XPS and XAES data were collected on US-tube samples, pressed onto indium foil, using
a PHI Quantera spectrometer.

Aqueous I loading experiments were performed for both US-tubes and SWNTs,
following the same procedures as used for At loading, washing, and oxidation in water
but with Nal as the source of I. Analysis by XPS found significant I; loading for the US-
tube sample (1.5-3.0 atomic % iodine). In contrast, no loading of iodine occurred for the
full-length SWNT sample. This is as expected since the SWNT ends are closed and there
are no sidewall defects. A complementary technique to XPS, XAES can establish

whether I, is loaded inside the nanotube or physisorbed to the exterior sidewall,!1%120
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Figure 27: X-ray-induced Auger emission spectrum of (A) full-length SWNTs (B) iodine-loaded US-tubes
with no solvent wash prior to oxidation (C) iodine-loaded US-tubes with a solvent wash prior to oxidation.
The full-length SWNTs failed to load with I, as expected.

Previous work has demonstrated that physisorbed I, to the nanotube exterior will have a
high-energy shoulder at 520 keV, as shown in Figure 26. The Auger emission spectrum
for the aqueous I' and ChT oxidation is shown in Figure 27. This clearly demonstrates
that I, is exclusively loaded inside the US-tubes since any exterior adsorbed I, would
exhibit a high-energy shoulder at 520 keV, which is clearly absent in both the Figure 27B
or 27C spectra. The Figure 27C trace is a sample of US-tubes that was washed with
solvent prior to oxidation, while the Figure 27B trace is a sample that was not washed
with solvent prior to oxidation. The full-length SWNT sample in the Figure 27A
spectrum clearly failed to load I, at all. These data establish that loading of debundled

(individual) US-tubes with aqueous I', and subsequent oxidation, results in exclusive
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Figure 28: A pictorial representation of the *'' AtC1@US-tubes.
internal loading of I, and solvent washing of the resulting I,@US-tube product does not
remove spectroscopically-detectable amounts of I,. It is reasonable to assume that
2 AtC1@US-tubes prepared in the same manner would also have all ' AtCl internally
loaded, as depicted in Figure 28. For astatine, *"'AtCl is expected to form in the US-
tubes (with oxidation by Ch-T or NCS) instead of 2''At, because the initial concentration

of 2"At is so very low.

Conclusion
This work has demonstrated the use of US-tube materials as a new paradigm in
radionuclide containment. By utilizing non-covalent van der Waals interactions between
2'AtCl and the interior sidewalls of the US-tubes, we have produced a promising

candidate for a-radionuclide containment and delivery in medicine. While the main

advantage of this carbon nanotube technology is likely to be for a-radionuclides where in
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vivo retention is most problematic, [-radionuclide therapies might also benefit. In the
present case, the test as to whether *'' AtCI@US-tubes will serve as a viable a-TRT for
o-treatable cancer must await the development of targeted US-tube-antibody constructs
similar to that recently reported for a fullerene (Cq) immunoconjugate.70 Alternative

possibilities may include small peptide targeting (e.g. RGD for breast cancer, etc.)”** o

r
brachytherapy (direct implantation of the radioconjugate into the tumor).m’122 As these
US-tube capsules have been demonstrated to readily internalize inside of cells, the ability
to shuttle their internal radionuclide cargo inside the cells, thus making them many times
more lethal by placing the radionuclide closer to the nucleus, is very exciting.

This project, coupled with the previous project using gadonanotubes as a
diagnostic agent, demonstrates the ability of the US-tubes to function as a universal
imaging and therapy platform in the development of nanomedicine. The US-tubes need
not be limited to a single entity inside the tube, but both elements could be combined to
yield a simultaneous therapeutic and diagnostic (or “theranostic) agent. A combination

Gd*" and *"'At agent would operate as a magnetically-guided therapy, directed to the

cancer site by attachment of a targeting agent.
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CHAPTER V: AN ACUTE TOXICITY STUDY OF CARBON NANOTUBES IN MICE

Carbon nanotubes have clearly demonstrated their potential for medical
applications, both here and elsewhere. However, as with any new platform technology
proposed for medical applications, potential toxicity must be investigated as the
technology develops. Nanomaterials, in particular, must be carefully evaluated because
of their large surface areas. Thus far, many of the toxicity studies for carbon nanotube
materials (both in vitro and in vivo) are conflicting, fragmentary, and subject to criticism.
Many of the conflicts associated with these studies are related to the unique properties of
carbon nanotubes, primarily their insolubility, their tendency to aggregate, and the
presence of metal catalyst impurities which make them difficult to handle.

