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ABSTRACT 

RF heating of ultra-short single-walled carbon nanotubes and 
gadonanotubes for non-invasive cancer hyperthermia 

by 

Sophia Phounsavath 

An emerging field of nanoparticle-mediated cancer therapy is based on the 

interaction of nanoparticles with radiofrequency (RF) energy to induce hyperthermia or 

thermal cytotoxicity within cancer cells.  In this work, the heating properties of ultra-

short single-walled carbon nanotubes (US-tubes) and gadonanotubes (GNTs) were 

assessed in an external radiofrequency field (900 W, 13.56 MHz).  Surfactant (Pluronic 

F-108) suspensions of US-tubes (carbon-based nanocapsules that are 20-80 nm in length 

and 1.4 nm in diameter) and GNTs (US-tubes loaded internally with Gd3+ ions) heated in 

a concentration dependent manner when the RF field was applied. The observed bulk 

heating of the sample suspensions have been attributed to the nanomaterial itself and not 

the background surfactant solution. The efficacy of these remotely triggered heating 

agents to produce thermal cytotoxicity was then investigated in vitro in three different 

hepatocellular cancer cell lines (Hep3B, HepG2, and Snu449).  In all cases, cancer cells 

that were treated with either US-tubes or GNTs in conjunction with RF had lower 

viabilities than those treated with RF alone. The ability of GNTs to induce thermal 

cytotoxicity in vivo was then investigated using subcutaneous tumor models in nude 

mice.  Histopathological analysis of treated tumors demonstrated more pronounced and 

widespread cell damage in tumors treated with GNTs and RF than in the control tumors. 
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It is anticipated that these results will aid in the future development of nanoparticle-

mediated cancer therapy by hyperthermia. 
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Chapter 1 
 

 

Introduction 

      

     1.1 Overview 

 For thousands of years, hyperthermia has been used as a tool for the destruction of 

tumor masses.1   Even before there was any understanding of cancer on a molecular basis, 

it was understood that the burning of certain lesions or tumors was an appropriate therapy 

for certain individuals.  In fact, there are reports of Egyptians using heat to treat cancer 

from as early as 3000 BC.2   Although hyperthermia has been used to treat cancer for 

years, there are still many challenges to its clinical application. 

 Radiofrequency (RF) energy is electromagnetic radiation in the frequency range 

of 0-3000 GHz.  It is nonionizing energy that also includes radar, television, AM and FM 

radio frequencies in its spectrum.3 Research conducted over many decades had indicated 

that RF-induced biological changes in patients occur in the form of tissue heating.  

However, it was not until 1990 that Rossi et al. and McGahan et al. published papers on 

ultra-sound guided RFA (radiofrequency ablation) of hepatic tissue by creating focal 
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coagulative necrosis that treated only the hepatic tumors while sparing the surrounding 

normal liver tissue.4,5  

 Although RFA has become quite prevalent in treating some malignant tumors 

since that time, there are still serious limitations to this treatment methodology.  Firstly, 

RFA is highly invasive in that it requires the insertion of a metal electrode into the tumor 

site under the guidance of ultra-sound. Secondly, incomplete tumor destruction occurs in 

approximately 5-40% of tumors treated due to the size and location of the tumor.  Lastly, 

there is no guarantee that the surrounding normal tissue will not be adversely affected by 

the treatment.  In fact, complications arising from damage to normal tissues occur in 

approximately 10% of all patients treated with RFA.6 However, the choice of using RF 

energy as way to treat malignant tumors is still promising as it has been shown that RF 

radiation is full-body penetrating.7 Therefore, if chemical agents or materials that can 

convert RF energy to heat are used as facilatators, a completely noninvasive RF treatment 

of malignant tumors might be possible. 

 In recent years, advancements in nanotechnology, molecular biology, and cancer 

research have piqued the interest of researchers to use nanoparticles in biomedical 

applications. The inherent optical, magnetic, and electrical properties of these 

nanomaterials make them excellent choices for cancer therapies based on hyperthermia-

induced necrosis.8–13 Of particular interest in this regard are the gadonanotubes (GNTs) 

or Gd3+-ions encapsulated within ultra-short single-walled carbon nanotubes (US-tubes) 

as a high-performance MRI contrast agent.14 This dissertation investigates the possibility 

of combining these nanoamatierals with an external and focused RF field as a non-

invasive alternative to current invasive RFA therapies for the treatment of cancer. 



" $"

     1.2 Organization 

This dissertation is divided into five chapters.  Chapter 2 briefly discusses the 

background literature, as well as the motivation for the work.  The following aims are 

discussed in Chapters 3, 4, and 5, respectively. 

Aim 1: To investigate the radiofrequency heating profile of ultra-short single-

walled carbon nanotubes and gadonanotubes 

The size and electronic structure of US-tubes and the high-performance MRI 

imaging capabilities of GNTs make these materials particularly interesting for use in 

biomedical applications.  An investigation into the amount of heat generated when an RF 

field interacts with these materials was first necessary in order to establish the materials 

as potential heat-producing agents.  Permittivity and zeta potential studies were then 

performed for insight into the mechanism of the materials’ heating properties. 

Aim 2: To establish the efficacy of US-tubes and GNTs combined with RF 

energy as a treatment strategy for hepatocellular carcinoma 

Once the RF-induced heating profiles of US-tubes and GNTs were established, 

the efficacy of their use as a treatment stratagem in combination with RF therapy was 

tested on cancer cells. The serum-dependent uptake of the GNTs into cancer cells was 

also investigated. 
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Aim 3: To explore the potential of using radiofrequency-induced heating of the 

GNTs as a treatment for hepatocellular carcinoma in tumor bearing mice 

In this chapter, nude mice bearing hepatocellular xenografts were treated with 

GNTs and RF, and the tumors were analyzed by histopathological means after treatment. 

 Finally, Chapter 6 summarizes the main conclusions of the dissertation and 

proposes some future directions for research. 
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Chapter 2 
 

 

Background 

 
 

 

     2.1 Hepatocellular Carcinoma  

 

 Primary hepatocellular carcinoma is an aggressive disease.  It is the sixth most 

common cancer and the third most common cause of cancer related deaths worldwide.15 

It is the fifth most common cause of cancer death for men and the ninth most common 

cause of cancer death for women.16,17 It is estimated that approximately 1 million new 

cases of hepatocellular carcinoma are diagnosed each year worldwide.18 Although the 

incidence of hepatocellular carcinoma in the United States is relatively low (~ 3.2 per 

100,000 people), this incidence is on the rise.19 

 This growing incidence of hepatocellular carcinoma is problematic because the 

majority of patients are who diagnosed with hepatocellular carcinoma cannot be treated 

with the intent to cure the disease.20 This is due to the fact that symptoms of this disease 
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do not usually present themselves until the cancer is quite advanced and are commonly 

indistinguishable from the underlying liver dysfunction.21 The inability to diagnose this 

disease in its early stages dramatically decreases the patients’ survival rate.  In fact, the 

median survival of untreated advanced liver cancer is only 6-20 months.22 

 Although the preferred treatment of hepatocellular carcinoma is surgical 

resection,23 most patients are ineligible for surgery due to the underlying liver 

dysfunction caused by the advanced disease.  For patients who do not meet the criteria for 

surgery but have a localized tumor, therapies such as RFA can be utilized to initiate 

coagulative necrosis or thermal destruction in tumors. However, as discussed earlier, 

RFA has many limitations arising from the size and location of the tumor as well as 

complications from damage to normal tissue.  Even so, those patients who are eligible for 

surgery or local treatments such as RFA make up less than a quarter of the total 

population of people diagnosed with liver cancer.24 This means the remaining 75% of 

patients with liver cancer have tumors that are large, unresectable, multifocal or 

metastatic. Therefore, a more systemic therapy is needed for these patients. 

     2.2 Kanzius RF field generator 

One way to deliver cellular hyperthermia systemically is through  an external RF 

field generator such as the 13.56 MHz Kanzius RF field generator (ThermMed, LLC, 

Erie, PA).25–27 It has variable power (0-2 KW) and is connected to a high Q-coupling 

system with a Tx head (focused end-fired antenna circuit) and reciprocal Rx head (as a 

return for the generator) mounted on a swivel bracket to allow the RF field to be oriented 

in either a vertical or horizontal direction (Figure 1).   
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Figure 2.1 – Kanzius RF field generator: the Tx head and Rx head are 
separated by a 10 cm air gap.  Samples are placed 2.5 cm from the Tx 
head on the Teflon holder. 
 

The distance between the Tx and Rx head is adjustable and the Tx head produces 

focused RF electric field up to 15 cm in diameter.  Each time the RF field is activated, the 

heads are checked and the coupling circuit is fine-tuned to assure there is no power 

reflected back through the coupling circuit.  The electromagnetic field between the Tx 

and Rx head is established in a Faraday-shielded room in order to exclude any 

interference from external RF sources.   

