


 
 

ABSTRACT 

Ultrashort Single-Walled Carbon Nanotubes: A Platform for Medical 
Imaging and Therapy 

by 

Justin Jonathan Law 

Ultra-short single-walled carbon nanotubes (US-tubes) have been used to 

encapsulate various metal ions and small molecules for both diagnostic and therapeutic 

applications. Of the US-tube derivatives, one of the best characterized is the 

gadonanotube (GNT). GNTs are remarkable due to their greatly enhanced relaxivity, 

which is up to 40 times larger than current clinically available gadolinium based contrast. 

The work in this thesis explores the mechanisms contributing to this phenomenon. This is 

accomplished by using a series of closely related chelating ligands to explore the role of 

the coordination environment on the loading, retention, and relaxivity of gadolinium ions 

within the US-tubes. Further, the chelation system is applied to the positron emitting 

radioisotope 64Cu and concurrent loading with gadolinium ions to produce bimodal 

imaging agents is discussed. In order to assess the viability of US-tubes as a platform for 

delivering medically relevant molecules, the biocompatibility of the US-tubes is 

explored. The cellular uptake and subcellular localization of the US-tubes is determined 

by Raman mapping and differences in US-tube aggregation and cellular response are 

analyzed. A strategy for enhancing water solubility of US-tube derivatives while 

retaining encapsulated ions is discussed. Finally, the heating properties of US-tubes in an 

external radiofrequency field are assessed to determine potential therapeutic applications. 
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Chapter 1 

Introduction 

1.1. Overview 

One of the emerging trends in the development of materials for biomedical 

applications is the creation of nanoparticle “platforms” capable of various diagnostic 

or therapeutic applications.1–5 Due to their small dimensions (<100 nm), 

nanoparticles possess unique properties which differ from the bulk material from 

which they are produced. For example, iron oxide nanoparticles exhibit 

superparamagnetic behavior,6 and gold nanoparticles have size-dependent optical 

properties.7 Because of their small size, large surface area, and unique properties, 

nanoparticles are attractive vehicles for delivery of diagnostic or therapeutic 

molecules.8 Nanoparticle size and geometry, or the attachment of targeting 

molecules such as peptides or antibodies, allows specific delivery to regions of 

interest in the body. 
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The work in this thesis focuses on the development of ultrashort single-

walled carbon nanotubes (US-tubes) as a nanoparticle platform for medical imaging 

and therapy. US-tubes are short segments (20-80 nm) of single-walled carbon 

nanotubes produced by a fluorination and pyrolysis procedure.9 Due to their cage-

like fullerene structure and chemical inertness, US-tubes are ideal for encapsulating 

small molecules and shielding them from interactions with biomolecules. This is 

important for preventing or controlling the release of toxic substances within the 

body. Interestingly, encapsulation of molecules within US-tubes may alter their 

properties, as exemplified by the “gadonanotubes” – US-tubes filled with gadolinium 

(Gd3+) ions.10 The Gd3+ ion, which is traditionally chelated with macrocyclic ligands 

for use in magnetic resonance imaging (MRI), exhibits over an order of magnitude 

increase in contrast efficiency when encapsulated within US-tubes. As such, the 

work presented in this thesis aims to enhance the knowledge of the physical or 

chemical mechanisms resulting in the unique properties of the US-tubes, determine 

strategies for the attachment of additional diagnostic molecules, assess and enhance 

the biocompatibility and safety profile, and examine the therapeutic potential of the 

US-tubes. 

1.2. Organization 

This thesis is organized into four main chapters: 

 Chapter 2 briefly presents background literature on the imaging 

technologies and materials discussed throughout the thesis.  



 3 

 Chapter 3 discusses an investigation into mechanisms affecting the 

relaxivity of the gadonanotubes. A strategy for chelating gadolinium 

ions to modify their coordination environment within the US-tubes is 

employed to determine the number of water coordination sites 

available in the gadonanotubes. 

 Chapter 4 describes the synthesis of a bimodal PET/MRI contrast 

agent by the incorporation of the PET radioisotope 64Cu into the Gd3+ 

clusters present in gadonanotubes. An alternative method for 

encapsulating 64Cu using a chelation strategy is also discussed. 

 Chapter 5 discusses several projects aimed at moving the US-tube 

platform towards practical clinical applications. A study of the 

biocompatibility and subcellular localization of US-tubes is 

performed. A new functionalization strategy is combined with US-

tubes filled with Gd3+ chelates, allowing water solubilization while 

retaining MRI contrast. Finally, radiofrequency heating of US-tubes is 

explored for potential therapeutic applications by hyperthermia. 

 

Chapter 6 serves as a summary of conclusions drawn from the various 

projects discussed throughout the thesis and suggests directions for future 

investigations.
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Chapter 2 

Background 

2.1. Full Body Medical Imaging Techniques 

Full body medical imaging which allows the 3-dimensional reconstruction of 

anatomical features has become an important tool that has allowed physicians to 

noninvasively diagnose disease and evaluate the effectiveness of therapy. Full body 

imaging can broadly be classified into three categories: x-ray computed tomography 

(CT), magnetic resonance imaging (MRI), and nuclear imaging, which includes 

techniques such as single photon emission computed tomography (SPECT) and 

positron emission tomography (PET). Each of these imaging modalities has distinct 

advantages and limitations, and multiple modalities may be employed to diagnose a 

patient. The work presented in this thesis deals primarily with MRI and PET, and 

thus, these modalities are discussed in greater detail. 
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2.1.1. Magnetic Resonance Imaging 

Since its invention in the early 1970s, magnetic resonance imaging (MRI) has 

become a widely used tool in the clinic for the diagnosis and following the 

progression of disease. MRI is the only full-body imaging technique which does not 

require exposure of the patient to ionizing radiation, and is primarily used to 

distinguish slight differences in the chemical environment of soft tissues, allowing 

for the detection of tumors.  

2.1.1.1. Principles of MRI 

Operating on the principles of nuclear magnetic resonance (NMR), the 

generation of an image using MRI depends on the interaction of nuclear spins with 

an externally applied magnetic field. Although any element with an unpaired nuclear 

spin could theoretically be imaged using MRI, hydrogen is the most commonly 

imaged nucleus due to its high gyromagnetic ratio and high abundance in the body 

in the form of water allowing for stronger signals. 

Water protons in the body are constantly precessing – spinning around an 

axis – and as a result, inducing tiny magnetic fields. Under normal conditions, these 

proton “spins” are randomly oriented, and the magnetic fields generated cancel each 

other out (Figure 2-1 A). However, when a strong external magnetic field (B0) is 

applied, the proton spins will align with the external field either in a parallel or 

antiparallel orientation (Figure 2-1 B). The distribution of proton spins will favor 

the parallel alignment with the external field (the lower energy state), which results 
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in a net magnetization vector. When a radiofrequency (RF) pulse at the appropriate 

frequency (Larmor frequency) is applied perpendicular to the external field (B0), the 

energy from the RF pulse will be absorbed by the protons and cause the net 

magnetic vector to become perpendicular to the external field Bo (Figure 2-1 C). This 

net magnetization vector is the source of the NMR signal. 

 

Figure 2-1: (a) Proton spins in the absence of an external magnetic field; (b) 
alignment of spins in the presence of an external magnetic field; (c) 

absorption of energy by the spins from the rf pulse; (d) relaxation of spins 
after the removal of rf pulse; (e) T1 relaxation – relaxation in the longitudinal 
plane and (f) T2 relaxation – relaxation in the transverse plane (Reproduced 

from Sethi et. al.)11 

When the RF pulse is removed, the NMR signal will slowly deteriorate, in a 

process known as relaxation (Figure 2-1 D). Relaxation occurs by two general 

processes: spin-lattice (T1) relaxation, which results in loss of NMR signal intensity, 

and spin-spin (T2) relaxation, which results in NMR signal broadening. T1 relaxation 

occurs when proton spins in the transverse plane (perpendicular to the external 

field B0) move back into the longitudinal plane (aligned with the external field B0, 

Figure 2-1 E). T2 relaxation occurs due to dephasing of the proton spins, as a result 
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of magnetic field inhomogeneity or differences in chemical environment (Figure 2-1 

F). Both T1 and T2 relaxation depend greatly on the chemical environment of the 

proton, and it is by measuring these processes that MRI is able to provide image 

contrast. The T1 relaxation time is defined as the amount of time required for the net 

magnetic vector to recover to 63% of its equilibrium value in the longitudinal plane. 

Correspondingly, the T2 relaxation time is defined as the amount of time required 

for a 37% loss in the transverse magnetic vector. 

2.1.1.2. MRI Contrast Agents 

Even with the powerful imaging capabilities of MRI, occasionally tissues in 

the body will be so chemically similar that further contrast enhancement is required 

to distinguish the slight differences needed for accurate diagnosis. In these 

instances, MRI contrast agents may be employed. MRI contrast agents are typically 

paramagnetic or superparamagnetic compounds or materials which shorten the T1 

or T2 time of water protons. Depending on which relaxation process they primarily 

affect, MRI contrast agents are correspondingly classified as “T1 agents” or “T2 

agents”. The efficiency of a contrast agent is defined as its relaxivity (r1 or r2). The 

relaxivity of a contrast agent can be determined by the following equation, where 

T1,2 and T0 are the relaxation times (in seconds) in the presence and absence of the 

contrast agent, and [CA] is the concentration of the contrast agent used, in mM. 

Relaxivity values are given in units of mM-1s-1. 
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Although both T1 and T2 agents can enhance image contrast, in practice T1 

agents are favored because their effects result in “brighter” images which allow for 

better visual detection compared to T2 agents which produce “darker” images. Thus, 

MRI contrast agent development has largely focused on the design of new T1 agents 

– in particular, gadolinium-based agents. The Gd3+ ion, with its 7 unpaired electrons, 

has a higher magnetic moment (63 μB2) than any transition metal element, which 

allows rapid relaxation as the proton relaxation rate is directly proportional to the 

square of the magnetic moment. However, the Gd3+ free ion is highly toxic, 

interfering with calcium ion channel dependent processes. In particular, Gd3+ is 

known to be nephrotoxic, and the use of some Gd3+-ion-based MRI contrast agents 

has been linked to a condition known as nephrogenic systemic fibrosis (NSF) in 

patients with renal failure. As such, development in the field has largely focused on 

macrocyclic chelators such as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic 

acid (DOTA) which strongly bind Gd3+ and prevent the effects associated with the 

release of the free ion. Current clinically used Gd3+-ion-based MRI contrast agents 

are extracellular agents with rapid clearance times and relaxivity values of 

approximately 4 mM-1s-1 under standard imaging conditions (1.5 T, 37°C). 
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2.1.2. Positron Emission Tomography 

The advance of technology for imaging radioactive tracers in the body has led 

to the development of positron emission tomography (PET), one of the most 

sensitive full body imaging modalities. PET requires the administration of a tracer 

labeled with a radioisotope which decays by positron emission. A positron (β+) is 

the antimatter counterpart of an electron. When an emitted positron collides with 

an electron in the body, the two particles undergo an annihilation event, resulting in 

the emission of two gamma rays at 180° from each other. When these two gamma 

rays are detected, the line along which they traveled can be reconstructed. With 

sufficient detection of many annihilation events, the location of the radioisotope can 

be determined (Figure 2-2). However, because PET is based on the detection of 

positron annihilation events, there is inherent error in the determination of the 

actual location of the radioisotope. As a result the major limitation of PET as an 

imaging technique is its low spatial resolution, as positrons may travel ~1.5 mm 

before undergoing an annihilation event. 
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Figure 2-2: Scheme depicting PET acquisition process. Annihilation of a 
positron produces two γ photons traveling in opposite directions. These 

photons are registered by a detector ring and data is processed and 
reconstructed to form a 3-dimensional image. (Reproduced from public 

domain)12 

PET radioisotopes currently in use for medical imaging include 11C, 13N, 15O, 

and 18F. 18F is by far the most commonly administered isotope, used in over 90% of 

PET scans in the form of fluorodeoxyglucose (FDG), a tracer which allows the 

imaging of brain activity or unusual metabolic activity in tumors.12 However, there 

is much research into the use of radioisotopes which can be eluted from generators 

(such as 68Ga and 82Rb) rather than produced in cyclotrons. Also, there is interest in 
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64Cu, which, with its longer half-life (12.7 h) and versatile coordination chemistry, 

can be used to label and trace peptides, proteins, and antibodies. 

2.1.3. Multimodal Imaging 

Often, multiple imaging modalities may be used to overcome the limitations 

of each individual technique. For example, a PET scan (to determine metabolic 

activity) may be used in conjunction with CT (to provide anatomical detail) in order 

to provide a more complete diagnosis. Recently, advances in technology have 

allowed the simultaneous acquisition of PET/CT and PET/MR scans, reducing the 

error resulting from overlaying scans separately obtained at different times. 

Therefore, research and development of new contrast agents capable of enhancing 

imaging in multiple modalities is an active and growing field.13–15  

2.2. Carbon Nanotubes 

Carbon nanotubes are allotropes of carbon consisting of hollow cylinders of 

sp2 hybridized carbon. Although classified as fullerenes, carbon nanotubes are 

generally distinguished from C60 “buckyballs” and other spheroidal fullerenes by 

their long, tubular structure with extreme aspect ratios. Carbon nanotubes were 

first reported in the scientific literature in 1991 by Iijima et. al.16 and research in the 

field has grown exponentially over the last two decades.  

Carbon nanotubes may be broadly categorized as multi-walled or single-

walled based on the number of graphene sheets forming concentric cylinders. The 
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work presented in this dissertation is based on single walled carbon nanotubes 

(SWCNTs). SWCNTs can be further categorized by their “chirality” – characterized 

by a (n,m) “rollup vector” which describes how a sheet of graphene could be 

wrapped into a seamless cylinder to form a carbon nanotube (Figure 2-3).  

 

Figure 2-3: The (n,m) nanotube naming scheme can be thought of as a vector 
(Ch) in an infinite graphene sheet that describes how to "roll up" the graphene 
sheet to make the nanotube. T denotes the tube axis, and a1 and a2 are the unit 

vectors of graphene in real space. (Reproduced from public domain)17 

Synthesis of SWCNTs is generally accomplished by one of several methods: 

electric arc discharge, high pressure carbon monoxide disproportionation (HiPCO), 

laser ablation, or chemical vapor deposition (CVD). In all cases, a transition metal 

catalyst (typically containing nickel, cobalt, or iron) is required to initiate nanotube 

growth.  
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SWCNTs have been shown to exhibit a number of interesting physical, 

electronic, and optical properties which make them potentially useful for many 

applications. Briefly, they are the strongest and stiffest materials currently known, 

with exceptionally high Young’s modulus and tensile strength.18 Electrical 

properties of SWCNTs are chirality dependent, ranging from semiconducting to 

metallic.19 SWCNTs also exhibit chirality dependent near infrared fluorescence.20  

2.2.1. Ultrashort SWCNTs 

SWCNTs have many potential biomedical applications, including delivery of 

imaging and therapeutic agents.21–24 However, full length SWCNTs are extremely 

hydrophobic and prone to aggregation and bundling. Therefore, it is imperative to 

improve biocompatibility by shortening SWCNTs and improving their water 

solubility. Several methods for producing shortened SWCNTs have been reported, 

including treatment with oxidative acid and prolonged ultrasonication.25,26 In this 

thesis, shortened SWCNTs are produced by fluorination and subsequent pyrolysis of 

full length SWCNTs.9 The resultant ultrashort SWCNTs (US-tubes) are 20-80 nm in 

length and contain sidewall defects which allow access to the interior cavity of the 

nanotube. US-tubes have been shown to be biocompatible and nontoxic in vivo.27 

2.2.2. Gadonanotubes 

In 2005, Sitharaman et. al. reported the encapsulation of Gd3+ ions within US-

tubes to produce a superparamagnetic material.10 Gd3+ ions are able to be retained 

within US-tubes due to the pH-dependent chemistry of the lanthanide ions, which 
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are soluble under acidic conditions, but form insoluble clusters under neutral 

conditions. These gadolinium filled US-tubes (“gadonanotubes,” or GNTs) are 

powerful MRI contrast agents, exhibiting relaxivity values over 100 mM -1s-1, over an 

order of magnitude greater than gadolinium based contrast agents currently 

employed in clinical settings. A number of studies have probed the origins of the 

high relaxivity observed, attributing the phenomenon to factors such as geometrical 

confinement and shortened gadolinium-proton distances.28,29 Because of their high 

relaxivity, GNTs have been used as intracellular labels for tracking stem cells by 

MRI. Building on the success of GNTs, a number of other imaging and therapeutic 

agents have been encapsulated within US-tubes, including I2 for CT imaging, 221At 

and 225Ac for α therapy, 64Cu for PET imaging, and cisplatin for chemotherapy.30–33  
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Chapter 3 

Carbon nanotube-based MRI contrast 
agents: An investigation of the 

coordination environment of 
gadolinium ions within ultrashort 

carbon nanotubes1 

The discovery of the gadonanotubes (GNTs) and their exceptionally high 

relaxivity values in 2005 led to several investigations into the underlying 

mechanism for the high relaxation rates observed. One study showed that the 

relaxivity of gadolinium species within porous silicon nanoparticles could be tuned 

                                                        
 

1 Major portions  of this chapter have been previously published in the following journal article: J. J. 
Law, A. Guven, L. J. Wilson. “Relaxivity enhancement of aquated tris(β-diketonate)gadolinium(III) 
chelates by confinement within ultrashort carbon nanotubes” Contrast Media Mol. Imaging 2014, 9 
(6), 409-412. DOI: 10.1002/cmmi.1603 
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by adjusting the pore size,34 and thus attributed part of the relaxvity increase to 

changes in the diffusion rate of water, as the carbon nanotube could be considered 

an extremely small pore containing the gadolinium ion. Another study used 

extended x-ray absorption fine structure (EXAFS) to show that the gadolinium ion– 

proton distances within the carbon nanotube were shorter than in bulk material, 

suggesting that confinement within the carbon nanotube forced water protons 

closer to the gadolinium ion, allowing for more efficient relaxation.29 It has also been 

generally observed that gadolinium ions, when bound to large molecular weight 

molecules such as proteins, will exhibit increases in relaxivity which is attributed to 

the slower molecular tumbling of the gadolinium – protein complex.35 It is likely that 

attachment of the gadolinium ions to the carbon nanotube results in a similar 

phenomenon.  Despite the investigations into the origins of the high relaxivities of 

the gadonanotubes, one aspect has thus far remained in mystery – the nature of the 

gadolinium  ion coordination environment within the carbon nanotube. While it is 

known that gadolinium ions form μ-oxo- and μ-hydroxy- bridged clusters under 

neutral to basic pH conditions, it is uncertain how many coordination sites are 

available for water coordination and exchange. The work presented in this chapter 

endeavors to shed light on this issue. 