Some recent in vivo studies have focused on the pulmonary toxicity of
SWNTs.'"?'?°  The toxicity of SWNTs is mainly characterized by a granulomatous
reaction, however, the interpretations are contradictory.126 For some authors, SWNTs are

123,124

more toxic than quartz nanoparticles, while for other authors, the granulomatous

reaction is a nonspecific response to instillation of SWNT aggregates which may not

5

have physiological relevance.'” Subcutaneous implantation of SWNTs in mice also

induced granuloma formation, however, the toxicity was certainly lower than that of

7

asbestos.”””  Although two studies have also recently examined the biodistribution of

CNTs by using intrinsic SWNT fluorescence™ or *C-enriched SWNTs and isotope ratio

mass spectroscopy, 128

these studies used doses too low (20 pg/kg - 200 pg/kg of body
weight (bw)) and/or observation times too short (24 hours) to be of toxicological

relevance.
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Here, we have completed the first in vivo toxicity study of SWNTs in mice,
assessing the acute toxicity, the biological fate, and the persistence/elimination after
intraperitoneal (i.p.) administration of very large doses (up to 1g/kg bw) of two different
types of HiPco SWNTs, raw (r-SWNTs) and purified (p-SWNTs) full-length SWNTs,
and US-tubes. The r-SWNTs are 300 nm to several micrometers long and contain ca.
25% residual iron catalyst, while p-SWNTs are less than 4% iron by mass. US-tubes are
20-80 nm in length with less than 1.5% iron by mass, and compared with r- or p-SWNTs,

US-tubes have many defects in the sidewalls due to the chemical cutting process.

Materials and Methods

Sample Preparation. Raw, full-length, single-walled HiPco carbon nanotubes (r-SWNTs)

were obtained from Carbon Nanotechnologies, Inc. The r-SWNTs are 300 nm to several
micrometers long, have diameters of ca. 1.0 nm, and contain ca. 25% residual iron
catalyst by weight.'"” The r-SWNTs were chemically cut into US-tubes via fluorination
and pyrolysis as described in Chapter 1. The US-tubes were then bath sonicated in
concentrated HCI1 for 30 minutes, followed by filtration and a DI water washing to
remove amorphous carbon and iron catalyst impurities. The purified US-tubes are <1.5%
iron by mass.

Aqueous suspensions of CNTs were prepared as previously described for Ceo
aqueous suspensions, ! by alternate stirring and sonication in a 0.9% aqueous NaCl
solution or in the same solution containing 0.1% polyoxyethylene sorbitan monostearate

(Tween 60) and for some experiments 0.2% or 2% carboxymethylcellulose (CMC).
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After sterilization by autoclaving for two hours at 120 °C, the resulting suspensions were
administered intraperitoneally into mice (1 mL/mouse).

According to single-dose toxicity practical guidelines, a test compound should be
administered to animals to identify doses causing no adverse effects and doses causing
major (life-threatening) toxicity. For compounds with low toxicity, the maximum
feasible dose should be administered. In the case of rodents, at least one route of
administration should ensure full access of unchanged substance to the circulation.
Because CNTs are prone to aggregate in polar media, the i.v. administration of large
doses can lead to mechanical blockage of the vasculature system. Thus, intraperitoneal
(i.p.) injection is the only possible route of administration that can ensure access to the
circulation for high doses of CNTs suspended in a biocompatible medium. This method
of administration has been used to inject up to 5 g/kg of body weight (bw) of suspended