 

Rx head (ground plate) 

Tx head (RF field source) 

sample holder 
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     2.3 US-tubes and GNTs 

 Recent advances in nanotechnology have brought nanoparticle-based systems to 

the forefront of biomedical applications.28–30 Single-walled carbon nanotubes (SWCNTs) 

are of particular interest because of their intrinsic physical and chemical properties.31,32 

Furthermore, the interior space of SWCNTs can be utilized to encapsulate 

chemotherapeutic drugs as well as imaging agents and the extensive external surface area 

is available for the attachment of targeting moieties such as peptides or antibodies.  More 

importantly, SWCNTs have demonstrated desirable properties in an RF field such as 

enhancement of local E-fields, absorption and dissipation of RF energy as heat, and 

alignment parallel to the incident E-field.11,33,34 Although the ideal length of SWCNTs for 

biomedical applications is still not known, ultra-short single-walled carbon nanotubes 

(US-tubes)35,36 with lengths of only 20-80 nm have been shown to be well suited for 

biocompatibility, cellular uptake, and eventual elimination from the body with minimal 

toxicity.37,38  

 Ultra-short single-walled carbon nanotubes (US-tubes) are SWCNT-based 

nanocapsules that have been previously loaded with various imaging agents (Gd3+ and I2), 

cytotoxic chemotherapeutics (cisplatin) and radioisotope agents (211AtCl).14,39,40   US-

tubes that have been loaded with Gd3+-ions are known as gadonanotubes (GNTs).  

Gadonanotubes are interesting because they have already been shown to be high- 

performance magnetic resonance imaging (MRI) contrast agents.14 The synthesis of 

GNTs from SWCNTs is shown in Figure 2. 

  



" *"

 
Figure 2.2 – Synthesis of GNTs from SWCNTs 
"

"""""2.4 Thermal destruction of cancer cells using a 

combination of US-tubes or GNTs with an external RF field 

 Although SWCNTs have been used in the RF field to successfully treat VX2 

tumors in rabbit models, an extensive study into the plausibility of using either US-tubes 

or GNTs as heating agents in an external RF field has been lacking.  The premise of this 

thermal therapy using US-tubes or GNTs with RF is that the external surface of the US-

tubes could be modified using antibodies or peptides to target cancer cells.  Once 

internalized into cancer cells, exposure to radio waves can remotely activate the US-tubes 

to dissipate absorbed RF energy as heat. Targeted hyperthermia favors the heating of 

tumor tissue over normal tissue, which greatly reduces the risk of damage to normal 

tissue during thermal therapy.  In addition, if the US-tubes are pre-loaded with 
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chemotherapeutic drugs and then delivered to cancer cells, RF irradiation can be used to 

not only thermally injure the cancer cells in conjunction with the US-tubes but also act as 

a remote trigger for the release of these chemotherapeutic drugs solely within the cancer 

cells.41 GNTs, on the other hand, can be internalized into cancer cells and be used as MRI 

contrast agents for imaging the tumor before a dose of RF is given to thermally ablate the 

tumor. 

 The combination of a focused and external RF generator with nanoparticles such 

as US-tubes or GNTs opens up new avenues for the safe and effective thermal therapy of 

cancer.  Because radio waves are full-body penetrating and the nanomaterials can be 

targeted and internalized mainly into cancer cells, the limitations associated with current 

clinical therapies such as RFA concerning the invasive nature of the therapy or the size 

and location of the tumor would no longer be factors inhibiting treatment.  Even patients 

with advanced stages of hepatocellular carcinoma would be able to be benefit from this 

new treatment methodology.  However, as a first step in making this possible, an 

extensive investigation into the behavior of US-tubes and GNTs when subjected to an 

external RF field had to first be undertaken as described in this thesis.  
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Chapter 3 

 

An investigation into the 
Radiofrequency heating profile of 
ultra-short carbon nanotubes and 

gadonanotubes 

 

 
 3.1 Experimental procedures 

   3.1.1 Preparation of nanotubes 

 Arc-discharge generated SWCNTs with a carbonaceous purity of 60-70% were 

purchased from Carbon Solutions, Inc.  The as-prepared SWCNTs were subjected to a 

previously established method involving fluorination and pyrolysis to create US-tubes.14 

The residual Ni and Y catalysts that was used during the arc-discharge synthesis method 

as well as other amorphous carbon material were removed via bath sonication in 12 N 

HCl.  The presence of van der Waals forces causes the US-tubes to bundle in solution.  

Therefore, the US-tubes are reduced using a Na0/THF treatment to individualize the US-
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tubes or to create smaller bundles.  The reduced US-tubes were then refluxed with 6 N 

HNO3 for 5 minutes in order to mildly oxidize the end-walls and defect sites with the 

creation of carboxylate groups.  This oxidation process is called “opening.”  The defect 

sites of these debundled and opened US-tubes were further modified by loading the US-

tubes with Gd3+ ions by bath sonication in an aqueous solution of GdCl3 at pH ~ 3 to 

produce debundled and opened GNTs.  The GNTs (pH > 5) were collected by filtration 

and washed with water multiple times to remove excess Gd3+ adhered to the outer surface 

of the US-tubes.  The purified, debundled, and opened US-tubes, as well as the purified, 

debundled and opened GNTs, were dispersed in a biocompatible, non-ionic Pluronic F-

108 polymer (0.17% w/v) and used for further experiments. 

    3.1.2 Concentration analysis 

 The Gd3+-ion content of the GNTs was determined using inductively-coupled 

plasma optical emission spectroscopy (ICP-OES).  Briefly, the GNTs samples were 

treated with ~ 26% HClO3 and heated to dryness. The resulting white precipitate was 

then dissolved in 2% HNO3 (v/v) and subjected to ICP-OES analysis (Perkin Elmer 

Optima 4300 DV, Waltham, MA).  Calibration standards for the instrument were made 

from a purchased stock solution of 1000 mg/L Gd3+, using Y3+ (5ppm) as the internal 

standard for analysis. 

 The concentration of US-tubes and GNTs was determined by UV-Vis 

spectroscopy using a double-beam Varian Cary 4000 spectrophotometer in the 800-200 

nm range.  Briefly, US-tubes were weighed using a Cahn C-31 microbalance.  The US-

tubes were then suspended in a solution of Pluronic using ultrasonication to produce 

concentrations of 1, 5, 10, 20, and 30 mg/L.  These suspensions were used to make the 
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standard calibration curve for absorbance measurements.  The absorbance spectrum of a 

control Pluronic aqueous solution did not reveal any significant absorption in the 

wavelength region of used.  Therefore, the absorption peak at 255 nm seen in the US-

tubes/pluronic suspension spectrum is attributed to the US-tubes alone.   

     3.1.3 RF generator setup 

 The Kanzius External RF (13.56 MHz) Generator System (Therm-Med, LLC, 

Erie, PA) as described previously was used for all RF experiments.9,11,13 The generator 

has a capacitively-coupled transmitting and receiving head that generates a uniform RF 

field within an air gap of 10 cm.  For all experiments, the generator input power was set 

at 950 W.  The field strength was measured using a Hewlett Packard Spectrum Analyzer 

(model 8566, Agilent, Santa Clara, CA).  The Pluronic suspensions of either US-tubes or 

GNTs were loaded into a 1.3 mL quartz cuvette and the cuvette was placed onto a Teflon 

holder positioned 5/16 inch below the transmitter head.  The temperature of the cuvette 

was monitored using an infrared thermal camera (FLIR Systems SC 6000, Boston, MA).  

Heating rates were calculated between 5 and 120 s of RF exposure, as this was the range 

in which the Time vs. Temperature plots were noted to be linear. 

     3.1.4 Complex permittivity measurements 

Complex permittivity measurements were taken with an Agilent 85070E high-

temperature coaxial dielectric probe (Agilent Technologies, Santa Clara, CA) connected 

to an Agilent E4991A impedance analyzer across the frequency rage 10 MHz – 3 GHz. 
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     3.1.5 Zeta potential measurements 

 The zeta potential measurements were made using a Malvern Zen 3600 Zetasizer 

(Malvern Instruments, Worcestershire, United Kingdom).  The excess Pluronic in the 

suspensions was washed away before measurements were taken.  For the washing 

procedure, 1 mL of the suspension of either US-tubes or GNTs was loaded into a 100 

kDa Amicon® ultra-4 centrifuge filter tube.  The suspension was centrifuged for 5 

minutes at 1100 rpm, at which point approximately 100 µL of the suspension was left in 

the filter portion of the tube.  The clear solution containing excess Pluronic was collected 

at the bottom of the centrifuge tube. Afterward, 900 µL of HPLC water was added to the 

suspension and then centrifuged again.  The resulting 100 µL suspension was then diluted  

to 4 mL with HPLC water and used for analysis.  It was determined that no further 

washings were needed to remove excess Pluronic because the zeta potential measurement 

did not change even after more washes. 

     3.2 Results and Discussion 

The initial heating profile of debundled and opened GNTs is shown in Figure 3.1. 
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Figure 3.1 – The heating rate of GNTs at various concentrations 
suspended with 0.17% (w/v) Pluronic F108 in HPLC water.  The data 
points represent an average from three independent experiments and 
the error bars represent the standard error of the mean. 
 
