
 

 
 

INTRACELLULAR HYPERTHERMIA MEDIATED BY NANOPARTICLES IN 
RADIOFREQUENCY FIELDS IN THE TREATMENT OF PANCREATIC CANCER 

 
By 

 
Evan Scott Glazer 

 
 
 

_____________________ 
Copyright © Evan Glazer 2012 

 
 

A Dissertation Submitted to the Faculty of the 
 

DEPARTMENT OF MEDICAL SCIENCES 
 

In Partial Fulfillment of the Requirements 
For the Degree of 

 
DOCTOR OF PHILOSOPHY 

 
In the Graduate College 

 
THE UNIVERSITY OF ARIZONA 

 
 

 
 
 
 
 
 

2012 



 2 

 
THE UNIVERSITY OF ARIZONA  

GRADUATE COLLEGE  
As members of the Dissertation Committee, we certify that we have read the dissertation  
 
prepared by Evan Glazer  
 
entitled Intracellular Hyperthermia Mediated by Nanoparticles in Radiofrequency 
Fields in the Treatment of Pancreatic Cancer 
 
and recommend that it be accepted as fulfilling the dissertation requirement for the Degree of 
Doctor of Philosophy  
 
____________________________________________________________Date: 02/29/2012 
Paul McDonagh, PhD 
 
____________________________________________________________Date: 02/29/2012 
Ronald Heimark, PhD 
 
____________________________________________________________Date: 02/29/2012 
Robert Krouse, MD 
 
____________________________________________________________Date: 02/29/2012 
Randall Friese, MD 
 
____________________________________________________________Date: 02/29/2012 
Steven Curley, MD 
 
Final approval and acceptance of this dissertation is contingent upon the candidate's 
submission of the final copies of the dissertation to the Graduate College.  
I hereby certify that I have read this dissertation prepared under my direction and recommend 
that it be accepted as fulfilling the dissertation requirement.  
 
____________________________________________________________Date: 02/29/2012 
Dissertation Director: Robert Krouse, MD 



 3 

 
 

STATEMENT BY AUTHOR 
 
This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at the University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 
 
Brief quotations from this dissertation are allowable without special permission, provided 
that accurate acknowledgment of source is made.  Requests for permission for extended 
quotation from or reproduction of this manuscript in whole or in part may be granted by 
the copyright holder.  
 
 
 
 
                        SIGNED: Evan S. Glazer 
 
 
 
 
 
 
 



4 

ACKNOWLEDGEMENTS 
 

First, I would like to acknowledge my wife, Michelle.  She has tolerated many long 

nights and stressful days with me away with clinical responsibilities or research duties.  

Without her support and assistance, I would not be able to accomplish any of this.  

Likewise, I would like to acknowledge my parents who raised me to not only plan ahead, 

but more importantly to persevere ahead when challenges arose. 

 

I would also like to acknowledge my mentors Dr. Steven Curley and Dr. Robert Krouse.  

I have learned a great deal from these great men, and I continue to do so.  I would also 

like to acknowledge the other members of my dissertation committee: Drs. Ronald 

Heimark, Randall Friese, and Paul McDonagh.  Their support, recommendation, and 

advice are greatly appreciated.  Finally, the Department of Surgery under the leadership 

of Dr. Rainer Gruessner has been a supportive home for the past few years.  Without the 

Department’s help, it is unlikely that the Medical Sciences program would even exist 

today. 



5 

DEDICATION 

 

This dissertation is dedicated to my wife, Michelle, who has lived with me on “love and 

loans” for the past 10 years.  Without her support, love, and dare I say, consent, none of 

this would have been possible. 



 6 

 
TABLE OF CONTENTS 

 
LIST OF FIGURES….........................................................................................................8 
LIST OF TABLES...............................................................................................................9 
 
ABSTRACT.......................................................................................................................10 
 
1. INTRODUCTION.........................................................................................................11 

Hyperthermic therapy....................................................................................................12 
Radiofrequency (RF) fields...........................................................................................15 
Nanoparticles as intracellular hyperthermic agents.......................................................16 
Photothermal therapy....................................................................................................17 
Targeting nanoparticles to pancreatic cancer cells........................................................20 
In vitro models of RF induced, nanoparticle mediated hyperthermia...........................21 
Statement of the problem..............................................................................................22 
Present Study.................................................................................................................23     
 

2. METHODS....................................................................................................................24 
Materials........................................................................................................................24 
Imaging of gold nanoparticles with TEM.....................................................................25 
ICP-AES of gold nanoparticles.....................................................................................26 
Plasmon resonance of gold nanoparticles.....................................................................26 
Hydrodynamic diameter of gold nanoparticles.............................................................27 
Conjugation of gold nanoparticles to antibodies...........................................................27 
Confocal microscopic imaging of nanoparticles...........................................................29 
Acute toxicity and biodistribution of gold nanoparticles in vivo..................................31 
RF induced heating of gold nanoparticles in mixed cancer cell populations................32 
Selective delivery of gold nanoparticles in vivo and RF tumor ablation.......................34  

 
3. RESULTS......................................................................................................................37 

Antibody conjugation induces gold nanoparticle plasmon resonance shift…..............37     
Imaging of nanoparticles with electron and confocal microscopy................................38 
Nanoparticles have minimal acute toxicity in vivo.......................................................44 
Theranostic approaches to nanoparticle mediated hyperthermia..................................47 
Antibody delivery in co-culture....................................................................................52 
Gold nanoparticles modify cetuximab internalization patterns in vitro........................53 
Cancer cell ablation has minimal bystander cell effect.................................................57 
Nanoparticle mediated tumor ablation with RF field exposure....................................60 

 
4. CONCLUSIONS...........................................................................................................67 
 
REFERENCES..................................................................................................................72 
 



 7 

 
TABLE OF CONTENTS- continued 

 
APPENDIX A:  SAFETY OF GOLD NANOPARTICLES.............................................77 
    I. Introduction................................................................................................................80 
    II. Methods.....................................................................................................................81 
    III. Results......................................................................................................................82 
    IV. Conclusions..............................................................................................................85 
    V. References.................................................................................................................88 
 
APPENDIX B: RF ABLATION WITH FLUORESCENT NANOPARTICLES.............90 
    I. Introduction................................................................................................................93 
    II. Methods.....................................................................................................................94 
    III. Results......................................................................................................................96 
    IV. Conclusions..............................................................................................................98 
    V. References...............................................................................................................100 
 
APPENDIX C: RF ABLATION OF A PANCREATIC XENOGRAFTS IN MICE......102 
    I. Introduction..............................................................................................................105 
    II. Methods...................................................................................................................106 
    III. Results....................................................................................................................108 
    IV. Conclusions............................................................................................................112 
    V. References...............................................................................................................113 
 
 



 8 

 
LIST OF FIGURES 

 
Figure 1..............................................................................................................................33 
Figure 2..............................................................................................................................35 
Figure 3..............................................................................................................................38 
Figure 4..............................................................................................................................39 
Figure 5..............................................................................................................................41 
Figure 6..............................................................................................................................42 
Figure 7..............................................................................................................................43 
Figure 8..............................................................................................................................45 
Figure 9..............................................................................................................................47 
Figure 10............................................................................................................................49 
Figure 11............................................................................................................................51 
Figure 12............................................................................................................................52 
Figure 13............................................................................................................................54 
Figure 14............................................................................................................................55 
Figure 15............................................................................................................................56 
Figure 16............................................................................................................................58 
Figure 17............................................................................................................................61 
Figure 18............................................................................................................................62 
Figure 19............................................................................................................................63 
Figure 20............................................................................................................................64 
Figure 21............................................................................................................................66 
 
 



 9 

LIST OF TABLES 
 

Table 1...............................................................................................................................46 
Table 2...............................................................................................................................59 

 



 10 

 
ABSTRACT 

 Intracellular hyperthermic therapy may prove to be a unique and novel approach 

to the management of pancreatic cancer.  Utilizing the principle of photothermal 

destruction, selective killing of cancer cells with minimal injury to normal tissues may be 

possible.  This dissertation investigated the role of antibody targeted metal nanoparticles 

and the cytotoxic effects of nonionizing radiofrequency fields in pancreatic cancer. 

Cancer cell death was induced by heat release from intracellular metal nanoparticles after 

radiofrequency field exposure.  Fluorescent and gold nanoparticles were delivered with 

two antibodies, cetuximab and PAM-4, to pancreatic cancer cells in vitro and mouse 

xenografts in vivo. Selective delivery of these nanoparticles induced cell death in vitro 

and decreased tumor burden in vivo after whole animal RF field exposure.  This occurred 

through both apoptosis and necrosis. In addition, activated caspase-3 was increased after 

antibody treatment and RF field exposure.  Furthermore, although there was non-specific 

uptake by the liver and spleen in vivo, there was no evidence of acute or chronic toxicity 

in the animals.  These results are in agreement with the principle that malignant cells are 

more thermally sensitive than normal cells or tissues.  Selective intracellular delivery of 

metal nanoparticles coupled with whole body RF field exposure may be a beneficial 

therapy against micrometastases and unresectable pancreatic cancer in the future.  Further 

studies are planned with more specific antibodies, other nanoparticles, and other cancer 

targets. 
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CHAPTER 1- INTRODUCTION 

 

The optimal cancer therapeutics are those treatments that not only destroy cancer 

cells, but also do not destroy normal cells. Surgeons can resect malignant lesions- even 

metastatic lesions- but the ultimate question faced by the surgeon is whether that 

maneuver will benefit the patient.  Similarly, the patient must decide if the potential 

benefits are greater than the potential risks. Medical oncologists can figuratively pour 

chemotherapy into a cancer patient, but the long-term benefit may be elusive.  

Pancreatic cancer is a devastating disease. While a few patients will be diagnosed 

with neuroendocrine tumors of the pancreas, the vast majority of patients with pancreatic 

cancer have carcinoma (or adenocarcinoma) of the pancreas- a disease with a much 

worse prognosis.  While over 40,000 individuals will be diagnosed with pancreatic cancer 

this year, less than 20% will have any potential to be cured.1 Furthermore, less than 5% 

will be alive five years after diagnosis.  The other 95% will die from their disease during 

this time, regardless of treatment.2 

While controversial and not yet proven, patients who undergo resection for 

pancreatic cancer have a median survival of over 30 months when they receive 

neoadjuvant therapy compared to less than 20 months when no neoadjuvant therapy is 

given.3 Likewise, adjuvant therapy is associated with a survival advantage, but the 

amount is unclear as there is no world-wide standard of care.4 For example, combined 

treatment with gemcitabine, erlotinib, and 5-FU chemoradiotherapy likely increases 

median survival by up to 6 months in the adjuvant setting.5, 6 
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Similar to patients with resectable pancreatic cancer, patients with unresectable 

pancreatic cancer usually receive gemcitabine based chemotherapy with erlotinib.7 For 

locally advanced pancreatic cancer, chemoradiotherapy can be added, but is generally not 

effective for metastatic disease.7 The median survival for patients with unresectable 

pancreatic carcinoma is less than 12 months regardless of treatment regime. 

 

Hyperthermic therapy 

Hyperthermia has been a modality to induce cell death for thousands of years. 

Nanoparticle based photodynamic therapy- radiation induced heating of tumors 

containing nanoparticles- is a relatively new method to induce hyperthermia in an 

intracellular fashion.8, 9 Although there are differences between boiling oil therapy on 

skin lesions in ancient times and intraperitoneal hyperthermic therapy today, the 

similarities of the former performed thousands of years ago with the current use of the 

latter is striking.  Current hyperthermic treatments, including those in clinical use, utilize 

an external heat source in an invasive fashion (i.e., hyperthermic perfusion, 

intraperitoneal hyperthermia, radiofrequency ablation, monopolar/bipolar cautery, etc.). 

Hyperthermic treatment involves external heat transfer from the outside towards the 

inside of the cell, i.e., extracellular hyperthermia. Typically, a warmed fluid or a heated 

probe is in contact with a malignant lesion. The heat is transferred by direct contact to 

presumably cooler tissues (malignant or otherwise). This has formed the basis of 

hyperthermic cytotoxicity for the entire history of this treatment, up until the advent of 

nanoparticles. 
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Obviously, healthy cells as well as malignant cells are exposed to heat during 

hyperthermic therapy.  Apoptosis begins to be induced when temperatures reach ~ 43°C, 

but significant cell injury takes days at this temperature to be effective.  Fortunately, as 

temperatures rise to ~ 60°C, cell death is induced in seconds to minutes.  Unfortunately, 

bystander cell death occurs as well when the external heat source dissipates energy to 

surrounding areas without respect to normal or malignant cells.   Heat transfer, as well, 

occurs through anatomic tissue planes.  Localizing heat to intracellular regions could 

allow local temperatures in the cell to rise high enough to induce cytotoxicity without 

inducing significant bystander cell death.  Injury to essential intracellular organelles, such 

as the nucleus and mitochondria, would induce cell death in a very efficient fashion.  The 

three zones of cytotoxicity include immediate cell necrosis in the central zone associated 

with denaturing of critical organelles, such as the nucleus or cell membrane, apoptosis via 

caspase-3 activation in the peri-necrotic zone, and reversible cell injury in the outer zone. 

It is theorized that reversible cell injury in the outer zone is related to cancer recurrence 

or incomplete treatment.  Importantly, bulk heat around the cells or lesion of interest, 

whether it is media in a cell culture dish or tissues surrounding a xenograft, is a major 

challenge, as this would induce bystander cell cytotoxicity.   

Hyperthermic treatment of cancer is almost always part of a multimodality 

treatment.  For solid organ malignancies, resection is often the first treatment 

(notwithstanding the current trend towards neoadjuvant therapy).  Chemotherapy and 

radiotherapy are important adjuvant treatments that often improve survival.  In addition, 

simultaneous hyperthermic treatment and chemotherapy at the time of surgical resection 
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(i.e. intraperitoneal hyperthermic chemotherapeutic treatment for operative 

carcinomatosis or hyperthermic chemotherapeutic limb perfusion during sarcoma 

resection) may be more beneficial than non-simultaneous therapies.  The majority of 

results demonstrate that this is an effective treatment and occasionally a cure.  Problems 

with hyperthermic treatments include the depth of treatment, the degree of injury to 

normal tissues, and the tolerability of treatment to the patient.  Furthermore, secondary 

injury (post therapeutic complications) to the kidneys, liver, or lung decreases the 

efficacy of these treatments. Lesions involving large vascular or neuronal structures are at 

increased risk of collateral damage with these therapies, as well. 

An underlying assumption is that malignant cells are more susceptible to 

hyperthermia than normal cells.10 The threshold is around 45°C - 50°C.11, 12 Below this 

threshold, normal tissues are not readily susceptible to thermal destruction while above 

this threshold, normal tissues are injured with prolonged exposure.13 Additionally, there 

is evidence that cancer stem cells are susceptible to intracellular hyperthermia in this 

thermal window.14 In the resultant thermal window, however, malignant cells are more 

thermally sensitive than normal cells offering a potential therapeutic window. In addition, 

specific and non-specific inflammation occurs within this thermal window.  Numerous 

mechanisms have been proposed for this phenomenon.  These include elevations in heat 

shock proteins  27 and 70 expression,15 cellular membrane injury,14 and dysrgulation of 

intracellular organelles.16   
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Radiofrequency (RF) fields 

An RF field is, on a very simple level, an electrical field between a source metal 

plate and grounded metal plate that capacitively couples the specimen (solution, patient, 

animal, etc.) located between the two metal plates.  It is an electrical potential field that 

only applies energy to material that interacts with the field itself. Insulators, by definition, 

describe materials that do not interact with the electrical field and do not transmit an 

electrical current. Conductors, such as metal and salts, describe materials that do interact 

with electric fields and carry current. Metal nanoparticles absorb the field and convert the 

electrical potential energy to thermal energy (heat), due to electrical resistance and Joule 

heating (electrical currents on the nanoparticle surface inducing ionic vibration), that is 

then transferred to the surrounding milieu by thermal diffusion.17 When gold 

nanoparticles are targeted to specific cancer cells, these particles are endocytosed in a 

size dependent manner.18 Since RF fields transfer energy to metal nanoparticles much 

more efficiently than biologic tissues, metal nanoparticles reach cytotoxic temperatures 

more rapidly and release heat (by thermal dissipation due to ionic vibration akin to 

friction) to the surrounding cytosol and organelles.  

The specific wavelengths of RF energy/radiation utilized are governed by 

numerous limitations.  First, nanoparticles of varying size will respond slightly 

differently in the various electrical fields.  Second, the nanoparticle shape, material, and 

fluid dynamic characteristics effect how it interacts in an RF field in solution.  Finally, 

and perhaps most importantly, governmental limitations (i.e., the Federal 

Communications Commission and the Food and Drug Administration) have defined 
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specific wavelengths of energy that can be used for medical and scientific uses and those 

that cannot. 

 

Nanoparticles as intracellular hyperthermic agents 

Nanoparticles are particles on the order of 1-100 nanometers (nm) in diameter.  

They can be created with chemical techniques that result in solid spheres, hollow spheres, 

rods (as defined by lengths >> width), and tubes.19 More exotic shapes including cubes, 

pyramids, and cages are also possible.  The more common nanoparticles include carbon 

“Bucky balls” and liposomal doxorubicin.  The former is properly called 

buckminsterfullerene or Carbon-60 and resembles a soccer ball.  The latter is in clinical 

use as a chemotherapeutic agent.  Carbon nanotubes are another type of nanoparticle that 

have received much attention related to materials development and biomedical 

applications due to its relatively high strength.  Nanoparticles have been used for drug 

delivery (doxorubicin and others) and in diagnostic imaging as contrast agents.  

 Interestingly, a novel therapy for cancer treatment emerges by selective delivery 

of metal nanoparticles to cancer cells.20 Intracellular nanoparticles, it is hypothesized, 

would heat as well as their counterparts in solution.  By placing an animal (or part 

thereof) into an RF field, it was hypothesized that heat would be delivered to cells in a 

selective manner by nanoparticles.  Non-targeted cells (i.e., normal tissues) are less likely 

to contain metal nanoparticles, and as such, are less likely to heat.  By avoiding or 

decreasing normal cell hyperthermia, nanoparticle mediated hyperthermia is expected to 

induce less toxicity than traditional hyperthermic treatment methods. 
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An important question related to the safety of nanoparticles has been recognized 

by the National Institutes of Health (NIH).  In conjunction with the Food and Drug 

Administration and other governmental organizations, the National Cancer Institute (as 

part of the NIH) has established the National Characterization Laboratory 

(http://www.ncl.nci.gov).  The sole purpose of the NCL is to investigate the safety, 

biodistribution, and pharmacokinetics of nanoparticles.  In general, gold nanoparticles 

have been found to be very safe while the safety of carbon nanoparticles has received 

much scrutiny.  Specifically, filamentous carbon nanotubes are similar to asbestos fibers 

in morphology, but not chemistry, requiring added investigations of their safety.  In 

addition, gold colloids are F.D.A. approved for the treatment of rheumatoid arthritis and 

are similar to gold nanoparticles.  Other nanoparticles that are commercially available 

include silver and many types of semiconductors. 

 

Photothermal therapy 

Nanoparticles, including carbon, gold, and silver, do not always chemically 

“behave” similar to their macroscopic counterparts.  There are many reasons for these 

phenomena, but the electrons on the surface of nanoparticles interact uniquely from their 

macroscopic counterparts related to the total size of the particle itself and the mean free 

path of an electron.  The small size of nanoparticles (and hence, limited mean free path 

for valence electron movement) results in much greater heat dissipation during radiation 

exposure than that seen with larger metal particles. Photothermal effects are a direct 
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result of this heat release. These nuances are what permits not only interesting science, 

but more importantly, novel applications in medicine and cancer therapy specifically.   

Metal nanoparticles, especially gold, have been used with near-infrared radiation 

(NIR) photodynamic therapy because gold nanoparticles have high absorbance of this 

wavelength of radiation.21, 22 In general, gold, silver, and carbon nanoparticles heat when 

exposed to NIR in a concentration dependent fashion.  In addition, there is a relationship 

between particle size and heating rate, but the exact relationship remains to be fully 

elucidated.  The theory of mean free path describes that electrons move as an electron 

cloud in these materials because there are valence electrons.  The path that electrons 

travel in the electron cloud is limited by the number of energy levels available (valences).  

Fewer available valences, as seen with fewer atoms in a nanoparticle, require that more 

energy is dissipated as heat in order to maintain the law of conservation of energy.  In 

metals such as gold and silver, this is well described and explains the various types of 

covalent bonds and electron states that regularly form.  Carbon, on the other hand, 

typically does not have free valence electrons because of the very strong covalent bonds 

and limited number of valence electrons. It often forms very strong bonds with itself and 

oxygen due to molecular geometry and the relative amounts of carbon and oxygen (as 

well as many other reasons that are well beyond the scope of this dissertation).  