Ceo into rodents, %131

in vivo Studies and Biochemical Tests. Animals received human care and the study

protocols complied with Université Paris-Sud 11, Paris, France, guidelines for the care
and use of laboratory animals. Pathogen-free male Swiss mice (20 + 2 g, Charles River,
France) were housed in groups of three in individual polypropylene metabolic cages
enabling urine and excrement collection at constant temperature (22 °C) and humidity
(60%) and with a 12 hour light/dark cycle. The mice were fed a standard diet ad libitum.
All mice were allowed to acclimate to this facility for at least one week before being used

in the experiments.
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The animals were sacrificed at Day 1 (D), Dy, D7 and D4, after body weight
determination by bleeding through the thoracic aorta after sodium pentobarbital (1.0
mL/kg of body weight) anesthesia. Small, fresh pieces of the spleen and the right lobe of
livers were fixed with pH 7.4 phosphate-buffered 10% formalin and were processed by
embedding in paraffin. Liver histology was evaluated using hematoxylin and eosin or
Masson's trichrome staining.  Samples for high-resolution transmission electron

' Serum

microscopy (HRTEM) examination were processed as described previously.13
alanine aminotransferase (ALT) activities were determined using a Hitachi 911 Analyzer

as described previously."!

Excretion Studies and Microscopy Analysis. Two mL of urine were mixed with 2 mL of

5M saccharose aqueous solution. The mixture was first vortexed for 2 minutes and then
stirred for 12 hours. Afterwards, it was subjected to alternate sonication (15 minutes) and
vortexing (2 minutes) five times. The resulting mixture was then centrifuged at 1000 g
for 10 minutes and the supernatant was re-centrifuged at 3000 g for 30 minutes. The
pellet was then washed twice with distilled water by alternating redispersion and
centrifugation at 3000 g for 30 minutes.

The final pellet was prepared for HRTEM by redispersion in 200 pL of water (10
minutes of bath sonication). 3 uL of the resulting suspension were deposited onto an
ionized 400 mesh copper grid. After 5 minutes, the excess of the suspension was
absorbed by a slow filtration filter paper.

About 0.5 g of feces were rinsed with 2 mL of water and soaked in 3 mL of water.

After adding 10 mL of a 0.1 M Tween 60 aqueous solution, the mixture was
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homogenized by stirring in an Ultra Turax. The final mixture was then treated twice by
alternating sonication (30 minutes) and stirring (24 hours). After decanting (30 minutes),
the supernatant was further centrifuged at 3000 g for 30 minutes. The pellet was then
washed twice with distilled water by redispersion and centrifugation at 3000 g (30
minutes). The final pellet was prepared for HRTEM by redispersion in 500 pL of water
(sonication during 10 minutes). 3 pL of the mixture were deposed onto an ionized 400
mesh copper grid. After 5 minutes, the excess of the suspension was absorbed by a slow

filtration filter paper.

Experiment I: in vivo Toxicity of SWNTSs Suspended in Aqueous Media
Animal Behavior and Pathological Examination. In a first experiment (Experiment I), 42
mice (weighing 20 + 2 g) were randomly divided into seven groups of six mice each and
subjected to an i.p. injection of 1 mL bolus of CNTs suspended in 0.1% Tween 60, 0.2%
CMC, and 0.9% aqueous NaCl solution at increasing doses (50, 250, and 500 mg/kg bw).
Because we were interested only in exploring the toxicity and the fate of the maximum
amount of administrable-sized aggregates of the materials, no effort was made to obtain
individualized CNTs. Group 1 received only the vehicle, groups 2 to 4 received the r-
SWNT suspensions, while groups 5 to 7 received the US-tube suspensions. The animals
were kept under observation until Di4.

No spontaneous death occurred during the experiments, and the growth of all the
animals was not different from that of the control group (Figure 29). Mice treated with
all the r-SWNT doses and the lowest US-tube dose (50 mg/kg bw) showed no overt

clinical signs or behavioral trouble. The animals treated with the doses of US-tubes equal
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Figure 29: Animal growth after single-dose administration of --SWNTs (500 mg/kg bw) or US-tubes (1
g/kg bw). Each point represents the median of 6 animals. The CVs were 4.6%, 7.4%, and 7.0% for the
control group, the US-tube group, and the r-SWNT group, respectively.

to or higher than 250 mg/kg exhibited inactivity, lethargy, and piloerection. These
symptoms persisted until the animals were sacrificed for histopathological examination.
As the animals treated with r-SWNTs had no apparent signs of toxicity, we stopped the
observation at Dy4 in order to compare the effect of the two kinds of CNTs.