 
      3.2.1 General observations 

 The gadonanotube suspensions heated in a concentration dependent manner when 

subjected to the external and focused RF field.  Furthermore, the heating rate of the GNT 

suspension was significantly above the background heating of the aqueous Pluronic 

solution alone.  The heating rate of the pluronic solution alone was not significantly 

higher than the heating rate of HPLC water alone (data not shown).  With this in mind, it 

was hypothesized that the GNTs suspensions would heat more in the RF field than their 

empty US-tubes counterpart due to the presence of the Gd3+ ions because previous 

studies with salt solutions in the RF field have shown that free ions in solution heated 

very well when subjected to the RF field (data not shown). 
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     3.2.2 Heating profile of US-tubes vs. GNTs 

The heating profile of debundled and opened US-tubes in comparison to their 

GNTs counterparts (at similar concentrations from the same batch of SWCNTs) are 

shown in Figure 3.2 and Figure 3.3, respectively. Once a suspension of the US-tubes or 

GNTs was subjected to the RF field, the background Pluronic solution of each suspension 

was collected through centrifuge filtration.  The collected background Pluronic solution 

was then subjected to the RF (shown in red). 
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Figure 3.2 – The RF heating rate of empty US-tubes at various 
concentrations suspended with 0.17% (w/v) pluronic F108 in HPLC 
water. The data points represent an average from three independent 
experiments and the error bars represent the standard error of the 
mean. 
 
 

 
 
Figure 3.3 – The RF heating rate of GNTs at various concentrations 
suspended with 0.17% (w/v) pluronic F108 in HPLC water. The data 
points represent an average from three independent experiments and 
the error bars represent the standard error of the mean. 
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 The empty US-tube suspensions heated in a concentration dependent manner 

when subjected to the external and focused RF field.  The supernatant of these 

suspensions were also subjected to the RF field in order to determine where the bulk of 

the heating originated.  In each case, the suspension of US-tubes heated significantly 

more than the background supernatant.  Therefore, it is concluded that the US-tubes 

contributed greatly to the observed heating of the suspension.  Surprisingly, it was found 

that the Gd3+-ion loading into empty US-tube to produce GNTs somewhat attenuated the 

heating of the US-tubes under RF field exposure at the same concentration of US-tubes.  

This was always true in the subsequent batches of empty US-tubes and GNTs 

suspensions (derived from the same source of full-length SWCNTs) that were 

investigated.  These results can be seen in Figures 3.4 and 3.5, respectively. 
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Figure 3.4 – The RF heating rate of various batches of empty US-tubes 
suspended with 0.17% (w/v) Pluronic F108 in HPLC water as a 
function of concentration. Batch 1 is the same as the data shown in 
Figure 3.2. The data points represent an average from three 
independent experiments and the error bars represent the standard 
error of the mean. 
 

 

Figure 3.5 – The RF heating rate of various batches of GNTs suspended 
with 0.17% (w/v) Pluronic F108 in HPLC water as a function of 
concentration.  Batch 1 is the same as the data shown in Figure 3.3.  
The data points represent an average from three independent 
experiments and the error bars represent the standard error of the 
mean. 

100 200 300 400 500 600 700 800 900

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

He
ati

ng
 Ra

te 
(°C

/s)

Concentration of US-tubes  (mg/L)

 Batch1

 Batch2

 Batch3

 Batch4

RF Heating Rate of Empty US-tubes

0 100 200 300 400 500 600 700 800 900

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

He
ati

ng
 Ra

te 
(°C

/s)

Concentration of US-tubes (mg/L)

 Batch1

 Batch2

 Batch3

 Batch4

RF Heating Rate of GNTs



" #+"

     3.2.3 Mechanism of heat generation by US-tubes and GNTs 

 Although it is evident that both US-tubes and GNTs are able to absorb RF energy 

and convert it to heat, the mechanism by which this happens remains unclear.  One 

possible explanation of the observed heating could be due to quantum tunneling.  In this 

scenario, electron flow through the US-tubes results in the production of heat that is 

dissipated to the surrounding environment. This possibility is supported by the 

observation that unfunctionalized, full-length SWNT dispersions assemble into “rope-like” 

structures along the axis of the applied RF field (data not shown).42 This theory would 

also explain why GNTs heat less well than US-tubes in the RF field at the same US-tube 

concentration, since the presence of Gd3+- ions could disrupt electron flow along the US-

tube, thus resulting in the production of less heat by the US-tube component. 

 Probably a more plausible explanation for heat production is that the US-tubes 

and GNTs experience dielectric heating when subjected to the RF field.  In this case, the 

nanoparticles in solution are constantly gyrating and trying to realign with the oscillating 

electromagnetic field, since the constant motion of these nanoparticles should produce 

hear.  Dielectric heating would also explain why GNTs heat less than empty US-tubes.  

The Gd3+ ions of the GNTs account for 3-5% of the weight of the material.  Thus, the 

heavier GNTs would produce less motion when subjected to the RF field than its empty 

US-tube counterpart, thus resulting in less heat production. 
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"""""3.2.4 Permittivity and zeta potential measurements 

" The ability of a material to store and dissipate electrical energy as heat is 

dependent on the material’s dielectric properties, which can be described by the real (!’) 

and imaginary (!”) parts of the complex permittivity function   !*(") = !’(") – #!”("), 

where " is the radial frequency (2$ƒ).  The real part of the permittivity (!’) relates to the 

stored energy of the material in the medium, whereas the imaginary part (!”) relates to 

the loss of energy of the material in the medium when an electric field is applied.  The 

permittivity measurements of both empty US-tubes and GNTs suspensions are shown in 

Figure 3.6 and 3.7, respectively. 
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"
Figure 3.6 – Permittivity data (!’) for US-tubes and GNTs compared to 
their background supernatant (SN) as well as HPLC water. 

"

"

Figure 3.7 – Permittivity data showing how much energy is converted 
to heat by US-tube and GNT suspensions when an electric field is 
applied.  SN = supernatant. 
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" As can be seen in Figure 3.6, the US-tubes suspension shows a greater degree of 

polarization when an electric field is applied compared to the GNTs suspension.  The US-

tube concentration in each sample is 774 and 751 mg/L, respectively.  Both the US-tubes 

and GNTs suspensions are more polarizable than either of the background Pluronic 

supernatant or water alone.  Figure 3.7 shows that the US-tubes suspension can more 

readily convert electrical energy to heat when compared to the GNTs suspension, 

background Pluronic supernatant, or water alone.  After the background supernatant is 

subtracted, the US-tubes and GNTs suspension have finite !” permittivity values of 2.22 

and 0.89, respectively, compared to 0.031 for water alone. From this data alone, there 

does not seem to be a direct relationship between the heating rates of the US-tube/GNT 

materials and their permittivity values, although permittivity measurements can still be a 

valuable tool to help predict how materials will behave when subjected to an RF electric 

field. 

 Zeta potential measurements can also give insight into predicting how materials 

will behave when subjected to an RF field.   Table 3.1 shows the average zeta potential 

values for carbon nanotube suspensions as they are processed from full-length SWNTs to 

US-tubes and then GNTs. 
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Table 3.1 – Zeta potential values for SWCNTs as they are processed to 
produce US-tubes and GNTs. 
 
 

Suspension Zeta Potential (mV) 

Pluronic 0.17% (w/v) 
 -19.3 ± 3.4 

Full Length SWCNTS 
 -27.0 ± 1.7 

Cut and Purified US-tubes 
 -24.6 ± 1.2 

Opened US-tubes 
 -53.8 ± 1.8 

GNTs 
 -44.3 ± 0.4 

 

 As can be seen from the table above, the zeta potential value did not change 

significantly when the full-length SWCNTs were cut to shorter lengths through pyrolysis 

and then purified.  However, the zeta potential value for empty US-tubes was 

significantly more negative than that for the cut and purified SWCNTs.  This is due to the 

“opening” reaction of the process, which creates carboxylate (COO-) groups at the defect 

sites of the US-tubes.  Not surprisingly, loading the US-tubes with Gd3+ ions somewhat 

neutralizes the negative charge present on the US-tubes.   

Although there is not a direct relationship between the zeta potential value and 

heating rate of a material, the zeta potential value seems to be a good indicator for 

predicting how materials will heat in the RF field. The more negatively charged the 

material, the more heat it produces when subjected to the RF electric field.  The GNTs, 

having a more positive zeta potential, would oscillate less in an electric field than US-

tubes and thus, produce less heat (at the same US-tube concentration) when an RF 
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electric field is applied. This is evident when comparing the zeta potential values in Table 

3.1 to the heating rate of processed SWNTs in Figure 3.8.   These findings support the 

dielectric heating mechanism model discussed earlier. 

 

 

Figure 3.8 – RF Heating rate of SWCNTs as they are processed into US-
tubes and then GNTs.  All suspension concentrations were 200 mg/L. 
The data points represent an average from three independent 
experiments and the error bars represent the standard error of the 
mean. 
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     3.2.5 Localized heating in a physiological environment 

 In order to better understand the heating of US-tubes and GNTs in a more 

physiologically-relevant environment, US-tubes and GNTs were suspended with 0.17% 

(w/v) Pluronic F108 in phosphate buffered saline (PBS, pH 7.4). Figure 3.9 and 3.10 

shows the heating results of US-tubes and GNTs suspended in PBS, respectively. 
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Figure 3.9 – RF Heating rate of various concentrations of US-tubes 
suspended in PBS with 0.17% (w/v) Pluronic F108. The data points 
represent an average from three independent experiments and the 
error bars represent the standard error of the mean. 
 