3.1. Proton Relaxation Theory 

The relaxation of water protons in proximity to gadolinium ions is a result of 

the dipole-dipole interactions between the protons and the local magnetic fields 
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caused by the unpaired electron spins. Contributions to the enhanced relaxation 

rate are generally categorized as either inner sphere (IS) or outer sphere (OS). Inner 

sphere contributions are due to interactions between the Gd3+ ion and water 

protons in the first coordination sphere. Bulk water protons diffusing near the Gd3+ 

ion can also be relaxed by the paramagnetic effect; these contributions are classified 

as outer sphere. Development of MRI contrast agents has focused on inner sphere 

mechanisms, as the outer sphere contributions are difficult to accurately measure 

and cannot be modified. 

A large body of work, referred to as the Solomon-Bloembergen-Morgan 

(SBM) theory has led to a set of equations which define the contributions to inner 

sphere proton relaxation.35 In short, inner sphere relaxation scales according to the 

following parameters: 

1. Linearly with q, the number of coordinated water molecules 

2. To the sixth power of rGdH, the gadolinium ion – proton distance 

3. With the water exchange rate, kex 

4. With the rotational correlation time, τR 

5. With the electronic relaxation times, 1/T1,2e  

3.2. Aims and Methods 

The goal of the work presented in this chapter is to help determine the 

nature of the coordination environment around the gadolinium ion in the 
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gadonanotubes. To accomplish this, a series of β-diketonate gadolinium chelates 

were loaded into the US-tubes and differences in relaxivity were measured. The 

ligands acetylacetone (acac), 2,2,6,6-tetramethyl-3,5-heptanedione (thd), and 

hexafluoroacetylacetone (hfac) were chosen because they have been extensively 

studied as chemical vapor deposition precursors and their crystal structures are 

known. Importantly, this series of ligands also allowed the variation in the 

parameter q – the number of coordinated water molecules. Due to the steric bulk of 

the tertiary butyl groups on the thd ligand, the gadolinium chelate has no available 

sites for water coordination, whereas the acac and hfac chelates each have two sites 

for water coordination. Thus, comparison of the differences in relaxivity between 

the chelate filled tubes will allow extrapolation of the number of water coordination 

sites available in the gadolinium clusters within the gadonanotubes. 

3.3. Experimental Procedures 

3.3.1. Preparation of Ultrashort Single-walled Carbon Nanotubes (US-

tubes) 

As-prepared SWCNTs (60-70% carbonaceous purity) produced by the arc-

discharge method were purchased from Carbon Solutions, Inc. (Riverside, CA). The 

SWCNTs were fluorinated by exposure to elemental fluorine gas (5% in He) at 125 

°C for 3 h, resulting in approximately a 20% weight increase. The fluorinated 

SWCNTs were then pyrolyzed under argon at 1000 °C for 3 h, producing US-tubes 

and resulting in an approximately 33% weight loss (20% loss from starting weight). 
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The US-tubes were purified by 1 h bath sonication in concentrated hydrochloric acid 

(37%) to remove residual Ni/Y catalyst particles. The purified tubes were isolated 

on a coarse fritted glass filter and washed with deionized water until pH returned to 

neutral (approx. 1 L). After drying (130 °C, 12 h), the US-tubes were then 

individualized by a debundling process using an amended Birch reduction by a 1 h 

sonication in Na0/THF. After the debundling process, the US-tubes were isolated on 

a fine fritted glass filter and washed with approximately 1 L deionized water. 

Finally, the US-tubes were “opened” by mildly oxidizing the ends and sidewall 

defects with 15 min reflux in 6 M nitric acid. The opened US-tubes were washed 

with approximately 1 L deionized water and dried (130 °C, 12 h) prior to further 

use. 

3.3.2. Preparation of Gadolinium Chelates 

Gadolinium chelates were produced according to published methods.36 

Briefly, 3 eq. of the protonated β-diketonate (acetylacetone, 2,2,6,6,tetramethyl 

heptane-3,5-dione, or hexafluoroacetylacetone) was dissolved in methanol. A 

stoichiometric amount of ammonium hydroxide was added to deprotonate the 

ligand. Separately, 1 eq. gadolinium(III) chloride hexahydrate was dissolved in a 

minimal amount of deionized water. The solution of gadolinium chloride was slowly 

added to the deprotonated ligand. Excess deionized water was then added to ensure 

precipitation of the resulting chelate. The chelate was isolated by filtration, washed 

with deionized water, and air-dried. 
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3.3.3. Preparation of Gadonanotubes 

Gadolinium(III) chloride hexahydrate was dissolved in deionized water at a 

concentration of 1 mg/mL. Dry US-tubes were added to the solution and 

ultrasonicated for 60 min. The gadonanotubes were isolated by filtration and 

washed with deionized water until Gd3+ could not be detected in the filtrate. 

3.3.4. Loading of Gd Chelates into US-tubes 

A 2 mg/mL solution of the gadolinium chelate in methanol was prepared. 

Separately, a dispersion of approximately 2 mg/mL US-tubes in methanol was 

prepared by sonication. Equivalent amounts of both solutions were combined, 

mixed, and ultrasonicated for 60 min. The loaded US-tubes were collected by 

filtration using a 0.2 μm PTFE membrane and washed with methanol 10 times, until 

Gd3+ could not be detected in the filtrate. Finally, the loaded US-tubes were collected 

and dried in an oven at 50 °C overnight. 

3.3.5. Gadolinium Analysis 

Samples were treated with 1 mL 26% (w/w) HClO3 and heated to dryness in 

a glass scintillation vial. The residue was redissolved in 10 mL 2% (v/v) trace metal 

grade nitric acid and analyzed on a Perkin Elmer Optima 4300DV inductively-

coupled plasma optical emission spectrometer (ICP-OES). 5 ppm Y was used as an 

internal standard. 
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3.3.6. X-ray Photoelectron Spectroscopy 

XPS data was obtained on a Phi Quantera SXM system. Samples were 

prepared by pressing onto indium foil 

3.3.7. Transmission Electron Microscopy 

TEM images were obtained on a JEOL JEM-2100F Field Emission Electron 

Microscope equipped with EDS camera. Samples were dispersed in methanol and 

dried onto a lacey carbon copper grid. 

3.3.8. Extended X-ray Absorption Fine Structure Analysis 

X-ray absorption measurements around the Gd L3, L2, L1 edges were carried 

out at the 5BM-D beamline of DND-CAT, at the Advanced Photon Source (Argonne, 

IL). Fine powders of the samples were spread uniformly on strips of Scotch tape 

which were folded one time or several times to produce sufficient absorption for 

measurements in fluorescence mode or in transmission mode. A double crystal 

Si(111) monochromator was used for energy selection with ΔE/E=1.4×10-4. The 

incident x-ray intensity was detuned by 65 % of its maximum for harmonic rejection 

as monitored by an ionization chamber (Oxford Danfysik). Three such ion chambers 

were used for measurements in transmission mode. For measurements in 

fluorescence mode, the Gd L emissions were measured using two 4-element Si-drift 

vortex detectors (Hitachi USA). Dr. Qing Ma at the Northwestern Synchotron 



 22 
 

Research Center at the Advanced Photon Source, Argonne, Illinois performed the 

EXAFS measurements. 

3.3.9. Nuclear Magnetic Resonance Dispersion Profiles 

NMRD profiles were obtained on a fast field cycling NMR spectrometer (FFC-

200, Stelar s.r.l., Mede, Italy) in magnetic fields corresponding to proton Larmor 

frequencies between 0.01 and 30 MHz. Samples were contained in 10 mm diameter 

glass tubes and maintained at 25 °C using a Stelar VTC90 variable-temperature 

controller. Professor Robert G. Bryant at the University of Virginia, Charlottesville, 

Virginia performed the NMRD measurements. 

3.3.10. Relaxometry Studies 

T1 relaxation times were measured with a Bruker Mini-spec relaxometer 

operating at 25 °C and 1.5 T with a 5-mm probe using an inversion recovery 

sequence and HPLC-grade water was used as a diamagnetic control. All samples 

were dispersed in 0.17% (w/v) Pluronic F-108 surfactant by probe sonication prior 

to measurement. 

3.4. Results and Discussion 

Loading of the tris(β-diketonate)gadolinium(III) chelates into the US-tubes 

was achieved by ultrasonication in methanol for 1 h. The loaded material, 

GdL3·xH2O@US-tube (L = acac, hfac, or thd) was filtered and washed with methanol 



 23 
 

until the filtrate was free of Gd3+, as determined by inductively-coupled plasma 

optical emission spectroscopy (Figure 3-1). Analysis of the dried US-tube materials 

by ICP-OES indicated loading of 7.91, 4.45, and 7.73 wt. % Gd for the acac, hfac, and 

thd metal chelate loaded samples compared to 4.36 wt. % Gd for the gadonanotubes 

produced by loading aqueous gadolinium chloride. 

 

Figure 3-1: ICP-OES analysis of the Gd3+ content in the filtrate after washing 
US-tubes filled with Gd(acac)3·2H2O 

In order to help validate the stability of the GdL3·xH2O@US-tubes in 

biological media, challenges with phosphate buffered saline (PBS) and fetal bovine 
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serum (FBS) were performed. Samples of these materials were incubated at 37° C 

with either PBS or 100% FBS at a concentration of 1 mg/mL for 1 h and 24 h. The 

GdL3·xH2O@US-tube samples were then removed by centrifuge filtration and the 

filtrate was analyzed for Gd3+ by ICP-OES. In all cases, the gadolinium concentration 

was below the detection limit (<0.01 ppm), indicating no leakage of Gd3+. 

X-ray photoelectron spectroscopy (XPS) was performed on the samples to 

verify the presence of the Gd3+ chelates in the prepared materials (Table 3-1). All 

three metal chelate filled US-tube samples, as well as the GNTs prepared from 

aqueous GdCl3, showed signals for C(1s) (284 eV), O(1s) (533 eV) and Gd(4d) (144 

eV), confirming the presence of Gd3+. In addition, a F(1s) signal was observed at 688 

eV for the sample filled with Gd(hfac)3·2H2O, confirming the presence of the 

fluorinated ligand and suggesting that all of the metal chelates were successfully 

loaded without degradation or transmetallation. 

Sample %C %O %Gd %F 

Gd(acac)3·2H2O@US-tubes 82.2 16.1 1.7 - 

Gd(thd)3@US-tubes 81.1 17.2 1.7 - 

Gd(hfac)3·2H2O@US-tubes 79.7 18.9 0.5 0.8 

Empty US-tubes 92.7 7.3 - - 

Table 3-1: Elemental composition of Gd chelate filled US-tubes, as determined 
by x-ray photoelectron spectroscopy. 
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High resolution transmission electron microscopy (HR-TEM) was used to 

further validate that the metal chelates were encapsulated in the interior space of 

the US-tubes. It is difficult to unambiguously determine if the metal chelates are 

truly encapsulated within the nanotube, or merely trapped within a bundle or 

adsorbed onto the external surface. However, as can be seen in Figure 3-2, the 

darker spots attributed to the increased electron density for the Gd3+ chelates are 

distributed at regular intervals along the length of the US-tube and do not appear to 

cover the sidewalls. Energy dispersive X-ray (EDX) spectroscopy analysis of the 

samples revealed the presence of Gd (Figure 3-3). For empty US-tubes, these dark 

spots were not observed, and similarly, the EDX spectroscopy showed no signal for 

Gd. These images, combined with the previously described biological challenges and 

material characterizations strongly imply that the metal chelates are encapsulated 

within the US-tubes. 
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Figure 3-2: High resolution TEM image of Gd(acac)3·2H2O@US-tubes. Dark 
spots evenly spaced along the length of the nanotube (outlined in red) are 

attributed to Gd(acac)3·2H2O encapsulated within the nanotube. 
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Figure 3-3: EDX spectra of gadonanotubes, Gd(acac)3·2H2O@US-tubes, and 
empty US-tubes. 

Finally, extended x-ray absorption fine structure (EXAFS) measurements of 

the chelate filled US-tubes were obtained. The measured bond distances and 

coordination numbers of chelate filled US-tubes were nearly identical to bulk 

chelate (Table 3-2), confirming that the chelates encapsulated within the US-tubes 

have coordination environments identical to the bulk material. 
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Samples ��02N(N=8) R (Å) σ2 (Å2) E0 (eV) R-factor 

Gd(acac)3∙2H2O-US 9.9 2.43 0.0113 6.8 0.008 

Gd(acac)3∙2H2O, bulk 9.9 2.43 0.0110 6.6 0.005 

Gd(hfac)3∙2H2O -US 10.9 2.42 0.0126 6.3 0.004 

Gd(hfac)3∙2H2O, bulk 10.7 2.42 0.0110 6.4 0.002 

Gd(thd)3-US 10.0 2.42 0.0110 7.2 0.010 

Gd(thd)3, bulk 10.2 2.42 0.0114 7.3 0.008 

Table 3-2: EXAFS curve fitting data for Gd(acac)3∙2H2O@US-tube, 
Gd(hfac)3∙2H2O@US-tube and Gd(thd)3@US-tube. ������ – Amplitude scaling 

factor; N – Coordination number from crystalline structures; R – Bond 
distances; σ2 – Debye-Waller factor; E0 – Energy shift; R-factor – factor of merit. 

Corresponding results for the bulk chelates are shown as well. 

The nuclear magnetic resonance dispersion (NMRD) profiles of the Gd 

chelate filled US-tube samples (Figure 3-4 A-C) were similar to that of 

gadonanotubes (Figure 3-5), characterized by a linear low field slope leading to a 

peak at the high fields used for clinical imaging. Empty US-tubes exhibited similar 

low field behavior, but did not display the peak associated with Gd3+ at high fields 

(Figure 3-4 D). The low field behavior indicates that relaxation is linearly 

proportional to the log of the frequency – this is characteristic of 2-dimensional 
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diffusion of water molecules near a surface where relaxation occurs. The high field 

behavior is typical of classic inner sphere relaxation.  

 

Figure 3-4: NMRD profiles for A) Gd(acac)3∙2H2O@US-tubes, B) 
Gd(hfac)3∙2H2O@US-tubes, C) Gd(thd)3@US-tube, and D) Empty US-tubes. 
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Figure 3-5: NMRD profile for gadonanotubes. Reproduced from 37. 

Having confirmed that the metal chelates are intact, encapsulated within the 

US-tubes and exhibiting similar magnetic resonance behavior as the gadonanotubes, 

single point relaxivity measurements were then performed on the prepared 

materials at 1.5 T and 25°C. Relaxation times were obtained by an inversion 

recovery sequence and the longitudinal relaxivities (r1) were calculated from the 

following equation where T1,obs is the relaxation time of the sample, T1,d is the 

relaxation time of the aqueous surfactant solution (0.17% Pluronic F-108) without 

sample, and [Gd3+] is the gadolinium-ion concentration. In addition to measuring the 
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relaxivities of the prepared materials, relaxivities of the respective free Gd3+ 

chelates before loading into US-tubes were also determined. Since the Gd3+ chelates 

used in this study are lipophilic and insoluble in aqueous solutions, they were also 

suspended in surfactant for determination of relaxivity. 

 ������,������= ������,��+ ����[������+] 

As can be seen from Figure 3-6, the relaxivities of the individual Gd3+ chelates 

is on the order of 3-8 mM-1s-1, consistent with clinically-used Gd3+ based contrast 

agents such as Magnevist (gadopentetate dimeglumine), Multihance (gadobenate 

dimeglumine) and Prohance (gadoteridol) , which have relaxivities of 3.4 mM -1s-1, 

4.1 mM-1s-1, and 3.2 mM-1s-1 respectively.38 However, upon loading the Gd3+ chelates 

into US-tubes, the relaxivities are dramatically enhanced by over an order of 

magnitude. In order to rule out the US-tubes as the source of the increased 

relaxivity, we then measured the water proton relaxation time of US-tubes which 

had not been filled with a Gd3+ chelate. Given the absence of Gd3+, a relaxivity value 

cannot be calculated, but the T1 was determined to be 2.714 s, compared to 3.864 s 

for pure water. This modest reduction in T1 is likely due to remnant catalyst 

particles or carbon-based free radicals on the surface of the US-tube37 and does not 

contribute significantly to the relaxivity of the Gd3+ chelate filled tubes; if a T1 

reduction of this magnitude had been associated with a 0.1 mM Gd3+ concentration 
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(the approximate concentration in the metal chelate filled samples), the resulting 

relaxivity would be approximately 0.1 mM-1s-1.  

 

Figure 3-6: Relaxivity of Gd3+ chelates before and after loading into US-tubes. 
All samples were suspended in 0.17% Pluronic F-108 and the T1 relaxation 

times were measured at 25°C in a 1.5 T field. Error bars represent one 
standard deviation from the mean. 

Further analysis of the relaxivities allowed the determination of the effect of 

the local coordination environment on the overall relaxivity of the construct. As 

previously mentioned, crystal structures of the three Gd3+ chelates have shown that 

the thd ligand forms an anhydrous complex, whereas the acac and hfac ligands form 

complexes with two water molecules in the primary coordination sphere.39–41 Based 

on SBM theory, relaxivity is directly proportional to q, the number of coordinated 

water molecules.35 This dependence is reflected in the difference in relaxivities 

between the US-tubes loaded with Gd(thd)3, which have a relaxivity of 26 mM-1s-1, 
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and those loaded with Gd(acac)3·2H2O and Gd(hfac)3·2H2O, which have relaxivities 

of 103 mM-1s-1 and 105 mM-1s-1 respectively. Extrapolating from the data in this 

study, it can be estimated that the GNTs, which were determined to have a relaxivity 

of 140 mM-1s-1, are likely to have on average three exchangeable water molecules in 

the Gd3+-ion coordination sphere. 