Pathological examination of the r-SWNT-treated mice and those of the animals
treated with the lowest US-tube dose (50 mg/kg) showed normal organ morphology with
a few small deposits of the injected material on the organ surfaces (Figure 30A). The
organs of the animals treated with the high US-tube doses were covered with some
deposits of the injected material and showed different abnormalities as a function of the

dose. Among the mice treated with 250 mg/kg of US-tubes, one exhibited a rounded
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Figure 30: Photographs of the abdomens at D4 of (A) r-SWNT-treated mouse, (B) US-tubes
suspended in 0.1% Tween 60, 0.2% CMC, and 0.9% NaCl (Experiment I), and (C) US-tubes
suspended in 0.9% NaCl (Experiment IT). The arrows indicate the greyish film of cell infiltrate.

liver while in a second mouse, the liver, spleen, and the intestine were adherent; however,
the organs could be easily separated. In the group treated with the highest US-tube dose
(500 mg/kg bw), the organs (livers, spleens, stomachs, and intestines) of most of the
animals (4/6) were adherent and covered with several large deposits of the injected
material (Figure 30B). In two cases, the deposits of the injected material were covered
by a thin film of cell infiltrate (Figure 30B). Thus, at the macroscopic level, US-tubes at

high doses are toxic while -SWNTs are not.

Optical Microscopy. Microscopic examination after eosine-hematoxyllin staining

of the liver and spleen sections of US-tube-treated animals revealed severe, foreign-body
reactions characterized by multifocal epitheloid granulomatous lesions both inside and on

the surface of the organs (Figure 31A and 31B). This is similar to that observed in

123,125,132 124

previous studies, both in lungs and in subcutaneous tissues. ~ If the granulomas
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ok ‘
Figure 31: Light micrographs after hematoxylin-eosin staining of liver and spleen sections from mice
intraperitoneally injected with a single dose (500 mg/kg) of full-length (r-SWNTs) or ultra-short (US-
tubes) single-walled carbon nanotubes suspended in 0.1% Tween 60, 0.2 % CMC, and 0.9% NaCl
aqueous solution, at 14 days post-administration. (A) Focal granulomas (arrows) containing foreign
body giant cells inside a liver lobe. (B) Granuloma on the surface of the spleen of a r-SWNT-treated
mouse. (C) Granuloma between a hepatic lobe (bottom) and an intestine tissue (left) of a US-tube-treated
mouse. Note the absence of fibrosis around the granulomas. (D) High magnification of an US-tube-laden
foreign body giant cell (black arrow) inside a liver lobe. (E) Granuloma coming off the surface of the
spleen of a -SWNT-treated mouse. (F) Small granulomas (arrows) inside the hepatic lobe of a mouse
treated with US-tubes suspended in 0.1% Tween 60, 0.9% NaCl solution at D;. Magnification = 20x for
A, C, E, F, 5x for B, and 40x for D.

are large, they can act as glue between the organs (Figure 31C) which explains why
adherent organs were observed in some cases. The granulomatous lesions are mainly
formed by foreign body type giant cells'*® laden with US-tube particles (Figure 31D). In
the group treated with r-SWNTs, there were also granulomatous lesions, however, they

were very limited in number and size, and they were mostly localized on the surface of
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Figure 32: Transmission electron microscopy micrographs of liver and spleen sections of CNT-treated
mice. US-tubes agglomerates (arrows) inside (A) a giant cell, (B) r-SWNT agglomerates inside an Ito
cell, (C, D) spleen macrophages.