 

 
 
Figure 3.10 – RF Heating rate of various concentrations of GNTs 
suspended in PBS with 0.17% (w/v) Pluronic F108. The data points 
represent an average from three independent experiments and the 
error bars represent the standard error of the mean. 
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 Significant ionic heating was observed when US-tubes and GNTs were suspended 

in PBS and subjected to the RF field.  However, there were no statistically significant 

differences between the heating rates of the control group (Pluronic in PBS) when 

compared to either the US-tubes or GNTs suspensions in PBS, regardless of the 

concentration of US-tubes.  Thus, the ionic heating of PBS overshadows any heating 

contribution of the US-tubes or GNTs in suspension, producing no significant 

enhancement in the measured bulk temperature using the IR camera.  However, this does 

not mean that there is not enhanced localized heating in the surrounding 

nanoenvironment of the US-tubes and GNTs.  

     3.3 Conclusions 

 From this study, it is evident that both suspensions of US-tubes and GNTs heat in 

a concentration dependent manner when subjected to an external, focused RF field.  Not 

only do these suspensions heat well, but they also heat significantly above the 

background Pluronic supernatant, which means the US-tubes themselves contribute 

significantly to the observed bulk heating. Although the mechanism of heating for these 

materials in an RF field is still unclear, it may be that more than one mechanism is 

responsible for heat generation.  Electronic measurements of a material’s permittivity and 

zeta potential values can also give insight for predicting how not only these US-tubes and 

GNTs but other materials as well will behave when subjected to the RF field.  Although 

the suspensions of US-tubes and GNTs did not heat significantly above the PBS 

background, this does not mean that there is not substantial localized heating associated 

with the US-tubes when in this medium. From this study, it can be concluded that both 
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US-tubes and GNTs are good nanoparticle candidates for non-invasive, combinational 

therapy of diseases such as cancer by RF-induced hyperthermia. 
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Chapter 4 

 

The efficacy of US-tubes and GNTs 
combined with RF fields as a 

treatment strategy for hepatocellular 
carcinoma  

 

 It has been demonstrated that suspensions of empty US-tubes and GNTs heat in a 

concentration-dependent manner when subjected to an external and focused 

radiofrequency field.  Although these suspensions did not exhibit bulk heating above the 

ionic background when suspended in PBS, it is still possible that strong localized heating 

in the vicinity of the nanoparticles is occurring nevertheless.  This being the case, the use 

of these carbon-based nanoparticles in combination with RF fields is still a plausible 

treatment strategy for cancer by RF-induced hyperthermia. 

 A treatment strategy based on the molecular targeting of these carbon-based 

nanoparticles would be advantageous because they would provide nanoparticles that are 

cost effective and easily synthesized.  Their surface chemistry would also allow for the 

attachment of cancer-cell targeting moieties such as antibodies or peptides.  Furthermore, 
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the defect sites in the sidewalls of the US-tubes might be exploited in order to load 

cytotoxic chemotherapeutics, e.g. cisplatin, contrast agents (Gd3+, I2), or radioisotope 

agents (211AtCl).  For example, the use of GNTs in this manner would provide a novel 

theranostic agent utilizing MRI to aid in the diagnosis of cancer as a high-performance 

contrast agent but then also using RF fields to treat the same cancer by hyperthermia.   

     4.1 Experimental procedures 

    4.1.1 Cell culture and reagents 

 All cell lines (Hep3B, HepG2, and Snu449) were purchased from the American 

Type Culture Collection (ATCC, Manassas, VA) and maintained according to the 

supplier’s instructions.  Media (RPMI-1640 for Snu449 and MEM for HepG2 and 

Hep3B) was supplemented with 10% (v/v) fetal bovine serum.  Additional 

supplementation included 1% (v/v) sodium pyruvate, non-essential amino acids, and 

penicillin-streptomycin.  The cells were cultured in either T-75 or T-150 tissue culture 

flasks (Corning Inc, Corning, NY).  For each cell line, the short tandem repeat fingerprint 

was confirmed by the Cell Line Characterization Core Service (M.D. Anderson Cancer 

Center, Houston, TX) within one year of all experiments.  All the media and supplements 

were purchased from Gibco (Life Technologies, Grand Island, NY).  The cells were 

passaged approximately every three to five days before reaching confluency and the 

media was replaced every three days.   
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     4.1.2 Cell counting 

Cells were counted before each experiment.  Counting was performed using a 

cellometer (Nexcelom Bioscience, Lawrence, MA).  First the cells were trypsinized and 

washed with PBS and then resuspended in their respective media.  Approximately 20 %L 

of the cell suspension was diluted with trypan blue in a 1:1 ratio.  Half of the resulting 

suspension was then loaded onto a disposable cell counting chamber (Nexcelom 

Bioscience, Lawrence, MA) and placed into the cellometer.  Only the viable cells were 

noted. 

     4.1.3 Sample preparation 

 Suspensions of US-tube and GNTs suspensions were prepared as previously 

described.  The US-tube concentration was determined by UV-Vis spectroscopy and the 

Gd3+ concentration was determined by ICP-OES.  Sterility of the samples was assured by 

a minimum 20-minute exposure to ultraviolet irradiation before incubation with the cells. 

     4.1.4 Cell studies 

All RF experiments on cells were performed in 12-well cell culture plates 

(Corning Inc., Corning, NY) at 70% cell confluency.  Approximately 70,000 cells 

(Hep3B or Snu449) or 150,000 cells (HepG2) were cultured for 24 hours in a 37 ˚C 

incubator prior to treatment with either US-tubes or GNTs.  At the end of the US-tube or 

GNT treatment period, the media was aspirated and the cells washed with PBS before 

new media was added.  For RF experiments, the cells were returned to the incubator for 

at least one hour before RF exposure. 
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     4.1.5 RF generator setup 

The Kanzius External RF (13.56 MHz) Generator System (Therm-Med, LLC, 

Erie, PA) was used as previously described.  The generator power was arbitrarily set to 

950 W for all experiments.   As an internal control, 1 mL of PBS was loaded into three 

wells of a 12-well plate and the heating rate was noted to be ~ 1 ˚C/min.  This control 

was used to monitor the RF system behavior before, during, and after RF field exposures 

of the cells.  The 12-well plates loaded with cells were equilibrated in a 37-˚C cell culture 

incubator prior to RF exposure.  The plates were then removed and set on a Teflon holder 

at ambient temperature (~20-22 ˚C).  All three wells loaded with cells were noted to cool 

to a temperature of 30 ˚C before RF exposure began. 

     4.1.6 Cell viability analysis 

 All cell viability assays were performed on a BD Biosciences BDLSRII 

Fluorescence Assisted Cell Sorter (FACS, BD Biosciences, San Jose, California).  Both 

Annexin V-FITC and propidium iodide (PI) were used as stains for all assays.  Cells that 

are both Annexin V-FITC and PI negative are considered viable.  Cells that are in the 

early apoptosis stage are Annexin V-FITC positive and PI negative.  Cells that are in the 

late apoptosis stage are Annexin V-FITC positive and PI positive.  Cells that are already 

dead are PI positive.  

      4.1.7 Transmission Electron Microscopy (TEM) preparation 

 Cells were harvested, washed with PBS, and resuspended in Trump’s Fixative.  

After fixation, the samples were washed with 0.1M cacodylate buffer and treated with 

0.1% Millipore-filtered buffered tannic acid.  The cells were then postfixed with 1% 
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buffered osmium tetroxide and stained with 1% uranyl acetate.  Following postfixation, 

the cells were ethanol dehydrated and embedded in a LX-112 medium.  After 

polymerization, ultrathin sections were cut using a Leica Ultracut microtome (Leica, 

Deerfield, IL) and stained with uranyl acid and lead citrate in a Leica EM Stainer.  TEM 

images were taken using a JEM1010 transmission electron microscope (JEOL, USA, Inc., 

Peabody, MA) at an accelerating voltage of 80kV in conjunction with an AMT Imaging 

System (Advanced Microscopy Techniques, Danvers, MA). 

     4.1.8 Statistical analysis 

 Unless otherwise stated, the data shown represents an average of 3 to 6 

independent experiments.  The error bars represent the mean standard deviation and for 

statistical purposes, a p-value of < 0.05 was considered significant. 

    4.2 Results and Discussion 

     4.2.1 Assessment of cytotoxicity 

 Before any RF studies were conducted, it was necessary to determine that the US-

tubes and GNTs suspensions were not in and of themselves cytotoxic to the cancer cell 

lines being studied.  Approximately 70,000 Hep3B cells were plated in three wells of a 

12-well cell culture plate and kept in a 37 ˚C cell culture incubator. After 24 hours, the 

cells were noted to be adherent to the bottom of the wells. The media was then aspirated 

and washed three times with PBS.  The cells were then incubated with media alone or 

with either US-tubes or GNTs (final concentrations of US-tubes being 100 mg/L per 

well) for 24, 48, or 72 hours.  At the end of each treatment period, the media was again 
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aspirated and the cells washed three times with PBS.  At this point, the cells were 

harvested and their viability assessed by FACS.  These results are shown in Figure 4.1. 