3.5. Conclusions 

The encapsulation of the gadolinium β-diketonate chelates within the US-

tubes, without transmetallation or degradation of the complex, allowed the 

successful identification of the contributions of the hydration number q to the 

overall inner sphere relaxation rate for the gadonanotubes. As will be discussed in 

later chapters, the strategy of chelating ions prior to encapsulation within US-tubes 

can be extended to other transition metal elements, allowing for encapsulation of 

other elements that do not possess the same pH dependent chemistry as the 

lanthanides. 
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Chapter 4 

Strategies for the encapsulation of 
medical imaging agents within US-

tubes2 

The discovery that the encapsulation of gadolinium ions within US-tubes 

resulted in a MRI contrast agent with extremely high relaxivity led to the question: 

What other elements could be encapsulated within the US-tubes? More specifically, 

could elements used for other imaging modalities such as CT or PET be loaded into 

the US-tubes? Although encapsulation of such agents would not alter their image 

generation properties as in the case of MRI, it would provide an additional barrier to 

                                                        
 

2 Portions of this chapter have been previously published in the following journal article: B. T. 
Cisneros, J. J. Law, M. L. Matson, A. Azhdarinia, E. M. Sevick-Muraca, L. J. Wilson. “Stable confinement 
of PET & MR agents within carbon nanotubes for bimodal imaging” Nanomedicine 2014, 9 (16), 2499-
2509. DOI: 10.2217/nnm.14.26 
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interactions with the biological environment. Furthermore, by placing the imaging 

agent within the US-tube, the exterior sidewalls would remain available for 

functionalization with solubilizing groups, targeting groups or therapeutic 

molecules. This chapter explores the addition of a PET imaging capability to the US-

tube platform through the encapsulation of 64Cu. 

4.1. Encapsulation of 64Cu ions within US-tubes3 

The work presented in this section aimed to determine if 64Cu can be 

successfully encapsulated within US-tubes to form a biologically-stable PET imaging 

agent. A second objective was to simultaneously load both 64Cu and Gd into the US-

tube to produce a bimodal PET/MRI contrast agent. 

4.1.1. Experimental Procedures 

4.1.1.1. Preparation of US-tubes: 

 US-tubes were prepared using the same procedure described in Section 3.3.1 

                                                        
 

3 The work presented in this section is an extension of a project discussed in a dissertation by 
Michael L. Matson, “Ultra-short, Single-walled Carbon Nanotube Capsules for Diagnostic Imaging and 
Radiotherapy,” Rice University, Houton, TX. Some data from this dissertation has been reproduced 
here for clarity. 
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4.1.1.2. Preparation of Cu@US-tubes:  

US-tubes (15 mg) were bath sonicated in a solution of aqueous CuCl2 (10 mL, 

5mM) for 60 minutes. The Cu@US-tube product was isolated by filtration with a 

coarse glass filter frit and washed with deionized water until the filtrate showed no 

detectable levels of Cu2+, as determined by ICP-OES.  

4.1.1.3. Preparation of Cu@GNTs: 

US-tubes (15 mg) were sonicated in an aqueous solution of CuCl2 and GdCl3 

(10 mL, 2.5 mM CuCl2 2.5 mM GdCl3 or 10 mL, 1 mM CuCl2 4 mM GdCl3) and bath 

sonicated for 60 min. NaOH (1 M, 0.6 mL) was added to adjust the pH so as to trap 

the Cu2+ ions within the Gd3+ clusters within the tubes.  The Cu@GNT product was 

isolated by filtration with a coarse glass filter frit and washed with deionized water 

until the filtrate showed no detectable levels of Cu2+ or Gd3+, as determined by ICP-

OES. 

4.1.1.4. Preparation of 64Cu@GNTs 

64Cu@GNTs production employed the same procedures as non-radioactive 

Cu2+ and was accomplished by adding GdCl3 (0.5 mL, 1 mM) and 64CuCl2 (25 µL, 

155.4 MBq) to a scintillation vial containing US-tubes (2.2 mg). After 30 min of bath 

sonication, NaOH was added to reach neutral pH.  The product was isolated by 

ultrafiltration (Amicon Ultra, 10 kD MWCO) to remove non-encapsulated metal ions, 

then washed three times with deionized water.  Radiochemical purity was assessed 
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by radio-thin-layer chromatography (radio-TLC) with Whatman chromatography 

paper and 0.1 M ammonium acetate/0.05 M EDTA (pH 6) as the mobile phase and 

analyzed with an AR-2000 scanner purchased from Bioscan (Washington D.C.).   

4.1.1.5. Removal of Free 64Cu2+ from 64Cu@GNTs and aqueous suspension 

of 64Cu@GNTs 

After preparation, the 64Cu@GNTs were dispersed in 0.1% Tween-20 in 

deionized water by brief sonication to yield surfactant-wrapped 64Cu@GNTs (3). 

Free 64Cu2+ was removed by incubation with 10 µM EDTA (40°C, 15 minutes) 

followed by ultrafiltration until the filtrate had minimal activity. The product was 

resuspended in 0.1% Tween-20 in PBS for the in vivo experiments.  
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Figure 4-1: Scheme for production of the bimodal 64Cu2+/Gd3+ imaging probe. 

Full-length SWCNTs are fluorinated, pyrolyzed under argon, and purified with 
concentrated HCl to produce US-tubes (1). Gd3+ and 64Cu2+ are then internally 

co-loaded by aqueous sonication to produce (2). Excess Gd3+ and 64Cu2+ are 
removed by serum challenge and washing. Purified (2) is suspended in 0.1% 

Tween-20 to produce (3) for in vivo experiments. 

4.1.1.6. Stability studies 

In vitro stability studies were performed on dry samples of Cu@US-tubes and 

Cu@GNTs to simulate in vivo conditions and determine the retention properties of 

the US-tubes. Samples were incubated in bovine serum albumin (BSA) and 

phosphate buffered saline (PBS) at 37°C for 12 h, 24 h, or 7 d. At each time point, 
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samples were purified by filtration on a coarse fritted glass filter. The recovered 

sample and the filtrate were analyzed for Cu2+ and Gd3+ by ICP-OES. Water, PBS, and 

BSA used in the experiment were also analyzed for Cu2+ and Gd3+ for determination 

of background corrections. For the 64Cu@GNTs, 50% mouse serum was used instead 

of BSA with an incubation period of 24 h at 40°C in order to provide better 

biocompatibility for in vivo studies. Ultrafiltration was performed in 100 kD MWCO 

centrifuge filters. All experiments were performed in triplicate. 

4.1.1.7. Bimodal imaging of an aqueous suspension of 64Cu@GNTs 

Images were acquired on a Siemens Inveon Micro-PET/CT scanner (Siemens 

Medical, Knoxville, TN) using instrument parameters described previously.42  

Phantoms were prepared at concentrations of 1.85, 3.7, and 7.4 MBq/mL with 

control wells containing water and Tween-20, and PET imaging was performed for 

20 min . The radioactivity of a sample of surfactant-wrapped 64Cu@GNTs was 

allowed to decay sufficiently (10 half-lives) and phantom MR images were obtained 

on Philips Achieva 1.5 T and 3 T systems. An inversion recovery sequence was used 

for image acquisition (TR = 6500 ms, TE = 10 ms at 1.5 T; TR = 9000 ms, TE = 20 ms 

at 3 T). 

4.1.1.8. In vivo PET/CT imaging  

In vivo imaging studies were carried out in accordance with the standards of 

the University of Texas Health Science Center-Houston (Houston, TX), Department 

of Comparative Medicine, and the Center for Molecular Imaging after review and 
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approval of the protocol by their respective Institutional Animal Care and Use 

Committee (IACUC) or Animal Welfare Committee (AWC).  Initially, the mice were 

anesthetized with 1% isoflurane and a CT scan was performed. The bed position 

was then moved into the PET field-of-view where the mice received 7.4-11.1 MBq of 

surfactant-wrapped 64Cu@GNTs or free 64Cu2+ through the tail vein (n=3/group).  

Dynamic PET imaging was performed and region of interest (ROI) analysis was used 

to generate time activity curves (TACs) for the liver, kidneys, heart, lung, muscle, 

and bladder according to prior methods.43  Static PET/CT images were acquired at 4, 

24, and 48 h post-injection for each mouse and processed with the vendor software 

package (Inveon Research Workplace) to quantify tracer uptake in selected organs. 

4.1.2. Results and Discussion 

4.1.2.1. Preliminary Studies 

Studies to determine the viability of encapsulating 64Cu2+ within US-tubes 

were successful. Non-radioactive CuCl2 was loaded by aqueous sonication, yielding 

the Cu@US-tube product, which was determined to contain 2.05% (w/w) Cu2+ by 

ICP-OES. However, challenge with PBS or BSA resulted in significant Cu2+ leakage 

(>45%) within 12 h. Simultaneous loading of Cu2+ and Gd3+ was attempted using 

Cu2+:Gd3+ ratios of 1:1 and 1:4 and analysis of the Cu@GNT products by ICP-OES 

indicated Cu2+ contents of 0.7% (w/w) and 0.4% (w/w) respectively. Challenge with 

PBS or BSA over a seven day period resulted in no detectable Cu2+ or Gd3+ leakage. 

This suggested that the pH-dependent hydrolysis chemistry of the Gd3+ ion is 
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essential for retaining the Cu2+. Gd3+ can enter the US-tubes through the sidewall 

defects under acidic conditions, but forms insoluble µ-oxo or µ-hydroxy clusters at a 

physiologic pH of 7.4, rendering the ions unable to exit through the same sidewall 

defects through which they entered.11,44 The retained Cu2+ is likely either 

incorporated into the Gd3+ clusters or simply trapped within the US-tubes by the 

Gd3+ clusters at the defect sites that prevent their exit..  

T1 relaxivity values for the Cu@GNT product and GNTs produced from the 

same batch of US-tubes were determined to be 52.7 mM-1s-1 and 53.4 mM-1s-1 

respectively. With so few Cu2+ ions present in a Cu@GNT sample, it is not surprising 

that the relaxivity per Gd3+ ion is not dramatically different from that of the parent 

GNTs. In both cases, the T1-weighted relaxivity values are still greatly superior to 

the most widely used clinical agent, Magnevist, which has an r1 of approximately 4.5 

mM-1s-1.38 

4.1.2.2. Synthesis and Characterization of a Bimodal Probe 

Synthesis of the bimodal probe was accomplished by replacing the non-

radioactive CuCl2 with 64CuCl2. After washing, the product was determined to be 

radiochemically pure by radio-TLC with a specific activity of 19.69 MBq/mg. The 

64Cu2+ labeling was found to be stable to PBS challenge over 24 h at room 

temperature. However, a 37% loss in activity was observed after 24 h exposure to 

50% mouse serum. Further exposure of the sample to fresh serum at room 

temperature for an additional 24 h did not result in additional loss of 64Cu2+, 
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verifying that only a limited population of 64Cu2+ can be removed by serum 

challenge.  Phantom images of the probe indicated both PET and MR contrast 

separately. (Figure 4-2) 

a b

c

1.5 T MRI

3 T MRI

Micro PET/CT

 

Figure 4-2: Phantom images of (2) obtained by PET/CT and T1-weighted MRI. 
a) Micro PET/CT image of (2) at varying concentrations. From top to bottom: 
Milli-Q water, 1% Tween-20, 7.4 MBq/mL, 3.7 MBq/mL, and 1.85 MBq/mL. b) 
MR image of (2) at varying concentrations for a 1.5 T field strength. From left 
to right: 7.4 MBq/mL, 3.7 MBq/mL, 1.85 MBq/mL, and 1% Tween-20. c) MR 
image of (2) at varying concentrations for a 3.0 T field strength. From left to 

right: 7.4 MBq/mL, 3.7 MBq/mL, 1.85 MBq/mL, and 1% Tween-20. 
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4.1.2.3. In vivo imaging 

Dynamic imaging of mice receiving surfactant-wrapped 64Cu@GNTs or free 

64Cu2+ resulted in the generation of TACs for the heart, lungs, liver, kidneys, bladder, 

and muscle. The major site of accumulation of surfactant-wrapped 64Cu@GNTs was 

in the lungs with a peak value of 21.4 %ID/g at 2 min post injection and persistent 

signal that was significantly higher (P < 0.001) than the control group throughout 

the scan (Figure 4-3 A).  Heart uptake was also higher in mice injected with 

surfactant-wrapped 64Cu@GNTs, indicating prolonged blood pool activity of the 

bimodal agent compared to free 64Cu2+ (Figure 4-3 B).  TAC profiles for liver, 

kidneys, and muscle revealed no significant differences between agent distribution 

in these organs (Figure 4-3 C-E). Bladder signal was approximately 3-fold higher in 

mice injected with free 64Cu2+ suggesting increased renal clearance of this agent 

compared to surfactant-wrapped 64Cu@GNTs, although statistical significance was 

not achieved. 
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Figure 4-3: Time-activity curves of generated from dynamic PET imaging of 
mice receiving surfactant-wrapped 64Cu@GNTs and free 64Cu2+. (a) lungs, (b) 

heart, (c), liver, (d) kidneys, and (e) muscle.  The histograms represent the 
average %ID/g values (mean ± SD, n=3, *P ≤ 0.001, **P ≤ 0.01). 

Delayed PET/CT imaging results correlated with the dynamic imaging data. 

Scans at 4 h p.i. revealed accumulation of surfactant-wrapped 64Cu@GNTs primarily 

in the liver (11.4 ±1.9 %ID/g) and lungs (11.2 ± 2.2%ID/g) with minor uptake in the 

kidneys and gastrointestinal (GI) tract, whereas free 64Cu2+ showed strong liver 
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signal and minor GI uptake (Figure 4a). ROI values from the heart were no longer 

significant in mice injected with surfactant-wrapped 64Cu@GNTs as a result of 

continued clearance of the agent from systemic circulation. No notable differences 

in kidney and muscle uptake were observed between the groups. At 24 h, both 

groups continued to exhibit high liver signal while the mice injected with surfactant-

wrapped 64Cu@GNTs also showed persistent lung uptake that was significantly 

higher than in control mice (P < 0.05, Figure 4-4 B).  Further imaging at 48 h 

revealed no significant changes in tissue distribution. Elimination of both agents 

either by hepatobiliary or renal routes appeared to be slow according to the small 

change in %ID/g values of the liver, kidneys, and bladder from 4-48 h p.i.   
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Figure 4-4: Longitudinal MicroPET/CT imaging of normal mice injected 
intravenously with surfactant-wrapped 64Cu@GNTs or free 64Cu2+. 

Representative images are shown from acquisitions at (a) 4, (b) 24, and (c) 48 
h post-injection of radiotracers. Histograms show quantification of agent 

uptake as %ID/g (mean ± SD, n=3, *P ≤ 0.05, and **P ≤ 0.01). 

4.1.3. Summary 

Although 64Cu could be successfully loaded into the US-tubes, it was not 

stable to biological challenges. This suggests that the 64Cu may be weakly adsorbed 
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to the US-tubes, and thus easily removed by chelating serum proteins. On the other 

hand, the bimodal PET/MRI agent containing both 64Cu and Gd was able to 

successfully retain both elements when challenged with serum. Since gadolinium 

ions are known to form insoluble μ-ox or μ-hydroxy bridged clusters which prevent 

their exit from the US-tube at physiological pH, it is hypothesized that the 64Cu is 

either incorporated in these clusters or blocked from exiting the sidewall defects by 

the presence of these clusters. Importantly, the bimodal agent was able to provide 

both MRI and PET contrast, and the biodistribution observed through PET imaging 

was very different from that of free 64Cu ions, confirming that the64Cu remained 

stably encapsulated in vivo. 

4.2. Chelate loading dynamics 

Despite the successful creation of a bimodal PET/MRI agent in Section 4.1, 

the encapsulation of the 64Cu PET component required the presence of gadolinium 

ion clusters to provide stability against biological challenges. Building on the 

successful encapsulation of gadolinium chelates presented in Chapter 3, the work in 

this section seeks to optimize loading conditions for the gadolinium chelates and to 

determine if a similar chelation strategy will allow copper to be encapsulated in a 

stable fashion within the US-tubes. 
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4.2.1. Optimization of gadolinium chelate loading 

To maximize the amount of gadolinium loaded into the US-tubes using the 

chelation strategy, three variables were evaluated: the choice of ligand used to 

chelate the Gd3+ ion, the concentration of the chelate used for loading, and the 

amount of sonication time. Evaluation of the loading rates of the gadolinium 

chelates with the three ligands acetylacetone (acac), 2,2,6,6,tetramethyl heptane-

3,5-dione (thd), and hexafluoroacetylacetone (hfac) showed no significant 

difference in loading rates (Figure 4-5). This is likely due to the similarity in size and 

hydrophobicity of the three chelates. The Gd(acac)3·2H2O chelate was used for 

further optimization studies. 
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Figure 4-5: Effect of ligand on final Gd content. 10 mg US-tubes was added to 
0.1M solutions of Gd(acac)3·2H2O, Gd(thd)3, or Gd(hfac)3·2H2O and sonicated 

for 1 hr. There is no significant difference in loading rates among the three 
different gadolinium chelates. 

Examination of the concentration of Gd(acac)3·2H2O used for loading showed 

no differences between concentrations ranging from 0.25 mg/mL to 1 mg/mL 

(Figure 4-6). Examination of the amount of sonication time used for loading showed 

a rapid initial loading rate, with 6 wt. % gadolinium retained in the US-tubes after 

only 1 minute of sonication (Figure 4-7). It is likely that sonication is unnecessary 

for initial loading, which occurs due to hydrophobic interactions between the 
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chelate and the interior of the US-tube. Prolonged sonication resulted in slightly 

increased gadolinium loading. 

Effect of concentration on Gd(acac)3·2H2O
loading into US-tubes
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Figure 4-6: Effect of concentration on final Gd content. 10 mg Gd(acac)3·2H2O 

and 10 mg US-tubes were dispersed in 10 mL, 20 mL, and 40 mL methanol, 
respectively. Concentration of the gadolinium chelate does not appear to have 

an effect on loading. 
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Effect of sonication time on Gd(acac)3·2H2O
loading into US-tubes
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Figure 4-7: Effect of sonication time on final Gd content. Samples were loaded 
at 10 mg Gd(acac)3·2H2O /10 mg US-tubes and bath sonicated for 1, 5, 15, 30, 

and 60 min respectively. Extremely rapid initial loading is observed, with over 
6% Gd content within 1 min, and further loading appears to be somewhat time 

dependent. 

 

4.2.2. Copper chelation and loading into US-tubes 

Having shown that the choice of ligand does not significantly alter the 

loading rates of gadolinium chelates into US-tubes, hexafluoroacetylacetone (hfac) 

was selected as a ligand for copper chelation. The hfac ligand is slightly more 

reactive than acetylacetone because the electronegativity of the fluorine groups 

allows the β-diketonate α-proton to be more easily removed. The Cu(hfac)2 chelate 

is square planar in anhydrous form, but when solvated, two water molecules occupy 

the axial positions.  
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Figure 4-8 shows the loading rates of various combinations of gadolinium 

and copper, either as free ions or as chelates with the hfac ligand. Several interesting 

trends can be observed from the data. First, the Gd(hfac)3·2H2O chelate has much 

higher loading rate compared to free Gd3+ ion. Similarly, the Cu(hfac)2·xH2O chelate 

exhibits higher loading than the free Cu2+ ion, but to a smaller extent than observed 

for gadolinium. Secondly, Gd(hfac)3·2H2O loading decreased upon the addition of 

either Cu2+ or Cu(hfac)2·xH2O. A similar trend was noted for Gd3+ in the presence of 

copper. This suggests that there is limited volume within the US-tube for the 

encapsulation of metal species.  
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Figure 4-8: Comparison of loading rates for various combinations of Gd3+, 
Gd(hfac)3·2H2O, Cu2+, and Cu(hfac)2·xH2O. All compounds were loaded in 
equimolar amounts at a concentration of 1 mM. Error bars represent one 

standard deviation from the mean. 