the organs where there were deposits of the injected material. While r-SWNT deposits
could be easily removed from the organ surfaces (Figure 31E), the US-tubes aggregates
could not be removed because they were strongly bound to the organ surfaces (Figure
31B). In all cases, the granulomatous lesions were, as expected,®® associated with the
degree of agglomeration of the injected material which supports the results of recent in

vitro studies linking the toxicity of CNTs to their degree of aggregation.'>*

Transmission Electron Microscopy. Figure 32 shows the electron micrographs of liver

and spleen sections of an US-tube-treated mouse. Inside both organs, the US-tube
bundles were mostly localized within the granulomatous lesions (Figure 32A). Inside the

liver, they accumulated within Kupffer cells and, in a very few cases, inside Ito cells
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(Figure 32B), similar to that which occurs for Cy particles.”>"*' However, the US-tubes
were never observed inside the hepathocytes, as in the case of Ce. Inside the spleen, the
r-SWNT bundles were internalized by macrophages (Figure 32C). Inside vacuole-
containing cells, the SWNT materials were always located near the nucleus (Figure 32B

and 32D).

Biochemical Markers. The circulating levels of the alanine amino-transferase activities

(ALT), used as markers of hepatolysis, increased for both the US-tubes and r-SWNTs
relative to the control (Figure 33A); however the activities were higher in the US-tube-
treated group than in the r-SWNT-treated group (2.5 and 1.5 times higher than the control
group, respectively). It is worth noting, however, that this increase of ALT activity is
relatively small compared to other well-known hepatotoxicants.*® For example, carbon
tetrachloride raises the ALT activity to ca. 3500 IU/L, nearly an order of magnitude

greater than the -SWNTs.

un ALY activities

100 - I—A {Experiment ) -l I—B (Experiment III)-I

80 1
0 4

0 4

o

C rSWNTs  USabes UStbes  pSWNTs
with GG wihout CWNC

Figure 33: Effect of a single dose (500 mg/kg bw) CNT-treatment on serum ALT activity of mice (n = 6 ).
(A) Animals treated with US-tubes or r-SWNTs suspended in 0.1% Tween 60, 0.2% CMC, and 0.9% NaCl
aqueous solution at Dy, after administration (Experiment I). (B) Animals treated with US-tubes suspended
without 2% of CMC, or with p-SWNTs, at D; after administration (Experiment III).
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Experiment II: Intrinsic Toxicity of SWNTs

In a second experiment (Experiment II), to better assess the intrinsic SWNT
toxicity, highly concentrated aqueous formulations of US-tubes (20 mg/mL) and r-
SWNTs (10 mg/mL) were prepared without adding dispersion agents. As it is more
difficult to disperse the r-SWNTs than the US-tube aggregates, the r-SWNT
concentrations were limited to 10 mg/mL.

Thirty-six mice (weighing 20 + 2 g), randomly divided into six groups of six mice
each, received an i.p. injection of a 1 mL bolus of US-tubes at increasing doses (50, 500,
and 1000 mg/kg bw), r-SWNTs (50 and 500 mg/kg bw), or 1 mL of the 0.9% NaCl
solution vehicle (control group). At D4, all the animals were sacrificed for pathological
examination. No spontaneous death occurred during the experiment, and the growth of
the treated animals was not different from that of the control group. Nevertheless, the
animals treated with US-tube doses equal to or higher than 500 mg/kg of body weight
exhibited the same symptoms of inactivity, lethargy, and piloerection as in Experiment I
(above).

After anesthesia and abdomen incision at D4, the organs of the r-SWNT-treated
mice and those treated with the lowest US-tube dose showed the same features as those
treated with the same doses in Experiment I. In contrast, the organs (liver, spleen,
stomach, and intestine) of most of the animals treated with the higher US-tube doses (4/6
and 5/6, respectively) were adherent and covered with several large deposits of the
injected material, together with a grayish film of cell infiltrate which was most

pronounced for the animals treated with the 1 g/kg bw dose (Figure 30C).
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Experiment III: Removing the Iron Catalyst and Controlling the Surface Structure

As the r-SWNTs used in Experiment II contained high levels of metal catalyst, we
also carried out a third experiment (Experiment III) using p-SWNTs with less than 4%
iron by mass. Purification was achieved through non-acidic treatment, thus preserving
the integrity of the SWNT sidewall. Finally, we also studied the effect of formulation
viscosity (% of CMC) on US-tube toxicity.