Photothermal destruction induces cytotoxicity by releasing heat from 

nanoparticles within cells of interest when radiation is applied. Theoretically, limiting the 

amount of energy deposited, could allow the temperature within the cell to reach 

cytotoxic levels near the nanoparticle but not reach cytotoxic levels outside of the 
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targeted cell.  NIR radiation alone does not significantly heat or injure tissues (a notable 

exception is a very high powered NIR laser, but these are typically not used in clinical 

settings).  Unfortunately, these therapies are limited to the treatment of superficial lesions 

as NIR transmission through tissue is negligible past a few centimeters.23 However, other 

forms of radiation, including non-ionizing RF fields, easily pass through tissues without 

significant toxicity or absorption.24  Interestingly, solid spherical gold nanoparticles are 

one of the most efficient nanoparticles that absorb RF energy and release heat.25-27 

However, as more efficient methods for the creation of nanoparticle develop, different 

nanoparticles may be more efficient at converting RF field energy to heat in the future. 

Delivery of nanoparticles to specific malignant cells is a much more difficult task.  

At current, there are multiple ways to conjugate nanoparticles to targeting proteins 

(peptides or antibodies).   Electrostatic bonds between protein and nanoparticle are the 

simplest method for conjugation, but they are also the weakest bond and risk 

disassociation in vivo.  A much stronger bond is formed via covalent forces, often 

through the use of a linker molecule.  These are often PEG [poly(ethylene glycol)] based 

molecules that form covalent bonds between a single gold nanoparticle and multiple 

proteins. In addition, chemical linkages such as thiol-gold interactions are nearly as 

strong as covalent bonds. The advantage of this technique includes greater stability in in 

vitro and in vivo models. As such, thiol containing amino acids provide a reasonable 

method for conjugation to gold nanoparticles.28 Although described in the literature, the 

chemistry involved is unique to each antibody-nanoparticle combination.  Highly 

efficient conjugation requires significant optimization of any given protocol. 
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Targeting nanoparticles to pancreatic cancer cells 

Delivery of nanoparticles to targeted pancreatic cancer cells is based on balancing 

multiple competing factors.  First, as a proof of principle, it may be reasonable to utilize 

commercially available antibodies targeted against well-described antigens that are over 

expressed in specific types of cancers.  As an actual treatment in humans, this may be 

problematic.  For example, cetuximab, a well-known chimeric anti-epidermal growth 

factor receptor-1 (EGFR-1) antibody, binds to normal skin tissue at relatively high 

concentrations.  Clinically, this often causes a skin rash.  However, if metal nanoparticles 

were delivered in this way, all of those otherwise healthy cells would be at risk of injury 

if they were exposed to RF fields or NIR radiation after gold nanoparticle delivery.  On 

the other hand, patients may tolerate this skin toxicity for the potential benefit of an 

effective therapy.  The fatality of pancreatic cancer may permit higher-than-usual risks.  

Obviously, a more cancer selective target may yield a more efficient therapy.  In models 

of cancer, however, such as in vitro and in vivo mouse models, cetuximab is an excellent 

antibody, as it does not bind to murine EGFR-1.  A second strategy involves targeting 

antigens that are differentially expressed between normal cells and malignant lesions.  

Some members of the mucin family of membrane surface glycoproteins, such as MUC-1, 

are an example of this.29 MUC-1 is normally expressed on the luminal surface of 

gastrointestinal tissues but is translocated to the basal surface during malignant 

transformation. While on the basal surface, MUC-1 is accessible to intravenous targeting 

moieties against it. 
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in vitro models of RF induced, nanoparticle mediated hyperthermia 

Previous work by other members in the research group has demonstrated that 

noninvasive RF fields induce more photothermal cytotoxicity with targeted solid gold 

nanoparticles than other materials.25, 26  None of the previous work has investigated 

cytotoxicity in mixed cell populations, however.  In addition, targeting has not been 

demonstrated in vivo.  Therefore, it was hypothesized that noninvasive RF fields would 

heat targeted gold nanoparticles in targeted cells in a sufficient manner in order to induce 

ablation of targeted cancer cells in vitro and human pancreatic xenografts in a murine 

model in vivo. 

The device used to create the RF field consists of a generator that creates an 

alternating electrical signal at 13.56 MHz.26  This generator is connected to a metal plate 

(transmitting head) that induces an electrical field that is coupled to a grounded plate.  

This is very similar to a parallel plate capacitor system, with some differences related to 

current source.  Primarily, capacitors induce electric fields between a positive end of a 

metal plate and a negative terminal.  In this system, however, electric fields travel 

towards the lowest electrically grounded plate, which allows more specific altering and 

modulating of the electric field if needed.  The wavelength of this type of RF energy is 

approximately 22 meters. Any effects from the RF energy would be a field effect, not an 

effect related to the wave or particle nature of electromagnetic radiation. 
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Statement of the Problem 

Less than one-fourth of individuals with pancreatic adenocarcinoma are 

candidates for curative surgical resection.  Despite advancements in surgical technique 

and chemotherapy, including neoadjuvant chemotherapy, the median survival for patients 

with resectable pancreatic adenocarcinoma is less than three years.  Adjuvant therapies, 

such as clinical RF ablation with intraoperative probes, have not demonstrated a 

prolonged or meaningful survival advantage when metastases are systemic.  Likewise, 

adjuvant chemoradiotherapy increases survival by a few months, but it does not 

dramatically affect cure rates or long-term survival.  Clearly, a completely novel 

approach is needed to treat, and hopefully cure, this disease. 
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Present study 

The methods, results, and conclusions of this study are presented in papers 

appended to this dissertation. The present study systematically investigated the role of 

hyperthermia induced by targeted intracellular nanoparticles in an RF field.  This was 

investigated in vitro and in vivo with a focus on nanoparticles that are most likely to be 

safe or useful in humans for the treatment of pancreatic cancer. The hypothesis is that 

noninvasive RF fields heat intracellular nanoparticles in targeted cells such that thermal 

ablation destroys cancer cells in vitro and human pancreatic xenografts in a murine model 

in vivo. The following is a summary of the most important methods, results, and 

discussions as well as nuances related to those findings. For further information, the 

reader is referred to the appendices for complete information found in the published 

manuscripts. 
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CHAPTER 2- METHODS 
 

Materials 

The primary targeting antibodies for human pancreatic carcinoma in this project 

were the chimeric monoclonal antibody against epidermal growth factor receptor-1 

(EGFR-1) cetuximab (Bristol-Myers Squibb, New York, NY) and PAM-4, a monoclonal 

antibody against mucin type I glycoprotein (MUC-1, Immunomedics, Inc. Morris Plains, 

NJ).  PAM-4 was utilized for in vivo studies and is clinically known as clivatuzumab.  

Cetuximab in an FDA approved chemotherapeutic while clivatuzumab is undergoing 

Phase III clinical trials. Both have been targeted to pancreatic cancer in vivo with various 

levels of therapeutic success. 

Cell lines were acquired from the American Type Culture Collection (Manassas, 

VA) and maintained in media according to their recommendations in standard conditions 

(37°C, 5% CO2). Cell line identities were verified with DNA fingerprinting every 6 

months.30, 31 Recommended cell culture media was supplemented with 10% fetal bovine 

serum, 1% L-glutamine, and 1% penicillin/streptomycin.  Panc-1 and Capan-1 were the 

pancreatic carcinoma cell lines used in these studies.  Panc-1 is derived from a human 

primary pancreatic carcinoma while Capan-1 is derived from a human metastatic 

pancreatic adenocarcinoma. Panc-1 over expresses the target of cetuximab, EGFR, while 

Capan-1 over expresses the target of PAM-4, MUC-1.  Negative control cells were 

Cama-1 breast cancer cells.  

Gold nanoparticles were acquired from Ted Pella, Inc. (Redding, CA) with 

diameters of 5 nm, 10 nm, and 20 nm.  While there is lot-to-lot variation in the 
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production of these nanoparticles, the within lot variance is less than 10% as measured 

with dynamic light scattering (see below).  The nanoparticles are suspended in a citrate 

buffer as a stable colloid solution. 

 

Imaging of gold nanoparticles with transmission electron microscopy 

 Naked, in vitro, and in vivo gold nanoparticles were imaged with transmission 

electron microscopy (TEM) in order to determine the diameter, shape, and qualitative 

aggregation state. Preparation for TEM began with fixing cell pellets (~ 3 x 106cells) or 

tissue samples (~1 mm3) in a cacodylate buffer (pH ~ 7.4) containing 3% glutaraldehyde 

and 2% paraformaldehyde.  Samples were fixed for at least 48 hours at 4°C. Naked or 

free gold nanoparticles were directly imaged in order to measure nanoparticle diameter 

and baseline qualitative aggregation states. Each sample was copiously washed with 

0.1% cacodylate buffered tannic acid, soaked in 1% buffered osmium tetroxide for 30 

minutes, and stained with 1% uranyl acetate. The samples were then dehydrated with 

increasing serial concentrations of ethanol and embedded in LX-112 medium. Samples 

were cut with a Leica Ultracut microtome (Leica, Deerfield, IL, USA) and double stained 

with uranyl acetate/lead citrate. Samples were imaged with a JEM 1010 transmission 

electron microscope (JEOL, USA, Inc., Peabody, MA, USA) with an accelerating voltage 

of 80 kV. Images were digitally acquired and stored in the usual fashion (AMT Imaging 

System, Advanced Microscopy Techniques Corp., Danvers, MA, USA). 
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ICP-AES of gold nanoparticles 

 The weight concentration of gold in starting solutions (i.e., stock solutions), 

nanoparticle constructs, intracellularly in vitro, and tissues in vivo were measured with 

inductively coupled plasma atomic emission spectrometry (ICP-AES).  Briefly, this 

technology takes solutions containing gold (and other ions) and injects an aliquot into 

argon gas that is in plasma phase (temperature >> 5,000 Kelvin).  This process results in 

characteristic emission wavelengths related to the component material (i.e., gold, iron, 

silver, etc.) and the relative amounts of each.  By comparing to known standards, the 

absolute concentrations of the starting solution can be determined.  The accuracy is 

usually within 3%.32 

 

Plasmon resonance of gold nanoparticles 

 Plasmon resonance is the phenomenon that occurs when visible or infrared light is 

shined on nanoparticles (and other surfaces, as well) and peak absorbance is measured.  

The surface electrons absorb specific wavelengths of light based on the particle size and 

material.  Fundamentally, free electrons on the surface determine the wavelengths of light 

absorbed.  This wavelength is measured with a spectrophotometer (Applied 

NanoFluorescence, Houston, TX, USA).  In general, the location of the absorbance peak 

is related to surface physiochemical properties of the nanoparticle (i.e., protein 

conjugation) and electrostatic interaction.  However, the width of the peak is related to 

the aggregation status of the nanoparticles.  Aggregated nanoparticles have a significantly 

red-shifted, widened absorbance peak.33, 34 
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Hydrodynamic diameter of gold nanoparticles 

 The diameter of gold nanoparticles and gold nanoparticle constructs were 

determined with dynamic light scattering (DLS, Horiba Ltd., Irvine, CA, USA).  DLS is 

based on Brownian motion of the nanoparticles in aqueous solutions.  Briefly, provided 

that the nanoparticle diameter is much less than the wavelength of an applied laser and 

the solution is relatively dilute, scattering of laser light is due to random motion 

(Brownian motion). The resultant scatter pattern is directly related to the size of 

nanoparticles.  This assumes that the nanoparticles are homogeneous in solution.  Larger 

particles have less variation in the scattering intensity at a given position while smaller 

particles are associated with much more scattering.  Typically, hundreds to thousands of 

observations (photon scattering events) are measured per sample, and this is repeated at 

least three times. 

 

Conjugation of gold nanoparticles to antibodies 

The conjugation of antibodies to gold nanoparticles is based on direct electrostatic 

interactions, indirect linkages with a covalent linker, or directly via a thiol-gold (sulfur-

gold) interactions.  Electrostatic interactions are non-specific, ionic interactions between 

gold nanoparticles and antibodies that are stable for short periods of time (hours to days) 

in physiologic conditions. While the exact mechanisms that are involved in thiol-gold 

bond formation remain unclear, these bonds are only slightly weaker than covalent 

linkages and often are stabilized by additional bonds (i.e., electrostatic) to the surface of 

the gold nanoparticle.  Likewise, bidirectional linkers often have a thiol moiety on one 
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end to bind to the gold nanoparticle and a nitrogen-based moiety (i.e., hydrazide group) 

on the other end of the linker to bind to a protein, peptide, or antibody.  In this study, all 

three types of interactions were utilized. 

 Electrostatic conjugation of gold nanoparticles to cetuximab begins with washing 

the gold nanoparticles in deionized water in order to remove excess salts used in the 

productions of nanoparticles.  4 mL of gold nanoparticle solution was placed in a 

centrifugal filtration tube with a 50 kDa molecular weight cut off.  Two sequential 

washings were performed with ultrapure water and resuspended at a final concentration 

of 50 µg/mL.  450 µg cetuximab was added to 50 mL of gold nanoparticle solution (pH ~ 

8.5) and mixed in the dark at room temperature for 2 hours.  The conjugation was stored 

in the dark at 4°C. 

 Conjugation of the gold nanoparticle to cetuximab via a covalent linker 

(SensoPath Technologies, Inc., Bozeman, MT, USA) was performed in order to ensure 

stability in vivo. This was modified from a previously described protocol.28 Briefly, 10 

mg cetuximab was suspended in 100 mM Na2HPO4 and activated with 100 µL NaIO4.  

The activation was quenched with an abundance of phosphate buffered saline (PBS) and 

a 10-fold excess of linker was added to the solution.  After reacting for 1.5 hours, the 

antibody-linker mixture was concentrated and filtered to remove the excess unbound 

linker.  The antibody-linker solution was resuspended at 5 mg/mL in borate buffer. 1 mg 

of 10 nm gold nanoparticles were twice washed in borate buffer (pH ~ 8) and added to 

450 µg of cetuximab, gently mixed for 2 hours, filtered, and stored. 
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 Direct thiol-gold linkage between the antibody PAM-4 and 20 nm gold 

nanoparticles were undertaken in order to demonstrate a more universal approach to 

antibody-gold conjugation. PAM-4 was partially reduced with TCEP [tris(2-

carboxyethyl)phosphine hydrochloride] to reduce and expose the sulfur moieties in the 

interchain disulfide bond. The ratio of TCEP to antibody was 1:1 and reacted for 1 hour.  

Next, 20 nm gold nanoparticles were added at a stoichiometric ratio of 1:3 gold 

nanoparticles to PAM-4 antibodies. The constructs were then washed and stored in borate 

buffer (pH ~8). 

 

Confocal microscopic imaging of nanoparticles 

Cancer cells were plated on standard glass cover slips and grown for 36 hours.  

Cells were treated with AlexaFluor (AF) 647–labeled cetuximab, gold nanoparticles, a 

fluorophore labeled cetuximab-gold nanoparticle–conjugated construct, or neither for 3 

hours. Cell membranes from cells on the cover slips were stained with AF 594 labeled 

wheat germ agglutinin (Invitrogen Corp.) by incubating for 10 minutes at 37°C. After 

PBS washings, the cells were fixed with 4% paraformaldehyde and permeabilized with 

ice cold 100% methanol. Cells were covered in blocking solution [3% bovine serum 

albumin (BSA) plus 1% animal serum in PBS] for 1 hour. Next, cells were twice washed 

and  subsequently stained with AF 488–labeled secondary antibody against the heavy and 

light chains of human IgG (Invitrogen Corp.). DNA was stained 300 nM DAPI for 5 

minutes after gentle PBS washings. Cover slips were mounted, sealed, and stored in the 
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dark at 4°C (Olympus DSU with Orca II ER camera; Olympus America Inc., Center 

Valley, PA, USA). 

In a separate experiment, cells were treated with AF 647–labeled cetuximab with 

or without gold nanoparticles to determine the percentage of cells in vitro with 

measurable amounts of primary fluorophore–labeled antibody-gold nanoparticle 

constructs. Cells were identified in the usual manner by an automated cytometer while 

the fluorescence of AF 647 was simultaneously measured for individual cells (Cellometer 

Vision; Nexcelom Bioscience, LLC, Lawrence, MA, USA). 1,800 cells were analyzed in 

each group and a histogram was created with the same binning and boundaries (Sigma 

Plot Version 11; Systat Software Inc., Chicago, IL, USA). 

In addition to fluorescent-labeled antibodies, quantum dots are fluorescent 

semiconducting nanoparticles that are “tunable” in order to emit a specific emission 

wavelength based on the size of each quantum dot.  The quantum dots Qdots (QD, 

Invitrogen Corps.) or Nanocrystals (eBioscience, Inc.) were conjugated to antibodies 

according to the manufactures’ protocols.  Qdots are cadmium-selenium quantum dots 

while Nanocrystals are indium gallium phosphide quantum dots.  Both have PEG or 

PEG-like coating.  Confocal imaging was obtained in the usual fashion utilizing 

appropriate band pass filters for the emission maximum for each quantum dot. Excitation 

was with a 405 nm laser light source for all quantum dots.  
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Acute toxicity and biodistribution of gold nanoparticles in vivo 

All animal experiments were performed in accordance with, and approved by, the 

Institutional Animal Care and Use Committee. New Zealand White rabbits (NZW, each 

3.0–3.5 kg) had Vx2 tumors (highly malignant virally induced carcinoma in rabbits35) 

surgically implanted (1.0–1.5 mm3) in an anterior segment via a small midline 

laparotomy incision. Fourteen days later, intrahepatic tumors (1.0–1.5 cm in diameter) 

were present in all animals. Under general anesthesia, each rabbit was catheterized 

intravenously, intra-arterially, and via the bladder. After catheterization, animals were 

awoken from anesthesia and permitted water/food ad libitum during the experiment. 

Initially, rabbits were bolus injected with 1 mg/kg of either 5 nm (n = 6) or 25 nm (n = 6) 

gold nanoparticles. At various times, blood was drawn via contralateral ear artery and 

urine was collected via the bladder catheter. Rabbits received a normal saline IV fluid 

bolus of 10mL/kg at 3 and 6 h post treatment in addition to water ad libitum. Twenty-four 

hours after gold nanoparticle injection, the animals were euthanized with sodium 

pentobarbital and underwent a necropsy. All major organs were sampled using routine 

histological procedures, fixed in paraformaldehyde for greater than 24 hours, embedded 

in paraffin, and then cut into 5 µm sections. The sections were examined by light 

microscopy after staining with hematoxylin and eosin (H & E). Portions of the tumor, 

spleen, liver, kidneys, and lungs were collected for imaging with transmission electron 

microscopy and gold mass analysis with ICP-AES. Pathologic analysis was performed by 

experts in mammalian pathophysiology in the Department of Veterinary Medicine. 
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RF induced heating of gold nanoparticles in mixed cancer cell populations in vitro 

 Panc-1 pancreatic carcinoma cells and Cama-1 breast carcinoma cells were co-

cultured together in equal numbers in cell culture dishes.  After plating, fluorophore 

labeled, cetuximab conjugated gold nanoparticles or cetuximab conjugated quantum dots 

were added to the cell culture for 3 hours.  After nanoparticle treatment, the media was 

replaced with fresh media and cells were permitted to rest for 24 hours in standard 

conditions.  At that time, the cell culture dishes containing the mixed cell population were 

placed in an RF field for four minutes in replicates of four (Figure 1).  Control groups 

include cells treated with antibody-nanoparticle constructs in the exact same way without 

RF field exposure and non-nanoparticle treated cells exposed to RF fields for the same 

time interval.  The bulk temperature of cells in the RF field was kept below 42°C in order 

to prevent non-specific cytotoxicity.   

 Viability was measured two days later.  Apoptosis and necrosis were 

investigated with flow cytometry.  Apoptotic cells were Annexin-V positive while early 

necrotic cells were 7-amino-actinomycin D (7-AAD) positive.  Dead cells were positive 

for both while live cells were negative for both.  Panc-1 cells were identified and gated 

with flow cytometry based on the fluorophore attached to cetuximab or the nanoparticle 

itself in the case of quantum dots. 
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Figure 1:  Samples are placed in the RF field between the source of the field and the 
ground metal plate.  Nanoparticle solutions or cell culture dishes are placed on the sample 
holder. 
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Selective delivery of gold nanoparticles in vivo and noninvasive RF tumor ablation 

Athymic nude balb/c mice (NCI Mouse Repository, Bethesda, MD) were 

subcutaneously injected with human pancreatic cancer cell lines Panc-1 or Capan-1 in the 

flank. After 3 weeks, the tumors were palpable and mice within each cancer cell type 

were randomly assigned to 1 of 4 groups with five mice in each group.  Mice in 1 of the 4 

groups received no treatment at all for each cancer cell type as a control group. Mice in 2 

of the 4 groups either received the RF field exposure without nanoparticle treatment or 

nanoparticle treatment without RF field exposure.  Finally, mice in 1 of the 4 groups for 

each cancer cell type received both nanoparticle treatment and RF field exposure. All RF 

field exposures occurred 36 hours after weekly intraperitoneal nanoparticle injections, 

and tumor dimensions were measured 48 hours after RF field exposure. 