Comparison of the Cu2+ loading rates in the presence of Gd3+ or 

Gd(hfac)3·2H2O, or in the absence of Gd results in more interesting observations. 

The addition of Gd(hfac)3·2H2O increases Cu2+ loading whereas the addition of Gd3+ 

decreases Cu2+ loading (Figure 4-9). A similar trend is noted for Cu(hfac)2·xH2O 

(Figure 4-10). This phenomenon may be rationalized by the chemistry of the 
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gadolinium species used for loading. The free Gd3+ ion has a high affinity for oxygen 

donors, which are present at the sidewall defects of the US-tubes. It is likely that the 

Gd3+ ion is quickly drawn to the defect sites and forms insoluble μ–oxo or μ–hydroxy 

bridge clusters which block the entrance of copper ions or chelates. In contrast, the 

Gd(hfac)3·2H2O chelate may be able to diffuse along the length of the US-tube after 

its encapsulation. The larger size of the Gd(hfac)3·2H2O chelate allows better 

interaction with the interior sidewall of the US-tube, allowing it to prevent the exit 

of copper ions or chelates.  The Gd(hfac)3·2H2O chelate thus may act as a “plug,” 

similar to the Gd3+ ion clusters, but more able to diffuse and distribute along the 

length of the nanotube rather than solely remaining at the sidewall defect sites. 
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Figure 4-9: Comparison of Cu2+ loading, in the presence of an equimolar 
amount of Gd3+, Gd(hfac)3·2H2O, or in the absence of Gd. Error bars represent 

one standard deviation from the mean. 
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Figure 4-10: Comparison of Cu(hfac)2·xH2O loading, in the presence of an 
equimolar amount of Gd3+, Gd(hfac)3·2H2O, or in the absence of Gd. Error bars 

represent one standard deviation from the mean. 

4.3. Chelation of 64Cu and encapsulation within US-tubes 

Having studied the loading behavior of gadolinium and non-radioactive 

copper, the loading of radioactive 64Cu was attempted. However, the loading 

procedure needed to be scaled down for safety, cost, and technical feasibility. This 

shift from bulk material to picomolar concentrations may result in new or altered 

phenomena compared to previous studies of non-radioactive copper. A comparison 

of the loading rates of 64Cu chelated with different ligands led to one such change in 
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trend: the chelated 64Cu species had lower radiochemical yields (RCY) than the free 

64Cu2+ ion (Figure 4-11) in contrast to what was observed using non-radioactive 

copper. At such low concentrations, the 64Cu chelates, which rely on hydrophobic 

interactions with the interior of the US-tube for retention, are not as strongly bound 

to the US-tube as 64Cu2+ ions, which can directly coordinate to the oxygen atoms 

present at the sidewall defects of the US-tubes. Further experiments with 64Cu were 

carried out with the hfac ligand due to its marginally higher RCY compared to the 

acac and thd ligands. 

64Cu  Chelates

Radiochemical Yield  (%)
0 20 40 60 80 100

2+Cu64

2Cu(acac)64

2Cu(thd)64

2Cu(hfac)64

 

Figure 4-11: Radiochemical yield of US-tubes loaded with 64Cu(acac)2, 
64Cu(thd)2, 64Cu(hfac)2, or free 64Cu2+ ion. 
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4.3.1. Experimental 

4.3.1.1. 64Cu chelation and loading 

100 μL hexafluoroacetylacetone (300 mg/mL in methanol) was placed in a 

1.5 mL Eppendorf tube. 25 μL concentrated ammonium hydroxide (68%) was added 

to deprotonate the ligand. The mixture was vortexed and left undisturbed for five 

minutes at room temperature. 1 mCi 64Cu2+ in 100 μL water was added to the 

deprotonated ligand and mixed. 100 μL of a 1 mM solution of GdCl3·6H2O or 

Gd(hfac)3·2H2O (or 100 μL methanol for samples not requiring Gd) was added to the 

Eppendorf tube. 500 μL US-tubes (2 mg/mL in methanol) was then added to the 

Eppendorf tube. The mixture was vortexed and the activity was measured prior to 

bath sonication for 10 minutes. 

4.3.1.2. Isolation of product and purification 

The 64Cu-filled US-tubes were isolated by repeated centrifuge filtration at 

1000 rcf, using a Amicon Ultra centrifuge filter (0.4 mL, 100 kDa). Residual unbound 

64Cu2+ was removed by washing the product with 3 aliquots of 400 μL methanol 

followed by 400 μL deionized water. Activity retained in the US-tubes was 

determined after washing and used for calculation of RCY. Radiochemical purity was 

assessed by radio-thin-layer chromatography (Appendix A) with Whatman 

chromatography paper and 0.1 M ammonium acetate/0.05 M EDTA (pH 6) as the 

mobile phase and analyzed with an AR-2000 scanner (Bioscan, Washington D.C.).   
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4.3.1.3. Stability studies 

Samples were challenged with either EDTA (room temperature, 5 min) or 

50% mouse serum in PBS (37°C, 1 h or 24 h). Samples were resuspended in the 

challenge solution and left undisturbed for the specified duration. The challenge 

solution was removed by centrifuge filtration and the activity of the product and 

filtrate were both measured.  

4.3.2. Results and Discussion 

4.3.2.1. Loading 64Cu into US-tubes 

The radiochemical yields of US-tubes loaded with various combinations of 

64Cu2+, 64Cu(hfac)2·xH2O, Gd3+, and Gd(hfac)3·2H2O are shown in Figure 4-12. As 

seen previously, the chelated 64Cu(hfac)2·xH2O samples had lower yields than the 

free 64Cu2+ ion samples. Also, in contrast to the studies with non-radioactive copper, 

the addition of either Gd3+ or Gd(hfac)3·2H2O did not significantly alter the loading 

rate of 64Cu. 
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Figure 4-12: Radiochemical yield of US-tubes loaded with combinations of 
64Cu2+, 64Cu(hfac)2·xH2O, Gd3+, and Gd(hfac)3·2H2O. Error bars represent 1 

standard deviation from the mean. 

4.3.2.2. Stability studies 

The challenge of 64Cu-filled US-tubes with EDTA (Figure 4-13) showed two 

interesting trends. First, the addition of gadolinium, either as Gd3+ or 

Gd(hfac)3·2H2O marginally improved resistance to EDTA, with Gd(hfac)3·2H2O being 

more effective than Gd3+ at allowing US-tubes to retain 64Cu. This phenomenon is 

due to is due to the role of gadolinium in preventing the exit of 64Cu from the US-

tubes, since the Gd3+ ion clusters or Gd(hfac)3·2H2O chelate must first be removed 

before the 64Cu can be chelated by EDTA. The Gd(hfac)3·2H2O samples are more 

resistant than the Gd3+ samples because the gadolinium is already chelated by the 

hfac ligand. Secondly, samples loaded with 64Cu(hfac)2·xH2O were more resistant to 
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EDTA than samples loaded with 64Cu2+. Analogously to gadolinium, the 

64Cu(hfac)2·xH2O samples are more resistant due to the presence of the hfac ligands. 

EDTA Challenge (5 min)
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Figure 4-13: Retention of 64Cu activity in US-tubes after incubation in 10 mM 
EDTA at room temperature for 5 minutes. Error bars represent 1 standard 

deviation from the mean. 

The challenge of 64Cu-filled US-tubes with 50% mouse serum for either 1 

hour (Figure 4-14) or 24 hours (Figure 4-15) showed no significant loss of 64Cu from 

the US-tubes. In contrast to EDTA, which is small enough to enter the US-tubes 

through the sidewall defects, serum proteins are generally large and metal chelation 
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sites are not usually exposed. Thus, serum proteins will only be able to remove 64Cu 

that is adsorbed onto the exterior of the US-tube or exposed at the sidewall defects. 

Serum Challenge (1h)
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Figure 4-14: Retention of 64Cu activity in US-tubes after incubation in 50% 
mouse serum at 37°C for 1 hour. Error bars represent 1 standard deviation 

from the mean. 
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Serum Challenge (24h)
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Figure 4-15: Retention of 64Cu activity in US-tubes after incubation in 50% 
mouse serum at 37°C for 24 hours. Error bars represent 1 standard deviation 

from the mean. 

4.4. Conclusions 

The work presented in this chapter has revealed several strategies for the 

incorporation of additional imaging modalities within the US-tubes. As shown in 

Section 4.1, PET imaging capability could be added by trapping 64Cu2+ ions in the US-

tubes by using Gd3+ ion clusters to block the sidewall defects. This technique could 

theoretically be applied to other medically-relevant metals. However, in cases 
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where gadolinium is not desired, it is still possible to encapsulate metal ions by 

chelating them prior to loading. This strategy results in slightly lower RCY, but 

imparts greater resistance to small chelators such as EDTA. Chelation has allowed 

the improved retention and stability of PET radioisotopes such as 64Cu and 68Ga 

(Appendix B). In summary, chelation is a viable alternative strategy for the 

encapsulation of various metal ions within US-tubes to provide additional medical 

imaging modalities. 
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Chapter 5 

From bench to clinic: Investigations on 
the safety, efficacy, and therapeutic 

potential of US-tubes4 

5.1. Subcellular localization of US-tubes 

Unlike traditional MRI contrast agents which remain in the vasculature or 

extracellular matrix, the gadonanotubes are able to cross the cellular membrane 

through a combination of passive diffusion and active uptake by various endocytic 

mechanisms. The ability to localize imaging agents intracellularly is invaluable for 

diagnosis, but also poses safety concerns with regards to the potential toxicity and 

                                                        
 

4 Portions of this chapter have been submitted for publication as the following journal articles:  
a) “Subcellular partitioning and analysis of Gd3+-loaded ultra-short single-walled carbon 

nanotubes” 
b) “Surfactant Free Highly-water-dispersible Gd 3+-ion-loaded Carbon Nanotube MRI Contrast 

Agents for Stem Cell Labeling” 
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altered behavior of labeled cells. Previous studies of the gadonanotubes in vitro have 

shown that they are generally well-tolerated with no acute cytotoxic effects.27,45 The 

work presented in this section aims to supplement the knowledge gained from 

previous studies with data on the behavior of empty US-tubes and effects arising 

from the choice of dispersal agent. Further, the subcellular localization of the US-

tubes and gadonanotubes is examined through Raman mapping and fluorescence 

lifetime imaging. 

5.1.1. Experimental Procedures 

5.1.1.1. US-tube Dispersions 

US-tubes and gadonanotubes were prepared as described in Sections 3.3.1 

and 3.3.3 respectively. Both US–tubes and GNTs were dispersed in ultrapure water 

using either Pluronic F108 triblock copolymer (BSAF, PF108) or bovine serum 

albumin (Sigma Aldrich, BSA) according to previously established protocols.46–48 

Briefly, the final wt.% in water was 0.1 wt.% for US-tubes and 1.0 wt.% for 

dispersing agent. The mixture (typically ~3 mL) was probe-tip (Fisher Scientific, 

Sonic Dismembrator Model 100, 3 mm probe tip) sonicated at 6 W for 2 h. BSA 

dispersions were centrifuged for 7 min at 21,000×g47,48 while PF108 dispersions 

were centrifuged for 30 min at 21,000×g.49 Supernatants were carefully decanted, 

optically characterized and UV sterilized for 1 h before cellular experiments. 
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5.1.1.2. Absorbance and Raman Spectroscopies of US-tubes 

UV–vis–NIR absorbance spectroscopy was performed using a Varian Cary 

5000 spectrophotometer. US-tube concentration was determined using a known 

absorbance coefficient at 930 nm of 2.6 (abs ∙ mL) ∙ (mg ∙ mm)-1.50 Raman 

spectroscopy and imaging was performed using an inverted, confocal Raman 

microscope (inVia confocal Raman, Renishaw). A 50× air objective with 0.75 

numerical aperture (NA) was typically used for bulk uptake measurements, and a 

100× oil immersion objective with 1.4 NA was used for Raman mapping. Bulk 

uptake measurements were performed on cell lysates. Mapping experiments were 

performed on fixed cells mounted onto microscopy slides. Typical Raman maps 

were acquired with a ~5 m step size, ~10 s integration time, ~10 mW of 785 nm 

(1.58 eV) laser intensity and concatenation of multiple images to form a larger, 

aggregate field of view. Control of Raman spectroscopy and imaging acquisition 

parameters was performed in WiRE 3.4 software (Renishaw). To determine bulk 

uptake and spatially delineated uptake of US-tubes in cells from Raman spectra and 

Raman mapping, respectively, Raman G-band intensity of nanotubes was correlated 

to US-tube concentration. To this end, the concentration of the starting stock 

solution was determined using UV–vis–NIR absorbance spectroscopy and the 

absorbance coefficient. Serial dilutions were then performed and the nanotube 

Raman G-band intensity was measured from these dispersions to create a standard 

curve of Raman G-band intensity versus nanotube concentration. Details on how to 

make such a standard curve is described elsewhere.48  
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5.1.1.3. US-tube Stability 

To assess stability of PF108- and BSA-stabilized US-tube dispersions at 

conditions similar to those encountered during cell experiments, initial US-tube 

dispersions at ~100 g mL-1 were diluted in either ultrapure water (resistivity: 18.3 

M-cm, total oxidizable carbon: 3 ppb) or complete cell culture media to 3 g mL-1 

and incubated at 5% CO2 and 37 °C for 48 h, and then UV–vis–NIR absorbance 

spectra before and after incubation were collected and compared. Further, the 

stability of all US-tube dispersions after storage for three weeks at 4 °C was 

examined using UV–vis–NIR absorbance spectroscopy. 

5.1.1.4. Cell Culture and Biocompatibility 

HeLa cells were maintained at 5% CO2 and 37 °C in complete cell culture 

media: Dulbecco’s Modified Eagle Media (1000 mg L-1 Glucose, 4.0 mM L-Glutamine 

and 110 mg L-1 Sodium Pyruvate; Thermo Scientific) supplemented with 10% v/v 

fetal bovine serum (FBS; Life Technologies) and 1% v/v penicillin/streptomycin 

(Life Technologies). For US-tube experiments, HeLa cells were seeded at 3.0 × 104 

cells cm-2 and incubated for 24 h. For imaging experiments, cells were seeded on 

sterilized #1.5 glass coverslips (Fisher). Then, the media was exchanged, and US-

tubes were diluted to the indicated concentration in fresh cell culture media and 

remained for the duration of the experiment. To account for dilution of nutrients, 

additional FBS was also added at 10% of the US-tubes’ (or controls’) added volumes.  
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For fixed cell imaging, cells were fixed in 3.7% formaldehyde, permeabilized 

with 0.2% Triton X-100 and labeled with rhodamine phalloidin at 0.165 M (Life 

Technologies) and 4',6-diamidino-2-phenylindole at 0.25 g mL-1 (DAPI; Life 

Technologies). For proliferation and viability analysis, the media was aspirated, the 

cells washed once with 1× PBS, the cells incubated for ~30 min in Leibovitz media 

with Hoechst 33342 at 0.25 g mL-1 (Life Technologies) and propidium iodide at 

500 nM (PI; Life Technologies), the media exchanged for 1× PBS and then rapidly 

fluorescently imaged using 20× magnification. Proliferation was calculated as % 

control cells, and viability was calculated as % PI(+) cells of each condition. 

Calcium levels were assessed using calcein. HeLa cells were at seeded at 3.0 × 

104 cells cm-2 and incubated for 24 h. Then, the media was changed, and cells were 

exposed to US-tubes at 9 g mL-1. After 24 h of exposure, the US-tube-laden medias 

were aspirated, the cells washed with PBS, the cells exposed to calcein (for calcium) 

at 1 M and Hoechst 33342 (for DNA) at 0.25 g mL-1 dissolved in PBS for 30 min. 

The staining solution was then aspirated, the cells washed with PBS, and the cells 

were exposed to Triton X-100 at 0.2% v/v in PBS to minimize the effects of cellular 

compartmentalization. Calcein and Hoechst 33342 fluorescence were assessed 

using a fluorescence microplate reader. Data is presented as calcein signal per cell 

(dividing calcein fluorescence by Hoechst 33342 fluorescence), normalized to 

control. 
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5.1.1.5. US-tube Uptake 

Bulk US-tube cellular uptake was determined according to previously 

described methods.47–49,51 Briefly, after exposure to US-tubes, the US-tube-laden 

media was aspirated from the cells’ wells, the cells were washed with 1× PBS and 

the number of cells was determined before lysing the cells. Total cell number was 

assessed by both imaging and protein assay. Before imaging, cells were labeled with 

Hoechst 33342 (Life Technologies) to label nuclei to create stark contrast for 

automated image processing. Multiple fields of view were imaged at 20× 

magnification, and total cell count was found by extrapolating the cells per total 

imaged area to the area of the entire well. Also, a protein assay was performed. Cells 

were analyzed by both their absorbance at 280 nm and their absorbance at 595 nm 

for a Coomassie (Bradford) Protein Assay (Pierce Biotechnology, Thermo Scientific) 

related to the appropriate standard curve. After performing the cell count, the cells 

were lysed with cell lysis buffer according to manufacturer’s recommendations (Cell 

Signaling Technologies), probe-tip sonicated, placed into a 24-well glass-bottom 

dish and subjected to confocal Raman spectroscopy.  

5.1.1.6. Widefield and Confocal Imaging 

Low magnification, widefield imaging was performed on an inverted Leica 

DMI 6000B fluorescence and light microscope with a 20× phase-contrast air 

objective with 0.4 NA, a Leica DFC350 FX charge-coupled device (CCD) and Leica 

Application Suite Advanced Fluorescence (LAS AF) software. High magnification, 
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widefield imaging was performed on an inverted Leica DMI 4000B fluorescence and 

light microscope with a 100× phase-contrast oil immersion objective with 1.4 NA 

and a Imperx IPX-VGA210 CCD. 

Confocal fluorescence microscopy was performed on an inverted Leica TCS 

SP5 laser scanning multiphoton confocal fluorescence microscope with a 100× oil 

immersion objective with 1.4 NA. Confocal Z-stacks were acquired with an X–Y pixel 

resolution of 1,024 × 1,024, a Z-step size of ~0.1 m, 700 Hz scan rate and multiple 

frame averaging. Confocal maximum projections were created in LAS AF software. 