Twenty-five mice, randomly divided into five groups, received an i.p. injection of
a 1 mL bolus of p-SWNTs (500 mg/kg bw), US-tubes (50 mg/kg or 500 mg/kg bw)
suspended in 0.1% Tween 60 and 0.9% NaCl aqueous solution, US-tubes (500 mg/kg
bw) suspended in the same medium spiked with 2% of CMC, or 1 mL of the vehicle only
(0.1% Tween 60, 2% of CMC, and 0.9% NaCl). After abdomen incision at D7, the
organs of all the animals treated with p-SWNTs or the lowest dose of US-tubes remained
normal. In the group treated with the highest dose of US-tubes without CMC, only two
animals showed signs of inflammation as reflected in the presence of a thin film of cell
infiltrate covering the organs. In contrast, for the group treated with the US-tubes
suspended with 2% CMC, all the animals showed signs of inflammation with very large
deposits of the injected material on the organ surface covered by a thin film of cell
infiltrate.

Microscopic examination of the liver and spleen sections of the groups treated
with the p-SWNTs or the lowest dose of US-tubes revealed very small granulomas, and,
except in one case for each group, they were exclusively located on the surface of the
organs. For the group treated with the highest dose of US-tubes without CMC, the

granulomas were also very small, and except in two cases, they were located on the
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surface of the organs. In contrast, for the group treated with the US-tubes suspended with
CMC, all the animals exhibited large multifocal granulomas both inside and on the
surface of the organs. While the ALT activities of the latter group increased
significantly, those of all the animals treated without CMC were not significantly
different from the control group, thus confirming the absence of liver injury (Figure
31B).

In a second part of Experiment I1I, two groups of six mice each were administered
with a 1 mL single bolus (250 mg/kg bw) of US-tubes suspended in 0.9% NaCl with or
without 0.1% Tween 60. Three animals of each group were sacrificed at D; or at D».
After microscopic examination, some very small granulomas were observed inside the
organs both at D; and D, for the group treated with the tubes suspended with Tween 60.
The granulomatous reaction inside the organs was detected only at D, for the second
group, thus confirming the lack of diffusion of US-tubes when they are not well-

dispersed. This was done to confirm the results of Experiment I.

Elimination Through Urine and Feces. After observing that well-absorbed CNTs did not

accumulate in the organs for Experiment III, we proceeded to systematically investigate
the presence of the CNTs in the excreted urine and feces. HRTEM analysis of urine and
feces samples indicated the abundant presence of both p-SWNTs and US-tubes (Figure
34). The presence of the CNTs in the urine samples was confirmed by HRTEM (Figure
34D, 34E, and 34F). The elimination of US-tubes via the urine was only observed for the
first 3 days post-injection, and was qualitatively less in quantity that the p-SWNTs. In

contrast, p-SWNT elimination through the entire observation period (14 days). The US-
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Figure 34: TEM and HRTEM micrographs of urine and feces extracts. (A) Urine extract from mice (n =
6) treated with a single dose (500 mg/kg bw) of r-SWNTs at D, after administration. (B) Urine and (C)
feces extracts from mice (n = 6) treated with a single dose (1 g/kg bw) of US-tubes at D; after
administration. HRTEM micrographs of urine extracts from (D and E) US-tube-treated mice at D and (F)
of r-SWNT- treated mice at D,.

tubes eliminated in the urine were well-dispersed and likely corresponded to the fraction
of well-dispersed CNTs present in the administered suspensions. In feces, both well-

dispersed and compact bundles of US-tubes were observed.