All mice were kept in accordance with an Institutional Animal Care and Use 

Committee approved protocol. Mice in RF fields had their tails, ears, and paws 

completely grounded to avoid excess current in the extremities that would result in 

electrothermal injuries (i.e., burns) due to electrical potential differences between 

extremities, the bodies, and the ground plate. Mice were directly placed on a large 

grounded copper plate and conducting copper tape was attached to the extremities and 

plate (Figure 2).  Mouse temperature was monitored in real time with infrared imaging 

(FLIR SC 6000, Figure 2).  At no point did the mouse bulk temperature reach above 

41.5°C whereas gold nanoparticles in a cuvette reached 70°C in minutes. 
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Figure 2: A mouse with a tumor is seen placed on a grounded copper plate while an RF 
field is applied (A, left).  Gold nanoparticles (AuNP) heat in the RF field as does the 
cetuximab conjugated gold nanoparticle containing tumor, but the rest of the mouse in 
unperturbed (B, right). 

 

 

The mice with Panc-1 xenografts were divided into four treatment groups: no 

treatment, intraperitoneal (IP) injection of cetuximab conjugated gold nanoparticles 

without RF exposure, RF exposure alone, or IP cetuximab conjugated gold nanoparticle 

treatment with RF field exposure. All cetuximab conjugated gold nanoparticles were 

dosed weekly at 10 mg/kg by gold weight injected IP to prevent gold nanoparticle 

collection at the site of an extremity (i.e., tail vein). RF field exposure consisted of 600-

W generator power for 10 minutes with an air gap of 10 cm.  

In a similar fashion, mice with palpable Capan-1 tumors were randomly assigned 

to 1 of 4 groups as well (n = 5 in each group). Those groups were untreated control, 

PAM-4 conjugated gold nanoparticle treatment only, unconjugated gold nanoparticle 

treatment and RF field exposure, and PAM-4 conjugated gold nanoparticle treatment and 
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RF field exposure weekly. All nanoparticle constructs were dosed IP at 10 mg/kg by gold 

weight. 

After 6 weeks, the mice were euthanized (due to untreated control tumors 

approaching the ethical size threshold established by IACUC standards for euthanasia) 

and selected organs (liver, spleen, kidney, lung, and tumor) were harvested for gold 

biodistribution and histopathologic evaluation. Sections were stained with hematoxylin 

and eosin stain (H&E) and examined by light microscopy. Injury (i.e., necrosis) was 

assessed by grade (grade 1: rare <10%; grade 2: mild, 10%–20%; grade 3: moderate, 

20%– 50%; and grade 4: severe, >50%).  Gold concentrations were determined with ICP-

AES as previously described. 

 



 37 

CHAPTER 3- RESULTS 
 

Antibody conjugation induces gold nanoparticle plasmon resonance shift  

 As previously described, the electrons on the surface of spherical gold 

nanoparticles have a characteristic peak absorbance of visible light.   This is termed 

surface plasmon resonance. For spherical gold nanoparticles, this is size dependent and 

varies from 515 nm to 535 nm.  For example, 20 nm gold nanoparticles peak absorption 

is 522 nm (Figure 3).  Small variations in surface plasmon resonance are due to chemical 

and physical interaction between nanoparticles and the surrounding solution. The surface 

plasmon peak absorbance of aggregated gold nanoparticles is red-shifted more than 10 

nm and associated with widening of the peak. 

Cetuximab electrostatically conjugated to gold nanoparticles induces a shift in the 

plasmon peak of < 3 nm (Figure 3).  Antibodies conjugated to gold nanoparticles with 

covalent linkers shift the peak up to 7 nm.  All further studies were performed with gold 

nanoparticle constructs that induced a plasmon shift of less than 8 nm.   In addition, the 

nanoparticle constructs’ surface plasmon resonance peak absorbance was measured after 

storage, and just prior to use, to confirm that the constructs remained stable. 
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Figure 3: The surface plasmon resonance peak absorbance for gold nanoparticles shift by 
approximately 2-3 nm without widening of the peak when properly conjugated to 
antibodies and without aggregation as demonstrated here. 

 

 

Imaging of nanoparticles with electron and confocal microscopy 

 Gold nanoparticles, similar to other electron dense materials, are classically 

imaged with transmission electron microscopy (TEM) because of the very high 

resolutions obtained and electron dense nature of the material (Figure 4).   Conjugated 

antibodies are not readily seen because of the low electron density and small size. 
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Figure 4:  Gold nanoparticles that are approximately 25 nm in diameter are seen in this 
TEM image. Morphologic variations as well as particle thickness are seen by small 
variations in the shape and nanoparticle density. 
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In addition to imaging of free gold nanoparticles, TEM provides detailed 

information on the intracellular location of gold nanoparticles in vitro and in vivo.  TEM 

results are based on the electron dense nature of ribosomes, gold nanoparticles, and any 

other material. in vitro, gold nanoparticles are found in vesicles and occasionally along 

the cell membrane.  Interestingly, at no point have gold nanoparticles been visualized in 

the nucleus or along the nuclear membrane. In general, nanoparticle containing vesicles 

are visualized throughout the cytoplasm without specific localization in the cell. 

The internalization of antibody conjugated gold nanoparticles (Figure 5) differ 

from naked gold delivery (Figures 6 & 7) in a number of ways as well.  Chemically, pH 

affects the aggregation state of gold nanoparticles and the internalization characteristics. 

Morphologically, antibody conjugated gold nanoparticles are less aggregated.  

Qualitative aggregation is seen by the proximity of gold nanoparticles to each other. In 

addition, gold nanoparticles appear to remain in vesicles in vitro but are found both in 

vesicles and in the cytosol in vivo.  It has been hypothesized that in vivo delivery is 

modified by plasma proteins.  In general, plasma proteins are not electron dense enough 

to allow for TEM visualization. 
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Figure 5: TEM image of Panc-1 cells with cetuximab conjugated gold nanoparticles 
internalized in multiple vesicles in vitro. 
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Figure 6: TEM image of non-targeted gold nanoparticles internalized via endocytosis by 
liver cells 24 hours after IV injection into New Zealand White rabbits.  Used with 
permission from Informa Healthcare.36 
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Figure 7: TEM image of non-targeted gold nanoparticle endocytosed into Vx2 tumor 
cells 24 hours after IV injection into New Zealand White rabbits.  Used with permission 
from Informa Healthcare.36 
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Nanoparticles have minimal acute toxicity in vivo 

 In order to determine the toxicity of gold nanoparticles, 5 nm and 25 nm gold 

nanoparticles were injected into New Zealand White rabbits with previously implanted 

hepatic Vx2 tumors (Appendix A).  Prior to injection and for 24 hours thereafter, urine 

and blood was collected in order to investigate pharmacokinetics and acute toxicity.  

Rabbits excreted the majority of gold nanoparticles within 24 hours, but a measurable 

amount remained in circulation 24 hours post injection.  Peak urine excretion occurred 6 

hours after IV injection.   

The biodistribution of gold nanoparticles demonstrated a unique pattern based on 

nanoparticle diameter (Figure 8).  Interestingly, while 5 nm gold nanoparticles were 

much more likely to be trapped in the liver than the spleen or other tissues, 25 nm gold 

nanoparticles were similarly distributed in liver and splenic tissue.  Neither nanoparticles 

were found in large quantities in the lung or kidneys.  Finally, non-targeted 25 nm gold 

nanoparticles were found in higher concentrations in the tumor than non-targeted 5 nm 

gold nanoparticles (Figure 8). 
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Figure 8: Gold nanoparticles demonstrate a size dependent biodistribution in rabbits 24 
hours after IV injection.  Tumor refers to previously implanted hepatic Vx2 tumors. 
 

  

 

There were very few hematologic, metabolic, blood, or serum changes in the 

rabbits 24 hours after injection of gold nanoparticles.  Table 1 contains the only 

statistically significant changes observed after complete blood cell count, complete 

metabolic panel, liver function tests, renal function tests, and measurement of electrolyte 

levels.  Importantly, there were no clinical adverse events or behavior changes in the 

rabbits after gold nanoparticle injections.  Specifically, there were no acute changes to 

electrolytes (sodium, potassium, etc.) or liver function tests. 
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  5 nm gold nanoparticle 25 nm gold nanoparticle 
        

Laboratory study  Pre-
treatment 

Post-
treatment 

p 
value 

Pre-
treatment 

Post-
treatment 

p 
value 

White blood cells x 103 / µL 8.8 ± 0.8 10.2 ± 1.4 0.42 9.1 ± 0.9 12.9 ± 0.7 0.001 
Platelets x 103 / µL 474 ± 28 188 ± 87 0.005 390 ± 41 429 ± 57 0.292 

Creatine Kinase U/L 650 ± 219 1234 ± 267 0.132 395 ± 39 732 ± 118 0.016 
Alkaline phosphatase U/L 78.7 ± 3.2 55 ± 3.8 0.001 50.0 ± 8.1 47.3 ± 8.8 0.674 

 
Table 1:  Gold nanoparticle injection was associated with statistically significant changes 
in 4 blood laboratory values.  Despite the statistical significance, there was no clinical 
sequelae associated with these findings. Uncertainties are standard error of the mean. 

 

 

Interestingly, there were some statically significant changes to other laboratory 

values.  Platelet count decreased by 60% after treatment with 5 nm gold nanoparticle (p = 

0.005) while it remained unchanged after treatment with 25 nm gold nanoparticles (Table 

1). In addition, the white blood cell count increased in both groups.  This may be 

indicative of a non-specific inflammatory response. Alternatively, the treatment solutions 

were not completely sterilized, and these changes are consistent with that.  Finally, 

creatine kinase increased nearly 2-fold in both groups after treatment.  While non-

specific, this may be consistent with injury to muscles.  Further studies will need to 

properly classify this as a clinically important finding or an insignificant laboratory 

finding. 

Likewise, gold nanoparticles were not associated with acute organ toxicity.  

Complete necropsy with histopathologic examination was performed on the rabbits 24 

hours after gold nanoparticle injection.  No pathophysiologic injuries were seen in any 

major organs.   The only necrosis observed was found in the Vx2 tumor itself (Figure 9).



 47 

 

 

 
Figure 9: Gross image of Vx2 tumor implanted in liver (A), microscopic image of the 
tumor (magnified x40, H&E stained, B), and of a foci of necrosis within the neoplastic 
tissue (magnified x40, H&E stained, C). The double arrow head (B) demonstrates a 
mitotic figure while the arrows (C) demonstrate the demarcation between necrotic zones 
(upper right) and viable regions (lower left). Used with permission from Informa 
Healthcare.36 

 
 

 

Theranostic approaches to nanoparticle mediated hyperthermia in vitro 

 Theranostic nanoparticles are those that provide both an ability to identify cancer 

cells and deliver a therapeutic effect as well.  Diagnosis is usually determined by the 

presence of a marker or signal such as fluorescence. The therapy is initiated by activation 

of the marker (or a construct bound to it) or a direct effect of the marker (or cytotoxic 

agent attached to it). The disappearance of a theranostic maker should yield information 

regarding the effectiveness of the therapy or the absence of disease. In the case of 

quantum dots in RF fields, the nanoparticle is both.   Fluorescence serves as a marker for 
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the cell of interest when bound to a specific targeting agent. As a therapy, intracellular 

hyperthermia is only induced when an RF field is applied. Only those cells containing the 

quantum dot or nanoparticle undergo hyperthermic treatment while simultaneously being 

marked by the same quantum dot or nanoparticle. 

Cetuximab conjugated Qdots delivered in vitro were associated with an 18% 

decrease in viability based on flow cytometric analysis of Panc-1 cells 48 hours after 

treatment (Figures 10 & 11).  RF field exposure without any quantum dots was associated 

with a less than 5% decrease in viability.  After both quantum dot treatment and RF field 

exposure, the viability in vitro decreased by over 50%, primarily due to apoptosis (Figure 

11).  
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Figure 10: Panc-1 cells treated with cetuximab conjugated Qdots (blue) were mixed with 
Panc-1 cells treated with equal amounts of cetuximab only (red) in vitro and exposed to 
RF fields for 5 minutes.  48 hours later, flow cytometry demonstrated unique sub-
populations of apoptotic (lower right quadrant) and dead (upper right quadrant) cells 
based on whether or not a given cell contained Qdots. Modified with permission from 
Wiley InterScience.37 
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 As seen on the previous page, Panc-1 cells pre-treated with cetuximab conjugated 

quantum dots and subsequently exposed to an RF field induced a sub-population of 

apoptotic cells (Figure 10, lower right quadrant) and frankly dead cells (Figure 10, upper 

right quadrant) not seen in cells without quantum dots.  Panc-1 cells treated with free 

cetuximab and exposed to an RF field alone (Figure 10, red dots) remained nearly 

completely viable with a normal distribution of an occasionally apoptotic or necrotic cells 

often seen in cell culture assays. 

 Furthermore, Figure 11 demonstrates a synergistic effect between cadmium-based 

Qdots and RF field.  While Panc-1 cells exposed RF fields to have a small, but 

statistically significant decrease in viability (5%, p = 0.03), the viability of Panc-1 cells 

treated with Qdots alone decreases by 18% (Figure 11, p = 0.02).  When combined, the 

synergistic decrease in viability is over 50% (p = 0.00001) after Qdot treatment and RF 

field exposure.  The pathway for cell death is predominately necrosis with a small 

component of apoptosis. 
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Figure 11: Cetuximab conjugated Qdots (cadmium-based) treated (50 nM) Panc-1 cells 
demonstrate toxicity while cetuximab treatment and RF exposure alone demonstrates 
almost no toxicity in vitro.  When combined, however, apoptosis is seen 48 hours after 
RF exposure (lower right).  The percent (%) in each circle represent the percent viable (n 
= 4 for each group).  Modified with permission from Wiley InterScience.37 
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Antibody delivery in co-cultures 

In the next experiment, non-targeted Cama-1 cells were co-cultured with targeted 

Panc-1 cells (and cultured individually as well) in order to demonstrate the ability to 

target specific cancer cells in vitro utilizing antibody bound nanoparticles. The delivery 

of cetuximab conjugated Qdots to only Panc-1 cells was confirmed with fluorescence 

microcopy (Figure 12).  The non-targeted cell line, Cama-1, does not express the target of 

cetuximab, EGFR.  Based on fluorescence microscopy, almost no quantum dots are seen 

in vitro in Cama-1 cells, but are visible in Panc-1 cells as well as the mixed cell culture 

(Figure 12).  

 

 
 
 

 
Figure 12:  Cama-1 cells do not internalize large amounts of cetuximab conjugated 
quantum dots (red) whereas Panc-1 cells, the targeted cell line, clearly do (both in mixed 
cell populations, center, and alone, right) in this fluorescent microscopic image. Modified 
with permission from Wiley InterScience.37 Magnification is 200x. 
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Gold nanoparticles modify cetuximab internalization patterns in vitro 

 The morphology of cetuximab binding to EGFR on Panc-1 cells varies with 

nanoparticle surface chemistry and size.  Cetuximab binds to the surface receptor EGFR 

in Panc-1 cells within 10 minutes of exposure (Figure 13, column 1).  In addition, the 

antibody remains bound to the cell for up to 1 hour with maximum binding potential 

between 30 minutes and 120 minutes, likely close to 60 minutes. On the other hand, 

cetuximab conjugated gold nanoparticles display a much slower time course for initial 

binding as well as a unique morphology- punctuate fluorescence (Figure 13, bottom row). 

In addition, the punctuate morphology appears to be located within the cell at an earlier 

time course compared to the free cetuximab.  Free cetuximab, on the other hand, remains 

located at the cell membrane 120 minutes after treatment (Figure 13).  This difference in 

morphology may be important in maximizing the efficiency of RF induced cell death.  
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Figure 13: Cetuximab (C225) uniformly binds to the surface of Panc-1 cells in vitro 
within 30 - 60 minutes of treatment (time interval listed on top) while gold nanoparticle 
conjugated cetuximab binds in a discrete, punctuate morphology consistent with a 
nanostructure. Blue: DAPI bound to DNA. Green: fluorophore–labeled secondary 
antibody. Used with permission from the American Association for Cancer Research.38 
 

  

The previously described findings with indirect confocal microscopy were 

confirmed with directly labeling cetuximab with a fluorophore and performing similar 

experiments. Figure 14 demonstrates confocal microscopic results of Panc-1 cells that 

were treated with fluorophore-labeled cetuximab and indirect staining with a secondary 

antibody containing a second fluorophore.  Again, the morphology of cetuximab 

conjugated gold nanoparticles in Panc-1 cells (Figure 14, bottom row) is unique from free 

cetuximab (Figure 14, second row from top). 
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Figure 14: Direct fluorophore-labeled cetuximab (C225-AF647) demonstrates significant 
co-localization with an indirect (secondary) antibody conjugated to a different 
fluorophore (AF488), suggesting that the nanoparticle constructs remain intact after 
cellular internalization. Used with permission from the American Association for Cancer 
Research.38 
 

 

Next, the fluorescence intensity of fluorophore-labeled cetuximab conjugated 

gold nanoparticles was compared to free cetuximab (with fluorophore labeling), free gold 

nanoparticles, and a negative control (Panc-1 cells in standard cell culture, Figure 15). As 

expected, gold nanoparticle did not contribute fluorescence to Panc-1 cells (Figure 15). In 

addition, Panc-1 cells with cetuximab conjugated gold nanoparticles fluoresce with a 

distinct pattern compared to cetuximab alone.  Importantly, over 78% of cells fluoresced 

with a significantly higher intensity than control Panc-1 cells (~ 3-fold, P < 0.00001).  
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Furthermore, the fluorescent distribution (histogram) of fluorophore labeled 

cetuximab was different when conjugated to gold nanoparticles (Figure 15).  The 

nanoparticle construct was associated was a more narrow and single fluorescent peak 

(Figure 15).  Qualitatively, this is similar to the punctuate nature seen in confocal 

microscopy of cetuximab conjugated gold nanoparticle constructs (Figure 14).  Likewise, 

variations in free cetuximab binding to the Panc-1 cell membrane are consistent with the 

broad peak in this fluorescent histogram (Figure 15). 

 

 
 
Figure 15: After 3 hours, more than 78% of Panc-1 cells contain relatively high levels of 
fluorophore–labeled cetuximab (C225-AF647) regardless if gold nanoparticles are 
conjugated (AuNPs). The percentages represent the proportion of cells with fluorescence 
greater than 7 a.u. (autofluorescence) while the P value compares the mean fluorescence 
intensity of each to normal Panc-1 cells in culture (negative control).  Used with 
permission from the American Association for Cancer Research.38 
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 Cancer cell ablation has minimal bystander effect in vitro 

Significant injury to bystander cells or tissues is often the Achilles’ heal of cancer 

therapy.  For example, bone marrow, renal, or liver toxicity can often induce more short-

term injury than the cancer itself.  If the therapy has a high likelihood of cure, then the 

added risks are worth the potential benefits. Bystander cell injury was investigated in 

vitro and major organ tissue injury was investigated in vivo. 

In vitro mixed cell culture experiments were performed with EGFR positive Panc-

1 cells and EGFR negative Cama-1 cells plated in equal numbers 24 hours before 

treatment.  In mixed cell culture, Panc-1 cancer cells containing gold or fluorescent 

nanoparticle-conjugated cetuximab demonstrates decreased viability after RF exposure 

compared to Cama-1 cells that do not contain the nanoparticle (p < 0.04, Figure 16, Table 

1). Whereas Panc-1 cells treated with cetuximab conjugated nanoparticles without RF 

exposure demonstrate slight cytotoxicity, Cama-1 cells in the same mixed cell culture do 

not demonstrate any toxicity (Table 1, Figure 16). 

Decreased cell viability is primarily related to the induction of frank necrosis in 

cells after antibody treatment and RF field exposure (Figure 16 and Table 2).  A smaller 

proportion of cells underwent apoptosis than necrosis during this experiment.  Cetuximab 

conjugated gold nanoparticles induced necrosis (dying, but not dead cells yet), as 

measured by flow cytometry, in 33% of Panc-1 cells after RF field treatment compared to 

less than 2% in bystander Cama-1 cells (co-culture, p < 0.01).  Likewise, cetuximab 

conjugated Qdots induced necrosis, as measured by flow cytometry, in 27% of Panc-1 

cells after RF field treatment compared to less than 3% in bystander Cama-1 cells (p < 
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0.02).  Finally, cetuximab conjugated Nanocrystals induced necrosis, as measured by 

flow cytometry, in 7% of Panc-1 cells after RF field treatment compared to less than 2% 

in bystander Cama-1 cells (p < 0.05).  Interestingly, a higher ratio of Panc-1 cells treated 

with cetuximab conjugated Nanocrystals and exposed to RF fields were killed than Qdots 

when treated in a similar manner  (Figure 16).  However, more Panc-1 cells treated with 

cetuximab conjugated gold nanoparticles and exposed to RF fields were killed than either 

quantum dot treatment. 