5.1.1.7. FLIM 

Time-correlated single photon counting fluorescence lifetime imaging 

microscopy (FLIM) was performed on the above-described Leica TCS SP5 confocal 

microscope using an 80 MHz pulsed, Ti-Sapphire laser (Chameleon, Coherent) 

(multi-photon excitation) and a SPC-830 photon counting device (Becker & Hickl), 

as described previously.52,53 Briefly, FLIM images were acquired at 256 × 256 pixels 

for at least 300 s to maximize total acquired photons to enable a valid fit to a two 

exponential decay, if appropriate.54 Pixel-by-pixel exponential fits and FLIM images 

were generated in SPCImage software (Becker & Hickl). Quantification of average 

FLIM parameters (e.g., fluorescence lifetime (and goodness of fit (2)) was 

performed in MATLAB using in-house code.52,53 
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5.1.2. Results and Discussion 

5.1.2.1. Materials Characterization and Stability 

US-tube dispersion stability in physiologically relevant media is important 

for biological applications, as aggregates lack the desirable properties of 

individualized US-tubes, have altered cellular interactions, may occlude the 

vasculature and may become too large for renal clearance.55 However, many studies 

of GNTs do not report their dispersion quality and stability. In this study, the quality 

of dispersions and how that quality changed as a function of time and exposure to 

complete cell culture media were characterized. 

Nanotube concentration, structural integrity and dispersion state (i.e., if the 

nanotubes were individually dispersed or if they existed in bundles) in the PF108- 

and BSA-stabilized US–tubes and GNT dispersions were characterized using optical 

absorbance and Raman spectroscopies (Figure 5-1). Using an absorbance coefficient 

of 2.6 (abs ∙ mL) ∙ (mg ∙ mm)-1 at 930 nm, the concentration of carbon nanotubes was 

calculated for each sample. Typically, greater sharpness of van Hove peaks in the 

absorbance or NIR fluorescence spectra for SWCNTs is associated with higher 

dispersion quality. However, US-tubes for this study were engineered to have 

extensive cavities in their sidewalls to allow for Gd3+ loading, which disrupted the 

continuous sp2 hybridized carbon bonds of US-tubes and hence, the van Hove 

singularities. As a result, the absorbance spectra from both US–tubes and GNTs had 

non-existent or a few broad van Hove peaks (Figure 5-1 A,C,E,G), which hindered 
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extracting dispersion quality from absorbance spectra with a high degree of 

confidence. Further, quantification of dispersion stability using NIR absorbance 

spectroscopy, which is often done by analyzing the evolution of the sharpness of the 

van Hove peaks as a function of time, was also non-ideal and is a limitation of the 

results. Nonetheless, we were able to compare US-tube spectra to demonstrate that 

even after ~100× dilution into either ultrapure water or complete cell culture media 

and incubation for 48 h at 37 °C, there was minimal change to dispersion state for 

either the PF108- or BSA-stabilized US-tubes. These results demonstrated that 

aggregation was minimal, avoiding the negative effects from aggregated US-tubes. 

Further, renal clearance of rod-like nanostructures is possible for diameters < 6 

nm55 and has been experimentally demonstrated for SWCNTs.27,56 Since GNTs 

remain stably dispersed and dispersion is important for clearance, they may be 

renally clearable, potentially allowing for the safe use of GNTs as an MRI CA material 

followed by elimination of GNTs from the body. 
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Figure 5-1: US-tube and GNT materials characterization. A,C,E,G) Ultraviolet–
visible–near-infrared (UV–vis–NIR) absorbance spectroscopy of the indicated 

US-tube dispersion. B,D,F,H) Raman spectra for the indicated US-tube 
dispersion. 

Characteristic Raman features of US-tubes such as the G-band at ~1591 cm-1 

that indicates sp2 hybridized carbon bonds, D-band at ~1300 cm-1 that indicates sp3 

hybridization or “disorder” in a pristine SWCNT structure, and radial breathing 

modes (RBMs) at ~200 – 300 cm-1 that indicate coordinated radial 
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expansions/contractions along a nanotube57 were observed in the Raman spectra 

(Figure 5-1 B,D,F,H). The US-tubes’ Raman spectra were similar to those previously 

reported. The D-band to G-band band ratio had a comparatively high value of 0.24 ± 

0.04 due to relatively high “disorder” band coming from significant defects on 

nanotubes, confirming a significant increase in sp3 hybridized carbon bonds which 

disrupted the continuity of US-tube sp2 hybridized structure and explaining the lack 

of distinct peaks in the absorbance spectra. However, presence of RBMs confirmed 

that the US–tubes and GNTs maintained their tubular structure.57 US-tube Raman 

RBM signal was intense, with RBM peak intensity being greater than G-band 

intensity for most samples. Average RBM peak location was similar for all 

dispersions, having an average value of 160.2 ± 0.5 cm-1, which is in agreement with 

RBM peak locations for SWCNTs with diameters of ~1.4 nm.58–60 

An important consideration for US-tube applications in cellular systems is 

dispersion stability in cell culture media. PF108- and BSA-dispersed US–tubes and 

GNTs were diluted in either ultrapure water or complete cell culture media and 

incubated for 48 h at 37 °C and 5% CO2 (i.e., standard cell culture conditions). As 

mentioned earlier, it was difficult to reliably determine dispersion quality from 

nanotube absorbance spectra. Nevertheless, such spectra from before and after 

incubation showed minor changes (Figure 5-2 A-B), as confirmed by quantification 

of the root mean squared difference between the normalized spectra of the initial 

samples and the same of the diluted samples (Figure 5-2 C). However, after storage 
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for three weeks at 4 °C, the PF108-dispersed US-tubes aggregated in cell media, and 

all water-dispersed samples aggregated to a small degree (Figure 5-2 D).  

 

Figure 5-2: Stability of BSA- and PF108-dispered US–tubes and GNTs. UV–vis–
NIR absorbance spectra normalized to 930 nm of the E11 region showed little 

change for samples diluted from ~100 g mL-1 to ~3 g mL-1 in ultrapure water 
or complete cell culture media after 48 h at 37 °C for A) BSA-dispersed and B) 

PF108-dispersed US–tubes and GNTs. C) Quantification of the root mean 
squared difference (RMS) between each diluted sample’s normalized 

spectrum and its corresponding initial, normalized spectrum. D) After 3 
weeks of storage at 4 °C, aggregation was observed for the PF108-dispersed 

samples diluted in media but much less so for those diluted in ultrapure 
water. The reverse was the case for BSA-dispersed US-tubes: aggregation was 

more obvious for the water samples than the media samples, although neither 
was as aggregated as the PF108-dispersed US-tubes in diluted in media. 
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5.1.2.2. Cellular Proliferation and Viability 

An important consideration for the development of GNTs for clinical 

applications is potential toxicity, as free Gd3+ inhibits calcium channels and is highly 

toxic61 and US–tubes themselves could negatively affect cells. Previous studies have 

shown that the Gd3+ ions remain sequestered within the US–tubes upon 

physiological challenge,62 and GNTs and similar gadolinium-containing 

nanostructured carbon materials are cytocompatible.45,63,64 However, investigations 

typically did not focus on the dispersing agent or the potential alteration to the 

nanomaterial interface.  

The effects of PF108- or BSA-stabilized US–tubes and GNTs on cellular 

growth and viability were studied by administering the materials to HeLa cells at 

concentrations ranging from 1 – 27 g mL-1 and quantifing HeLa cell proliferation 

(cell enumeration assay) and acute toxicity (the exclusion of the cellular membrane 

impermeable propidium iodide, PI). No change in cellular proliferation relative to 

untreated control cells were observed for any conditions (Figure 5-3 A). 

Additionally, the US-tubes or GNTs with either of the dispersing agents did not 

increase PI(+) cells, which suggested that neither material was acutely cytotoxic 

(Figure 5-3 B).  
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Figure 5-3: HeLa cell proliferation and viability of PF108- and BSA-dispersed 
US–tubes and GNTs. A) Proliferation measured by cell enumeration assay. B) 
Viability measured by propidium iodide exclusion. Cells were exposed to the 
indicated condition for 24 h. No sample was statistically significant compared 

to control. 

Since free Gd3+ is known to inhibit calcium channels, the calcium levels in 

cells were also examined by exposing HeLa cells to GNTs and estimating Ca2+ levels 

with calcein. There was no statistical change in Ca2+ levels per cell compared to 

control (Figure 5-4).  
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Figure 5-4: Per cell calcium levels assessed by calcein. HeLa cells were 
exposed to US-tubes and GNTs at 9 g mL-1 or controls for 24 h, and calcein 

labeling enabled a semi-quantitative estimation of calcium levels. All samples 
were statistically similar to control. 

In these experiments, GNTs did not illicit acute cytotoxicity and did not 

reduce cellular proliferation at exposure levels of up to at least 27 g mL-1. 

Additionally, GNTs did not alter cellular calcium levels. Therefore, these results 

confirm that Gd3+ was sequestered within the nanotubes. In addition, US–tubes did 

not reduce proliferation or cause acute cytotoxicity, even at a cellular exposure 

concentration of 27 g mL-1, which was similar to results obtained for GNTs and 

other SWCNTs. The dispersing agent also had no effect on toxicity of nanotubes to 

HeLa cells. These results suggest that a potential protein coating of GNT dispersions 

in vivo by albumin also would not alter cytocompatibility.  
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5.1.2.3. Quantification of Cellular Uptake 

 Previous studies exclusively utilized Gd3+ to quantify GNT uptake into cells; 

unfortunately, this method may underestimate nanotube concentration in cells if 

Gd3+ loading into the US–tubes is highly heterogeneous. Furthermore, this approach 

cannot be utilized to compare and contrast US–tubes uptake into cells relative to 

GNTs. Indeed, cellular uptake of US–tubes as compared to the GNTs remains 

unexplored to date. To determine average cellular uptake of US–tubes and GNTs, 

bulk uptake measurements were performed utilizing the Raman signature of 

SWCNT materials. 

Cellular association of both US–tubes and GNTs with HeLa cells was relatively 

rapid, with association on the order of 1 pg cell-1 after only 10 s of cellular exposure 

to 9 g mL-1 of US-tubes or GNTs. (Figure 5-5 A) While the uncertainty in the time 

rate of uptake at short times was large due to limited, small time steps, the average 

rate was positive, indicating a time-dependent uptake that reached a dynamic 

equilibrium after ~0.5 h (Figure 5-5 B). This relatively rapid association was 

somewhat faster than the previously reported uptake of PF108-dispersed GNTs into 

porcine bone marrow-derived mesenchymal stem cells (pMSCs) which reached 

equilibrium after ~4 h, although the exposure dose in that study,45 which we 

calculated to be 110 ± 77 g mL-1, was approximately an order of magnitude greater 

than the dosage used here. At such a high exposure, it may take longer for cells to 

reach dynamic equilibrium, or the difference in uptake rates may be due to a 

difference in cell type. Another study of cells exposed to SWCNTs synthesized with 
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gadolinium nanoparticles showed that SWCNTs were within vesicles, suggesting 

uptake occurred via endocytosis and resulted in a dynamic equilibrium of uptake 

and expulsion over time.65  

Long-time (24 h) uptake showed little dependence on exposure 

concentrations with a bulk average uptake of ~3 pg cell-1 over an exposure 

concentration range of 1 – 27 g mL-1 (Figure 5-5 C). No substantial difference 

between either SWCNT type (US–tubes versus GNTs) or dispersing agent (PF108 

versus BSA) were observed. These parameters may have had a reduced effect on 

cellular association due to these SWCNTs’ ultra-short lengths which may have 

helped facilitate endocytic uptake.  
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Figure 5-5: Quantification of cellular uptake of US-tubes and GNTs. A) Time-
dependent HeLa cell uptake for PF108- and BSA-dispersed US–tubes and GNTs 
from 10 s to 24 h (time points at 10 and 60 s; 7, 20 and 60 min; 3, 8 and 24 h). 

All data is shown for a 9 g mL-1 cellular exposure concentration. B) Time-rate 
of uptake of US-tubes or GNTs calculated from A. At early times, the rates were 

slightly positive, indicating an increase in uptake per time. After ~0.5 h, the 
uptake per cell per time diminished, and the rate of uptake approached 0. C) 

Long-time (24 h) HeLa cell uptake as a function of concentration. 

5.1.2.4. Subcellular Localization 

Understanding the long-term subcellular localization of GNTs is crucial for 

verifying the cytocompatibility of GNTs. While some reports have evaluated 
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subcellular localization of GNTs using bright field or transmission electron 

microscopies, these modalities have some limitations. Contrast in bright field 

microscopy is generated from absorbance; therefore, only very large local 

concentrations of GNTs can be detected and there is no specificity for GNTs. While 

transmission electron microscopy can provide nm-level resolution, imaging 

individual US-tubes in biological media is challenging, only enabling facile imaging 

of US-tube aggregates within cells. Resonant Raman imaging allows for high 

sensitivity and specificity for US-tubes while achieving diffraction-limited spatial 

resolution; hence, Raman images of GNT intensity co-registered to optical images of 

cellular features are useful for determining GNT subcellular distribution. One study 

has shown a Raman map of GNT intensity co-registered to a bright field image of a 

NIH-3T3 cell.65 Unfortunately, only one cell was included, and local GNT 

concentration was not determined. 

Therefore, Raman imaging of HeLa cells exposed to PF108- and BSA-

stabilized US–tubes and GNTs was performed to ascertain US-tube cellular 

distribution. Heat maps based on the G-band intensity of US-tubes revealed subtle 

differences between PF108- and BSA-dispersed nanotubes (Figure 5-6).  Cells 

exposed to the PF108-dispersed US-tubes had regions of aggregation that could be 

observed as phase-dense regions in phase-contrast microscopy. Raman imaging 

demonstrated that these regions were extremely concentrated with some regions 

being > 50× more concentrated than the exposure concentration. Confocal 

fluorescence and FLIM results suggested that these aggregates were co-localized 
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with apical F-actin structures. For cells exposed to BSA-dispersed US-tubes or GNTs, 

these regions were absent from both the phase and G-band based heat map images, 

and US-tube intensity was more uniformly distributed throughout the cells. It has 

been previously shown for SWCNTs dispersed with PF108 that upon addition to 

blood in an in vivo rabbit model, the PF108 dispersing agent was displaced from the 

SWCNT surface and replaced by serum proteins.66 Other studies have shown fast 

exchange between SWCNT-adsorbed and free Pluronic F127.67 Further, long-term 

aggregation of PF108-stabilized SWCNT materials in cell culture media was 

observed. Therefore, in this study, there may have been desorption of PF108 upon 

dilution in complete cell culture media that resulted in some US-tube or GNT 

bundling, manifesting as small aggregates associated with the cells. While 

desorption was possible for BSA, neither subcellular aggregates nor long-term 

bundling was observed in vitro for BSA-dispersed US-tubes or GNTs. 
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Figure 5-6: Raman mapping of US-tube and GNT cellular distribution. Raman 
mapping of nanotube G-band intensity demonstrated pockets of intense signal 

for PF108-dispersed US–tubes and GNTs and more uniform distribution for 
BSA dispersions. All samples were HeLa cells exposed to 10 g mL-1 for 24 h. 

Additionally, confocal Raman imaging yielded relatively low signal-to-noise 

ratio for the BSA-dispersed US-tubes and GNTS while the clumps of PF108-

dispersed US-tubes and GNTs were easily detected. Therefore, mapping was 
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performed in “standard” (i.e., not confocal) mode to capture intensity from the 

materials throughout the Z-height of the cells. Upon doing so, substantial G-band 

intensity relative to baseline was detected for the BSA-dispersed samples. 

Therefore, it seems that the BSA-dispersed US-tubes and GNTs were well-dispersed 

in the Z-direction, although some intensity may arise from material adhered to the 

cell membrane or deposited on the substrate. 

Although nuclei were not fluorescently labeled, high-resolution phase 

contrast imaging was sufficient to approximately locate nuclei. Unlike functionalized 

[C60]fullerene,68 neither PF108- nor BSA-dispersed nanotubes preferentially co-

localized within the nucleus. These extra-nuclear subcellular localizations were 

similar to results obtained for Pluronic F127- and BSA-dispersed SWCNTs with 

lengths of ~145 nm.47–49,51 

5.1.2.5. F-actin Distribution 

To date, minimal attention has been given to understanding GNT subcellular 

partitioning; therefore, cells exposed to GNTs were examined to see if they 

possessed altered subcellular compartments. F-actin is an extremely important and 

prevalent cytoskeletal protein that has important roles in cell shape, motility, 

endocytosis, traction force, division, etc., and its alteration can negatively affect all of 

these crucial cellular functionalities. Since bulk cellular uptake levels of US–tubes 

and GNTs were high (~3 pg cell-1) and other types of SWCNT materials have been 

previously shown to interact with and alter F-actin structures,52,69 the ability of US-
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tubes and GNTs to alter actin structures was investigated. Widefield fluorescence 

imaging of rhodamine phalloidin-labeled F-actin of HeLa cells exposed to US-tubes 

or GNTs revealed little alterations to F-actin structures in the X–Y plane (Figure 

5-7), although the appearance of slightly increased supra-nuclear intensity for the 

PF108-dispersed samples suggested that there could have been slight alterations to 

the Z-distribution.  
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Figure 5-7: Widefield imaging of F-actin structures. Widefield X–Y images 
showed similar X–Y F-actin organization between all samples. 
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A series of X–Y confocal fluorescence microscopy images through Z, hereafter 

referred to as Z-stacks, of individual cells exposed to either PF108- or BSA-

dispersed US–tubes or GNTs were collected. At least 10 cells for each experimental 

condition were imaged to ensure that the variations in cellular response to US–

tubes and GNT exposures were adequately captured within the images. Maximum 

projections in X–Y by compressing the Z-stack images in Z confirmed that F-actin 

structures were similar in the plane parallel to the substrate (X–Y plane) (Figure 5-8 

A). However, X–Z maximum projections by compressing the Z-stack images in Y 

revealed higher F-actin intensity per pixel at the apical regions of the cells exposed 

to PF108-dispersed US-tubes and GNTs (Figure 5-8 A). Quantification of X–Z 

intensity confirmed that BSA-dispersed US-tubes and GNTs did not alter the F-actin 

distribution and demonstrated similar basal cortical F-actin and actin cap signals 

compared to controls (Figure 5-8 B). However, PF108-dispersed US–tubes and GNTs 

possessed slightly altered F-actin Z-intensity distributions (Figure 5-8 C). The apical 

intensity for the PF108-dispersed US–tubes was higher than control from ~0.1 – 

~0.85 normalized Z-position. PF108-dispersed GNTs also showed an increase in 

intensity but over a narrower (~0.5 – ~0.85) normalized Z-position. 
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Figure 5-8: Confocal analysis of X–Z F-actin intensity. A) X–Y (top) and X–Z 
(bottom) maximum projections of confocal Z-stacks of rhodamine-phalloidin-
labeled F-actin in HeLa cells exposed to the indicated conditions for 24 h. X–Y 

F-actin distributions were similar, although X–Z distributions revealed 
increased apical intensity for PF108-dispersed US–tubes and GNTs. All scale 

bars are 10 m. B) Quantification of F-actin intensity per pixel as a function of 
normalized cell Z-position for BSA samples and C) PF108 samples. BSA and 

PF108 plots are separated for clarity.  