 
Figure 4.1 – Viability of Hep3B cells when incubated with either US-
tubes or GNTs for 24, 48, or 72 hours.  The final concentration of US-
tubes in each well was 100 mg/L. 

 

The concentration of US-tubes used in this study is much higher than would ever 

be used clinically (concentrations of materials used in the clinic are normally in the 

nanomolar range).  Even after 72 hours of incubation with US-tubes or GNTs at this high 

concentration, the Hep3B cells did not show any significant cell death compared to the 

control group, which were left to grow under normal cell culture conditions for the same 

time period.  Therefore, any cytotoxic effects seen when these materials are combined 

with RF energy to treat cancer cells would be due to the localized heating of these 

materials and not due to the presence of the materials themselves.  This cytotoxicity 

Day 1 Day 2 Day 3
0

20

40

60

80

100

%
 C

el
l V

ia
bi

lit
y

 Control Cells
 GNTs
 US-tubes

Hep3B FACs Viability



" $'"

assessment was also performed on the HepG2 and Snu449 cell lines with similar results 

(data not shown). 

     4.2.2 Thermal cytotoxicity from RF exposure 

 One of the many reasons that cancer is so hard to treat is due to its heterogeneity.  

Even within the category of hepatocellular carcinoma, many cancer cell lines exist and 

each cell line can respond differently to treatment.  It should therefore not be surprising 

that each of the cell lines being investigated in this study would also respond differently 

when subjected to an RF field.  Therefore, a thermal dose response curve must be made 

for each cell line. The thermal dose response curve for Hep3B cells is shown in Figure 

4.2 as a function of time with a variance in volume of media used for the RF exposure 

treatment. 
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Figure 4.2 – Thermal dose response curve for Hep3B cells as a function 
of time.  The volume of media used was varied to assess the effect of 
media volume for future experiments.  The viability of the cells were 
tested after RF exposures of 0, 2, 3.5, and 5 minutes, respectively. 

"

From the thermal dose response curve for Hep3B cells, it is evident that the media 

volume used for RF experiments is important in determining how RF exposure will affect 

the viability of the cells.  Although there is significantly more cell death with 5 minutes 

of RF exposure with 1 mL of media than with 2 mL of media, the experimental condition 

of 2 mL will better reflect realistic conditions when treating patients in the future because 

the RF energy would have a greater barrier to penetrate to reach the target cancer cells in 

both cases.  Based on this finding, it was determined that 2 mL of media would be used 

for all future in vitro experiments.  In addition, it was determined that a minimum of 4 

minutes RF exposure time would be needed for the treatment of Hep3B cells. 
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     4.2.3 Initial results of combinational RF therapy 

 The initial results from the combinational RF therapy with US-tubes or GNTs are 

shown in Figure 4.3. 

 
Figure 4.3 – The viability of Hep3B cells when treated with either US-
tube or GNTs suspensions (final concentration of US-tubes was 100 
mg/L per well) in combination with RF exposure for 4 minutes at 950 
W.  FACS analysis performed 24 hours after RF treatment. 

 

 Based on these initial findings, the viability of cells treated with RF alone or with 

nanoparticles in combination with RF did not decrease when compared to the viability of 

the control cells – those cells that were not treated with either RF or nanoparticles.  From 

this result, two different possibilities exist.  The first  is that an RF exposure time of four 

minutes was not enough to induce cell death and that the exposure time would have to be 

increased gradually until a significant amount of cell death could be seen when RF is 

used alone.  The second is that not enough nanoparticles were being taken up by the 
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cancer cells to induce a cytotoxic effect when combined with the RF treatment.  Both of 

these possibilites were thoroughly investigated. 

     4.2.4 Cellular uptake of GNTs 

 The Gd3+ ions present in the GNTs are easily detectable using ICP-OES.  

Therefore, the GNTs were chosen as the nanoparticle of choice for all cellular uptake 

studies.  It is assumed that the empty US-tubes would have a similar uptake by cancer 

cells as their GNTs counterparts. 

 Suspensions of GNTs were incubated with Hep3B cells at a concentration of 100 

mg/L of nanotubes for 1, 4, and 24 hours.  At the end of these time points, the cells were 

washed thoroughly with PBS and collected for TEM analysis.  The results of this analysis 

are shown in Figure 4.4." 
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Figure 4.4 – TEM images of Hep3B cells uptake of GNTs at various time 
points. 
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 As is evident in the TEM images from Figure 4.4, there is not much uptake of 

GNTs into Hep3B cells even after 24 hours of incubation.  A survey of the literature 

proved that this result should not have been surprising considering the extensive research 

that had already been done on gold nanoparticle uptake by cells.  Zhu et al. found that the 

serum protein interactions with gold nanoparticles could greatly diminish the uptake of 

these gold nanoparticles by cells especially when the ligands surrounding these 

nanoparticles are hydrophobic in nature.43   Considering the inherent hydrophobicity of 

carbon nanotubes, it is plausible that the serum proteins present in the cell culture media 

were interacting with the GNTs (and US-tubes) and preventing the majority of these 

nanoparticles from being taken up by cells.  To further investigate this hypothesis, TEM 

samples of cells (Hep3B and HepG2) were once again prepared with one set of samples 

containing the normal 10% (v/v) fetal bovine serum with GNTs and the other set of 

samples containing no FBS with GNTs. 

 Surprisingly, at the end of the six-hour incubation period with GNTs, the resulting 

suspension of GNTs in the media changed dramatically between the media that contained 

FBS versus the media that contained no FBS.  The GNTs suspension that was added to 

the media without FBS was greatly aggregated whereas the GNTs remained in 

suspension in the media containing FBS.  This result is shown in Figure 4.5. 
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Figure 4.5 – Pictures of flasks containing Hep3B or HepG2 cells that 
were incubated with GNTs for 6 hours.  The flasks containing no FBS 
had GNTs that aggregated whereas the flasks containing 10% (v/v) 
FBS had GNTs still in suspension. 

 

 In order to investigate whether it was indeed the interaction of FBS that kept the 

GNTs in suspension in the media, the complete media (MEM, 10% FBS, 1% sodium 

pyruvate, 1% non-essential amino acids, 1% penicillin-streptomycin) was broken down 

into its different components and incubated with GNTs.  The results are shown in Figure 

4.6. 
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Figure 4.6 – The MEM complete media broken down into its different 
components and incubated with GNTs.  Only the flasks containing FBS 
had GNTs still in suspension after six hours of incubation.   

 

 Only those flasks containing FBS had GNTs still in suspension after six hours of 

incubation.  This confirms that there is indeed an interaction between the serum proteins 

of FBS and the US-tubes and that this interaction is essential to prevent the GNTs from 

aggregating in the media.  The question still remained, though, whether or not there 

would be more uptake of GNTs by cells when no serum is present.  The TEM results for 

Hep3B cells incubated with GNTs in the presence of FBS as well as cells incubated with 

GNTs with no FBS are shown in Figure 4.7 and 4.8, respectively.  The TEM results for 

HepG2 cells incubated with GNTs in the presence of FBS as well as cells incubated with 

GNTs with no FBS are shown in Figure 4.9 and 4.10, respectively. 
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Figure 4.7 – TEM of Hep3B cells incubated for six hours in the presence 
of GNTs and 10% FBS. The cells do not take up many GNTs in this 
instance. 

 

 

 
Figure 4.8 – TEM of Hep3B cells incubated for six hours in the presence 
of GNTs and no FBS. The cells take up more GNTs in this instance. 
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Figure 4.9 – TEM of HepG2 cells incubated for six hours in the presence 
of GNTs and 10% FBS. The cells do not take up many GNTs in this 
instance. 

 

 

 
 
Figure 4.10 – TEM of HepG2 cells incubated for six hours in the 
presence of GNTs and 10% FBS. More GNTs are associated with the 
cells in this instance. 
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 For both cases of Hep3B and HepG2 cells, more GNTs were internalized by the 

cells (Hep3B) or at least associated with the cells (HepG2) when no FBS was present in 

the media.  This was the case even though the GNTs were observed to be aggregating in 

the cell culture media within a couple hours of being introduced to the cells.  However, 

the aggregation of the GNTs in the cell culture media rendered the sample very difficult 

to work with in that all the GNTs aggregates could not be washed away with PBS, and 

this, in turn, caused the cells to aggregate while they were being harvested.  Therefore, all 

future studies concerning a variation in FBS concentration were performed with 1% (v/v) 

FBS.  This condition was ten times less than the normally used concentration of FBS but 

was still enough to keep the GNTs from aggregating in the time frames being studied. 

 While the TEM images demonstrated that more GNTs are associated with the 

cells when less FBS is present, this did not quantitatively demonstrate just how much 

more GNTs were taken up.  Therefore, the study was performed again under the same 

conditions but this time the cells were collected and analyzed with ICP-MS to determine 

the concentration of Gd3+ ions per cell.  The initial results of the ICP-MS analysis for 

Hep3B cells at varying concentrations of FBS are shown in Figure 4.11. 
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Figure 4.11 – ICP-MS analysis of the Gd3+ concentration in Hep3B cells.  
The GNTs were incubated for 6 hours with the cells in varying 
concentrations of FBS. 