 

 

 
Figure 16: Panc-1 cells pre-treated with fluorescent labeled, cetuximab conjugated gold 
nanoparticles (AuNP-C225), cetuximab conjugated Nanocrystals (NC700-C225) or 
cetuximab conjugated Qdots (QD705-C225) and exposed to RF fields have significantly 
decreased viability compared to Cama-1 cells in the mixed cell culture or Panc-1 cells not 
exposed to RF fields. Modified with permission from Wiley InterScience.37 
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Table 2:  In mixed cell populations, Cama-1 cells remained viable regardless of 
nanoparticle treatment ( 50 nM cetuximab, C225) or RF field exposure.  Likewise, 
cetuximab conjugated nanoparticle induced various levels of Panc-1 cytotoxicity 
without RF field exposure in each group, but not nearly as much as when cetuximab 
conjugated nanoparticle treatment was added to RF field exposure. Modified with 
permission from Wiley InterScience.37 
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Nanoparticle mediated tumor ablation with RF field exposure 

 After demonstrating that antibody conjugated gold nanoparticles coupled with RF 

field exposure provided for the highest rate of pancreatic cancer cell death in vitro, a 

pancreatic cancer xenograft model was utilized in vivo. Panc-1 and Capan-1 tumors were 

produced after flank injections in an immunocompromised murine model.  This model 

was chosen for its efficiency, ability to measure temperature in real time, and utility as a 

proof of principle. 

Panc-1 tumor xenografts in the flanks of nude balb/c mice (n = 5 mice in each 

group) were treated (intraperitoneal injection) with cetuximab conjugated gold 

nanoparticles (C225-AuNP) or PBS control and then either exposed to RF fields for 10 

minutes weekly or not.  RF exposures occurred approximately 36 hours after nanoparticle 

or PBS treatment and both began after tumors were palpable.  For the first minute of RF 

exposure, a cuvette of gold nanoparticle in deionized water was utilized to verify the RF 

field was functioning properly (Figure 17).  After the first minute, the RF field was 

turned off for < 2 seconds and the cuvette was removed to prevent boiling.  The solution 

of gold nanoparticle rose approximately 50°C in that time interval.  Likewise, the bulk 

tumor temperature rose up to 6°C in 10 minutes compared to the mouse body temperature 

(Figure 17). 
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Figure 17:  Tumor temperatures slowly rose over the course of RF field exposure 4°C - 
6°C, in bulk, above the mouse body temperature. A quartz cuvette containing gold 
nanoparticles (100 mg/L) is used to document the RF field for the first minute of 
exposure. Used with permission from the American Association for Cancer Research.38 
 
 

 

As expected, cetuximab conjugated nanoparticles did have some effect on 

controlling the growth of Panc-1 tumor xenografts, but not nearly as much as when RF 

field exposure was added (Figure 18).  Furthermore, the full treatment group had 1 

complete response (no evidence of tumor) and 1 nearly complete response.  Interestingly, 

two other mice had tumors that were quite small compared to the non-RF exposed group.  

Likewise, 2 mice in cetuximab only treatment group demonstrated small tumors 

consistent with the effect of cetuximab (bottom row, far right, Figure 18). 
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Figure 18:  Panc-1 tumors are significantly smaller when RF field exposure is added to 
weekly cetuximab conjugated gold nanoparticle treatment (C225-AuNP). This was 
significant after 6 weeks of therapy (p < 0.01).  There was 1 complete response and 1 
nearly complete response in the full treatment group. Used with permission from the 
American Association for Cancer Research.38 
 

 

In addition, treatment effects were seen 2-3 weeks after initiation of therapy 

(Figure 19).  However, all treatments other than cetuximab conjugated gold nanoparticle 

injection followed by RF field exposure failed to control Panc-1 xenografts by 3-4 weeks 

after therapy began.  Based on ANOVA, the overall difference is statistically significant 

(P = 0.004).  Likewise, the combined therapy (gold nanoparticle and RF field exposure) 

demonstrated complete tumor control where as all of the other treatment groups 
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demonstrated eventual tumor escape and growth (Figure 19).  Despite cetuximab-gold 

nanoparticle treatment alone having some effect for a few weeks, this eventually failed 

and the growth pattern (slope) thereafter remained nearly parallel to the RF alone 

treatment group as well as the control treatment group. 

 

 

 
Figure 19: Panc-1 tumor flank xenografts were controlled early on by cetuximab 
conjugated gold nanoparticle therapy (green), but this eventually failed as did RF field 
exposure alone (blue).  However, the combined therapy (red) resulted in tumor control 
throughout the experiment.  Overall statistical significance is based on analysis of 
variation (ANOVA). Used with permission from the American Association for Cancer 
Research.38 
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 While tumor size is an important measure of treatment efficacy, other molecular 

mechanistic changes, such as induction of apoptosis, are important as well.  Specifically, 

activated caspase-3, a marker of apoptosis, expression was increased in tumors from mice 

that received both cetuximab conjugated gold nanoparticle injections and RF field 

exposure compared to controls (Figure 20).  A few tumor cells from control treated mice 

demonstrated activated caspase-3 expression (green) whereas a 10 – 20 fold increase in 

expression was seen in tumors from mice that received conjugated gold nanoparticle 

injections followed by RF field exposure (p < 0.01, Figure 20). 

 
 
 

 
Figure 20: Activated caspase-3 (green) was increased in tumors from mice that received 
intraperitoneal cetuximab conjugated gold nanoparticle treatment and RF field exposure 
(left) compared with tumors from control mice that received no active treatment (right). 
Blue:  DAPI stained DNA. Used with permission from the American Association for 
Cancer Research.38 
 
 
 
 After evaluating the effect of gold nanoparticle conjugated to the clinically 

available antibody cetuximab, a novel antibody against a mucin protein was investigated 

as well.  PAM-4 is an antibody against the MUC-1 antigen that is expressed on the basal 
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surface of many carcinomas, but few normal cells.  Specifically, many ectodermally 

derived tissues express MUC-1 on the luminal but not the basal surfaces. This is reversed 

in carcinomas (ectodermal cancers).  Fab fragments of PAM-4 were conjugated to 20-nm 

via direct thiol-gold interaction and injected intraperitoneal into nude balb/c mice that had 

been previously been injected with Capan-1 cells, a human pancreatic carcinoma cell line 

that expresses MUC-1, in the flank.  Weekly treatments as well as RF field exposures 

were identical to the Panc-1 xenografts. 

 Tumors in mice treated with PAM-4 conjugated gold nanoparticles and exposed 

to RF fields were smaller than any of the control groups (ANOVA, P = 0.035, Figure 21).  

Interestingly, free gold, also injected intraperitoneal, followed by RF field exposure 

resulted in short-term, decreased tumor growth for 4-5 weeks.  This was not sustained, 

however.  PAM-4 conjugated gold nanoparticles alone, however, did not affect tumor 

growth (Figure 21). 
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Figure 21: Capan-1 xenografts in nude balb/c mice were partially controlled with PAM-4 
conjugated gold nanoparticles (PAM-4-AuNP) and RF field exposure (P= 0.035 based on 
ANOVA).  Non-targeted gold nanoparticle followed by RF field therapy demonstrated 
short-term tumor control without statistically significant long-term tumor control (blue 
line).
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CHAPTER 4- CONCLUSIONS 

Clearly, hyperthermic therapy is not a novel approach to cancer care. Over 30 

years ago, noninvasive RF fields were utilized in a non-specific, non-targeted fashion to 

treat numerous cancers.39-41 Like many other cancer treatments, the adverse effects of 

non-targeted RF field therapy limited the therapeutic effectiveness.  For example, lesions 

near blood vessels are more difficult to treat because of heat dissipation due to blood 

flow. The adverse effects of non-targeted RF thermal therapy- injury to non-cancerous 

tissues- was the limiting factor that ultimately caused this therapy to fail.  Even as late as 

2008, non-targeted or non-focused RF field therapy has failed to offer cure or improved 

survival to patients when added to standard therapy.40 However, nanoparticles, as 

described in this dissertation, help “focus” hyperthermic therapy in a synergistic fashion 

with non-specific RF fields.  This dissertation demonstrates that nanoparticles in RF 

fields are an effective form of focused RF field cancer therapy. The advantages are three-

fold: (1) nanoparticles serve as the mediator of hyperthermia, (2) nanoparticles can be 

conjugated to targeting moieties to improve delivery, and (3) toxicity associated with 

nanoparticles can be utilized as a chemotherapeutic adjunct.  Finally, nanoparticle 

constructs can simultaneously contain chemotherapeutics, targeting moieties, and 

diagnostic agents.   

RF fields release heat by nanoparticles as non-ionizing radiation is converted to 

thermal energy by friction at the “nano” scale.  Unlike traditional invasive RF therapy 

(whether probe based or in non-targeted fields) that require free ions or very high 

energies to convert radiation to thermal energy, nanoparticles are much more efficient in 
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doing so, which results in targeted or selective intracellular hyperthermia with minimal 

damage to surrounding tissues.  This is beneficial both because the heat is localized to 

nanoparticles and also because high energy (i.e., high field strength) is not required which 

results in less adverse effects due to non-specific hyperthermia.  These two benefits are 

unique to photothermal-based therapies and only in RF field based therapies for non-

superficial lesions. 

In addition, targeted nanoparticles are often selective, and sometimes specific, for 

certain tissues.  Cetuximab targets EGFR-1 which is on many human tissues such as the 

skin.42 As such, the cetuximab-conjugated nanoparticles presented here may be 

problematic when used clinically due to adverse effects in whole body RF field exposure.  

However, as a proof of principle, it demonstrates that tumor control is possible.  

Likewise, MUC-1 is typically not exposed on the basal cell surface of tissues (only the 

luminal), except in cancer where polarity is reversed.43 Based on this finding, an antibody 

against MUC-1, such as PAM-4, is much more likely to be successful clinically.  Finally, 

a multifunctional construct based on a gold nanoparticle with two different targeting 

antibodies (i.e., cetuximab and PAM-4) may lead to a highly selective therapeutic agent 

with minimal adverse effects. 

Furthermore, chemotherapeutic agents such as nanoparticle bound agents or toxic 

nanoparticles are a third method to induce cancer cell death when coupled with 

hyperthermic therapy.  As demonstrated with quantum dots, toxic nanoparticles may be a 

useful tool when properly targeted.  The synergistic effect found could be replicated in 

humans and suggests an interesting treatment methodology that is not far from current 
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medical treatment for cancer that utilizes heavy-metal based drugs. Platinum and other 

metal-based chemotherapeutics are toxins utilized in cancer therapy.  Yet, they are not 

only the standard of care but significantly improve long-term survival for some patients.  

Again, the preliminary studies performed herein are but starting points for further studies 

that capitalize on metal-based chemotherapeutics in cancer care. 

This dissertation adds three key findings to the current literature.  First, it 

demonstrates the critical importance of proper grounding of mice in vivo in RF fields.  

For example, the above in vivo protocol demonstrates that excessive current is dissipated 

with copper tape application and grounding. This is a simple, yet very effective method to 

minimize a serious adverse effect.  Second, covalently linked, targeted gold nanoparticles 

offer an effective and efficient means of pancreatic cancer control with minimal toxicity 

in in vivo models.  Finally, this research suggests that fluorescent nanoparticles may offer 

multiple therapeutic opportunities.  For example, in the future RF field therapy may be 

combined with surgical resection and intraoperative fluorescent imaging.  The success of 

multifunctional nano-constructs is predicted based on the results herein. 

The minimally invasive nature of nanoparticle-mediated hyperthermia may 

dramatically improve cancer therapy.  This research demonstrates the potential role of 

hyperthermia induced by multifunctional particles that has not been demonstrated 

previously. Not only can multifunctional particles assist with diagnosis and therapy, but 

they may also help make surgical or radiotherapy safer by more clearly delineating 

cancer from non-cancer with molecular markers.  Finally, multifunctional particles may 

lead to better staging and consequently, more personalized care. 
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This series of studies suffers from two clear limitations.  First, the use of 

cetuximab as a proof-of-principle demonstrates that while this treatment is possible, the 

proper targeting antibody is crucial.  The second major limitation is the use of a flank 

xenograft model.  Orthotopic models are clearly more physiologic, but measuring 

orthotopic tumor temperatures in vivo is extremely difficult.  Two options under 

development include thermally activated fluroescnce assays and fiber optic probes.44-48  

The only method currently and readily available is to utilize MRI thermography.  

However, this is problematic as MRI devices utilize RF fields as well.  This would create 

physical inference that may hamper the biologic relationship.  On the other hand, a 

properly tuned and calibrated MRI could, theoretically, deliver treatment and monitor 

effect simultaneously.  A final limitation of this study is that only gold nanoparticles were 

utilized in vivo.  Quantum dots, with the potential to simultaneously act as a 

chemotherapeutic agent, would truly allow for multimodality therapy in in vivo models of 

pancreatic cancer.  In combination with an orthotopic pancreatic cancer model, this 

would be quite exciting. 

In summary, noninvasive RF field exposure as mediated by nanoparticle have the 

potential to dramatically change the therapeutic options for pancreatic cancer.  While 

surgery, chemotherapy, and ionizing radiotherapy will remain standard of care, the 

addition of nanoparticle constructs coupled with RF field exposure may add a fourth 

treatment option.  The selective, and hopefully specific, delivery of nanoparticles will 

maximize the therapeutic ratio without the limitations of other treatment modalities.  
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Likewise, multifunctional nanoparticles may help with early diagnosis and early therapy 

of both primary and metastatic disease. 
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APPENDIX A: SAFETY OF GOLD NANOPARTICLES 

 
The reprint of the previously published manuscript was obtained from the Copyright 

Clearance Center (http://www.copyright.com/) and is used with permission herein for this 

dissertation.  In accordance with the copyright holders and The University of Arizona, 

permission is not granted for further use of this manuscript, without permission of the 

original holder, outside of this dissertation.  
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Biodistribution and acute toxicity of naked gold nanoparticles in a rabbit
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Abstract
There is a paucity of data regarding the safety of administering solid gold nanoparticles (AuNPs) in large animal tumor models.
We assessed the acute toxicity and biodistribution of 5 nm and 25 nm solid AuNPs in New Zealand White rabbits (n = 6 in
each) with implanted liver Vx2 tumors 24 h after intravenous injection. Gold concentration was determined by inductively
coupled plasma atomic emission spectrometry (ICP) and imaged with transmission electron microscopy (TEM). There was no
clinico-pathologic evidence of renal, hepatic, pulmonary, or other organ dysfunction. After 25 nm AuNP administration, the
concentration of white blood cells increased after treatment (p = 0.001). Most other blood studies were unchanged. AuNPs
were distributed to the spleen, liver, and Vx2 tumors, but not to other tissues. The urinary excretion of AuNPs was bimodal as
measured by ICP. 25 nm AuNPs were more evenly distributed throughout tissues and may be better tools for medical therapy.

Keywords: Gold nanoparticle, tumor model, biodistribution, acute toxicity

Introduction

Nanoparticles of many shapes, sizes, and components
are rapidly moving from the basic science laboratory
into the arena of clinical biomedical research. These
nanoparticles are typically on the order of tens of
nanometers to hundreds of micrometers in size
(Ibrahim et al. 2002; Wust et al. 2006; Curley et al.
2008; Chien et al. 2009). Of the many forms of
nanoparticles, some of the most clinically useful
appear to be solid gold nanoparticles (AuNP) because
of the presumed but yet unproven safety, the relatively
simple and well described chemical reactions with
gold, and relative ease of making defined sizes of
these nanoparticles (Cherukuri et al. 2009). In addi-
tion, the ability to conjugate multiple components in a
AuNP-based construct permit varied uses with target-
ing antibodies, fluorophores, magnetic particles, tox-
ins, etc. (Cherukuri et al. 2009; Dhar et al. 2009;
Glazer and Curley 2010). Multiple forms of gold salts
have been used clinically to treat rheumatoid arthritis
(Finkelstein et al. 1976) and recent early studies using

gold in cancer treatment have been reported (Milacic
et al. 2008). The major toxicity associated with gold
salt therapy is renal via direct interaction between
renal tubules and gold ions (Antonovych 1981). How-
ever, metallic AuNPmay behave differently compared
to gold salts due to differences in their size, shape, and
chemical properties.
Tumor neovasculature is very important in the

distribution of nanoparticles. Although varying by
tumor size, location, cell type, primary versus meta-
static lesion, and host factors, tumor vessels are on
average 40 mm in diameter with a range up to 220 mm
(Hashizume et al. 2000). Nearly 50% of tumor blood
vessels were less than 25 mm in diameter in this
analysis (Hashizume et al. 2000). Furthermore, the
median pore or fenestration size in the endothelial
wall was 1.5 mm.
Previously, other groups have described the inter-

nalization of AuNPs in vitro, (Chithrani et al. 2006)
while others described theoretical models of receptor
mediated endocytosis (Decuzzi and Ferrari 2008).
Both suggest that peak internalization occurs when
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the construct is on the order of approximately 50 nm
in diameter. This fits very well with the measured
pore size in some cancer models. As an example, if
the typical targeting antibody has a hydrodynamic
diameter of approximately 10–20 nm (Sukumar
et al. 2004), then the ‘ideal’ gold nanoparticle is
approximately 5–25 nm in diameter, depending on
the size, shape, and number of targeting proteins that
bind to each AuNP. Although there have been some
experiments in vivo (De Jong et al. 2008; Sonavane
et al. 2008; Bar-Ilan et al. 2009), larger animals have
not been adequately evaluated for both biodistribu-
tion and acute toxicity following delivery of AuNPs.
We hypothesize that naked (not conjugated to

proteins, polymers, or linkers) gold nanoparticles
will be distributed and excreted in a size-specific
manner. Therefore, we investigated the biodistribu-
tion, pharmacokinetics, and acute toxicity of citrate-
stabilized solid gold nanoparticles in New Zealand
White rabbits.

Materials and methods

Gold nanoparticles, Vx2 tumor, and animals

Two sizes of citrate-stabilized AuNP (Ted Pella, Inc.,
Redding, CA, USA) were confirmed with transmission
electron microscopy (TEM, Figure 1) and dynamic
light scattering (DLS, n = 3 samples, 500 measure-
ments per sample, LB-550, Horiba Instruments, Inc.,
Irvine, CA, USA). The AuNPs were washed twice with
18 MW water (Millipore Corp., Billerica, MA, USA)
and concentrated by centrifugal filtration. Prior to
intravenous injection, they were sterilized by exposure
to ultraviolet light for 15 min. As there is batch-to-
batch variation in AuNPs, all experiments were per-
formed with the same batches of AuNPs. Finally, both
solutions of AuNPs remained a dark red wine color
during preparation and treatment. Specifically, the
color did not change to purple suggesting aggregation
of particles.
Vx2, a highly aggressive rabbit squamous cell car-

cinoma, (Shope and Hurst 1933) was acquired from
the Department of Veterinary Medicine and Surgery
of The University of Texas M. D. Anderson Cancer
Center (MDACC). The tumor was serially passaged
by thigh intramuscular injection into New Zealand
white rabbits (NZW, Harlan Laboratories, Houston,
TX, USA) twice prior to use in the experiments
described herein. The MDACC Institutional Animal
Care and Use Committee approved all protocols and
animal care.
Miscellaneous supplies for blood, urine, and tissue

collection were acquired from BD Medical (Franklin

Lakes, NJ, USA). Assorted chemicals and laboratory
supplies were acquired from Sigma Aldrich Corp.
(St Louis, MO, USA) unless otherwise noted.

Experimental protocol

A total of 12 young NZW rabbits (each 3.0–3.5 kg)
had Vx2 tumors surgically implanted (1.0–1.5 mm3)
in an anterior segment of their liver under sterile
conditions via a small laparotomy incision according
to well developed protocols (Gannon et al. 2007;
Luo et al. 2009). Two weeks later, an intrahepatic
VX2 tumor 1.0–1.5 cm in diameter was present in all
animals. Briefly, Vx2 tumors are very aggressive with
nearly 100% uptake. Nearly all tumors are friable
and hypervascular with frank central necrosis by 15–
20 days after implantation (Luo et al. 2009). In our
experience, most animals are euthanized for symp-
tomatic pulmonary metastases within 30–45 days after
implantation. Two weeks after implantation, under
general anesthesia the rabbits had a bladder catheter
placed along with intraarterial and intravenous cathe-
ters in blood vessels in the ears. The rabbits were
placed in restrictive boxes (custom-built clear plastic
animal restraint devices) in order to prevent self-
inflicted injury at any of the catheter sites for the
remainder of the experiment (25 h). Next, the rabbits
received 1 mg/kg of either 5 nm AuNP (n = 6) or
25 nm AuNP (n = 6) via ear vein injection. At various
times after injection, blood was drawn via an ear artery
(contralateral ear) and urine was collected via the
urinary catheter. Rabbits received a 10 ml/kg intrave-
nous fluid bolus of normal saline 3 and 6 h after AuNP
treatment (and after blood/urine was collected for
those time points). They were also permitted water
and food ad libitum during the entire experiment.
Twenty-four hours after AuNP injection, the animals
were euthanized and a complete necropsy was per-
formed. Representative samples of all major organs
were processed using routine histological procedures,
embedded in paraffin, and then cut into 5 mm sections.
The sections were stained with hematoxylin and eosin
(H & E) and examined by light microscopy. In addi-
tion, portions of the tumor, spleen, liver, kidneys, and
lungs were collected for electron microscopy and gold
mass analysis.