Since PF108-dispersed US-tubes and GNTs slightly increased apical F-actin, 

fluorescence lifetime imaging microscopy (FLIM) was used to probe changes in the 

nanoenvironment of rhodamine-phalloidin labeled F-actin. Since a fluorophore’s 

fluorescence lifetime changes in response to differences in its environment within 

~5 nm, FLIM provides nm-level resolution via an optical technique. Therefore, FLIM 

was utilized to determine changes in rhodamine’s fluorescence lifetime, implying a 

direct interaction between F-actin and US-tubes or GNTs. Figure 5-9 shows heat 

maps of rhodamine fluorescence lifetime. 
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Figure 5-9: FLIM analysis of F-actin. A) Heat maps of rhodamine-phalloidin 
fluorescence lifetime () modeled by a single exponential decay. Note the 

regions of extreme quenching for the PF108-dispersed US–tubes and GNTs 
(red regions). B) Heat maps of the goodness of fit (2) of fluorescence lifetime 
for the single-exponential fit. Blue regions for the PF108-dispersed materials 

generally co-register with areas of substantial lifetime quenching and indicate 
a poor fit by a single exponential only. C) Quantification of average field of 

view  across multiple fields of views. The * indicates statistical significance (p 
< 0.05) compared to control. D) Quantification of the overall average 2 for 

both a single and a double exponential decay fit. Note the large error bars for 
PF108-dispersed materials which reflect the poor single-exponential fit for 

the regions of high quenching. 

Interestingly, small pockets of extreme rhodamine-phalloidin-labeled F-actin 

fluorescence lifetime quenching were observed, which mimicked the Raman 
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imaging results of intense, punctate PF108-dispersed US-tube and GNT signal. 

Therefore, it is likely that aggregates of PF108-dispersed materials interacted with 

cells at their apical surface, leading to increased F-actin intensity at the apical 

regions of the cells and resulting in extreme fluorescence lifetime quenching. Since 

these small, apical regions were the only areas of slightly altered F-actin structures, 

this suggested that the US-tubes and GNTs had minimal impact on cellular 

architecture and, thus, vitality. Additionally, since the materials either remained 

well-dispersed or slightly aggregated at the cellular apical regions, it would have 

been possible for cells to recover or expel associated US-tubes or GNTs upon the 

removal of external materials.  

5.1.3. Conclusions 

In summary, US-tubes and GNTs stabilized in aqueous solution with two 

different, clinically relevant dispersing agents, PF108 and BSA, are not acutely 

cytotoxic and do not reduce cellular proliferation, even though Raman 

spectroscopy-based bulk uptake experiments determined that they are internalized 

at high levels (~pg cell-1) into human cells. Co-registration of high resolution phase 

contrast images to Raman images of the local US-tube or GNT concentration 

demonstrated that the materials were distributed throughout the cell population, 

with cytoplasmic subcellular localization. Raman imaging also revealed that US-

tubes and GNTs stabilized with PF108 were slightly more prone to form small 

aggregates than the materials dispersed with BSA. Confocal fluorescence imaging 

and FLIM revealed that the aggregated samples slightly increased apical F-actin, but 
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it was not dependent on Gd3+ loading and may be mitigated by the dispersing agent. 

Otherwise, there were no observable changes to gross subcellular morphology. 

These results indicate that US-tubes and GNTs are not cytotoxic and do not alter the 

behavior of labeled cells. Thus the US-tubes are a good material for continued 

development as platforms for intracellular diagnostic imaging and other biomedical 

applications. 

5.2. Functionalization of US-tubes for improved water solubility 

This section describes the covalent functionalization of GNTs, 

Gd(acac)3∙2H2O@US-tubes, and Gd(hfac)3∙2H2O@US-tubes to produce water-soluble 

derivatives. The biocompatibility of these materials and their ability to produce MRI 

contrast is also assessed in vitro. 

5.2.1. Experimental Procedures 

5.2.1.1. Synthesis of gadolinium filled US-tubes 

US-tubes were prepared as described in Section 3.3.1. GNTs, 

Gd(acac)3∙2H2O@US-tubes, or Gd(hfac)3∙2H2O@US-tubes were prepared as 

described in Section 3.3.3 and Section 3.3.4 respectively.  

5.2.1.2. Functionalization of gadolinium filled US-tubes 

GNTs, Gd(acac)3∙2H2O@US-tubes, or Gd(hfac)3∙2H2O@US-tubes were added to 

a flask equipped with a magnetic stirring bar and 50 mL of the aqueous 3% 2-(N-
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morpholino)ethanesulfonic acid (MES) buffer solution with the pH adjusted to 6.3. The 

solution was briefly bath sonicated for 5 min and 500 mg of p-carboxyphenyldiazonium 

(PCP) tetrafluoroborate was added. Reaction was initiated by slow addition of an aqueous 

hydroquinone solution (1 mL, 3% w/w) and left to stir for 30 min. The product was 

collected and washed multiple times with distilled water and ethanol. The reaction was 

then repeated three more times to produce highly-water-dispersible functionalized 

materials: PCP-GNTs, PCP-Gd(acac)32H2O@US-tubes, and PCP-Gd(hfac)32H2O@US-

tubes. 

5.2.1.3. Relaxometric Analysis 

Relaxation  properties  of  the  gadolinium  filled  US-tubes  were  measured  using  a 

Bruker  Minispec  (mq  60)  benchtop  relaxometer  operating  at  1.41  T  and  37  °C.  The 

longitudinal  (T1)  relaxation  times  were  obtained  using  an  inversion  recovery  pulse 

sequence. Gd3+-ion concentration was determined by inductively-coupled plasma-optical 

emission spectroscopy (ICP-OES, using PerkinElmer Inc. Optima 4300 instrumentation). 

Samples were digested in 26% HClO 3 and reconstituted in 5 mL of trace metal-grade 2% 

HNO3 prior to data collection.  

5.2.1.4. Samples for MR imaging 

Phantom MR images of the gadolinium filled US-tubes were prepared by taking 

0.4 mg/mL aqueous dispersion of each sample. T 1 weighted MR images of the samples 

were  then  measured  using  a  1.5  T  clinical  MRI  scanner  with  an  inversion  recovery 

prepared spin echo sequence. Acquisition voxel size: 0.94 * 0.94 * 5 mm 3; TR: 10000 
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ms.  The experiment was repeated at various inversion times (TIs): 50 ms, 100 ms, 200 

ms, 400 ms, 800 ms, 1200 ms, 2000 ms, 3000 ms, 4000 ms, 5000 ms.  

5.2.1.5. Stem cell labeling 

PCP-Gd(acac)32H2O@US-tubes were used to intracellularly label pig bone-

marrow-derived mesenchymal stem cells (MSCs) harvested from three different animals. 

To prepare the stock labeling solution, PCP-Gd(acac) 32H2O@US-tubes were suspended 

in  water  (90  µM  Gd3+,  by  ICP-OES)    and  the  suspension  was  sterilized  by  UV-light 

exposure for 3 h while rocking. MSCs were grown in T-175 flasks with alpha minimal 

essential medium (αMEM) containing 10% fetal bovine serum (FBS) and incubated at 37 

°C (95% relative humidity in 5% CO 2). Cells were expanded until the third passage prior 

to labeling.  

PCP-Gd(acac)32H2O@US-tubes-labeled MSCs were prepared by adding the 

stock labeling solution directly to the αMEM (final concentration 20 µM Gd 3+) followed 

by  incubation  of  the  cells  for  24  h  with  the  agent.  After  collecting  the  cells,  the 

suspension was passed through a 70 µm nylon filter to eliminate cell aggregates and the 

cells were re-suspended in 20 mL of αMEM. A density gradient separation was 

performed to isolate the cells from excess of PCP-Gd(acac)32H2O@US-tubes in 

solution.  To  accomplish  this,  10  mL  of  Histopaque  1077  (25  °C,  Sigma-Aldrich)  was 

added to the bottom of the conical tube containing the 20 mL of cell suspension and the 

sample was centrifuge at 400 × g for 20 min. The labeled MSCs were then isolated from 

the interface of the αMEM and the Histopaque 1077 using a plastic transfer pipette. The 
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concentration of the cells was obtained using a Beckman Counter MultiSizer 3. 

Unlabeled MSCs were used as control cells. 

5.2.1.6. Concentration of PCP-Gd(acac)32H2O@US-tubes within the MSCs 

Aliquots  of  a  cell  suspension  were  collected  in  glass  vials  to  be  analyzed  by 

inductively-coupled  plasma  mass  spectrometry  (ICP-MS,  using  PerkinElmer  Inc.,  Elan 

9000  instrumentation)  to  determine  the  Gd 3+-ion  concentration  within  the  cells.  To 

prepare the samples, cells were heated and treated with two alternating additions of 500 

μL 70% trace metal-grade HNO 3 and 26% HClO 3, allowing the samples to dry between 

additions. Finally, the samples were diluted to 5 mL  with 2% trace metal-grade HNO 3 

and filtered through a 0.22 μm pore size syringe filter.  

5.2.1.7. Viability of the labeled MSCs 

Fluorescence-activated cell sorting (FACS) was performed using a BD 

Biosciences LSRII Analyzer in order to determine the viability of the MSCs after being 

labeled with PCP-Gd(acac)32H2O@US-tubes for 24 h. A LIVE/DEAD 

viability/cytotoxicity assay kit (Life Technologies) was used to stain the cells: green-

fluorescent calcein-AM indicated intracellular esterase activity in viable cells, while red-

fluorescent ethidium homodimer-1 activated was to indicate dead cells when the cell 

membrane was compromised. Unlabeled MSCs were used as the positive control while 

unlabeled MSCs incubated with 70% methanol for 20 min were used as the negative 

control (dead cells). The dyes were added and samples were incubated in the dark at 

room temperature for 20 min prior to analysis.  



 97 
 

5.2.1.8. MR imaging of labeled MSCs 

PCP-Gd(acac)32H2O@US-tube-labeled MSCs were prepared as described above. 

Samples of 10 million and 30 million unlabeled and labeled MSCs were separately 

centrifuged to form a cell pellet. The supernatant was carefully removed without 

disturbing the cell pellet.  Cautiously, cells were re-suspended in 500 µL of 0.5% agar 

avoiding bubble formation and transferred into a 1.5 mL eppendorf tube. The T1 

weighted MR images of the labeled and unlabeled MSCs were measured using a 1.5 T 

clinical MRI scanner with an inversion recovery prepared spin echo sequence. 

Acquisition voxel size: 0.7 * 0.7 * 3 mm3; TR: 6500 ms, TE: 11ms. The experiment was 

repeated at various inversion times (TIs): 50 ms, 100 ms, 200 ms, 400 ms, 600 ms, 800 

ms, 1000 ms, 1200 ms, 1500 ms, 2000 ms, 2500 ms, 3000 ms, 3500 ms. 

5.2.1.9. TEM imaging of the labeled MSCs 

TEM analysis was performed to determine the intracellular localization of the 

PCP-Gd(acac)32H2O@US-tubes. Labeled MSCs and unlabeled MSCs were centrifuged 

separately at 1500 rpm for 10 min to form a cell pellet. Without disturbing the pellet, the 

supernatant was removed and 3% glutaraldehyde was added and samples were left 

undisturbed for 2 days. Later, samples were washed with 1X phosphate buffered saline 

(PBS) and post-fixed with 1% OsO4 for 1 h and then washed and dehydrated with 

increasing concentration of ethanol, and infiltrated with acetone and Epon 812 resin. 

Finally, samples were embedded with 100 % Epon 812 in a mold and cut into 1 mm 

sections and stained with 1% methylene blue and 1 % basic fuchsin. Ultra-thin sections 
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of 80 nm were cut from the sample block using a Leica EM UC7 ultra microtome and 

framed on 100-mesh copper grids. Grids were stained with 2 % alcoholic uranyl acetate 

and Reynold’s lead citrate. The grids were examined using a JEOL 1230 TEM equipped 

with an AMTV 600 digital imaging system at the Texas Heart Institute (Houston, TX).  

5.2.2. Results and Discussion 

GNTs, Gd(acac)3∙2H2O@US-tubes, and Gd(hfac)3∙2H2O@US-tubes were 

successfully synthesized according to previously described procedures and 

determined to have Gd3+ ion content of 4.4 wt. %, 7.9 wt. %, and 4.5 wt. % 

respectively by ICP-OES. Each of the gadolinium filled US-tube samples were 

separately functionalized according to the scheme in Figure 5-10. 

 

Figure 5-10: Scheme for functionalization of gadolinium filled US-tubes 

Gd3+-ion concentrations for the functionalized compounds were determined 

to be 0.5 %wt for the PCP-GNTs, 3.8 wt% for the PCP-Gd(acac)32H2O@US-tubes, 

and 2.5 wt% for the PCP-Gd(hfac)32H2O@US-tubes. From previous work,70 it was 
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established that four repeated functionalizations of the US-tubes with the p-

carboxyphenyldiazonium (PCP) tetrafluoroborate salt produced up to 50 wt% of 

covalently-attached benzoic acid moieties to the outer surface of the US-tubes. 

Therefore a reduction in wt% of Gd3+ ions after functionalization of the 

Gd(acac)32H2O@US-tubes from 7.9% to 3.8% and of the Gd(hfac)32H2O@US-tubes 

from 4.45% to 2.5% is consistent with the covalent attachment of the PCP moieties. 

However, the GNT sample experienced a much greater wt. % loss of Gd3+ ion: from 

4.4 % before functionalization to 0.5% after functionalization. This 90 wt% 

reduction of Gd3+ ion for the PCP-GNT sample is attributed to both covalent 

attachment of the benzoic acid groups as well as to some leakage of non-chelated 

Gd3+ ions from the US-tubes interior due to the slightly acidic (pH ≈ 4) reaction 

conditions caused by the addition of p-carboxyphenyldiazonium tetrafluoroborate 

salt during synthesis. In contrast, the Gd3+ ions in the PCP-Gd(acac)32H2O@US-tube 

and PCP-Gd(hfac)32H2O@US-tube samples are chelated by three acac- or hfac- 

ligands (and two H2O molecules), and are therefore more stable to mild acidic 

conditions. 

Relaxivities for the functionalized PCP-Gd3+@US-tubes materials were 

determined using a bench top relaxometer operating at 1.41 T. Measured relaxivity 

values are as follows: PCP-GNTs, r1 = 94 ± 4 mM-1s-1; PCP-Gd(acac)32H2O@US-

tubes, r1 = 89 ± 4 mM-1s-1; and PCP-Gd(hfac)32H2O@US-tubes, r1 = 87 ± 11 mM-1s-1. 

The relaxivity values for PCP-Gd(acac)32H2O@US-tubes and PCP-

Gd(hfac)32H2O@US-tubes are within the range of the previously reported r1 values 
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for surfactant (Pluronic® F108) wrapped Gd(acac)32H2O@US-tubes and 

Gd(hfac)32H2O@US-tubes.71 

To establish their application as MRI CAs, aqueous dispersions of the PCP-

GNTs, PCP-Gd(acac)32H2O@US-tubes, and PCP-Gd(hfac)32H2O@US-tubes at a 

concentration of  0.4 mg/mL were imaged using a 1.5 T clinical MRI scanner. T1-

weighted MRI phantom images (Figure 5-11) acquired using different inversion 

times (TI) demonstrate that there is a clear visual contrast difference between 

control (no Gd3+) PCP-US-tubes and PCP-GNTs at TI 800 ms, PCP-

Gd(acac)32H2O@US-tubes at TI 100 ms, and PCP-Gd(hfac)32H2O@US-tubes at TI 

200 ms. Since r1 values (per Gd3+ ion) of all three Gd3+@US-tubes materials are 

similar to one another, the greater contrast difference at shorter TI is Gd3+-ion 

concentration dependent. Therefore, covalently functionalized, highly-water-

dispersible PCP-Gd(acac)32H2O@US-tubes and PCP-Gd(hfac)32H2O@US-tubes are 

more favorable candidates for applications as MRI CAs when compared to the PCP-

GNTs. Further cell labeling and the subsequent in vitro studies were performed 

using only PCP-Gd(acac)32H2O@US-tubes due to its higher concentration of Gd3+ 

ions encapsulated within the US-tubes. 
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Figure 5-11: T1-weighted MRI phantom images of aqueous dispersion of PCP-
US-tubes, PCP-GNTs, PCP-Gd(acac)32H2O@US-tubes, and PCP-

Gd(hfac)32H2O@US-tubes samples acquired at 1.5 T with different  inversion 
times (TI). 

To evaluate the performance of the PCP-Gd(acac)32H2O@US-tubes as an 

intracellular CA, its toxicity in mesenchymal stem cells (MSCs) was studied using 

FACS analysis by determining the viability of labeled cells compared to unlabeled 

control cells. After incubating MSCs with PCP-Gd(acac)32H2O@US-tubes (20 μM 

Gd3+)  for 24 h, the uptake of PCP-Gd(acac)32H2O@US-tubes by the cells was 

confirmed and quantified by ICP-MS analysis. 109 Gd3+ ions per cell were 

successfully taken up, which is about the same concentration of Gd3+ ions per cells 

that can be delivered using Pluronic®-wrapped GNTs, which is an already 

established intracellular CA.45 The cytotoxicity studies showed that unlabeled cells 

were 99.5 ± 0.3% calcein-positive, while PCP-Gd(acac)32H2O@US-tubes-labeled 

MSCs exhibited a 98 ± 1% of the calcein signal, showing that the membrane integrity 
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of the cells was not compromised and that the cells remained viable after uptake of 

PCP-Gd(acac)32H2O@US-tubes.  