Conclusion
Considered together with the animal behavior, the biological effects produced by
the highest doses of US-tubes agree with the toxic effects and inflammation phenomenon
reported previously after intratracheal instillation for non-US-tube CNT materials.'*'*2
In contrast, the results obtained in this study using r-SWNTs agree with some reports that

observed that SWNTs have relatively low toxicity.'*'?* Although considerably longer

than US-tubes, full-length SWNTSs were absorbed more efficiently after administration.
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Furthermore, the US-tube aggregates were less efficiently dispersed inside the body,
while adhering more strongly to the organs than the r-SWNTs. The difference in
aggregation behavior between the US-tubes and the SWNT materials investigated in this
study is likely due to the differences in their surface structure and chemistry. While the r-
SWNT suspensions used in this study were mainly composed of flexible bundles of full-
length SWNTs (Figure 35A and 35B), the US-tube suspensions prepared under the same
conditions were mainly composed of short, compact bundles of US-tubes (Figure 35C).
The cell infiltration phenomenon obviously results in the deposition of large US-tube
agglomerates on and inside the organs. The stronger aggregation of the US-tubes, as well
as their increased interactions with organ surfaces (possibly strengthened by hydrogen
bonding and/or ionic effects), may explain the lack of diffusion of this material. This
interpretation may also explain why toxicological studies performed previously with
124,132,135,136

CNTs, purified by a strong acidic treatment, showed harmful effects since it is

well-known that strong acidic treatment of r-SWNTs results in surface modification."?’

Figure 35: TEM micrographs of the injeted suspensions. (A) r-SWNTs; (B-SWNTs; (C) US-tubes.
All scale bars are 500 nm.
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The results of Experiment II seem to confirm a hypothesis which links toxicity
and the lack of diffusion/absorption of CNTs to their surface structure/chemistry, as well
as to their state of aggregation. Dispersing and suspending US-tubes in Tween 60 and
CMC in Experiment I did not enhance their absorption; however, they significantly
attenuated the cell infiltration when compared to the effects observed in Experiment II.
In particular, the dispersion agent, Tween 60, should cover the surface defects and any
functionalities on the US-tubes, thus effectively attenuating their interactions with the cell
membranes. However, use of the suspension agent, CMC, to increase the stability of the
suspension (by increasing the viscosity of the medium) led to the immobilization of the
CNT aggregates inside the abdomen and increased toxicity.

Experiment III demonstrated that covering the US-tubes with Tween 60 and
lowering the viscosity of the formulation by eliminating CMC can enhance their
absorption and attenuate their ability to induce large granulomas and cell infiltration, thus
further confirming the dependence of these effects on the degree of agglomeration and
CNT surface chemistry. Furthermore, removing the metal catalyst of the r-SWNT
samples by means of a non-acidic treatment also resulted in the attenuation of liver injury
(Figure 33B).

For all of the Experiments (I, II, III), the architectures of the organs remained
normal without any sign of necrosis or fibrosis. Inside the organs, even for the highest
doses of US-tubes, the granulomas were well circumscribed without any sign of fibrosis
(Figure 31). Microscopic examinations also demonstrated that when the CNTs were well
absorbed, most notably p-SWNTs, they do not accumulate inside the organs. Our results

show for the first time that both underivatized SWNTs and US-tubes are cleared after
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administration through the kidneys and probably bile ducts, as intact CNTs. However,
this result must be confirmed by isolating the CNTs in pure bile because of the possible
contamination of the feces by the urine during collection.

The results of the present study address the differences in toxicological
assessments and the conclusions of previous studies on pulmonary'*® and subcutaneous
toxicity of CNTs.'** Since the US-tube aggregates are far more toxic than the r-SWNT
and p-SWNT aggregates, the differences in toxicological assessments observed
previously are probably due to the differences in the surface structure/chemistry and the
degree of aggregation of the materials. Our results also confirm that the intrinsic toxicity
of CNTs is mainly characterized by a granulomatous response. However, this response is
only induced upon the deposition and the adsorption of large CNT aggregates. It is
important to remember that the goal of this study was to investigate the toxicity of
maximum doses. It is difficult to imagine a medical procedure that would require doses
anywhere near the maximum doses used in this study (1 g/kg). When CNTs are well-
dispersed, most notably for p-SWNTs, signs of necrosis, fibrosis, or liver degeneration
are absent, suggesting that the inflammatory effect is mainly due to the degree of
aggregation. The presence of CNTs in the excreted urine and feces shows that when
CNTs are individualized, and probably also when the aggregates are very small, they can
be eliminated without any sign of toxicity. This furthermore confirms the belief that in
order for CNT materials to realize their biomedical potential they should be engineered
into discrete, individual species.