Imaging of gold nanoparticles

Gold nanoparticles were imaged with transmission
electron microscopy (TEM) post centrifugation.
Briefly, tissue samples were fixed with a 3% glutar-
aldehyde/2% paraformaldehyde solution in 0.1 M
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cacodylate buffer at pH ~7.4. Samples were then
washed with 0.1% cacodylate buffered tannic acid,
treated with 1% buffered osmium tetroxide for
30 min, and stained with 1% uranyl acetate. Next
the samples were dehydrated with increasing concen-
trations of ethanol and subsequently embedded in
LX-112 medium. After polymerization, the samples
were cut with a Leica Ultracut microtome (Leica,
Deerfield, IL, USA) and double stained with uranyl
acetate/lead citrate in a Leica EM stainer. Samples
were imaged with a JEM 1010 TEM (JEOL, USA,
Inc., Peabody, MA, USA) at an accelerating voltage
of 80 kV. Images were acquired with AMT Imaging
System (Advanced Microscopy Techniques Corp.,
Danvers, MA, USA).

Pharmacokinetics, biodistribution, necropsy and acute
toxicity

Whole blood was collected from the contralateral ear
artery into evacuated blood collection tubes prior to
AuNP injection, at specific time points after injection,
and 24 h after injection. Samples were then immedi-
ately transported to the Department of Veterinary
Pathology laboratory where complete cell counts
and complete chemistries were performed. Twenty-
four hours after AuNP injection, the rabbits were
anesthetized with isoflurane and euthanized accord-
ing to IACUC protocols by Department of Veterinary
Medicine and Surgery staff. A complete necropsy was
then performed as previously described. An expert in
comparative pathology (ANH) performed the nec-
ropsy and evaluation for acute toxicity based on gross
and histological analysis.

Determination of gold concentration with inductively
coupled plasma atomic emission spectrometry (ICP)

Whole blood was collected in heparin coated tubes at
specified time points (at time of injection and 10 min,
30 min, 60 min, 2 h, 3 h, 6 h, and 24 h after injection
of AuNPs) via aspiration from an ear artery on the
contralateral side of AuNP injection. Urine was col-
lected via a bladder catheter at time points identical to
the blood specimen collection.
Tumor and organ specimens (liver, spleen, kidneys,

and lung) were sectioned during necropsy, carefully
weighed, and prepared for ICP. AuNP levels in blood
and urine for pharmacokinetics studies were also
measured by ICP. Briefly, 1 ml of whole blood,
5 ml of urine, or ~250 mg of tissue (n = 6 each)
was dried at room temperature and weighed. Samples
were partially digested with ~2 ml certified 30%

H2O2 and allowed to partially evaporate. Next,
5 ml aqua regia (1 part ACS reagent grade nitric
acid combined with 3 parts ACS reagent grade hydro-
chloric acid by volume, in a fume hood) was slowly
added to each sample as the temperature was slowly
raised to 130!C in order to completely digest the
samples and safely dissolve the gold. After 3 h, the
samples were passively cooled to room temperature
and diluted with 18 MW water to a final volume of
10 ml. The gold concentration of each sample was
determined by ICP according to manufacturers’
recommendations (iCAP 6500, Thermo Fisher Sci-
entific, Walthorm, MA, USA).

Statistical analysis

All data represent means while uncertainties are
standard errors of the mean, unless otherwise stated.
Data were analyzed and plotted with Sigma Plot 11
(Systat Software, Inc., San Jose, CA, USA). Statistical
differences between groups were determined with a
two-tailed, unpaired Student’s t-test at a significance
level a = 0.05. Comparisons between individual
rabbit blood cell counts and serum chemistries pre-
and post-treatment were performed with a paired
Student’s t-test.

Results

Size and shape of naked gold nanoparticles

The larger AuNPs (Figure 1A) had a hydrodynamic
diameter of 25.7 nm ± 3.9 nm based on DLS (des-
ignated ‘25 nm AuNP’ in this manuscript). The
smaller particles were below the threshold for accurate
measurements of the DLS unit. The smaller AuNPs
(Figure 1B) are approximately 5 nm in diameter and
predominately spherical in shape with uniform den-
sity based on TEM. The larger AuNPs (Figure 1A)
have slightly more variation in density and shape than
the 5 nm AuNPs. Separate aliquots of well-
characterized positive control AuNPs in water did
not significantly vary in their expected gold content
with a measurement threshold of 0.005 mg/l based on
ICP analysis.

Pharmacokinetics of AuNPs

The peak blood concentration of 5 nm AuNPs was
0.53mg/l ± 0.18mg/l 10min after injection (Figure 2).
The 25 nm AuNPs peaked at 30 min at a concentra-
tion of 0.11 mg/l ± 0.05 mg/l (p = 0.048). Both
decreased with time over the next 24 h.

Biodistribution of AuNPs 3
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Urinary excretion of AuNPs

There was a slight biphasic urinary excretion pattern
of both the 5 nm AuNPs and the 25 nm AuNPs
(Figure 3). A small peak occurred at 30 min with
concentrations of 0.60 mg/l ± 0.01 mg/l for 5 nm
AuNP and 0.35 mg/l ± 0.10 mg/l for 25 nm AuNP
(p = 0.032), respectively. A second, larger peak
occurred at 6 h (360 min) after injection in both

groups. The gold concentration in urine at 6 h was
1.03 mg/l ± 0.91 mg/l for 5 nm AuNP and 1.93 mg/l ±
0.10 mg/l (p = 0.35) for 25 nm AuNP, respectively.

Biodistribution of AuNPs

Splenic tissue contained significantly more 5 nm gold
than 25 nm gold on a milligram gold per gram tissue

Figure 1. Transmission electron microscopic images of stock 25 nm gold nanoparticles (A) and 5 nm gold nanoparticles (B) in water
demonstrate that they are circular, solid, and fairly uniform nanoparticles with a few obvious exceptions.
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Figure 2. ICP demonstrates that after intravenous injection of 5 nm gold nanoparticles (n = 6 rabbits) blood levels peak approximately 10 min
after injection as measured at the contralateral ear artery. Less than 20% remained in circulation after 24 h. Error bars are standard error of the
mean for n = 6 rabbits. The logarithmic x-axis was modified to include a time = 0 point at the origin of the graph.
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basis (Figure 4, p = 0.003). However, although liver
and tumor tissues contained relatively more 25 nm
AuNP than 5 nm AuNP, this was not statistically
significant (p = 0.18 for liver and p = 0.24 for tumor).
Splenic and liver tissue contained significantly more
5 or 25 nm AuNPs than lung and kidney tissue
(Figure 4, p < 0.001). Tumor tissue contained
more 25 nm AuNPs than either lung or kidney
(Figure 4, p ~ 0.085 for each). Tumor tissue did
not contain significantly more 5 nm AuNPs than
lung (Figure 4, p = 0.16), but there was a trend
towards increased concentration of 5 nm AuNP in
tumor compared to kidney tissue (p = 0.0508). TEM
qualitatively demonstrates AuNP distribution in rep-
resentative images of liver and Vx2 tumor 24 h after
treatment with 25 nm AuNP (Figure 5).

Acute toxicity of AuNP

There were no significant gross or histological lesions
associated with toxicity of AuNPs found in any exam-
ined organs. Furthermore, extra sections of the liver
and spleen were analyzed because of the unique tissue
architecture that these organs have, and no abnormal-
ities were found. In addition, there were no major
clinical changes in the behavior of the rabbits, eating

habits, or unusual postures (classical signs of distress in
rabbits). Blood, taken soon after euthanasia, revealed a
minimally elevated white blood cell (WBC) count after
treatment with 25 nmAuNP (Table I). The differential
WBC demonstrated an increase in segmented neutro-
phils and a decreased lymphocyte count (Table I).
Liver function tests (ALT, AST, alkaline phosphatase,
and bilirubin) and renal function (creatinine) remained
within the normal range (Table I). Serum creatine
kinase (CK) levels were elevated 2! compared to
pretreatment values only in rabbits treated with
25 nm AuNPs.
Vx2 lesions were confined to the liver implanta-

tion site of all rabbits. The lesions consisted of
locally extensive areas of tumor formation at the
site of inoculation (Figure 6A). Microscopic exam-
ination of the tumor tissue revealed sheets of Vx2
neoplastic cells that had large round to oval nuclei
with indistinct cell borders (Figure 6B). Neoplastic
cells showed cellular atypia and many mitotic figures
(up to 20 per high magnification, !40). Also, there
were extensive areas of multifocal necrosis within
the neoplastic tissue (Figure 6C) indicating a
rapidly growing tumor out-growing its available
blood supply. Additionally, small foci of meta-
static tumor cell were present in lungs of 8 out of
12 rabbits. One animal in the 25 nm AuNPs treated
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Figure 3. ICP demonstrates that the urinary excretion of ~25 nm gold nanoparticles is slightly biphasic with a small peak approximately 30 min
after injection and much higher peak 180 min (6 h) after injection. Error bars are standard error of the mean for n = 6 rabbits. The logarithmic
x-axis was modified to include a time = 0 point at the origin of the graph. Bolded p values are statistically significant changes in the laboratory
study.

Biodistribution of AuNPs 5

N
an

ot
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
TM

D
 A

nd
er

so
n 

C
an

ce
r C

en
te

r o
n 

09
/2

1/
10

Fo
r p

er
so

na
l u

se
 o

nl
y.



 85 

 

group had Vx2 neoplastic cells on the serosal surface
of colon.
Non-clinically significant lymphoid lesions (lym-

phoid aggregates or lymphoid hyperplasia) were
found in the lung, liver, and pancreas after treatment
with 5 nm AuNP. Similar non-significant lesions were
found in the lung, pancreas, and small bowel after
treatment with 25 nm AuNPs.

Discussion and conclusion

AuNPs appear to be safe with no histologic evidence
of lesions or inflammatory changes related to acute
toxicity 24 h after treatment in rabbits. Specifically,
we did not find any changes in the architecture of the
liver or spleen. These two organs have a high volume
of tissue macrophages and often collect foreign

Figure 5. TEM images of the liver (left) and Vx2 tumor (right) 24 h after injection of 25 nm gold nanoparticles demonstrates qualitatively the
distribution seen quantitatively in Figure 4.
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Figure 4. The biodistribution of gold nanoparticles as measured by ICP demonstrate higher uptake of 5 nm gold nanoparticles in the spleen
while both the liver and tumor contained higher levels of 25 nm gold nanoparticles by weight. N = 6 for each group.
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particles in the reticuloendothelial system (RES).
However, the rabbits here did not demonstrate any
morphological or histological evidence of toxicity.
Interestingly, the mild (and sometime major) toxicity
of other, non-gold nanoparticles was not demon-
strated here (Trouiller et al. 2009; Johnston et al.
2010). While gold salts have mild toxicity and non-
gold nanoparticles may have some toxicity, solid
metallic gold nanoparticles may be of the proper
size and surface chemistry to avoid pathology-induc-
ing interactions.

While gold salts are typically associated with renal
toxicity (Antonovych 1981), there was very little
AuNPs found in the kidneys 24 h after intravenous
injection despite significant levels in the urine. This
is reassuring since the toxicity of gold salts is believed
to be caused by the presence of ionic gold. We
hypothesize that the stable serum creatinine level
and low concentration found in the renal paren-
chyma is indicative that metallic AuNPs will have
minimal renal toxicity. The small size of the AuNPs
compared to colloidal gold preparations should allow

Figure 6. Gross image of Vx2 tumor implanted in liver (A), microscopic image of the tumor (magnified!40, H&E stained, B), and of a foci of
necrosis within the neoplastic tissue (magnified !40, H&E stained, C). The double arrow head (B) demonstrates one of the mitotic figure(s)
while the arrows (C) demonstrate the demarcation between necrotic zones (upper right) and viable regions (lower left).

Table I. In general, most laboratory blood values before and after treatment with gold nanoparticles were not statistically different. However,
there was a significant increase in the white blood cell (WBC) count and creatine kinase (CK) after treatment with 25 nm AuNP. In contrast,
there was a statistically significant decrease in the platelet count and alkaline phosphatase in the blood after treatment with 5 nm AuNP.

5 nm AuNP 25 nm AuNP

Laboratory study
Pre-treatment
(mean ± SEM)

Post-treatment
(mean ± SEM) p value

Pre-treatment
(mean ± SEM)

Post-treatment
(mean ± SEM) p value

WBC (!103/ml) 8.8 ± 0.8 10.2 ± 1.4 0.420 9.1 ± 0.9 12.9 ± 0.7 0.001

Segmented neutrophils 31.2% ± 3.8% 42.9% ± 10.2% 0.212 31.2% ± 4.6% 48.6% ± 6.0% 0.057

Lymphocytes 57.2% ± 4.2% 47.1% ± 10.1% 0.665 58.3% ± 5.2% 40.3%± 6.2% 0.077

Platelet (!103/ml) 474 ± 28 188 ± 87 0.005 390 ± 41 429 ± 57 0.292

Lipase (U/l) 446 ± 41 458 ± 33 0.860 335 ± 35 288 ± 26 0.384

Creatinine (mg/dl) 0.92 ± 0.08 0.83 ± 0.05 0.406 1.31 ±.09 1.16 ±.08 0.133

CK (U/l) 650 ± 219 1234 ± 267 0.132 395 ± 39 732 ± 118 0.016

ALT (U/l) 40.0 ± 4.6 41.0 ± 6.2 0.894 34.7 ± 3.3 35.0 ± 1.9 0.869

Alkaline phosphatase (U/l) 78.7 ± 3.2 55.0 ± 3.8 0.001 50.0 ± 8.1 47.3 ± 8.8 0.674

Lactate dehydrogenase (U/l) 35.3 ± 1.9 176.7 ± 93.6 0.193 68.2 ± 10.9 110.2 ± 45.6 0.327

Billirubin (mg/dl) 0.1 ± 0.0 0.1 ± 0.0 1.000 0.1 ± 0.0 0.12 ±.02 0.363

ALT: alanine aminotransferase, SEM: standard error of the mean. In addition to this table, there were no significant differences in the following
blood values for either treatment group: red blood cell count/volume/size, serum electrolytes (Na, K, Cl, Ca, P, Mg), glucose, blood urea
nitrogen, aspartate transaminase, lactate dehydrogenase, or gamma glutamyl transferase.
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easy passage and clearance through glomeruli and
renal tubules.
The increase in creatine kinase (CK) was an unex-

pected finding. CK elevation is typically associated
with muscle injury. On gross and histological evalu-
ation, there was no evidence of muscle or other tissue
injury. This finding may be associated with animals
undergoing anesthesia being restrained for 25 h. We
suggest only that when AuNPs reach clinical trials this
toxicity should be fully evaluated.
Interestingly, the increase in white blood cell count

was predominately due to a 14.6% ± 2.9% increase in
segmented neutrophils (polymorphonuclear leuko-
cytes). The rabbits did not demonstrate evidence
clinically (i.e., change in eating habits) or patholog-
ically of infection, so it appears that this denotes a
non-specific inflammatory reaction to AuNP injec-
tion. Although a possibility, we think that it is unlikely
that this represents an infection because the animals
would demonstrate a clinically evident response to a
blood infection (i.e., sepsis), which was not seen. This
may also be a generalized stress response to multiple
procedures and the experimental protocol. Finally, it
should be noted that limited UV light exposure may
have been inadequate to fully sterilize the solution,
but is necessary as extensive UV light exposure may
induce AuNP aggregation.
AuNPs are distributed to the liver and spleen signif-

icantly more so than lung and kidney tissue. As the liver
and spleen are much larger than the kidneys, lungs, or
tumor, the vast majority of gold is distributed to those
twoorgansbothby concentration and totalmass. Vx2, a
rabbit carcinoma used to model hepatocellular carci-
noma here, contained more gold than lung or kidney,
suggesting that the ‘leaky tumor vessels’ may play a
minor role in non-specific uptake (Hashizume et al.
2000). Increasing circulating times (i.e., with PEGyla-
tion) may increase non-specific tumor delivery, and
may reduce sequestration by the RES in the liver and
spleenduring that time.However, liver tissue contained
significantly more AuNPs suggesting that relying on
porous neovasculature within solid tumors alone is not
selective enough to be a reasonable method for nano-
particle delivery to treat malignant tumors. We did not
measureAuNP inbrain tissue but it is known that a very
small fraction of 12.5 nm AuNPs cross the blood brain
barrier (Lasagna-Reeves et al. 2010). TEM demon-
strated that the AuNPs are primarily located in the
cytoplasm while ICP described the total concentration.
However, other techniques such as micro-X-ray fluo-
rescence often can yield useful simultaneous data.
However, TEM resolution is higher.
We hypothesize that the larger AuNPs (25 nm)

were found at higher concentrations, despite a lower
molar concentration, because of multiple factors.

First, the initial urinary excretion of 5 nm AuNPs
was higher than the larger AuNPs. Obviously, the
more rapidly excreted AuNPs have lower mass con-
centration in the blood. Likewise, splenic tissue took
upmore 5 nmAuNPs than 25 nmAuNPs. For similar
reasons, we hypothesize that once an AuNP is seques-
tered in the spleen, it remains there.
Based on whole blood levels of naked AuNPs, these

particles will stay in the blood circulation for up to 6 h,
with much higher concentrations for the first ~3 h.
Although it is difficult to compare the exposure time
needed for nonspecific cellular internalization of
AuNPs, previous in vitro results suggested that an
internalization plateau is reached ~4 h after treatment
(Chithrani et al. 2006). This is congruent with our
in vivo data that high concentration exposure (as
measured by gold concentration in the blood) is
similar (~3–6 h) to peak in vitro exposure duration.
Obviously, antibody, peptide, and other functionali-
zations utilized in targeting AuNPs cancer cells spe-
cifically may change these timelines. Furthermore, it
is possible that PEGylation (to prolong circulating
half-life) will not be required with AuNP constructs if
non immunogenic cancer targeting antibodies and
peptides are conjugated to the surface of AuNPs.
Side-effect profiles of AuNPs in humans will need
to be established. However, rapid renal excretion of
the AuNPs is likely to be beneficial to avoid toxicity.
Furthermore, if internalization of AuNPs into cancer
cells peaks by the time excretion is significant, the net
effect is a potentially robust delivery system.
While we utilized equal mass concentrations

of AuNPs, the different sized AuNPs have different
surface areas as well as different molar concentrations.
This may compound the results in two ways, at least.
First, the smaller mass coupled with higher surface
area per mass in the 5 nm AuNP permit higher rates
of interaction with the surrounding mileiu if correlated
to mass of gold. Since the mechanisms of nanoparticle
distribution and interactions, in general, are still
being fully elucidated, it is difficult to state exactly
the consequences.We chose treatments based onmass
concentration because standard pharmacologic inter-
ventions are often dosed as mg per kg in the clinic.
This study does not evaluate the toxicity of long-

term or repeated AuNP treatments and does not
completely describe the role of the enteric-biliary-
fecal circulation. Interestingly, there was no biochem-
ical or histopathological evidence of hepatobiliary
injury or congestion. We do not expect that long-
term treatments will have increased hepatic toxicity
due to liver deposition, especially since Kupffer cells
will likely ingest most of the metallic nanoparticles
(Sadauskas et al. 2007, 2009). Additionally, since
AuNPs pass through the kidneys, it may be possible
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to wash out the AuNP with concomitant administra-
tion of intravenous or oral fluids (as was performed
here) without collecting excess AuNPs in renal paren-
chyma, hence avoiding long-term renal toxicity.
Finally, the effects in ionizing and magnetic radiation
(i.e., CT and MRI) in the presence of metal nano-
particles will need to be investigated clinically as well.
We have demonstrated that 25 nm gold nanopar-

ticles distribute more evenly between the liver, spleen,
and tumor tissue in this in vivo model of liver cancer;
5 nm AuNPs, however, were found at much higher
concentrations in the liver. Regardless, the AuNPs
seem to be safely tolerated with no significant evi-
dence of acute toxicity.
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APPENDIX B: RF ABLATION WITH FLUORESCENT NANOPARTICLES 
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Radiofrequency Field-Induced Thermal
Cytotoxicity in Cancer Cells Treated With
Fluorescent Nanoparticles
Evan S. Glazer, MD1 and Steven A. Curley, MD1,2

BACKGROUND: Nonionizing radiation, such as radiofrequency field and near infrared laser, induces thermal cytotoxic-

ity in cancer cells treated with gold nanoparticles. Quantum dots are fluorescent semiconducting nanoparticles that

were hypothesized to induce similar injury after radiofrequency field irradiation. METHODS: Gold nanoparticles and 2

types of quantum dot (cadmium-selenide and indium-gallium-phosphide) conjugated to cetuximab (C225), a mono-

clonal antibody against human epidermal growth factor receptor (EGFR)-1, demonstrated concentration-dependent

heating in a radiofrequency field. The authors investigated the effect of radiofrequency field exposure after targeted

nanoparticle treatment in a coculture of 2 human cancer cell lines that have differential EGFR-1 expression (a high-

expressing pancreatic carcinoma, Panc-1, and a low-expressing breast carcinoma, Cama-1). RESULTS: Radiofrequency

revealed that Panc-1 or Cama-1 cells not containing gold nanoparticles or quantum dots had a viability of >92%. The

viability of Panc-1 cells exposed to the radiofrequency field after treatment with 50 nM Au-C225 was 39.4% ! 8.3%

without injury to bystander Cama-1 cells (viability was 93.7% ! 1.0%; P " .0006). Panc-1 cells treated with targeted

cadmium-selenide quantum dots were only 47.5% viable after radiofrequency field exposure (P<.0001 compared with

radiofrequency only Panc-1 control cells). Targeted indium-gallium-phosphide quantum dots decreased Panc-1 viabil-

ity to 58.2% ! 3.4% after radiofrequency field exposure (P # ".0004 compared with Cama-1 and Panc-1 controls).