 

 The ICP-MS analysis confirms the data from TEM. There are many more Gd3+ 

ions present on a per cell basis when 1% FBS is used as compared to when 10% FBS is 

used.  Also interesting is the fact that even when 50% FBS is used, there is no significant 

difference in GNTs uptake as compared to the samples containing only 10% FBS.  For all 

future studies concerning variations in FBS concentration, only 1% and 10% FBS 

concentrations were considered.  ICP analysis of GNTs uptake was performed again not 

only on Hep3B cells but also HepG2 and Snu449.  The incubation time frame was 

reduced to 4 hours, though, as this was the treatment time planned for future RF studies.  

The results of the ICP analysis of Gd3+ ions uptake by Hep3B, HepG2, and Snu449 are 

shown in Figure 4.12, 4.13, and 4.14, respectively. 
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Figure 4.12 – ICP-OES analysis of the Gd3+ concentration in Hep3B 
cells.  The GNTs were incubated with the cells for 4 hours in either 1% 
or 10% FBS.  

 
Figure 4.13 – ICP-OES analysis of the Gd3+ concentration in HepG2 
cells.  The GNTs were incubated with the cells for 4 hours in either 1% 
or 10% FBS. 
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Figure 4.14 – ICP-OES analysis of the Gd3+ concentration in Snu449 
cells.  The GNTs were incubated with the cells for 4 hours in either 1% 
or 10% FBS. 

 

 The ICP analysis of Gd concentration in the cells matches the observed uptake of 

GNTs found in the TEM images.  In each case (Hep3B, HepG2, and Snu449), more Gd3+ 

ions were present on a per cell basis when the cell culture media was supplemented with 

only 1% FBS as compared to the cell culture media that was supplemented with 10% 

FBS.  The working hypothesis therefore became that when cells are treated with GNTs 

(or US-tubes) in 1% FBS and then subjected to the RF field, a higher percentage of cells 

should be ablated compared to cells that are treated with GNTs or US-tubes in 10% FBS 

and subjected to the RF field because of the significant differences of nanoparticle uptake 

due to the FBS concentration. 
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     4.2.5 Combinational RF treatment 

 While the GNTs uptake studies were ongoing, an extensive investigation into the 

RF thermal response of all three hepatocellular cell lines was performed.  An ideal 

response would demonstrate that cells treated with RF alone would be ~20% less viable 

than the control cells.  This level of response would ensure that any cell death seen would 

be due to the effects of the RF treatment and not from the normal cell death that would be 

seen due to the cell cycle.  It was found that both the time of the RF exposure as well as 

the final bulk temperature observed were essential when determining the end point of 

each experiment.  For the Hep3B and HepG2 cell lines, the cells had to be subjected to 

the RF field for at least 5.5 minutes and the final temperature of the media had to be at 

least 38 ˚C for a significant amount of cell death to be observed.  For the Snu449 cell line, 

the cells had to be subjected to the RF field for at least 7 minutes and the final 

temperature of the media had to reach at least 40 ˚C.  In the first set of experiments, the 

three cell lines were incubated with 100 mg/L US-tubes (with either 1% or 10% FBS) 

and then subjected to the RF field under the conditions stated above.  The results of these 

experiments are shown in Figure 4.15, 4.16, and 4.17. 
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Figure 4.15 – Cell viability results of Hep3B cells treated with US-tubes 
and RF.  The final concentration of US-tubes was 100 mg/L per well 
and the cells were subjected to the RF field for at least 5.5 minutes 
with the final temperature of the media reaching at least 38 ˚C. 

 

Figure 4.16 – Cell viability results of HepG2 cells treated with US-tubes 
and RF.  The final concentration of US-tubes was 100 mg/L per well 
and the cells were subjected to the RF field for at least 5.5 minutes 
with the final temperature of the media reaching at least 38 ˚C. 
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Figure 4.17 – Cell viability results of Snu449 cells treated with US-
tubes and RF.  The final concentration of US-tubes was 100 mg/L per 
well and the cells were subjected to the RF field for at least 7 minutes 
with the final temperature of the media reaching at least 40 ˚C. 
 

For both the Hep3B and HepG2 cell lines, there was significantly more cell death 

when cells were treated with US-tubes in 10% FBS with RF than with RF alone.  

Surprisingly, there was slightly less cell death observed when the cells were treated with 

US-tubes in 1% FBS even though more US-tubes were taken up in this instance.  

Therefore, it was decided that only the 10 % treatment would be tested in future 

experiments.  For the Snu449 cell line, there wasn’t a lot of cell death observed when the 

cells were treated with RF alone, however, there was slightly more cell death observed 

when the RF treatment was combined with the US-tubes.  These experiments were 

repeated under the same conditions using GNTs and the results are shown in Figure 4.18, 

4.19, and 4.20. 
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Figure 4.18 – Cell viability results of Hep3B cells treated with GNTs and 
RF.  The final concentration of GNTs was 100 mg/L per well and the 
cells were subjected to the RF field for at least 5.5 minutes with the 
final temperature of the media reaching at least 38 ˚C. 

 

Figure 4.19 – Cell viability results of HepG2 cells treated with GNTs and 
RF.  The final concentration of GNTs was 100 mg/L per well and the 
cells were subjected to the RF field for at least 5.5 minutes with the 
final temperature of the media reaching at least 38 ˚C. 
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Figure 4.20 – Cell viability results of Snu449 cells treated with GNTs 
and RF.  The final concentration of GNTs was 100 mg/L per well and 
the cells were subjected to the RF field for at least 7 minutes with the 
final temperature of the media reaching at least 40 ˚C. 

 

For all three cells lines, cells were less viable when treated with GNTs and then 

RF than with just RF alone.  However, the effect of GNTs with RF treatment was not as 

significant as that with US-tubes with RF when compared to the control group.  This 

should not be surprising, though, as the US-tubes generally had a higher heating rate than 

GNTs at the same US-tube concentration when subjected to the RF field, as determined 

in Chapter 3. 
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     4.3 Conclusions 

  The cellular uptake studies demonstrated that the concentration of FBS in the cell 

culture media dictates how many nanoparticles enter the cells, with less FBS allowing for 

more nanoparticle uptake as determined by both TEM and ICP analysis.  However, more 

nanoparticles present on a per cell basis did not equate to more cell death when the cells 

were subjected to an RF treatment.  In fact, the cells with more nanoparticles internalized 

within them had a slightly higher viability after the RF treatment.  This was true for both 

US-tubes and GNTs treated cells. 

From the RF treatment studies, it is evident that the combination of carbon 

nanoparticles and RF produce a synergistic effect on the viability of three different 

hepatocellular cell lines as the treatment of the cells with carbon nanoparticles and RF 

killed more cells than treatment with RF alone.  The US-tubes and GNTs were shown to 

not be non-cytotoxic to all three cells lines even when incubated at high concentrations 

for 72 hours.  Therefore, the greater cell death observed when carbon nanoparticles are 

combined with an RF treatment strategy is attributed to the heat produced by of the 

carbon nanoparticles in the RF field and not to any cytotoxicity of the carbon 

nanoparticles themselves. 
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Chapter 5 
 

Radiofrequency-induced heating of 
GNTs for the treatment of 

hepatocellular carcinoma in tumor 
bearing mice  

 

 
 The in vitro efficacy of the treatment of hepatocellular carcinoma cells using an 

external radiofrequency field in combination with either internalized US-tubes or GNTs 

has been clearly demonstrated.  In both instances, more cells death was observed when 

the carbon-based nanoparticle was used in conjunction with the RF field compared to 

when the cancer cells were subjected to the RF field alone.  However, in vitro results do 

not necessarily translate into how cancer cells will respond to the treatment in vivo since 

the controlled environment of the cells growing in media fails to mimic precise cellular 

conditions present in living organisms.  Therefore, in order to better understand the 

efficacy of this proposed treatment for humans, animal models must first be investigated. 

 It was decided that the first animal model would be nude mice.  Nude mice are 

immuno-compromised because they are bred to have a genetic mutation that greatly 
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diminishes their level of T cells (T lymphocytes).  This, in turn, makes these mice 

important in research because they do not reject the growth of many different types of 

tissue and tumors.  In fact, it is common to use nude mice to test new strategies of 

imaging and treatment of tumors.  For these experiments, Hep3B xenografts were grown 

subcutaneously in the flanks of the mice.  These xenografts were later treated with GNTs 

in conjunction with an external RF field.  Although it was found that aqueous 

suspensions  f GNTs did not generate as much heat as empty US-tubes and that the 

combination of GNTs with RF did not kill as many cancer cells as when US-tubes are 

combined with RF, GNTs were chosen for the in vivo studies because they are more 

easily imaged and assayed due to their Gd3+-ion content.   These advantages will also be 

important for future biodistribution studies of these carbon-based nanoparticles.  

Eventually, the GNTs will also be investigated for their efficacy as theranostic agents in 

vivo – first as an MRI contrast agent and image cancer cells and then as a therapeutic 

agent by the application of an external RF field to produce heat in order to kill cells by 

hyperthermia. 