After demonstrating that PCP-Gd(acac)32H2O@US-tubes can be internalized 

into MSCs to deliver a high concentration of Gd3+ ions safely, MRI phantoms of the 

labeled MSCs were obtained. Ten and thirty million PCP-Gd(acac)32H2O@US-tubes-

labeled MSCs suspended in 0.5 mL of 0.5% Agar, ten and thirty million unlabeled 

control MSCs suspended in 0.5 mL of 0.5% Agar, and pure H2O phantoms were 

imaged using a 1.5 T clinical MRI scanner.  The T1-weighted MR images in Figure 

5-12 clearly demonstrate that labeled cells have brighter contrast when compared 

to unlabeled cells or water phantoms. This is especially observable in the 600 - 1500 

ms  TI images. Comparing the two different cell concentrations of PCP-

Gd(acac)32H2O@US-tubes-labeled MSCs, it is easy to see that a greater number of 

cells produced better T1 contrast enhancement, as expected due to the higher 

concentration of Gd3+ ions present in the sample. 
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Figure 5-12: T1-weighted MRI phantom images of the samples acquired at 1.5 
T as follows: thirty and ten million PCP-Gd(acac)32H2O@US-tube-labeled 
MSCs, control samples of thirty and ten million unlabeled MSCs, and pure 

water. All cell-containing samples are in 0.5 % agarose gel. 

TEM images of PCP-Gd(acac)32H2O@US-tube-labeled MSCs in Figure 5-13 

demonstrate that PCP-Gd(acac)32H2O@US-tubes appear as an accumulation of 

mostly small electron-dense aggregates inside the MSCs. The material is not 

encapsulated within vesicles, but appears to accumulate and aggregate in small 

clusters within the cytoplasm. From the TEM images it is also apparent that PCP-

Gd(acac)32H2O@US-tubes do not enter the nucleus. A relatively small number of 

large PCP-Gd(acac)32H2O@US-tubes agglomerations per cell were found when 

compared to previous studies where surfactant-wrapped GNTs were used.45 

However, while rare, a few large clusters were also observed, like the one shown in 

Figure 5-13 A.  Since the labeling of the cells using functionalized PCP-

Gd(acac)32H2O@US-tubes results in approximately the same Gd3+-ions 
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concentration per cell when compared to surfactant-wrapped GNT-labeled cells, it 

seems that in the present case most of the PCP-Gd(acac)32H2O@US-tubes are 

present as a more dispersed material within the cells. For surfactant-wrapped GNTs, 

larger aggregates are possibly caused by removal of the surfactant from the 

unfunctionalized GNTs during the cell internalization process. A more in-depth 

study, however, is needed to properly evaluate the uptake mechanism of these types 

of materials.  

 

 

Figure 5-13: Representative TEM images of MSCs labeled with PCP-
Gd(acac)32H2O@US-tubes.  Red arrows indicate the intracellular CAs localized 

in the cytoplasm of the cells, usually in very small clusters, while yellow 
arrows outline the nucleus. Scale bars = 500 nm. 

5.2.3. Conclusions 

In summary, the work presented in this section demonstrated covalent 

functionalization of three different Gd@US-tube-based MRI CAs to produce their 
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highly-water-dispersible counterparts: PCP-GNTs, PCP-Gd(acac)32H2O@US-tubes, 

and PCP-Gd(hfac)32H2O@US-tubes. Filling US-tubes with a gadolinium chelate prior 

to functionalization resulted in enhanced gadolinium retention, and thus, better 

image contrast than US-tubes filled with Gd3+ ions. The PCP-Gd(acac)32H2O@US-

tube material can be dispersed in aqueous solution to the extent of approximately 

35 mg/mL without the use of a surfactant. Furthermore, it has been shown that the 

PCP-Gd(acac)32H2O@US-tube CAs can be safely used to internally label pig bone-

marrow-derived mesenchymal stem cells (MSCs) to visualize the cells with MRI, 

leading to potential applications for monitoring transplanted stem cells in vivo.  

5.3. Radiofrequency heating of SWCNTs 

Aside from their use as platforms for delivery of diagnostic or therapeutic 

molecules, SWCNT materials also have properties that inherently allow them to be 

used for therapeutic purposes. One such application is to enhance the effects of 

noninvasive radiofrequency (RF) heating. Previous work has shown that US-tubes 

and GNTs, in combination with RF heating, are able to enhance killing of 

hepatocellular carcinoma cell lines. However, much is still not understood about 

how SWCNT materials generate heat within the RF field. It is theorized that SWCNT 

chirality and electrical properties (metallic or semiconducting) affect interactions 

with the field and may result in different heating rates.72–74 The work in this section 

examines the physical and electrical properties of several commercial sources of full 

length SWCNTs with varying synthetic techniques and chirality distributions, as well 
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as US-tubes produced from each sample of full length SWCNTs. Heating rates of 

these materials in the RF field are determined in order to establish how diameter, 

length, and chirality affect the ability of SWCNTs to generate heat. 

5.3.1. Experimental Procedures 

5.3.1.1. Materials 

Full length SWCNTs were purchased from several commercial sources. 

Briefly: Arc – purchased from Carbon Solutions, Inc.; CG200, SG65, and SG76 – 

purchased from Sigma-Aldrich; CVD1 – purchased from Sun Innovations; CVD2 – 

purchased from Cheap Tubes, Inc.; HiPCO – produced at Rice University. A brief 

summary of SWCNTs used in this study is given in Table 5-1. 

Sample Synthetic Method Catalyst Diameter 

Arc Arc Discharge Ni/Y 1.4 ± 0.3 

CG200 CVD Co/Mo 1.01 ± 0.3 

CVD1 CVD N/A 1.2 ± 0.4 

CVD2 CVD N/A 1.1 ± 0.4 

HiPCO HiPCO Fe 0.9 ± 0.3 

SG65 CVD Co/Mo 0.8 ± 0.1 
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SG76 CVD Co/Mo 0.93 ± 0.3 

Table 5-1: Properties of commercially available SWCNTs, as reported by 
manufacturer. 

5.3.1.2. SWCNT sample preparation 

Full length SWCNTs were purified to remove remnant catalyst by 1 h 

sonication in concentrated hydrochloric acid (37%)  followed by filtration and 

washing with deionized water until pH returned to neutral. US-tubes were prepared 

as described in Section 3.3.1.  

5.3.1.3. Radiofrequency Heating 

SWCNT samples were dispersed in 0.17% (w/v) Pluronic F108 surfactant at 

a concentration of 200 μg/mL. A 1.3 mL quartz cuvette was filled with the SWCNT 

dispersion and placed in a Kanzius External RF Generator System (Therm-Med, LLC, 

Erie, PA, Figure 5-14). This system generates a uniform RF field between the 

capacitively coupled transmitting and receiving heads, which are separated by a 10 

cm air gap. Samples were placed in the field with a Teflon sample holder and 

irradiated in a 900W 13.56 MHz field for 2 minutes or until sample temperature 

reached 70°C. Sample temperature was monitored using an infrared camera (FLIR 

Systems SC 6000, Boston, MA). After collecting data for SWCNT samples, SWCNTs 

were removed by centrifuge filtration and the filtrate was subjected to the same RF 
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field conditions to determine background heating. Sample heating rates were 

determined by linear regression of a plot of sample temperature against time. 

 

Figure 5-14: The Kanzius External RF Generator System. The generator 
(background) produces a uniform RF field between the transmitting (A) and 
receiving (B) heads. Samples to be irradiated (C) are placed in the field and 

monitored by an infrared camera (D). 

5.3.1.4. Electrical permittivity 

Electrical permittivity measurements of the SWCNT samples were obtained 

using a Agilent 85070E high temperature coaxial dielectric probe connected to an 

Agilent E4991A Impedance Analyzer. Permittivity measurements were obtained 
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over the range of 10MHz to 3 GHz for SWCNT samples dispersed in 0.17% (w/v) 

Pluronic F108 surfactant solution at a concentration of 200 µg/mL. 

5.3.1.5. Raman Microscopy 

Raman spectra of the samples were obtained on a Renishaw inVia Raman 

microscope using WiRE 4.3 software. Samples were excited at 514 nm.   

5.3.1.6. X-ray Photoelectron Spectroscopy 

Elemental analysis of the samples was performed by X-ray Photoelectron 

Spectroscopy on a Phi Quantera SXM system. Samples were prepared by pressing 

onto indium foil. 

5.3.2. Results and Discussion 

5.3.2.1. Materials Characterization 

X-ray photoelectron spectroscopy data for the SWCNT samples are shown in 

Table 5-2. Although samples were purified with concentrated hydrochloric acid, 

some catalyst particles remained embedded within the interior of the SWCNTs. 
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Sample %C %O %Co %Mo %Fe %Ni %Y 

Arc 93.9 5.5 - - - 0.3 0.3 

CG200 96.0 3.8 <0.1 0.2 - - - 

CVD1 95.5 4.5 - - - - - 

CVD2 96.8 3.2 - - - - - 

HiPCO 91.2 7.2 - - 1.6 - - 

SG65 94.5 5.1 0.1 0.3 - - - 

SG76 92.8 6.3 <0.1 0.3 - - - 

Table 5-2: XPS data for full length SWCNTs 

Table 5-3 shows XPS data for the US-tubes produced from each full length 

SWCNT sample. Generally, oxygen content increased and catalyst content 

significantly decreased. This is due to the carbon nanotube cutting process which 

introduces sidewall defects and allows catalyst particles to escape from the interior 

of the SWCNT. Sidewall defects and endcaps are also oxidized, resulting in the 

increased oxygen content. 
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Sample %C %O %Co %Mo %Fe %Ni %Y 

Arc 85.3 14.6 - - - 0.2 <0.1 

CG200 86.9 13.0 <0.1 <0.1 - - - 

CVD1 96.4 3.6 - - - - - 

CVD2 92.9 7.1 - - - - - 

HiPCO 72.0 27.9 - - 0.2 - - 

SG65 87.7 12.2 <0.1 0.1 - - - 

SG76 85.5 14.5 <0.1 <0.1 - - - 

Table 5-3: XPS data for US-tubes 

Raman spectroscopy of the full length SWCNT samples is shown in Figure 

5-15. In general, all SWCNT samples contained a variety of chiralities and diameters. 

The CVD1 and Arc samples consisted primarily of large diameter SWCNTs (~1.4 

nm). The CVD2 sample had poor diameter control, with species ranging from 0.8 -

1.5 nm. The samples produced using the CoMoCAT process (CG200, SG65, SG76) had 

similar diameter distributions in the range of 0.7-0.9 nm. Similarly, the SWCNTs 

produced by the HiPCO process had diameters in the range of 0.7-1.0 nm. 
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Figure 5-15: The RBM region of Raman spectra for SWCNT samples. A variety 
of chiralities and diameters are present in each sample. 

Materials placed in an alternating field are characterized by a complex 

permittivity, given by the following equation, where ε’ relates to energy stored in 

the medium, ε’’ relates to dissipation of energy in the medium, and ω is the radial 

frequency (2πf). 
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�� = ��′ (� �) + ����′′ (� �) 

Measurements of the electrical permittivity of SWCNT samples are shown in 

Figures 5-16 to 5-19. Graphs of the real portion of the permittivity (ε’) for full length 

and ultrashort SWCNTs are shown in Figure 5-16 and Figure 5-17 respectively. Full 

length SWCNTs exhibited a wider range of ε’ permittivity compared to US-tubes, but 

in all cases, the SWCNT dispersions had higher permittivity than the Pluronic 

surfactant solution used to disperse them. Full length SG65 and CG200 samples 

stand out as having unusually high permittivity. 

 

Figure 5-16: Electrical permittivity ε’ for full length SWCNTs 
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Figure 5-17: Electrical permittivity ε’ for US-tubes 

Graphs of the imaginary portion of the permittivity (ε’’) for full length 

SWCNTs and US-tubes are shown in Figure 5-18 and Figure 5-19 respectively. As in 

the case of ε’, samples of the full length SG65 and CG200 exhibited higher ε’’ values 

compared to other SWCNT samples, particularly at higher frequencies. 
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Figure 5-18: Electrical permittivity ε’’ for full length SWCNTs 
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Figure 5-19: Electrical permittivity ε’’ for US-tubes 

5.3.2.2. Radiofrequency Heating 

Heating rates for the various full length SWCNT and US-tube samples are 

shown in Figure 5-20. Several trends can be noted. First, larger diameter SWCNTs 

such as the Arc, CVD1 and CVD2 samples showed increased heating when cut into 

US-tubes. On the other hand, the HiPCO, CG200, SG65, and SG76 samples, which had 

diameters in the range of 0.7-1.0 nm exhibited decreased heating when cut from full 

length to US-tubes. These trends may be due to the relative reactivity of the SWCNT 

sidewalls. Smaller diameter SWCNTs are more reactive due to the increased strain 

resulting from higher curvature of the nanotube sidewall. This increased reactivity 

results in shorter average lengths for cut SWCNTs and more sidewall defects. A 
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combination of factors may result in the observed changes in heating rates, 

including: 1) Increased oxygen content resulting in higher negative charge on the 

surface of the nanotube, causing increased ionic behavior and more heating, 2) Loss 

of catalyst particles through the sidewall defects, leading to reduced ionic behavior 

and less heating, and 3) Disruption of the aromatic structure due to defect sites, 

resulting in reduced electrical conductivity.  

Radiofrequency Heating of SWCNTs
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Figure 5-20: RF heating rates for various full length and ultrashort SWCNT 
samples. All samples were suspended at a concentration of 200 mg/L in a 

solution of 0.17% (w/v) Pluronic F108 and irradiated in a 900W 13.56 MHz 
field. 

Comparison of the SWCNT heating rates with the ε’’ permittivity is shown in 

Figure 5-21. Also plotted are ε’’ permittivity and heating rates of salt solutions at 

various concentrations. When examined over a wider range of permittivity values, 
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the heating rates of salt solutions form a Gaussian distribution centered around a ε’’ 

value of approximately 50, with peak heating reaching 4°C/s.75 The SWCNT heating 

rates appear to overlap with this heating curve, suggesting a similar heating 

mechanism.  

 
Figure 5-21: SWCNT heating rates plotted as a function of ε’’ permittivity. 
Heating rates for salt solutions at various concentrations plotted as blue 

diamonds (data provided by Nadia Lara). Full length SWCNTs (green triangles) 
and ultrashort SWCNTs (purple squares) have similar permittivity dependent 

heating rates. 

5.3.3. Conclusions 

SWCNT heating within radiofrequency fields is highly dependent on the 

electrical permittivity of the material. This permittivity may vary based on the 

synthetic method used to produce the SWCNTs and can be changed by modifications 
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such as purification, shortening, or functionalization of the SWCNTs. In this study, 

full length CG200 SWCNTs exhibited the highest heating rates within the RF field. 

However, full length SWCNTs are disfavored for medical applications due to their 

hydrophobicity and tendency to aggregate into bundles. Thus, it is likely that other 

SWCNTs such as the ultrashort Arc-discharge SWCNTs may be more suited for in 

vitro and in vivo RF heating applications. Regardless of which SWCNT material is 

used to enhance RF heating, it will be important to monitor changes in the electrical 

permittivity (and corresponding changes in heating rate) resulting from 

modifications such as shortening, functionalization of the sidewall, and 

encapsulation of small molecules.  

5.4. Summary 

The three projects presented in this chapter represent only a small portion of 

the many parameters that must be explored in order to develop US-tubes and other 

SWCNT materials for biomedical applications. Section 5.1 examined the subcellular 

localization and biocompatibility of US-tubes. The study showed that US-tubes are 

not acutely cytotoxic and do not reduce cellular proliferation. US-tubes were found 

to localize in the cytoplasm and did not significantly alter cell behavior. However, 

differences in the choice of dispersal agent resulted in varying degrees of 

aggregation, which could alter cellular actin distribution. Section 5.2 demonstrated 

the functionalization of Gd3+ ion filled US-tube materials, showing that water 

solubility could be improved while retaining MRI contrast in vitro. The use of 
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gadolinium chelates also improved Gd3+ ion retention in the US-tubes during the 

functionalization procedure, resulting in improved image contrast. The covalent 

functionalization resulted in a more even distribution of the contrast agent within 

the cell, with fewer large aggregates of the US-tube material. Finally, Section 5.3 

examined the behavior of SWCNTs within radiofrequency fields, showing that they 

can be used for therapeutic purposes by enhancing heat generation. SWCNT heating 

was found to be dependent on the electrical permittivity of the material, which is 

affected by the chirality and degree of functionalization. Thus, SWCNT materials, 

and the US-tubes in particular, continue to demonstrate great promise for both 

diagnostic and therapeutic biomedical applications. 
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Chapter 6 

Conclusions and Future Directions 

The US-tubes are a versatile platform for the development of new diagnostic 

and therapeutic agents. In an effort to better understand the origins of the high 

relaxivity observed for GNTs, an investigation into the coordination environment of 

Gd3+ ions within the US-tubes was conducted. Through the encapsulation of three 

gadolinium chelates within the US-tubes, the relaxivity contribution of the hydration 

number q was isolated. Using the linear dependence of relaxivity on this parameter, 

the hydration number of Gd3+ ions in GNTs was determined by extrapolation. 

An unintended result of this investigation was that the encapsulation of 

gadolinium chelates resulted in higher Gd3+ loading within the US-tubes and better 

resistance to mildly acidic conditions which would normally remove Gd3+ ions from 

GNTs. This property allowed gadolinium chelate filled US-tubes to be covalently 

functionalized with water solubilizing groups while retaining encapsulated 
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gadolinium, allowing for higher concentration and better image contrast. Separately, 

the strategy of chelating ions prior to encapsulation was extended to enhance 

retention of the PET radioisotope, 64Cu. As a free ion, 64Cu is poorly retained in US-

tubes because it does not have the same pH-dependent chemistry as the lanthanide 

ions. Thus, it was necessary to simultaneously load Gd3+ ions in order to prevent 

loss of 64Cu. However, if 64Cu was chelated prior to encapsulation, stability to EDTA 

and serum increased, and 64Cu could be retained in the US-tubes without 

simultaneous encapsulation of Gd3+ ions. 

Further, studies were conducted to better characterize the US-tubes for 

biomedical applications. Analysis of cells exposed to solutions of US-tubes allowed 

quantification of US-tubes within cells and determination of the rate of uptake. 

Raman mapping showed the subcellular localization of the US-tubes, primarily in 

the cytoplasm. Varying the dispersal agent led to differences in the aggregation of 

US-tubes. Confocal microscopy and visualization of actin structures within the cells 

showed little reorganization upon exposure to US-tubes, suggesting that they are 

very well-tolerated.  

Finally, the therapeutic potential of the US-tubes was assessed in the context 

of heating in an externally applied radiofrequency field (13.56 MHz, 900W). 