CONCLUSIONS: The authors selectively induced radiofrequency field cytotoxicity in Panc-1 cells without injury to

bystander Cama-1 cells using EGFR-1–targeted nanoparticles, and demonstrated an interesting bifunctionality of fluo-

rescent nanoparticles as agents for both cancer cell imaging and treatment. Cancer 2010;116:3285–93. VC 2010 Ameri-

can Cancer Society.

KEYWORDS: quantum dot, nanoparticle, noninvasive radiofrequency field treatment, photothermal therapy,

hyperthermic cytotoxicity.

Nanoparticle-based photodynamic therapy for cancer has been primarily focused on near-infrared radiation,
because many nanoparticles absorb and release heat at these wavelengths.1,2 These therapies are limited to superficial
lesions, as near-infrared radiation transmission through tissue is minimal.3 Other forms of electromagnetic radiation,
including nonionizing radiofrequency field radiation, penetrates through biologic tissues readily and without significant
toxicity.4

We have previously reported on the use of noninvasive radiofrequency fields to induce thermal cytotoxicity in
human and mammalian cancer cells exposed to targeted solid gold nanoparticles and carbon nanotubes.5,6 Cancer cells
endocytose cell surface receptor-specific antibody-conjugated nanoparticles with subsequent intracellular heat release dur-
ing shortwave radiofrequency field treatment sufficient to produce cellular cytotoxicity.5 The radiofrequency treatment
device consists of a transmitting plate connected to a radiofrequency power generator with a second grounded plate that
together capacitively couple samples in a focused radiofrequency field. Gold nanoparticles heat in a concentration- and
size-dependent linear fashion in this radiofrequency field.7
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Theranostic nanoparticles, such as fluorescent nano-
crystals (ie, quantum dots), are a category of nanoparticles
that are fundamentally changing the way cancer is
detected and treated.8 Such nanoparticles can be targeted
to malignant cells via antibody or peptide conjugation
and can be used for optical imaging or as a marker for
other therapeutic cargo.9-11 Quantum dots in the far red
region of the visible spectrum permit visualization of in
vivo targets.12 Typically, quantum dots consist of a metal
core (!5 nm diameter) with an inorganic shell to improve
quantum yield.13,14 Common components of these cores
include cadmium-selenide (CdSe) or indium-gallium-
phosphide (InGaP). Polyethylene glycol (PEG), other
polymers, proteins, or chemical hydroxylation are often
used to prolong circulating time in vivo and to decrease
potentially toxic metal ion release (ie, cadmium).15-18

In this work, we investigated an in vitro model of
mixed cell populations to determine whether targeting
selected cells with antibody-conjugated quantum dots or
20-nm gold nanoparticles followed by radiofrequency
field treatment would kill the targeted cancer cells without
injuring bystander cells. Human Panc-1 cells, a pancreatic
carcinoma cell line, overexpresses epidermal growth factor
receptor (EGFR)-1 that can be targeted with cetuximab
(C225), a monoclonal antibody raised against this cell
surface receptor. A human breast carcinoma cell line,
Cama-1, minimally expresses EGFR-1,5 and it represents
the bystander or nontargeted cells.

We hypothesized that 1) like gold nanoparticles,
quantum dots would heat in a 13.56-MHz radiofre-
quency field; and 2) targeting nanoparticles (gold or
quantum dots) to cancer cells would result in thermal
injury or death to targeted cells after radiofrequency field
treatment without substantial effect on bystander cells.

MATERIALS AND METHODS

Cell Lines, Cell Culture, Antibodies, Quantum
Dots, Gold Nanoparticles, and Fluorophores
Cell lines Panc-1 and Cama-1 were purchased from
American Type Culture Collection (Manassas, Va) and
incubated in standard growth conditions (37"C, 5%
CO2). During the experiment, all cultures were main-
tained in Dulbecco’s Modified Eagle’s Medium (Medi-
atech, Inc., Manassas, Va) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. Experi-
ments were performed in standard 60-mm culture dishes
or 96-well plates (Corning Inc., Corning, NY). The cell
line identities were confirmed by the Characterized Cell

Line Core service (STRDNA fingerprinting, The Univer-
sity of Texas M. D. Anderson Cancer Center, Houston,
Tex, April 2009). Trypsin-ethylenediaminetetraacetic
acid (EDTA; Mediatech) released cells from the cell cul-
ture dishes; 0.5 mg/mL collagenase I (Invitrogen Corp.,
Carlsbad, Calif) was added to the trypsin-EDTA solution
to free cells from the 96-well plates.

Cetuximab (C225) was purchased from Bristol-Myers
Squibb (New York, NY). Twenty-nanometer spherical gold
nanoparticles were purchased fromTed Pella, Inc. (Redding,
Calif). Antibody conjugation kits for CdSe-based quantum
dots Qdot605 and Qdot705, and the fluorophore Alexa
Fluor 647 were purchased from Invitrogen (Carlsbad, Calif).
The InGaP-based quantum dot eFluor NC700 was pur-
chased from eBioscience, Inc. (San Diego, Calif). CdSe-
based quantum dots Qdot605 andQdot705 emit peak fluo-
rescence at !605 nm and 705 nm, respectively.13 InGaP
eFluor NC700 quantum dots emit peak fluorescence at
!680 nm.19 All contain a zinc-sulfide shell and PEG coating
with a final hydrodynamic diameter of !20 nm, similar to
the gold nanoparticles used.20,21 Quantum dots act as both
the identification and therapeutic agent, and a fluorophore
(Alexa Fluor 647) conjugated to C225 acted as the identify-
ing fluorescent agent for all gold nanoparticle experiments.

All standard laboratory chemicals, including those
required for antibody conjugation per instructions in each
kit, were purchased from Sigma-Aldrich Corp. (St. Louis,
Mo) or Thermo Fisher Scientific, Inc. (Waltham, Mass)
unless otherwise stated.

Conjugation of Cetuximab to Quantum Dots
and Gold Nanoparticles
Cetuximab was conjugated to Qdot605, Qdot705, and
eFluor NC700 nanoparticles according to the manufac-
turer’s instructions (noted above). Antibody-quantum
dot conjugate concentrations were determined as recom-
mended by measuring the absorbance with a Nanodrop
spectrophotometer (Thermo-Fisher Scientific). Finally,
the conjugates were sterilized under ultraviolet light for
15 minutes, a duration not reported to induce significant
release of cytotoxic agents.22

Alexa Fluor 647 was conjugated to cetuximab also
according to the manufacturer’s instructions (noted above),
and that conjugate (C225-Alexa Fluor 647) was subse-
quently conjugated to 20-nm gold nanoparticles with a
slight modification to a previously published protocol.23

First, the pH of gold nanoparticles stock solution was raised
to approximately 8.5, the isoelectric point of cetuximab.24

Next, 90 lg of C225-Alexa Fluor 647 was slowly added to

Original Article
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10 mL of the modified gold nanoparticles solution. This
was protected from light to prevent fluorophore bleaching
while gently mixing every 15 minutes at room temperature
for 1 hour. Next, it was concentrated 10-fold in a centrifu-
gation filter unit with a 100,000 molecular weight cutoff
(Millipore Corp., Billerica, Mass) at 3500 g. Finally, it was
sterilized under ultraviolet light for 15minutes.

Generation of Radiofrequency Field and
Antibody-Nanoparticle Conjugate Heating
Samples were placed in a high-voltage, shortwave radio-
frequency field (13.56 MHz) produced between 2 metal
electrode plates that capacitively couple the sample plate
in an air gap of 10 cm (Therm Med, LLC, Erie, PA). The
radiofrequency field is on the order of 10 to 15 kV/m at
400 to 800 W of power.7 Teflon, a material with low ra-
diofrequency field absorbance, is used to hold samples in
place. Stock solutions of each nanoparticle were diluted
with 18MX water to determine heating rates (Millipore).

Cells were exposed to the radiofrequency field for 5
minutes at a generator power of 200 W or for 4 minutes at
250 W as indicated (total energy generated, !1000 W-
minutes or 60 kJ). The temperature was continuouslymoni-
tored with an infrared camera (FLIR Systems, Inc., Boston,
Mass). All media temperatures remained<40.5"C.

Panc-1 Cells Treated With Qdot605-Cetuximab
and Radiofrequency Field Exposure
An aliquot of Panc-1 cells were exposed to 50 nM
Qdot605-cetuximab for 3 hours, and a separate aliquot of
Panc-1 cells were exposed to an equal concentration of
cetuximab only. After exposure, the cells were washed, com-
bined in equal numbers (2 # 105 cells each) in cell culture
dishes (n $ 8), and incubated for 24 hours. At that time,
half of the dishes were exposed to a radiofrequency field for
5 minuets at a generator power of 200 W (n$ 4). Another
group of combined cells (n$ 4) were not exposed to radio-
frequency field treatment. Investigation of viability occurred
48 hours later with flow cytometry.

Mixed Cell Populations Treated With
Cetuximab-Conjugated Nanoparticles
and Subsequently Exposed to A
Radiofrequency Field
An equal number of Panc-1 and Cama-1 cells (3 # 105)
were plated together in standard 60-mm cell culture
dishes (n $ 4). After 24 hours, the cells were treated with
50 nM gold nanoparticles-C225-Alexa Fluor 647 for 3
hours. At the same time, an equal number of Panc-1 and

Cama-1 cells (2 # 104) were plated together in 96-well
plates (replicates of 4). The cells in plates were treated
with 50 nM eFluor NC700-C225 or 50 nM Qdot705-
C225 for 3 hours. After treatment, the media was
exchanged for fresh complete media without conjugates.
Twenty-four hours later, the plates were placed in a radio-
frequency field for 5 minutes at a generator power of 200
W (total generator power, 60 kJ). Forty-eight hours later,
flow cytometry was performed. In a similar fashion, mixed
cell populations (n $ 4) were also treated with conjugate
concentrations of 30 nM for 3 hours and had a fresh
media exchange, and the cells were exposed 24 hours later
to a radiofrequency field for 4 minutes at 250 W (total
generator power, 60 kJ).

Determination of Targeted Cells
Transmission electron microscopy (TEM), fluorescence
microscopy, and flow cytometry were used to discriminate
between cocultured cells that contained cetuximab-conju-
gated nanoparticles and those that did not. TEM was per-
formed with a JEM 1010 microscope (JEOL, Inc.,
Peabody, Mass), and images were taken with an AMT
Imaging System (Advanced Microscopy Techniques
Corp., Danvers, Mass). Fluorescence microscopy was per-
formed with an Eclipse TE2000 microscope system
(Nikon Instruments Inc., Melville, NY) with appropriate
excitation and emission filters (Chroma Technology
Corp., Rockingham, Vt).

Determination of Cell Death in the
Context of Target Identification After
Radiofrequency Therapy
Cell populations were identified with flow cytometry that
had high or low fluorescence of Qdot605, Qdot705,
eFluor NC700, or Alexa Fluor 647 as an identifier (and in
the case of quantum dots, the treatment). Cell death was
determined by 7-amino-actinomycin D (BD Biosciences,
Inc., San Jose, Calif). Annexin V, a well-characterized
protein that binds to cellular inner membrane phospho-
lipid phosphatidylserine exposed during apoptosis, was
provided and conjugated to the fluorophore Horizon
V450 as a kind gift from BD Biosciences.

Statistical Analysis
Results are expressed as means % standard errors of the
mean unless otherwise noted. Statistical significance, a,
was set to P<.05. Groups were compared with a 2-tailed
Student t-test, unless otherwise noted. Data were analyzed

Nanoparticle Cytotoxicity/Glazer and Curley
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and plotted with Microsoft Excel for Mac version 12
(Microsoft Corp., Redmond, Wash), SigmaPlot version
10 (Systat Software, Inc., San Jose, Calif), and FlowJo ver-
sion 8.8.6 (Tree Star, Inc., Ashland, Ore).

RESULTS

Production and Internalization of Gold
Nanoparticles-C225
After gold nanoparticles were conjugated to cetuximab-la-
beled Alexa Fluor 647 (C225-Alexa Fluor 647), there was
a small plasmon resonance shift consistent with conjuga-
tion and not consistent with gold aggregation (Fig. 1).
TEM demonstrated gold nanoparticles internalized into
Panc-1 cells (Fig. 1) but not into Cama-1 cells.

Targeting and Identifying Quantum
Dot-Containing Cells
Panc-1 cells demonstrated increased uptake of C225-con-
jugated quantum dots by fluorescence microscopy, flow
cytometry, and TEM (Fig. 1). The mixed Panc-1 and
Cama-1 cocultured cells and Panc-1–only groups clearly

displayed fluorescence associated with Qdot705-C225,
whereas the Cama-1–only group did not (Fig. 1, red false
color). There was a 10- to 100-fold brighter intensity of
quantum dot-containing cells compared with the negative
population. This permitted discrimination between Panc-
1 cells with internalized quantum dots or control cells not
containing quantum dots.

Heating of Quantum Dots in a
Radiofrequency Field
Deionized water heats in a 200-W 13.56-MHz (8.0-kV/
m) radiofrequency field at 0.28!C/min " 0.07!C/min.
One hundred nanomolars C225 antibody alone in deion-
ized water heats at 1.18!C/min " 0.13!C/min in the
same field (Fig. 2). All 3 nanoparticle-C225 conjugates
heated significantly faster, in a concentration-dependent
fashion (P<.05, Fig. 2). One hundred nanomolar gold
nanoparticle-C225 heated at 17.4!C/min " 1.2!C/min
(P<.006 compared with C225 or deionized water alone).
One hundred nanomolar Qdot705-C225 and 100 nM
eFluor NC700-C225 heated at 17.3!C/ min " 0.5!C/
min and 8.7!C/min " 0.2!C/min, respectively (both

Figure 1. Cetuximab-conjugated nanoparticles are preferentially internalized into Panc-1 cells when observed by transmission elec-
tron microscopy: (A) gold nanoparticles (AuNP)-C225 and (B) eFluor NC700 (NC700)-C225. The figure bars represent 2 lm,
whereas the bars in the inset images represent 100 nm. Of note, the electron-dense cores of NC700 quantum dots are smaller than
ribosomes or gold nanoparticles. (C) A slight plasmon shift was noted when the antibody was conjugated to the gold nanoparticles.
(D) Qdot705-C225 was observed predominately in Panc-1 cells of the fluorescence microscopy images (original magnification,
#200).The exposure time and settings for each fluorescence microscopic image were the same,whereas the red is false color.
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P<.0005 compared with C225 or deionized water alone).
Because of the similar components in Qdot605, the
Qdot605-C225 conjugate heated in a similar manner to
Qdot705-C225.

Radiofrequency Field-Induced Thermal
Cytotoxicity in Panc-1 Cells
Control Panc-1 cells without quantum dots, gold nano-
particles, or radiofrequency treatment had a viability of
99.0% ! 0.1% (Fig. 3). After a 5-minute radiofrequency
exposure without nanoparticles, the viability decreased to
95.2% ! 2.2%, as measured 48 hours after exposure.
Treating Panc-1 cells with Qdot605-C225 conjugates
without radiofrequency exposure decreased viability to
82.2%! 3.8%. When Qdot605-C225–treated cells were
subsequently placed in the radiofrequency field for 5
minutes, the viability decreased to 47.5% ! 9.8% (p "
.0001). Furthermore, radiofrequency field exposure of
Qdot605-bearing Panc-1 cells induced cell necrosis,
whereas Qdot605-C225 treatment without radiofre-
quency field exposure induced apoptotic cell death in a
much smaller fraction of cells, as noted (Fig. 3).
Qdot605-C225 was not used in the mixed cell experi-
ments because it had heating characteristics similar to
Qdot705-C225.

Effects of Nanoparticle Treatment and
Radiofrequency Field Exposure on Mixed Cell
Populations
All subsequent studies with the remaining 3 nanoparticles
conjugated to C225 (gold nanoparticles, Qdot705, eFluor
NC700) were performed in Panc-1 and Cama-1 cells in

Figure 2. Solutions of cetuximab-conjugated gold nanopar-
ticles (AuNP-C225) and quantum dots (NC700-C225 and
Qdot705-C225) demonstrate a concentration-dependent
heating rate. All solutions were diluted in 18 MX of water.
Error bars are standard errors of the mean based on triplicate
data for each conjugate. DI indicates deionized water.

Figure 3. Panc-1 cells that were positive for quantum dot (QD605) fluorescence had significantly decreased viability compared
with QD605-negative cells after radiofrequency (RF) field treatment (P # ".0001). (A) On the flow cytometry live/dead plot, the
lower left quadrant gates viable cells, the lower right quadrant gates apoptotic cells, the upper left quadrant gates necrotic cells,
and the upper right quadrant gates dead cells of the single cell population. (B) The right panel summarizes the effects of treat-
ment with QD605-C225 alone (RF$/QD%), the effects of radiofrequency exposure alone (RF%/QD$), and the combination (RF%/
QD%) on the viability of Panc-1 cells as measured by flow cytometry compared with controls (RF$/QD$). The percentages in
each pie chart represent the percentage viable, whereas the P values are compared with the RF$/QD$ group. Before RF treat-
ment, cells were treated with 50 nM QD605-C225 for 3 hours, whereas controls were treated with 50 nM C225 alone. Replicates
are n # 4. 7-AAD indicates 7-amino-actinomycin D.
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coculture. The relative positions of 2 individual popula-
tions of Cama-1 and Panc-1 cells on a side scatter Alexa
Fluor 647 plot were used to identify 2 distinct cell popula-
tions in the experimental groups. A mixed cell population
exposed to cetuximab-conjugated quantum dots displayed
similar patterns for identification.

Cama-1 cells maintained viability>88% after treat-
ment with cetuximab-conjugated quantum dots and gold
nanoparticles as measured 48 hours after radiofrequency
field exposure (Table 1, Fig. 4). Low-dose treatment (30
nM) of all 3 cetuximab-nanoparticle conjugates decreased
Panc-1 viability to an average of 78% after radiofrequency
field exposure (P<.003). Radiofrequency field treatment
after 50 nM eFluor NC700-C225 yielded a Panc-1 cell vi-
ability rate of 58.2% ! 3.4%, whereas the viability rate
was reduced to 56.3% ! 3.3% after 50 nM Qdot705-
C225 treatment followed by radiofrequency field expo-
sure (Table 1). Fifty nanomolar gold nanoparticles-C225-
Alexa Fluor 647 treatment of mixed cell populations
coupled with subsequent radiofrequency field exposure
reduced Panc-1 viability to 39.4% ! 8.3% (Table 1, P "
.036). Qdot705-C225 and gold nanoparticles-C225
induced 3 to 4# more necrosis than apoptosis in Panc-1
cells after radiofrequency exposure (P" .01 for Qdot705-
C225 and P " .003 for gold nanoparticles-C225),
whereas eFluor NC700-C225 induced twice as much ap-
optosis as necrosis after radiofrequency exposure in Panc-

1 cells (P " .017, Table 2). Cama-1 cell viability after ra-
diofrequency field exposure was 93.7% ! 1.0%, 92.8%
! 3.0%, and 92.4%! 2.6%, respectively, after treatment
with 50 nM gold nanoparticles-C225-Alexa Fluor 647,
Qdot705-C225, and eFluor NC700-C225 (Table 1).