     5.1 Experimental procedures 

     5.1.1 Cell culture and reagents 

Hep3B cells were purchased from the American Type Culture Collection (ATCC, 

Manassas, VA) and maintained according to the supplier’s instructions.  The MEM media 

was supplemented with 10% (v/v) fetal bovine serum.  Additional supplementation 

included 1% (v/v) sodium pyruvate, non-essential amino acids, and penicillin-

streptomycin.  The cells were cultured in T-150 tissue culture flasks (Corning Inc, 
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Corning, NY).  The short tandem repeat fingerprint was confirmed by the Cell Line 

Characterization Core Service (M.D. Anderson Cancer Center, Houston, TX) within one 

year of these experiments.  All the media and supplements were purchased from Gibco 

(Life Technologies, Grand Island, NY).  The cells were passaged approximately every 

three to five days before reaching confluency and the media was replaced every three 

days.   

    5.1.2 Cell counting 

Counting was performed using a cellometer (Nexcelom Bioscience, Lawrence, 

MA).  First the cells were trypsinized and washed with PBS and then resuspended in 3 

mL of PBS.  Approximately 20 %L of the cell suspension was diluted with trypan blue in 

a 1:1 ratio.  Half of the resulting suspension was then loaded onto a disposable cell 

counting chamber (Nexcelom Bioscience, Lawrence, MA) and placed into the cellometer.  

Only the viable cells were noted.  The cells were kept on ice until injection (maximum of 

two hours between cell counting and cell injection). 

 5.1.3 Sample preparation 

 Suspensions of GNTs suspensions were prepared as previously described.  The 

US-tubes concentration was determined by UV-Vis spectroscopy and the Gd3+-ion 

concentration was determined by ICP-OES.  Sterility of the samples was assured by a 

minimum 20-minute exposure to ultraviolet irradiation before direct injection into the 

tumors. 
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  5.1.4 Tumor bearing animal model 

 For these in vivo studies, subcutaneously implanted mouse models of human liver 

tumors were generated in nude mice (NCI, Bethesda, MD).  Female mice approximately 

4-5 weeks in age were purchased and acclimatized in the M.D. Anderson animal facilities 

for a minimum of one week.  This animal experiment was performed in strict accordance 

to a protocol that was reviewed and approved by the Institutional Animal Care and Use 

Committee (IACUC) of UT M.D. Anderson Caner Center.  All tumor implantation was 

performed under isoflurane anesthesia.   

A Kanzius external RF generator (ThermMed, LLC, Erie, PA) was used for 

animal hyperthermia exposures.  The use of this RF generator has been previously 

described. All RF experiments were performed under ketamine and xylocaine anesthesia.  

All efforts were made to minimize suffering.  Mice were grounded with copper tape to 

prevent electrothermal injury.  A window was created within the copper tape for tumor 

exposure to the RF.  Thermal images were taken using an infrared camera (FLIR SC 

6000, FLIR Systems, Boston MA).   

 For the liver tumor model, approximately 5 million Hep3B cells were injected in 

0.01 mL of PBS into each flank of the nude mice.  Three to four weeks after the 

implantation of the Hep3B cells, the tumor sizes were determined to be ready for 

treatment.   The tumors received direct injections of either a GNT suspension or Pluronic 

alone.  The mice that were slated for the RF treatment received the RF dose (10 minutes 

at 900 W) immediately after the injection of GNTs or Pluronic.  The first set of animals 

received a single treatment and the tumors were harvested 24 hours later for histological 
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analysis.  The second set of animals received treatment every two days for two weeks, for 

a total of five treatments in the given time frame.  The tumors were harvested for 

histological analysis 24 hours after the last treatment was administered. 

     5.1.5 Histological analysis 

The tumor tissues that were harvested at the end of the experiment were fixed in 

in 10% buffered formalin for 36 hours and subsequently stored in 70% (v/v) ethanol for a 

minimum of 24 hours.  The tissues were then embedded in paraffin.  For histological 

analysis, 5-micron tissue sections were placed on a glass slide and then deparaffinized 

and rehydrated.  The slides were stained with either eosin and hematoxylin or cleaved 

caspase-3 Rabbit mAb (Cell Signaling Techonology, Danverse, MA). 

     5.2 Results and Discussion 

     5.2.1 Efficacy of a single treatment of GNTs with RF 

 The first set of mice received a single treatment.  Table 5.1 gives a list of the 

mouse identity and the type of treatment it received. Figure 5.1 shows thermal images of 

the mice immediately after RF treatment.  Two different ellipses are shown in each image 

to mark the differences in temperature between the tumor and the rest of the body after 

RF treatment. 

 
 
 
 
 
 
 



" '!"

Table 5.1 – The various treatment types for the mice. 
 

 

 

 

 

 

 

 

Mouse id Treatment Received 

1 RF + Pluronic 

2 GNTs alone 

3 RF + GNTs 

4 Pluronic alone 

5 RF + GNTs 

6 RF + GNTs 
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Figure 5.1 – Thermal images of mouse 1, 2, 5, and 6, respectively.  
Thermal images were taken immediately after RF treatment of each 
mouse.  The temporal plot shows the differences in temperature 
between the tumor and the rest of the mouse’s body at the end of each 
RF run. 
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 The preliminary results from the first set of in vivo experiments demonstrate that 

the heat induced by the external RF field in the tumor injected with just the pluronic 

solution (~ 33 ˚C) is much less than any of the tumors that were injected with GNTs 

(~36-40 ˚C) at the same power and time conditions.  However, a more in depth analysis 

of the tumor tissue was needed to assess the effect the treatment actually had on the 

tumors.  Figure 5.2 depicts the histopathology sections of each set of tumors.  The tissues 

weres stained with cleaved caspase-3, which is a stain that indicates the presence of 

apoptotic cells (brown); viable cells were stained blue. 
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Figure 5.2 – Photomicrographs of hepatic Hep3B tumors from mice that 
received intratumoral injection of GNTs or a pluronic solution alone. 
Mouse 1, 3, 5, and 6 received RF treatment immediately after the 
injection.  Not many cells are seen in either mouse 1, 2, or 4.  However, 
apoptotic cells are more pronounced and widespread in tumors that 
received both GNTs and RF treatment.  All images were taken at 20x.  
Brown indicates apoptotic cells.  Blue indicates viable cells. 
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The preliminary pathology results from a single treatment of GNTs and RF 

showed quite promising results.  The mice that were only injected with either GNTs or 

pluronic only (mouse 2 and mouse 4) had only small amounts of apoptotic cells present 

in the tissue sample.  Even when the pluronic injection was combined with an RF 

exposure of 10 minutes at 900 W (mouse 1), little apoptotic activity was seen.   However, 

when GNTs were combined with a treatment of RF (mice 3, 5, and 6) at the same power 

and exposure time, apoptotic activity was greatly enhanced.  The areas of apoptotic cells 

were much larger and more widespread in tissue samples from mice 3, 5 and 6 when 

compared to the tissue samples from mice 1, 2, or 4. 

     5.2.2 Efficacy of multiple treatments with GNTs with RF 

 After demonstrating the success of a single treatment of RF and GNTs to induce 

hyperthermia on xenografts of human cancer cells in mice, it was necessary to evaluate 

the consequences of repeated high-intensity RF exposure with this same model.  Table 

5.2 gives the identity of the group as well as the treatment that the mice recieved in each 

group.  Each group had a total of four mice that received the same treatment. 

 

 

 

 

 



" ''"

Table 5.2 – The various treatment types for the groups of mice with 
four mice per group. 
 

 

The mice in each group were treated every two days for two weeks, for a total of 

five treatments in all.  Twenty-four hours after the last treatment, the mice were sacrificed 

and their tumors harvested.  Figure 5.3 depicts a representation of the histopathology 

sections of each group of treated mice.  Once again, staining was done using cleaved 

caspase-3. 

 

 

 

Group Number Treatment Received 

1 RF + GNTs 

2 RF + GNTs 

3 RF + Pluronic 

4 RF + Pluronic 

5 GNTs Alone 

6 GNTs Alone 
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Figure 5.3 – Photomicrographs of hepatic Hep3B tumors from mice that 
received intratumoral injection of GNTs or a pluronic solution. Groups 1 
- 4 received RF treatment immediately after the injection.  Very few 
apoptotic cells are seen in either group 5 or 6.  However, apoptotic 
cells are more pronounced and widespread in tumors that received 
both GNTs and RF treatment (groups 1 and 2).  All images were taken 
at 20x.  Brown indicates apoptotic cells.  Blue indicates viable cells. 
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 Once again, the groups of mice that were treated with both GNTs and RF (groups 

1 and 2) showed more pronounced areas of apoptotic cells stained brown.   These areas 

were widespread throughout the tissue samples and much larger in size when compared 

to the brown stained areas of the tissue samples from mice of other groups that either did 

not receive GNTs or an RF treatment.   