SWCNTs of differing synthetic origin with varying chirality distributions exhibited 

differing heating rates when placed in the RF field. Cutting full-length SWCNTs into 

US-tubes either increased or decreased the heating rate and no direct correlation 
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between chirality and heating rate could be determined. However, heating rates 

could be correlated to the electrical permittivity of the material. 

Much remains to be done if the full potential of US-tubes is to be realized. 

Extension and development of strategies for encapsulation of materials within US-

tubes should allow loading of other medically relevant elements or isotopes such as 

bismuth for CT imaging or 99mTc for SPECT imaging. Extension of the 

functionalization chemistry used to attach water solubilizing groups could allow 

attachment of targeting peptides or antibodies. A better understanding of the 

properties affecting RF heating could allow US-tubes to be used for both diagnosis 

and therapy. All in all, US-tube materials continue to show great potential for 

biomedical applications and should be further investigated.  



 124 
 

References 

1.  Steichen, S. D., Caldorera-Moore, M. & Peppas, N. A. A review of current 

nanoparticle and targeting moieties for the delivery of cancer therapeutics. 

European Journal of Pharmaceutical Sciences 48, 416–427 (2013). 

2.  Liu, Z., Tabakman, S., Welsher, K. & Dai, H. Carbon nanotubes in biology and 

medicine: In vitro and in vivo detection, imaging and drug delivery. Nano Res. 2, 

85–120 (2009). 

3.  Hahn, M. A., Singh, A. K., Sharma, P., Brown, S. C. & Moudgil, B. M. Nanoparticles as 

contrast agents for in-vivo bioimaging: current status and future perspectives. 

Anal. Bioanal. Chem. 399, 3–27 (2011). 

4.  Lee, D.-E. et al. Multifunctional nanoparticles for multimodal imaging and 

theragnosis. Chemical Society Reviews 41, 2656 (2012). 

5.  Sailor, M. J. & Park, J.-H. Hybrid Nanoparticles for Detection and Treatment of 

Cancer. Advanced Materials 24, 3779–3802 (2012). 

6.  Mahmoudi, M., Sant, S., Wang, B., Laurent, S. & Sen, T. Superparamagnetic iron 

oxide nanoparticles (SPIONs): Development, surface modification and 

applications in chemotherapy. Advanced Drug Delivery Reviews 63, 24–46 (2011). 

7.  Saha, K., Agasti, S. S., Kim, C., Li, X. & Rotello, V. M. Gold Nanoparticles in Chemical 

and Biological Sensing. Chem. Rev. 112, 2739–2779 (2012). 

8.  Wicki, A., Witzigmann, D., Balasubramanian, V. & Huwyler, J. Nanomedicine in 

cancer therapy: Challenges, opportunities, and clinical applications. Journal of 

Controlled Release 200, 138–157 (2015). 



 125 
 

9.  Gu, Z., Peng, H., Hauge, R. H., Smalley, R. E. & Margrave, J. L. Cutting Single-Wall 

Carbon Nanotubes through Fluorination. Nano Lett. 2, 1009–1013 (2002). 

10. Sitharaman, B. et al. Superparamagnetic gadonanotubes are high-

performance MRI contrast agents. Chem. Commun. 3915–3917 (2005). 

doi:10.1039/b504435a 

11. Sethi, R., Mackeyev, Y. & Wilson, L. J. The Gadonanotubes revisited: A new 

frontier in MRI contrast agent design. Inorg. Chim. Acta 393, 165–172 (2012). 

12. Positron emission tomography. Wikipedia, the free encyclopedia (2015). at 

<http://en.wikipedia.org/wiki/Positron_emission_tomography> 

13. Luo, J. et al. A Dual PET/MR Imaging Nanoprobe: 124I Labeled Gd3N@C80. 

Appl. Sci. 2, 465–478 (2012). 

14. Choi, J. H. et al. Multimodal Biomedical Imaging with Asymmetric Single-

Walled Carbon Nanotube/Iron Oxide Nanoparticle Complexes. Nano Lett. 7, 861–

867 (2007). 

15. Hong, S. Y. et al. Filled and glycosylated carbon nanotubes for in vivo 

radioemitter localization and imaging. Nat. Mater. 9, 485–490 (2010). 

16. Iijima, S. & Ichihashi, T. Single-shell carbon nanotubes of 1-nm diameter. 

Nature 363, 603–605 (1993). 

17. Carbon nanotube. Wikipedia, the free encyclopedia (2015). at 

<http://en.wikipedia.org/wiki/Carbon_nanotube> 

18. Treacy, M. M. J., Ebbesen, T. W. & Gibson, J. M. Exceptionally high Young’s 

modulus observed for individual carbon nanotubes. Nature 381, 678–680 (1996). 



 126 
 

19. Ouyang, M., Huang, J.-L. & Lieber, C. M. Fundamental Electronic Properties 

and Applications of Single-Walled Carbon Nanotubes. Acc. Chem. Res. 35, 1018–

1025 (2002). 

20. Cherukuri, P., Bachilo, S. M., Litovsky, S. H. & Weisman, R. B. Near-Infrared 

Fluorescence Microscopy of Single-Walled Carbon Nanotubes in Phagocytic Cells. 

J. Am. Chem. Soc. 126, 15638–15639 (2004). 

21. Pantarotto, D., Briand, J.-P., Prato, M. & Bianco, A. Translocation of bioactive 

peptides across cell membranes by carbon nanotubes. Chem. Commun. 16–17 

(2004). doi:10.1039/B311254C 

22. Bianco, A., Kostarelos, K., Partidos, C. D. & Prato, M. Biomedical applications 

of functionalised carbon nanotubes. Chem. Commun. 571–577 (2005). 

doi:10.1039/B410943K 

23. Liu, Z., Yang, K. & Lee, S.-T. Single-walled carbon nanotubes in biomedical 

imaging. J. Mater. Chem. 21, 586 (2011). 

24. Liu, Z. et al. In vivo biodistribution and highly efficient tumour targeting of 

carbon nanotubes in mice. Nat. Nanotechnol. 2, 47–52 (2007). 

25. Chen, Z. et al. Soluble Ultra-Short Single-Walled Carbon Nanotubes. J. Am. 

Chem. Soc. 128, 10568–10571 (2006). 

26. Huang, W. et al. Sonication-Assisted Functionalization and Solubilization of 

Carbon Nanotubes. Nano Lett. 2, 231–234 (2002). 



 127 
 

27. Kolosnjaj-Tabi, J. et al. In Vivo Behavior of Large Doses of Ultrashort and Full-

Length Single-Walled Carbon Nanotubes after Oral and Intraperitoneal 

Administration to Swiss Mice. ACS Nano 4, 1481–1492 (2012). 

28. Ananta, J. S. et al. Geometrical confinement of gadolinium-based contrast 

agents in nanoporous particles enhances T1 contrast. Nat. Nano. 5, 815–821 

(2010). 

29. Ma, Q., Jebb, M., Tweedle, M. F. & Wilson, L. J. The gadonanotubes: structural 

origin of their high-performance MRI contrast agent behavior. J. Mater. Chem. B 1, 

5791–5797 (2013). 

30. Kissell, K. R., Hartman, K. B., Van der Heide, P. A. W. & Wilson, L. J. 

Preparation of I2@SWNTs:  Synthesis and Spectroscopic Characterization of I2-

Loaded SWNTs. J. Phys. Chem. B 110, 17425–17429 (2006). 

31. Hartman, K. B., Hamlin, D. K., Wilbur, D. S. & Wilson, L. J. 211AtCl@US‐Tube 

Nanocapsules: A New Concept in Radiotherapeutic‐Agent Design. Small 3, 1496–

1499 (2007). 

32. Cisneros, B. T. et al. Stable confinement of positron emission tomography and 

magnetic resonance agents within carbon nanotubes for bimodal imaging. 

Nanomedicine (Lond) 9, 2499–2509 (2014). 

33. Guven, A., Rusakova, I. A., Lewis, M. T. & Wilson, L. J. Cisplatin@US-tube 

carbon nanocapsules for enhanced chemotherapeutic delivery. Biomaterials 33, 

1455 – 1461 (2012). 



 128 
 

34. Sethi, R. et al. Enhanced MRI relaxivity of Gd3+-based contrast agents 

geometrically confined within porous nanoconstructs. Contrast Media & 

Molecular Imaging 7, 501–508 (2012). 

35. Tóth, É., Helm, L. & Merbach, A. E. in Contrast Agents I (ed. Krause, W.) 221, 

61–101 (Springer Berlin Heidelberg). 

36. Eisentraut, K. J. & Sievers, R. E. Volatile Rare Earth Chelates. J. Am. Chem. Soc. 

87, 5254–5256 (2012). 

37. Sethi, R. Nanosystems: From their design to characterization as advanced 

MRI contrast agents. (Rice University, 2013). 

38. Laurent, S., Elst, L. V. & Muller, R. N. Comparative study of the 

physicochemical properties of six clinical low molecular weight gadolinium 

contrast agents. Contrast Media & Molecular Imaging 1, 128–137 (2006). 

39. Shen, C., Fan, Y., Liu, G., Wang, Y. & Lu, P. THE CRYSTAL AND MOLECULAR 

STRUCTURES OF GADOLINIUM, TERBIUM, ERBIUM AND THULIUM 

ACETYLACETONATE TRIHYDRATE. CHEM J CHINESE U 4, 769–774 (1983). 

40. Plakatouras, J. C. et al. Synthesis and structural characterisation of two novel 

GdIIIβ-diketonates [Gd4(µ3-OH)4(µ2-H2O)2(H2O)4(hfpd)8]·2C6H6·H2O 1 and 

[Gd(hfpd)3(Me2CO)(H2O)] 2(hfpd–H = 1,1,1,5,5,5-hexafluoropentane-2,4-dione). 

J. Chem. Soc., Chem. Commun. 2455–2456 (1994). doi:10.1039/C39940002455 

41. Baxter, I. et al. Effect of Polyether Ligands on Stabilities and Mass Transport 

Properties of a Series of Gadolinium(III) .beta.-Diketonate Complexes. Inorg. 

Chem. 34, 1384–1394 (1995). 



 129 
 

42. Sampath, L., Kwon, S., Hall, M. A., Price, R. E. & Sevick-Muraca, E. M. Detection 

of Cancer Metastases with a Dual-labeled Near-Infrared/Positron Emission 

Tomography Imaging Agent. Transl. Oncol. 3, 307–217 (2010). 

43. Ghosh, S. C. et al. Multimodal chelation platform for near-infrared 

fluorescence/nuclear imaging. J. Med. Chem. 56, 406–416 (2013). 

44. Wang, R., Carducci, M. D. & Zheng, Z. Direct Hydrolytic Route to Molecular 

Oxo−Hydroxo Lanthanide Clusters. Inorg. Chem. 39, 1836–1837 (2000). 

45. Tran, L. A. et al. Gadonanotubes as magnetic nanolabels for stem cell 

detection. Biomaterials 31, 9482–9491 (2010). 

46. Holt, B. D., McCorry, M. C., Boyer, P. D., Dahl, K. N. & Islam, M. F. Not all 

protein-mediated single-wall carbon nanotube dispersions are equally bioactive. 

Nanoscale 4, 7425–7434 (2012). 

47. Holt, B. D., Dahl, K. N. & Islam, M. F. Quantification of Uptake and Localization 

of Bovine Serum Albumin-Stabilized Single-Wall Carbon Nanotubes in Different 

Human Cell Types. Small 7, 2348–2355 (2011). 

48. Holt, B. D., Dahl, K. N. & Islam, M. F. Cells Take up and Recover from Protein-

Stabilized Single-Wall Carbon Nanotubes with Two Distinct Rates. ACS Nano 6, 

3481–3490 (2012). 

49. Holt, B. D. et al. Carbon Nanotubes Reorganize Actin Structures in Cells and 

ex Vivo. ACS Nano 4, 4872–4878 (2010). 

50. Fagan, J. A., Becker, M. L., Chun, J. & Hobbie, E. K. Length Fractionation of 

Carbon Nanotubes Using Centrifugation. Adv. Mater. 20, 1609–1613 (2008). 



 130 
 

51. Boyer, P. D., Holt, B. D., Islam, M. F. & Dahl, K. N. Decoding membrane- versus 

receptor-mediated delivery of single-walled carbon nanotubes into macrophages 

using modifications of nanotube surface coatings and cell activity. Soft Matter 9, 

758–764 (2012). 

52. Holt, B. D. et al. Altered Cell Mechanics from the Inside: Dispersed Single Wall 

Carbon Nanotubes Integrate with and Restructure Actin. Journal of Functional 

Biomaterials 3, 398–417 (2012). 

53. Yaron, P. N. et al. Single wall carbon nanotubes enter cells by endocytosis and 

not membrane penetration. J Nanobiotechnology 9, 45 (2011). 

54. Köllner, M. & Wolfrum, J. How many photons are necessary for fluorescence-

lifetime measurements? Chemical Physics Letters 200, 199–204 (1992). 

55. Liu, J., Yu, M., Zhou, C. & Zheng, J. Renal clearable inorganic nanoparticles: a 

new frontier of bionanotechnology. Materials Today 16, 477–486 (2013). 

56. Ruggiero, A. et al. Paradoxical glomerular filtration of carbon nanotubes. 

PNAS 107, 12369–12374 (2010). 

57. Dresselhaus, M. S., Dresselhaus, G., Saito, R. & Jorio, A. Raman spectroscopy of 

carbon nanotubes. Physics Reports 409, 47–99 (2005). 

58. Kuzmany, H. et al. Determination of SWCNT diameters from the Raman 

response of the radial breathing mode. Eur. Phys. J. B 22, 307–320 (2001). 

59. Milnera, M., Kürti, J., Hulman, M. & Kuzmany, H. Periodic Resonance 

Excitation and Intertube Interaction from Quasicontinuous Distributed Helicities 

in Single-Wall Carbon Nanotubes. Phys. Rev. Lett. 84, 1324–1327 (2000). 



 131 
 

60. Jorio, A. et al. Structural (n,m) Determination of Isolated Single-Wall Carbon 

Nanotubes by Resonant Raman Scattering. Phys. Rev. Lett. 86, 1118–1121 (2001). 

61. Penfield, J. G. & Reilly, R. F. What nephrologists need to know about 

gadolinium. Nature Clinical Practice Nephrology 3, 654–668 (2007). 

62. Hartman, K. B. et al. Gadonanotubes as Ultrasensitive pH-Smart Probes for 

Magnetic Resonance Imaging. Nano. Lett. 8, 415–419 (2018). 

63. Tang, A. M. et al. Cellular uptake and imaging studies of gadolinium-loaded 

single-walled carbon nanotubes as MRI contrast agents. Contrast Media & 

Molecular Imaging 6, 93–99 (2011). 

64. Rosenberg, J. T. et al. Encapsulated gadolinium and dysprosium ions within 

ultra-short carbon nanotubes for MR microscopy at 11.75 and 21.1 T. Contrast 

Media Mol. Imaging 9, 92–99 (2014). 

65. Avti, P. K., Caparelli, E. D. & Sitharaman, B. Cytotoxicity, cytocompatibility, 

cell-labeling efficiency, and in vitro cellular magnetic resonance imaging of 

gadolinium-catalyzed single-walled carbon nanotubes. J. Biomed. Mater. Res. 101, 

3580–3591 (2013). 

66. Cherukuri, P. et al. Mammalian pharmacokinetics of carbon nanotubes using 

intrinsic near-infrared fluorescence. PNAS 103, 18882–18886 (2006). 

67. Frise, A. E. et al. Polymer Binding to Carbon Nanotubes in Aqueous 

Dispersions: Residence Time on the Nanotube Surface As Obtained by NMR 

Diffusometry. J. Phys. Chem. B 116, 2635–2642 (2012). 



 132 
 

68. Raoof, M., Mackeyev, Y., Cheney, M. A., Wilson, L. J. & Curley, S. A. 

Internalization of C60 fullerenes into cancer cells with accumulation in the 

nucleus via the nuclear pore complex. Biomaterials 33, 2952–2960 (2012). 

69. Shams, H. et al. Actin Reorganization through Dynamic Interactions with 

Single-Wall Carbon Nanotubes. ACS Nano 8, 188–197 (2014). 

70. Gizzatov, A., Dimiev, A., Mackeyev, Y., Tour, J. M. & Wilson, L. J. Highly water 

soluble multi-layer graphene nanoribbons and related honey-comb carbon 

nanostructures. Chem. Commun. 48, 5602–5604 (2012). 

71. Law, J. J., Guven, A. & Wilson, L. J. Relaxivity enhancement of aquated Tris(β-

diketonate)gadolinium(III) chelates by confinement within ultrashort single-

walled carbon nanotubes. Contrast Media Mol. Imaging 9, 409–412 (2014). 

72. Hanson, G. W. & Patch, S. K. Optimum electromagnetic heating of 

nanoparticle thermal contrast agents at rf frequencies. Journal of Applied Physics 

106, 054309 (2009). 

73. Shuba, M. V., Slepyan, G. Y., Maksimenko, S. A. & Hanson, G. W. RF and 

Microwave Electrical Response of Carbon Nanotube Saline Solutions for Potential 

Biomedical Applications. Nanoscience and Nanotechnology Letters 3, 885–888 

(2011). 

74. Shuba, M. V., Slepyan, G. Y., Maksimenko, S. A. & Hanson, G. W. 

Radiofrequency field absorption by carbon nanotubes embedded in a conductive 

host. Journal of Applied Physics 108, 114302 (2010). 

75. Lara, N. Unpublished Data. (Rice University). 



 133 
 

Appendix A: Radio-TLC of 64Cu2+ and Gd3+ 
filled US-tubes 

 

Figure A1: Radio-TLC of US-tubes filled with 64Cu2+ only. 
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Figure A2: Radio-TLC of US-tubes filled with 64Cu2+ and Gd3+. 
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Figure A3: Radio-TLC of US-tubes filled with 64Cu2+ and Gd(hfac)3. 



 136 
 

 
Figure A4: Radio-TLC of US-tubes filled with 64Cu(hfac)2 only. 
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Figure A5: Radio-TLC of US-tubes filled with 64Cu(hfac)2 and Gd3+. 
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Figure A6: Radio-TLC of US-tubes filled with 64Cu(hfac)2 and Gd(hfac)3. 
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Appendix B: Radiochemical yield and 
stability of US-tubes filled with 68Ga3+ 

 

Figure B1: Radiochemical yield of US-tubes filled with 68Ga. The chelated 
68Ga(hfac)3 samples exhibit much higher retention of 68Ga within the US-tubes. 



 140 
 

 

 

Figure B2: 68Ga retention in US-tubes after 1 h challenge with 50% mouse 
serum in PBS at 37°C. 
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