DISCUSSION
In this model, a noninvasive, nonionizing shortwave ra-
diofrequency field induced a concentration-dependent cy-
totoxicity in malignant human cells first treated with
antibody-targeted nanoparticles. We demonstrated that
the cell-specific intracellular hyperthermia caused mini-
mal toxicity to bystander cells that did not take up the
EGFR-targeted nanoparticles. Interestingly, the gold
nanoparticles-C225-Alexa Fluor 647 treatment induced
the greatest cell death after a single radiofrequency field
exposure. We suggest that intense heat release during ra-
diofrequency field exposure in the nanoscale environment
immediately around each nanoparticle dominates the cel-
lular killing effect through protein denaturation and dis-
ruption of cellular membranes.25 Measuring bulk
temperatures only approximates the heat transfer from the
nanoparticle to the surrounding intracellular environ-
ment. At the intracellular level, most likely a relatively low
concentration of nanoparticles will be sufficient to induce
irreparable injury if structures requisite for cell viability
(ie, nucleus, mitochondria, intact cell membrane) are
severely damaged or destroyed. This is consistent with the

Table 1.Viability of Mixed Cell Populations After Treatment
With 50 nM Cetuximab Conjugate and RF Field Exposure

Conjugate,
50 nM

RF Status Viability 6 SEMa Pb

NC700-C225 Cama-1c RF$ 96.5% ! 0.7% —

Cama-1 RF% 92.4% ! 2.58% .2295

Panc-1d RF$ 82.4% ! 1.9% .0024

Panc-1 RF% 58.2% ! 3.4% .0004

QD705-C225 Cama-1 RF$ 94.1% ! 0.5% —

Cama-1 RF% 92.8% ! 3.0% .432

Panc-1 RF$ 73.7% ! 0.8% <.0001

Panc-1 RF% 56.3% ! 3.3% <.0001

AuNP-C225 Cama-1 RF$ 94.2% ! 2.0% —

Cama-1 RF% 93.7% ! 1.0% .579

Panc-1 RF$ 86.3% ! 0.5% .060

Panc-1 RF% 39.4% ! 8.3% .036

RF indicates radiofrequency; SEM, standard error of the mean; QD, quan-

tum dots; AuNP, gold nanoparticles.
a SEM represents replicates of n & 4.
b Significance is compared to Cama-1 RF$ within each group.
c Cama-1 cells have a minimal decrease in viability despite nanoparticle

conjugate exposure and RF field treatment, due to the minimal internaliza-

tion of nanoparticles related to the minimal expression of epidermal growth

factor receptor-1.
d Panc-1 cells demonstrate decreased viability after treatment with a high

concentration of cetuximab-conjugated nanoparticles (50 nM).

Figure 4. The viability of Panc-1 cells, but not Cama-1 cells,
decreases after treatment with cetuximab conjugates (50
nM) and radiofrequency (RF) field exposure (200 W for 5
minutes.). Cell death is most clearly demonstrated for gold
nanoparticles (AuNP) targeted to Panc-1 cells after RF field
exposure. RF field exposure after treatment with quantum
dots (QD705-C225 and NC700-C225) was also sufficient to
produce significant cytotoxicity compared with Cama-1 cells
that did not take up the targeted nanoparticles.
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interesting finding that Qdot705-C225 and gold nano-
particles-C225 not only heat much faster than eFluor
NC700-C225, but they also induce a predominately ne-
crotic radiofrequency-induced effect, whereas the eFluor
NC700-C225 conjugates were associated with lower rates
of radiofrequency-induced heating that predominately
induced apoptosis (Table 2). As we have demonstrated,
nuances regarding the magnitude of intracellular hyper-
thermia (media temperatures remained <40.5!C at all
times here) seem to determine whether cellular death is
via apoptotic or necrotic pathways in general.

Although all of the nanoparticles presented here
have a hydrodynamic diameter of "20 nm,20,21 the sur-
face area of the solid gold nanoparticles has more exposure
to the radiofrequency field per particle, because they are
larger than the core of the quantum dots. Although larger
semiconducting nanocrystals will fluoresce in the very far
red to near infrared region, the semiconducting nature of
the particles may permit increased heat dissipation at
larger diameters, whereas gold nanoparticles tend to heat
less when they are greater than "50 nm in diameter.7 In
addition, as the underlying theory requires transfer of
energy to the surrounding intracellular milieu, different
coatings among different nanoparticles may abrogate or
enhance the radiofrequency field-induced heating. Sur-
face coatings and functionalizing molecules are variable
from nanoparticle to nanoparticle and often synthesis
dependent.

The heating rates reported here are not extremely
high (<20!C/min) because of the low generator powers.
This was intentional, to prevent any nonspecific heating
of the media to temperatures >40.5!C. Although pro-
longed exposure times are required for cell death between

40.5!C and 43!C, apoptosis begins at these tempera-
tures.4 However, as has been demonstrated here, quantum
dots or gold nanoparticles internalized into cancer cells do
in fact produce sufficient intracellular hyperthermia in
response to the shortwave radiofrequency field exposure
to induce significant cell death after a single treatment.

The cytotoxicity of quantum dots is being investi-
gated, with some types having more potential toxic effects
than others.12,26-28 Qdot605 and Qdot705, for example,
contain a well-known cytotoxic agent, cadmium.
Although the toxicity associated with free cadmium ions
varies with the specific quantum dot and cell under inves-
tigation, quantum dot toxicity has been reported at con-
centrations >0.8 lM.26 In general, in vitro models
suggest that cadmium quantum dot concentrations <100
nM are safely tolerated, and indium-based quantum dots
(ie, eFluor NC700) are 10# less toxic.22,28,29 Although
certain metals (ie, platinum) have become standard treat-
ment for some cancers,30 cadmium toxicities to normal
cells makes cadmium an unattractive option as an anti-
cancer cytotoxic agent. Unfortunately, each type of quan-
tum dot is unique, with its own toxicity profile. The type
of core, shell, and coating all contribute to variations in
release of free ions that may induce cytotoxicity.22

The ideal theranostic agent would not only permit
diagnosis and treatment of cancer cells, but also permit
multimodality treatment without injury to bystander
cells. Although multiple agents can be conjugated to a sin-
gle nanoparticle, the use of quantum dots permits 1 less
conjugation because of the bifunctionality of fluorescence
and local nanoscale hyperthermia in a radiofrequency
field. This is a potentially important new finding and an
addition to the multifunctionality of quantum dots,

Table 2. Distribution of Viability After Treatment With 50 nM Cetuximab Conjugates and RF Field Exposurea

Conjugate, 50 nM Necrotic, (% 6 SEMb) Dead (% 6 SEM) Apoptotic (% 6 SEM) Viable (% 6 SEM)

NC700-C225
Cama-1 1.88 $ 0.73 3.41 $ 1.00 2.29 $ 1.04 92.40 $ 2.78

Panc-1 6.62 $ 0.89 21.50 $ 1.05 13.70 $ 1.98 58.20 $ 3.41

QD705-C225
Cama-1 2.39 $ 0.36 0.82 $ 0.24 4.06 $ 1.05 92.80 $ 1.09

Panc-1 26.50 $ 5.06 9.94 $ 2.20 7.27 $ 1.56 56.30 $ 3.27

AuNP-C225
Cama-1 1.46 $ 0.43 0.70 $ 0.16 4.08 $ 1.05 93.73 $ 1.04

Panc-1 33.23 $ 3.95 18.75 $ 4.20 8.68 $ 3.07 39.35 $ 8.24

RF indicates radiofrequency; SEM, standard error of the mean; QD, quantum dots; AuNP, gold nanoparticles.
a Cetuximab-conjugated nanoparticles induce both apoptosis and necrosis of targeted cells (Panc-1) after treatment in an RF field. This table displays the dis-
tribution of necrosis, apoptosis, and dead and viable cells of the single cell population after exposure to 50 nM of cetuximab conjugates and RF field treatment

(200 W for 5 minutes.).
b SEM represent replicates of n % 4.
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nanocrystals, or other fluorescent nanoparticles. These
types of nanoparticles have already been used for in vitro
and in vivo optical imaging in animal models of malig-
nant cells, including breast, prostate, and pancreatic can-
cer.31-33 Including other elements in the core or shell
structure, such as iron, gadolinium, or gold, may allow
the nanoparticles to be used for optical and radiographic
imaging with magnetic resonance or computed tomo-
graphic scans.33 Some fluorescent nanoparticles can bind
to specific proteins, creating the potential to measure cir-
culating serum or intracellular protein levels.34 Plasmon-
coupling can be used to observe specific base pair mis-
matches or mutations in DNA using thiolated DNA
probes linked to gold nanoparticles because of specific
surface-enhanced Raman scattering.35 Functionalization
and enhancement of circulating half-life of fluorescent
nanoparticles can be achieved by linking PEG, proteins,
silica, or other biocompatible polymers to the fluorescent
core.31,33,36 Targeting molecules, including antibodies,
peptides, or pharmacologic agents, can also be arrayed on
the surface to promote cell-specific binding and uptake.
This may permit targeted delivery of drugs, silencing
RNA, or other therapeutic agents to malignant cells with
successful delivery confirmed by noninvasive optical
imaging. We have shown in this study that the intrinsic
fluorescence of quantum dots and nanocrystals is useful
in flow cytometric analysis and identification of specific
cell populations. Heat release during radiofrequency field
exposure in these semiconducting quantum dots and
nanocrystals has not previously been reported, and this
opens yet another potential therapeutic use for fluores-
cence nanoparticles. Cetuximab is an excellent antibody
for in vitro models because of the variation in EGFR-1
expression of different cancer cell lines; however, it
would be a poor choice in human trials, as EGFR-1 is
constitutively expressed in many normal tissues, but
overexpressed in a minority of cancers.37 A major chal-
lenge in cancer therapy is to identify cellular targets that
are uniquely expressed only on malignant cells. This goal
has yet to be fully realized. However, as antibody, drug,
and peptide binding to cancer-specific targets identified
through genetic and proteomic analyses38,39 becomes
more specific, using bifunctional fluorescent nanopar-
ticles may permit diagnostic and treatment options that
are noninvasive and minimally toxic.
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Cancer Therapy: Preclinical

Noninvasive Radiofrequency Field Destruction of Pancreatic Adenocarcinoma
Xenografts Treated with Targeted Gold Nanoparticles

Evan S. Glazer1, Cihui Zhu1, Katheryn L. Massey1, C. Shea Thompson2, Warna D. Kaluarachchi1,
Amir N. Hamir3, and Steven A. Curley1,4

Abstract
Purpose: Pancreatic carcinoma is one of the deadliest cancers with few effective treatments. Gold

nanoparticles (AuNP) are potentially therapeutic because of the safety demonstrated thus far and their

physiochemical characteristics. We used the astounding heating rates of AuNPs in nonionizing radio-
frequency (RF) radiation to investigate human pancreatic xenograft destruction in a murine model.

Experimental Design: Weekly, Panc-1 and Capan-1 human pancreatic carcinoma xenografts in

immunocompromised mice were exposed to an RF field 36 hours after treatment (intraperitoneal) with

cetuximab- or PAM4 antibody–conjugated AuNPs, respectively. Tumor sizes were measured weekly,

whereas necrosis and cleaved caspase-3 were investigated with hematoxylin–eosin staining and immuno-

fluorescence, respectively. In addition, AuNP internalization and cytotoxicity were investigated in vitrowith

confocal microscopy and flow cytometry, respectively.

Results: Panc-1 cells demonstrated increased apoptosis with decreased viability after treatment with
cetuximab-conjugated AuNPs and RF field exposure (P! 0.00005). Differences in xenograft volumes were

observed within 2 weeks of initiating therapy. Cetuximab- and PAM4-conjugated AuNPs demonstrated RF

field–induced destruction of Panc-1 and Capan-1 pancreatic carcinoma xenografts after 6 weeks of weekly

treatment (P ! 0.004 and P ! 0.035, respectively). There was no evidence of injury to murine organs.

Cleaved caspase-3 and necrosis were both increased in treated tumors.

Conclusions: This study demonstrates a potentially novel cancer therapy by noninvasively inducing

intracellular hyperthermia with targeted AuNPs in an RF field. While the therapy is dependent on the

specificity of the targeting antibody, normal tissues were without toxicity despite systemic therapy and
whole-body RF field exposure. Clin Cancer Res; 16(23); 5712–21. !2010 AACR.

Despite decades of research in the biology and treatment
of pancreatic carcinoma, it remains one of the deadliest and
least curable forms of cancer (1, 2). Targeted therapy
against antigens overexpressed in pancreatic cancer, such
as epidermal growth factor receptor (EGFR-1), has only
been minimally successful despite its use in other antigen
overexpressing cancers (3). Clearly, novel therapeutic
approaches to treat this disease that kills more than 95%
of diagnosed patients are needed (4).

Previous reports have demonstrated that metal nanopar-
ticles induce hyperthermic cytotoxicity in vitro by exposing
the nanoparticles to one of a few forms of nonionizing
radiation, specifically near-infrared (NIR) and radiofre-
quency (RF; refs. 5–8). Furthermore, tumor necrosis has
been demonstrated by directly injecting nanoparticles into
rodent and rabbit syngeneic cancer implants that subse-
quently underwent noninvasive RF field exposure (9, 10).
Importantly, normal tissues tolerate hyperthermia at
higher temperatures and for longer periods of time than
malignant tissues, portending an opportunistic thermal
cancer treatment (11).

The previous experimental models suffer from multiple
challenges. First, NIR radiation does not penetrate deeply
into tissue, limiting its use to superficial malignancies
(12–14). Second, if a direct intratumoral injection of
nanoparticles were required, then it would necessitate
that the tumor be visualized by traditional imaging
and an invasive procedure be required to actually inject
the nanoparticles. Furthermore, direct injection is proble-
matic because nanoparticles will diffuse through malig-
nant and surrounding normal tissue, increasing the
likelihood of damage to normal cells. Multiple nanopar-
ticles (6, 8, 15) such as gold, silver, and semiconducting
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nanoparticles are candidates for hyperthermic treatment,
but gold has the most immediate potential for use in
human patients and seems to have a favorable safety
profile (5, 16, 17).
On the basis of previous in vitro work (8), we hypothe-

sized that systemic delivery of antibody targeted gold
nanoparticles (AuNPs) would induce hyperthermic cyto-
toxicity after RF field exposure in human pancreatic carci-
noma xenografts without injury to normal tissues.
Antibodies to 2 distinct human antigens (EGFR-1 and
MUC-1) were utilized to deliver 2 AuNPs of different
sizes to 2 unique human pancreatic xenografts. Although
EGFR-1 is a problematic therapeutic target due to its diverse
constitutive expression in normal tissues, PAM4 is a human
antibody to MUC-1 that is specific to pancreatic carcinoma
(18). The components were chosen such that the constructs
had similar sizes that could lead to increased tumor inter-
nalization rates (19). The primary aim was to show human
pancreatic cancer xenograft destruction.

Materials and Methods

Cell culture, antibodies, fluorophores, and
gold nanoparticles
Two human pancreatic carcinoma cell lines, Panc-1 and

Capan-1, were acquired from the American Type Culture
Collection (ATCC) confirmed by the Characterized Cell
Line Core Service (M. D. Anderson Cancer Center; Decem-
ber 2009), and maintained according to ATCC’s cell media
recommendations in standard conditions (37!C, 5%CO2).
All experiments utilized standard cell culture coated dishes
and equipment (BD Biosciences; Corning Inc.). Cetuximab
(C225; Bristol-Myers Squibb), a chimeric monoclonal IgG1

antibody against human EGFR-1 was conjugated to sphe-
rical 10-nm AuNPs (Ted Pella, Inc.) via a linker. PAM4
(Immunomedics, Inc.), a human monoclonal antibody
against a mucin glycoprotein, MUC-1, was directly con-
jugated to 20-nm AuNPs (Ted Pella, Inc.) via a thiol–gold
bond described later. All fluorophores or fluorophore

conjugates were used as directed by the manufacturer
(Invitrogen Corp.).

AuNP constructs and characterization
C225 was conjugated via covalent hydrazide-thiol het-

erobifunctional linker (Sensopath Technologies, Inc.) from
a previously published protocol with slight modifications
based on glycosolation of the Fc region (20). Briefly, a
solution of 10-nm AuNPs were twice washed in a borate
buffer solution at pH8. A total of 450mg of C225with linker
was slowly added to a 1,000 mg of AuNP solution. It was
placed on a continuous mixer and incubated at room
temperature for 4 hours. Next, the conjugate was concen-
trated 15-fold in a 50,000 molecular weight centrifugation
filter unit (Millipore Corp.) at 3,800 " g.

Because PAM4 does not have the same glycosolation
status in the Fc region as C225, it was directly conjugated
to slightly larger AuNPs without a linker via a thiol–
gold interaction. First, PAM4 IgG was washed in borate
buffer (pH 8) twice and resuspended at a concentration of
2 mg/mL. A monovalent, single-molecule IgG (Fc # Fab
with reactive sulfur groups on the heavy chain formerly of
the disulfide bond) was created by reducing the interchain
disulfide bond at the hinge region with 3 molar excess of
tris(2-carboxyethyl)phosphine, which is a relatively gentle,
but very specific, nonsulfur-containing disulfide bond
reducing agent that does not reduce heavy-light intrachain
disulfide bonds or internal disulfide bonds at the antigen
binding site at these concentrations (21). Subsequently,
450 mg of ‘‘activated’’ PAM4 was mixed with 1,000 mg of
20-nm AuNP in borate buffer and mixed for 4 hours in the
dark at room temperature to permit the reduced sulfur
moieties to directly form thiol–gold bonds on the AuNPs.
The construct was twice washed with borate buffer, con-
centrated 15-fold in a 50,000 molecular weight centrifuga-
tion filter unit (Millipore Corp.) at 3,800 " g.

A small shift in the peak plasmonic absorbance of the
AuNPs (NS1; Applied NanoFluorescence) was indicative of
a nonaggregated conjugation state after challenge with
equivolume of 10% sodium chloride (21). Dynamic light
scattering (DLS; Horiba, Ltd.) determined the average
hydrodynamic diameter of the constructs (500 measure-
ments per sample in triplicate).

Target protein expression in Panc-1 and Capan-1 cells
with immunoprecipitation

The cellmembrane expressionof EGFR-1 andMUC-1was
confirmed byWestern blot analysis. Briefly, cell pellets were
lysed with cold radioimmunoprecipitation assay buffer and
centrifuged at 13,000 rpm for 30 minutes. The protein
extracts (50 mg per lane) were electrophoresed on Bis-Tris
protein gel, transferred to a polyvinylidene difluoridemem-
brane, and sequentially incubated in 5% dry milk and
primary antibodies (BD Biosciences and Immunomedics,
Inc.). Next, the membranes were incubated with secondary
anti-human IgG antibodies (H # L chains; Jackson
ImmunoResearch, West Grove, PA). Images were acquired
by a high-resolution photoscanner (CanoScan 4400F;

Translational Relevance

Nanoparticle-mediated hyperthermic therapy offers a
treatment that potentially will simultaneously have less
adverse effects than systemic chemotherapy and a more
direct action on pancreatic cancer cells. Gold colloids
have a long history of minimal adverse effects, whereas
nonionizing radiation is known to be safe. However,
because AuNPs heat in nonionizing radiation, there is
the potential to noninvasively target or direct the
hyperthermic effect. Pancreatic cancer, one of the dead-
liest cancers, has multiple targeted therapies in devel-
opment. As we have shown here, the proper
combination of a targeting antibody conjugated with
AuNPs results in effective tumor destruction with mini-
mal toxicity.
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Canon, Inc.) after the bands were detected with a peroxide
solution (GenDEPOT, Inc.).

Confocal imaging of antibody-conjugated AuNPs
in vitro

Confocal images were prepared by growing Panc-1 cells
on standard 1.5 glass cover slips, which were treated with
AlexaFluor (AF) 647–labeled C225 (the primary antibody
delivered to living cells), 10-nm AuNP alone, the labeled
C225-AuNP–conjugated construct, or neither for 3 hours.
Cell membranes were stained with 5 mg/mL of wheat germ
agglutinin conjugated to AF 594 (Invitrogen Corp.) by
incubating the cover slip for 10 minutes at 37!C. After
phosphate buffered saline (PBS) washings, the cells were
fixed with 4% paraformaldehyde and permeabilized
with cold 100% methanol. Blocking was performed for
1 hour with blocking solution [3% bovine serum albumin
(BSA) " 1% animal serum in PBS). Cells were washed and
stained with AF 488–labeled secondary antibody against
the heavy and light chains of human IgG (Invitrogen
Corp.). After washing, DNA was stained with 40,6-diami-
dino-2-phenylindole dihydrochloride (DAPI; 300 nmol/L)
for 5 minutes. Cover slips were mounted (Dako Denmark
A/S, Glostrup, Denmark), dried, sealed, and stored in the
dark at 4!C until analyzed (Olympus DSU with Orca II ER
camera; Olympus America Inc., Center Valley, PA).

In a separate experiment, Panc-1 cells were treated with
AF 647–labeled C225 at the same concentration with or
without AuNPs to determine the percentage of cells in vitro
with measurable amounts of primary fluorophore–labeled
C225-AuNP. Cells were identified in the usual manner by
an automated cytometer while the fluorescence of AF 647
was simultaneously measured for individual cells (Cell-
ometer Vision; Nexcelom Bioscience, LLC). A fluorescence
threshold of 7 arbitrary units was chosen to separate
positive from negative populations, based on the control
sample. For each group, 1,800 cells were counted and a
histogram was created for each group with the same bin-
ning (Sigma Plot Version 11; Systat Software Inc.).

TEM imaging in vitro
Cell pellets were fixed with a 3% glutaraldehyde/ 2%

paraformaldehyde solution in 0.1 mol/L of cacodylate
buffer at pH 7.4. Samples were washed with 0.1% cacody-
late-buffered tannic acid, treated with 1% buffered osmium
tetroxide, and stained with 1% uranyl acetate. The samples
were ethanol dehydrated and embedded in LX-112 med-
ium. After polymerization, the samples were cut with a
Leica Ultracut microtome (Leica), double stained with
uranyl acetate/lead citrate in a Leica EM stainer, and imaged
with a JEM 1010 TEM (Jeol USA, Inc.) at an accelerating
voltage of 80 kV. Images were acquired with AMT Imaging
System (Advanced Microscopy Techniques Corp.).