     5.3 Conclusions 

 For these experiments, Hep3B xenografts were successfully grown 

subcutaneously in the flanks of nude mice.  Two different in vivo experiments were 

performed; the first involved a single treatment of the mice with or without GNTs or RF 

and the second experiment had the mice receiving five similar treatment methods over a 

two-week period.  In both cases (single and multiple treatments), it was found that when 

the tumors were harvested and analyzed by histopathological means, using cleaved 

caspase-3 as the stain, cells death was more pronounced and widespread in tissue samples 

that received both GNTs and RF as a treatment than in other tissue samples. 

From these RF studies, it is evident that a combinational treatment of GNTs with 

RF could be an effective therapy for hepatocellular carcinoma in vivo. However, it is 

necessary to perform more extensive experiments to better quantify the amount of 

hyperthermic damage actually done to the tumor tissue as well as to determine the long-

term effect these treatments have on the tumor size and growth,  as well as on the animals 

themselves. 
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Chapter 6 
 

 

Conclusions and Future Work 

 
  This chapter presents the important conclusions of this dissertation and 

identifies some future research directions that are indicated by the work. 

     6.1 Conclusions 

 The interaction between nanomaterials and radifrequency radiation is currently 

being investigated as a noninvasive supplement to current clinical cancer therapies.  It is 

believed than when these nanomaterials are internalized into cancer cells and subjected to 

high-frequency radio fields (13.56 MHz), they will generate enough heat to kill cells by 

hyperthermia. This new treatment methodology is especially interesting in that it has the 

potential to be completely noninvasive since radiofrequency radiation is full-body 

penetrating.  This full-body penetration property would also eliminate many of the 

limitations that are present in current clinical techniques in that the size and location of 

the tumor would no longer matter when designing a treatment stratagem. Last but not 

least, by attaching targeting moieties such as peptides and antibodies to these 
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nanomaterials, cancer cells would be preferentially targeted by these materials, allowing 

for targeted heating of cancerous tissue over normal tissue. 

 In this dissertation, both empty US-tubes and GNTs were investigated as potential 

heating agents for use in an external and focused RF field.   US-tubes are interesting 

because they can be loaded with other drugs or imaging agents and GNTs are interesting 

because they have already been shown to be high-performance MRI contrast agents.  

Together, these two materials open up new avenues for enhanced drug delivery vehicles 

by remotely-triggered drug release using RF, as well as a new theragnostic agent that 

might be used to not only image tumor cells after internalization but also to treat the same 

tumors by hyperthermia when an RF field is applied. 

 It has been demonstrated that suspensions of both US-tubes and GNTs head in a 

concentration dependent manner when subjected to an external RF field. More over, the 

suspensions of US-tubes and GNTs heat significantly faster than the Pluronic solution in 

which they were suspended.  Therefore, the observed bulk heating can be attributed to the 

nanomaterials themselves and not from heating of the background Pluronic solution. 

 Also interesting was the use of different electronic measurements that could help 

predict how different materials would behave in an applied RF field.  Although the 

permittivity data and zeta potential measurements did not directly correlate to the heating 

profile of US-tubes and GNTs subjected to an RF field, they did give insight to the 

different properties of a material that could influence the material’s behavior in the RF 

field.  For instance, the ability of US-tubes to better dissipate electrical energy as heat 

(!”) than GNTs translated to a faster heating rate of the US-tubes in the RF field when 
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compared to the GNTs at the same US-tube concentration.  As for zeta potential 

measurements, a more negative value also translated to a faster heating rate in the RF 

field.  It is believed that that presence of the Gd3+ ions in GNTs somewhat neutralizes the 

negative charge on the US-tubes. This would, in turn, produce less oscillating motion of 

the GNTs in the applied electric field, rendering a slower heating rate for GNTs in 

comparison to their empty US-tubes counterparts.. 

Once the suspensions of both the US-tubes and GNTs were proven to be 

effective heat generators in an applied RF field, the efficacy of their use as a treatment 

stratagem was investigated using hepatocellular cancer cells.  Three different 

hepatocellular cancer cells lines (Hep3B, HepG2, and Snu449) were treated with either 

empty US-tubes or GNTs for four hours before being subjected to an external, focused 

RF field.  In all instances, more cells death was seen for cells that were treated with either 

US-tubes or GNTs and RF than when cells were treated with RF alone. The difference 

between the average cell viability was greater between cells that were treated with RF 

alone and those that were treated with US-Tubes and RF than the same comparison 

involving GNs.  This is not surprising since the US-tubes have a much faster heating rate 

compared to GNTs in the RF field at the same US-tube concentration. 

Another interesting note is the role that serum plays on the uptake of these 

nanomaterials into cancer cells in vitro.  It was found that when more serum was present 

in the media, less GNTs were internalized in cancer cells, as supported by both TEM and 

ICP-OES analysis.   Although this did not significantly affect the outcome of RF 

experiments in vitro, it may prove to be valuable information for future in vivo studies. 
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 After the success of this treatment stratagem in vitro, it was necessary to 

investigate its efficacy in vivo. Xenografts of Hep3B cells were grown on the flanks of 

nude mice.  Two sets of in vivo experiments were performed.  The first set involved a 

single treatment of tumors with GNTs and RF; the second set involved multiple 

treatments of tumors with GNTs and RF. Even with a single dose of treatment, tumors 

that were treated with GNTs and RF showed more tissue damage and cell death than 

those tumors that were injected with GNTs without RF.  The same results were observed 

when mice bearing Hep3B tumors were treated a total of five times with GNTs and RF 

over a two-week period. 

 The work described in this dissertation highlights the plausibility of using either 

US-tubes or GNTs in conjunction with an external and focused RF field as a viable 

supplemental strategy to current clinical therapies for hepatocellular carcinoma.  

However, it is evident that a more in depth investigation into the behavior of these 

nanoparticles in vivo is necessary in order to better understand how this work will 

translate to human subjects. 

     6.2 Future research directions 

Future work could build on these findings to develop a completely noninvasive 

methodology for patients with hepatocellular carcinoma.  First and foremost should be 

the identification and covalent attachment of targeting moieties on the outer surface of 

US-tubes.  This would allow for the systematic administration of the nanomaterials as 

well as reduce the influence that serum present in the body would have on the uptake of 

the nanomaterials into targeted cancer cells.  A biodistribution study would also be 
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needed in order to ensure the accumulation of the nanomaterials is mainly at the tumor 

site and not in other organs of the body. 

The evaluation of the long-term consequences of repeated RF exposures on not 

only the xenografts of the implanted human liver cancers but also the normal tissues of 

the mice will be needed.  These studies will need to be performed in order to demonstrate 

that this treatment methodology will reduce the tumor growth rate and even possibly 

eliminate the tumor all together over time as well as to ensure repeated RF exposures do 

not have unanticipated adverse effects on the mice themselves. Lastly, the in vivo 

experiments must be repeated on a large animal model such as a porcine model to further 

evaluate the safety and efficacy of this novel treatment protocol in humans. 
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Appendix A 
 

RF heating of miscellaneous solutions in RF field 
 

 

 
A.1 Example of heating rates of various solutions used to calibrate RF 
machine before, during, and at the end of each RF experiment. 
 
 

 
A.2 Average final temperature of various salt solutions (154 mM). 
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A.3 Average final temperature of various salt solutions (100 mM). 
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Appendix B 
 

RF heating of Au solutions in RF field 

 
B.1 Heating rate of various spherical gold nanoparticles as a function of 
concentration. Also an example of the thermal image recorded by the 
FLIR IR camera. 

 

 

B.2 Modifying the surface of 100 nm spherical gold nanoparticles with 
various charged ligands.  The suspension of surface modified gold 
nanoparticles did not heat as fast as solutions of the free charged 
ligand.  
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B.3 Modifying the surface of gold nanorods with various charged 
ligands.  The suspension of surface modified gold nanorods did not 
heat as fast as suspensions of gold nanorods in CTAB. 

 
B.4 Modifying the surface of gold nanorods with various thiol ligands.  
The suspension of surface modified gold nanorods did not heat as fast 
as suspensions of gold nanorods in CTAB. 
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Appendix C 
 

RF heating of US-tubes in an RF field 
 

 
C.1 Time vs. Temperature plot of various solvents in RF field.  HPLC 
water, Minimal Essential Medium (MEM), Fetal Bovine Serum (FBS), 
Phosphate Buffered Saline (PBS). 

 

 
C.2 Time vs. Temperature plot of US-tubes suspended in various 
solvents in RF field 
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C.3 RF heating rate of US-tubes loaded with various lanthanide ions.  
Red refers to the heating rate of the background Pluronic supernatant. 
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Appendix D 
 

Cell cycle analysis of Hep3B cells after they were incubated with US-tubes.  US-
tube were incubated with Hep3B Cells for 24 hours; the media was then 
refreshed and the cells collected for cell cycle analysis using proidium iodide and 
RNase at various time points after US-tubes exposure. 
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D.1 Exposing Hep3B cells to US-tubes for 24 hours seems to arrest the 
cells in the G0/G1 phase of the cell cycle.  It takes between 12-24 
hours for the cells to recover from the cell cycle arrest.  From cell cycle 
analysis like these, it was determined that cells should be treated with 
US-tubes for a period less than 24 hours. 
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Appendix E 
 

Uptake of GNTs by pancreatic cancer cells 
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