Finally, as the toxicity can clearly be attenuated through dose formulation, further

work needs to investigate the pharmacokinetics of derivatized nanotubes. in vivo
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imaging suggests there is differential distribution and elimination compared to
Magnevist. These properties might be exploited for new imaging agents. Further work
exploring organ uptake and chronic exposure is needed. The role of surface coverings
and its control over nanotube uptake, distribution, and elimination will be a significant

field of study in the coming years.
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THE FUTRE DIRECTION OF THE US-TUBE PLATFORM IN MEDICINE

Clearly, nanoscale materials have much to offer the field of medicine by
providing new or improved opportunities for imaging and therapy. Hybrid combinations
of such materials are already beginning to be explored, and undoubtedly, many new
materials will be forthcoming in the future. As these agents continue to evolve, more
emphasis will be placed on engineering single agents that are both therapeutic and
diagnostic, or “theranostic” by design. These theranostic drugs will feature guided cancer
therapy, allowing the oncologist to track the distribution and targeted accumulation of the
agent within the patient before the therapy is triggered externally by NIR, magnetic
fields, or radiofrequency signaling, or perhaps combinations thereof.

Carbon nanotubes have the potential to play a significant role in the development
of new nanoplatforms. In only a few short years, these materials have been shown to
dramatically outperform current clinical MRI CAs both in vitro and in vivo and have been
derivatized for biocompatibility and cell targeting. With their ultra-sensitive relaxivity
response to pH, they have the potential to revolutionize the field of medical MR imaging,
possibly functioning as a non-targeted, cancer-specific MRI CA. They could compliment
(or even replace) current MRI contrast agents because of their superior relaxivities or
they may encourage the development of entirely new technologies, such as micro-tesla
imaging.

The US-tube platform is not limited to only imaging since the US-tubes also have
been loaded with an o-radionuclide, At-211. As the loading of ions inside the interior of
the US-tube appears to be indiscriminate, different species could be loaded inside the

tube for multi-functionality. For instance, the US-tube could be loaded with At-211 and
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Gd** for a magnetically-guided radiotherapeutic, or with Gd** and "**I" for a multi-modal
MRI/PET imaging agent. The US-tubes can easily be functionalized with peptides for

targeting, and current work is underway to develop nanotube-antibody conjugates.
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APPENDIX IIT: TGA, RAMAN, AND XPS DATA
All Raman spectra collected using a Renishaw Raman microscope, using a 633 nm laser.
TGA data was acquired on a TA Instruments SDT 2960 DSC-TGA instrument. The
temperature was ramped at 6 °C per minute, under flowing argon gas. For XPS analysis,
samples were pressed into indium foil and data collected on a Phi Quantera XPS
spectrometer.
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Figure A3: Raman spectrum of compound II.
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Table Al: XPS data from the Gadonanotube-Serinol (IVb) sample; values are an average of 3

measurements.
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Table AIl: XPS data from the Gadonanotube-Met (IVc) sample; values are an average of 3 measurements.
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Table AIIl: XPS data from the Gadonanotube-Ser (IVd) sample; values are an average of 3 measurements.

C 0O N Gd

Atomic % 71.7 21.5 0.5 0.3
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Table AIV: XPS data from the Gadonanotube-RGD-Ser (V) sample; values are an average of 7

measurements.
C O N Gd
Atomic % 76.2 22.2 1.4 2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



102

APPENDIX IV: ANIMAL IMAGING AND INTENSITY AS A FUNCTION OF TIME

BSA-suspended gadonanotubes were injected into mice as described in Chapter

III. The below images and intensities are displayed for the liver and kidney. The

intensities have not been standardized.
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Figure A15: Image and intensity of the liver at t =0, 1, 2, 30, 60, and 119 minutes post-injection of BSA-
suspended gadonanotubes.

Figure A16: Image and intensity of the kidney at t = 0, 1, 2, 30, 60, and 119 minutes post-injection of
BSA-suspended gadonanotubes.
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