Determination of gold concentration with inductively
coupled plasma atomic emission spectrometry

Cell pellets, tumor specimens, and organ specimens
(liver, spleen, kidneys, and lung) were sectioned, weighed

(cells were counted), and gently washed with PBS. Samples
were partially digestedwith 2mLof certified 30%H2O2 and
evaporated. Next, 5 mL of aqua regia (1 part of nitric acid
combined with 3 parts of hydrochloric acid by volume, in a
fume hood) was slowly added to each sample as the tem-
perature was slowly raised to 130!C in order to completely
digest the samples. After 3 hours, the samples were passively
cooled, and diluted with 18-MW water to a final volume of
10 mL. The gold concentration of each sample was deter-
mined by inductively coupled plasma atomic emission
spectrometry (ICP) according tomanufacturer’s recommen-
dations (iCAP 6500; Thermo Fisher Scientific).

Nanoparticle heating in an RF field
Triplicate solutions of various concentrations of AuNPs

alone or conjugated to antibodies were placed in the RF
field in a transparent, 1.5-mL quartz cuvette directly on a
copper ground plate and exposed to a high-voltage RF field
at 600-W generator power for 1minute (13.56MHz, 10-cm
air gap; ThermMed, LLC, Inc.). Temperatures were recorded
every 30 seconds with an IR camera (FLIR SC 6000; FLIR
Systems, Inc.).

Panc-1 in vitro RF field exposure and cytotoxicity after
C225-AuNP treatment

Panc-1 cells were plated in quadruplicate at a concentra-
tion of 1 # 106 cells/mL in 60-mm dishes and incubated
overnight. Negative controls remained untreated, whereas
the others were treated with C225 alone or C225-AuNP.
Separate groups (n$ 4 each) underwent RF field exposure at
600 W for 10 minutes. Bulk media temperature remained
between 36!Cand 41!C, asmeasured by an IR camera (FLIR
SC 6000). Viability was measured with flow cytometry
(LSRII; BD Biosciences) 36 hours after exposure. Briefly,
cell media (i.e., dying cells that were floating) was collected
and the adherent remaining cells were releasedwith trypsin.
The trypsin was then neutralized with cell media and the
cells were collected. Each sample was washed and stained
without fixation or permeabilization. After a final wash,
50,000 cellular events were acquired for each sample and
analyzed with FlowJo 8.8.6 (TreeStar, Inc.). After gating the
single cell population, Annexin V, a protein that binds to
membrane protein phosphatidylserine, positive cells were
considered apoptotic; whereas propidium iodide (PI), a
chemical that fluoresces when bound to DNA, positive
cells were considered necrotic. Annexin V and PI double-
positive cells were considered dead cells, whereas double-
negative cells were characterized as viable.

Panc-1 and Capan-1 pancreatic xenografts AuNP
treatment and RF field exposure

Nude balb/c mice (NCI Mouse Repository) were sub-
cutaneously injected with 3 # 106 Panc-1 or Capan-1 cells
to the right flank (n $ 20 each cell line). After the tumors
were palpable (approximately 3 weeks), mice within each
cancer cell type were randomly assigned to 1 of 4 groups.
The mice with Panc-1 xenografts were treated/exposed to
no treatment, C225-AuNP without RF exposure, RF expo-
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sure alone, or C225-AuNP treatment plus RF exposure.
The mice were treated with C225-AuNP at 10 mg/kg by
gold weight injected intraperitoneally to prevent AuNP
collection at the site of an extremity (i.e., tail vein). RF
exposure consisted of 600-W generator power for 10
minutes with an air gap of 10 cm. All antibody-AuNP
treatments occurred weekly, whereas all RF exposures
occurred 36 hours after treatments on a weekly basis.
Tumors were measured 48 hours after RF exposure each
week, whereas C225-AuNP treatment and RF exposure
began after week 1.
Mice with Capan-1 tumors were randomly assigned to 1

of 4 groups as well (n ! 5 each group). Those groups
were untreated control, PAM4-AuNP treatment only,
unconjugated AuNP treatment plus RF field exposure
(600-W generator power, 10-minute duration, and 10-
cm air gap), and PAM4-AuNP treatment weekly with the
same RF exposure weekly. Unconjugated AuNP and PAM4-
AuNP were also treated intraperitoneally at 10 mg/kg by
gold weight for each.
During the experiment, all mice were kept in accordance

with an Institutional Animal Care and Use Committee
approvedprotocol. To safely expose the animals toRF fields,
their tails, ears, and paws were completely grounded to
avoid excess current in the extremities that would result in
electrothermal injuries. This was accomplished by placing
micedirectly ona large grounded copperplate andattaching
conducting copper tape (3M) to the extremities and plate.
Mice were sedated with ketamine 0.1 mg/g and xylazine

0.01 mg/g intraperitoneally prior to each RF field exposure
and monitored thereafter. The temperature of each
mousewas continuouslymeasuredwith an IR camera (FLIR
SC6000), andatno timedid the temperature exceed41.5"C.
For the firstminute of every RF field exposure, a cuvettewith
100mg/mLof 20-nmAuNPswas placedwithin 1.5 cmof the
tumor. This served as the control to confirm heating of
AuNPs in the RF field. After 1 minute, the RF field generator
was briefly turned off (<2 seconds) to remove the cuvette, as
it approached boiling temperatures soon thereafter.
Tumor volumes (width squared# length)weremeasured

weekly with electronic calipers. After 6 weeks of treatment,
the animals were euthanized and selected organs (liver,
spleen, kidney, lung, and tumor) were harvested for
gold biodistribution and histopathologic evaluation. For
evaluation of normal organ and tumor-specific injury, spe-
cimens were prepared for histologic procedures, embedded
in paraffin, and sectioned at 5 mm. The sectionswere stained
with hematoxylin and eosin stain (H&E) and examined by
lightmicroscopy. Injury was assessed by grade (grade 1: rare
<10%; grade 2: mild, 10%–20%; grade 3: moderate, 20%–
50%; and grade 4: severe, >50%) by an expert in compara-
tive mammalian pathology (A.N.H.).

Confocal immunofluorescent microscopy in vivo
Tumor sections on standard glass slides were deparaffi-

nized by heating to 60"C for 1 hour. They were then
dewaxed and rehydrated by sequential washing for
$5 minutes in xylene (3#) followed by decreasing con-

centrations of ethanol in water. Sections were then placed
in boiling antigen retrieval buffer (citrate based, pH ! 6,
0.5% Tween-20). This was heated in amicrowave at boiling
temperatures for an additional 1 minute. Next, the sections
were microwaved in the buffer for 15 minutes at 30%
power. Sections were then washed with PBS and placed
in blocking solution for 1.5 hours (1% BSA and 2% fetal
bovine serum in PBS). Sections were stained with an anti-
body to cleaved caspase-3 (Cell Signaling Technology,
Danvers, MA) diluted 1:250 in blocking solution for
1 hour at room temperature. Sections were thrice washed
with PBS and a secondary antibody conjugated to
AF 488 was applied to each (1:300) for 1 hour at room
temperature. Sections were thrice washed in PBS, stained
with DAPI (300 nmol/L for 10minutes), and subjected to a
final washing in PBS. Fluorescent mounting media was
applied (Dako North America, Inc.) and the sections were
sealed with a 1.5 glass cover slip.

Statistical methods
Results are means % standard errors of the mean unless

otherwise noted. Statistical significance, a, was set to P !
0.05. Two-tailed Student’s t test compared differences in
means between groups, whereas multiple-way analysis of
variation analyzed tumor volumes (SPSS Version 16.0,
SPSS Inc.). Data were plotted with Sigma Plot Version
11 (Systat Software Inc.).

Results

Characterization of antibody-conjugated AuNPs
Directional conjugation of 10-nmAuNP to cetuximab via

a covalent linker was confirmed by a small shift (<10 nm) in
peak plasmonic absorption (Fig. 1). The small shift in the
peak and similar width are consistent with AuNP conjuga-
tion and not consistent with AuNP aggregation (20). A
PAM4 hemi-antibody (single heavy- and light-chain IgG
with activated sulfur moieties) was conjugated to 20-nm
AuNPs via a direct thiol–gold linkage and confirmed by a
small shift in peak plasmonic absorption (Fig. 1). The
hydrodynamic diameter of C225-AuNP is 32.6 % 0.7 nm
while it is 36.9% 1.5 nm for PAM4-AuNP. Conjugated and
unconjugated AuNPs were heated in a concentration-
dependent fashion, whereas the C225-AuNP construct
was heated significantly faster in an RF field at 600 W than
unconjugated AuNPs (Fig. 1D; P < 0.0001).

Time-dependent internalization of C225-conjugated
AuNPs to Panc-1 cells in vitro

Confocal microscopy demonstrated qualitatively differ-
ent internalization rates after various treatment durations
of C225-conjugated AuNPs compared with C225 alone
(Fig. 2). Briefly, the conjugation to gold produced punctate,
spherical fluorescence initially along the cellular mem-
brane, which was then internalized into the cytoplasm
(Fig. 2; Supplementary Movie S1). This indirectly suggests
that AuNP constructs are transported between cells (Sup-
plementary Movie S1). C225 alone seems to have inter-
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nalized faster than antibody-conjugated AuNPs. In a sepa-
rate experiment, fluorescence from a fluorophore directly
attached to C225 showed significant overlap in vitro to
secondary antibodies conjugated to a different fluoro-
phore, suggesting most of the primary antibody remains
intact even after internalization (Fig. 3). Nearly 90% of cells
contain measurable C225-AuNPs based on direct fluores-
cence labeling (Fig. 3; P < 0.0001 compared with back-
ground in untreated cells). In addition, after 3 hours of
treatment, there were significantly more AuNPs delivered
by C225 than unconjugated AuNPs (untargeted) in vitro
(2.1 pg/cell ! 0.1 pg/cell vs. 0.2 pg/cell ! 0.1 pg/cell,
respectively; P " 0.005).

Apoptosis-mediated cell death after C225-AuNP
treatment and RF exposure in vitro

C225-AuNPs (Fig. 4A) induced significant cell death via
apoptosis 36 hours after RF field exposure, based on flow

cytometric analysis (P" 0.00005 compared with untreated
controls; Fig. 4B). Neither C225 treatment alone (no
AuNPs) with RF exposure nor C225-AuNP treatment alone
without RF induced as much cell death as the combined
treatment (Fig. 4B).

Destruction of Panc-1 xenografts due to C225-AuNP
treatments and RF exposure without injury to
other organs

Excess electrical current on the surface of mice was
grounded with copper conducting tape attached to the
extremities in order to prevent nonspecific electrothermal
injuries (Fig. 5A). Although no mice developed electro-
thermal injuries during RF field treatment, AuNPs in adja-
cent quartz cuvettes continued to heat rapidly,
demonstrating the RF-induced thermal effect (Fig. 5B; Sup-
plementary Fig. S1). Tumor temperatures in bulk rose
above body temperatures by approximately 3#C during
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the first minute of RF exposure and remained stable there-
after (Fig. 5B; Supplementary Fig. S1).
Despite C225 conjugation, the biodistribution of AuNPs

demonstrated increased concentration in the liver and
spleen, based on ICP analysis. Delivery of the C225-AuNP
construct by intraperitoneal injection yielded tissue gold
levels of 25.1 ! 6.4 mg of AuNP/g of tumor, 257.6 !
7.5 mg of AuNP/g of spleen, 302.7 ! 82.5 mg of AuNP/g
of liver, 4.0 ! 0.3 mg of AuNP/g of lung, and 4.1 ! 0.1 mg
of AuNP/g of kidney. No murine tissues (liver, spleen,
kidneys, and lung), demonstrated any evidence of acute
or chronic injury based on histopathologic analysis despite
the presence of AuNPs.

Although Panc-1 control tumors had baseline evi-
dence of central necrosis consistent with an aggressive
carcinoma, the tumors from mice treated with C225-
AuNP " RF field exposure showed at least 1-grade
increase in necrosis not seen in tumors from the other
control groups (Fig. 6A). Panc-1 tumors exposed to RF
fields after C225-AuNP treatment were significantly
smaller after 6 weeks than tumors treated with C225-
AuNP alone (P # 0.0097; Fig. 6B). In addition, cleaved
caspase-3 was increased in Panc-1 tumors from mice
treated with C225-AuNPs and exposed to the RF field
compared with tumors from control mice (Fig. 6C and
D). Tumor control was demonstrated after the first week

Fig. 2. C225 seems to quickly and
uniformly bind to the surface of
Panc-1 cells after treatment
(durations listed at the top of each
column),whereas C225-AuNP
binds more slowly and in discrete,
punctuate morphology consistent
with an antibody conjugated to
AuNPs. Blue: DAPI bound to
DNA. Green: AF 488–labeled
secondary antibody against
human IgG.

10 min

AuNPs

C225

C225-AuNP

30 min 60 min 120 min

Panc-1 cells with neither
C225-AF647 nor AuNPs
(negative control)

Panc-1 cells treated with
C225-AF647 (no AuNPs)

Panc-1 cells treated with
naked AuNPs (no C225)

Panc-1 cells treated with
the C225-AuNP-AF647
construct

Violet and red channel
DAPI and WGA-AF594
showing dsDNA and
cell membrane, respectively

Far red channel
Cetuximab-bound AF647

Green channel
Secondary antibody
conjugated to AF488

Merged

350

A B

300

250

200

150

100N
um

be
r o

f c
el

ls

50

0
0 5 10 15

Relative fluorescence (a.u.)

1.7%

89.4% (P < 0.00001)

Negative control
AuNP
C225-AF647
C225-AuNP-AF647

78.4% (P < 0.00001)

1.1% (P = 0.04)

20 25 30 35

Fig. 3. AF 647–labeled C225 demonstrates significant colocalization with the secondary anti-IgG, suggesting that the C225-AuNP construct remains
intact after internalization into the cell (A). Although there is mild autofluorescence (<2%) in the far red channel (second column from left, confocal microscopy),
using a fluorescent threshold of 7 arbitrary units (a.u.) shows that more than 78% of cells contain measurable levels of AF 647–labeled C225
regardless if AuNPs are conjugated. B, Based on fluorescence cell counting, the percentages represent the proportion of cells with fluorescence greater
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of treatment (treatment began between weeks 1 and 2,
overall P ! 0.004; Fig. 6E).

The mice exposed to RF fields (with or without C225-
AuNP treatment) did not show any evidence of behavior
changes, gross injuries, or other signs of treatment toxicity
during the experiment. Importantly, sections of the lungs,
spleen, kidneys, and liver did not show any evidence of
acute or chronic injury on extensive histopathologic exam-
ination despite the presence of AuNPs and RF field expo-
sure (Fig. 6; Supplementary Fig. S2).

Destruction of Capan-1 human pancreatic xenografts
after PAM4-AuNP treatment and RF field exposure

After demonstrating that C225-AuNP could effectively
control pancreatic xenografts, we investigated this

model further by utilizing a potentially more pancreatic
cancer–specific antibody, PAM4, and a unconjugated
AuNP " RF control arm (Fig. 6F). Capan-1 xenografts
demonstrated statistically smaller tumors over the
course of the experiment after PAM4-AuNP treatment,
and RF field exposure began between weeks 1 and 2 (P !
0.035; Fig. 6F). Interestingly, the unconjugated AuNP "
RF control arm (Fig. 6F, blue line) demonstrated early
effectiveness at decreasing tumor volumes, which was
lost by week 5. However, PAM4-AuNP treatment with-
out RF exposure did not significantly reduce the size of
Capan-1 tumors from the untreated controls (Fig. 6).
Similar to Panc-1 cancers, Capan-1 tumors treated with
PAM4-conjugated AuNPs followed by RF field exposure
were necrotic compared with control tumors treated

Fig. 5. Nude balb/c mice with
pancreatic xenografts in the right
flank were sedated and grounded
to a copper plate with conducting
copper tape in order to prevent
excess current inducing
electrothermal injury (A). Tumors
heat significantly more so than the
mouse body due to C225-
mediated AuNP delivery (B). In
addition, 100 mg/mL of AuNPs in
deionized water heat in an RF field
whereas the conducting copper
tape protects mice extremities
(ears, tails, and paws) from excess
current and electrothermal injury.
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with RF field exposure or PAM 4-targeted AuNPs alone
(data not shown).
Again there was no evidence of injury to any of the

selected organs (liver, spleen, kidneys, or lung) on his-
topathologic analysis in the experimental groups.
Furthermore, there were no changes to gross behaviors
or habits of the animals throughout the course of the
experiment.

Discussion

The obvious goal, and major hurdle, of cancer therapy
is to kill cancer cells without injury to normal or bystan-
der cells, tissues, or organs. We have shown that RF fields
can induce intracellular hyperthermic cytotoxicity with
targeted AuNPs while controlling relatively large pancrea-
tic cancer xenografts. Importantly, this occurred without
any evidence of injury to selected normal tissues (liver,
spleen, lung, and kidney), changes in animal behavior, or
unexplained animal death. It is imperative that the AuNP
and antibody remain conjugated until intracellular deliv-
ery. We are very confident that our constructs remain
conjugated until delivery because of the optical absorp-
tion after sodium chloride challenge (Fig. 1), the dia-
meters of the final constructs, and differences in
immunofluorescence imaging.

RF field exposure in this situation was ‘‘whole-body’’
exposure. A consequence of this exposure is that the
certain portions of animals within the field are at dif-
ferent electrical potentials. Variations in electrical poten-
tials results in electrical currents that can produce a skin
burn. Larger animals, however, have the body mass to
absorb this ‘‘excess’’ current, whereas smaller animals (e.
g., rodents) may have regions of increased electrical
current with subsequent thermal injury to the ears,
paws, and tails. To prevent this, we electrically grounded
the animals’ extremities to the grounded plate of the RF
device in a similar fashion to grounding pads used
clinically for surgical electrocautery. Fortunately, we
found this to be very effective without decreasing the
ability to destroy the tumor, as the tumors were not
directly isolated from the RF field. The bulk temperature
of the tumors continued to rise (Supplementary Fig. S1)
above the body surface temperature, consistent with
bulk thermal transfer from intracellular AuNPs to cancer
cells to surrounding tissues, which was visualized by the
IR camera.

The in vitro experiments described herein were planned
and carried out with the restrictions of the in vivo
experiment in place. For example, raising the animal body
temperatures above 41.5!Cwas presumed to be injurious to
normal tissues. Therefore, the in vitroprotocolwas usedwith

Fig. 6. Panc-1 and Capan-1
tumors showed significant
increases in necrosis (*) after
treatment with antibody-
conjugated AuNPs and RF field
exposure whereas liver tissue
remained normal (A). Panc-1
tumors after 6 weeks of combined
C225-AuNP treatment and RF
exposure (B, top row) are
significantly smaller than tumors in
mice that just received C225-
AuNPs treatment (P " 0.0097; B,
bottom row). There was 1
complete response and 1
near-complete response in the
dual-treatment group. Cleaved
caspase-3 was increased in
tumors from mice that had
undergone antibody-targeted
AuNP treatment and RF field
exposure (C; Panc-1 xenograft
with DAPI in blue and cleaved
caspase-3 labeled in green)
compared with tumors from
control mice (D; represented by
the Panc-1 xenografts from
untreated controls). RF exposure
after antibody-AuNP treatment
resulted in significant decreased
tumor volumes (E,F).

1,000

A B

C

E F

D

1,800

1,500

1,200

900

600

300

0
0 1 2 3 4 5 6 7 8

800

Tu
m

or
 v

ol
um

e 
(m

m
3 )

Tu
m

or
 v

ol
um

e 
(m

m
3 )

600

400

200

0
0 1 2 3 4

Time (wk) Time (wk)

Overall P = 0.004 Overall P = 0.035Control
Cetuximab-AuNP alone
RF alone

Control
PAM4-AuNP only
AuNP+RF
PAM4AuNP+RFCetuximab-linked AuNP + RF

5 6 7 8

10 µm

Nanoparticle and RF Field–Induced Tumor Destruction

www.aacrjournals.org Clin Cancer Res; 16(23) December 1, 2010 5719



 113 

 

 

these limitations. Likewise, we investigated early apoptosis
at a single time point. Previous studies have shown both
apoptosis and necrosis at varying time points after RF field
exposure depending on the construct involved and the RF
field utilized (7, 8, 22). Finally, AuNPs of slightly different
sizes were used to show the effect while keeping the final
construct size similar.

Although C225 was predominately utilized in this
series of experiments because of ease of conjugation, it
may have increased amounts of adverse events due to
high expression of EGFR on the skin and in bowel mucosa
among other normal tissues (23, 24). C225-conjugated
AuNPs were more effective than PAM4-conjugated AuNPs
in destroying targeted tumors, but C225 as a targeting
agent may have more adverse clinical events because of
enhanced AuNP uptake in nonmalignant tissues. PAM4
seems to be much more pancreatic cancer specific and
functions only as a pancreatic adenocarcinoma targeting
antibody with no intrinsic cytotoxic or growth inhibition
characteristic (18, 25, 26). Furthermore, even antibodies
that fail as monotherapy for pancreatic cancer may func-
tion as an effective tool to deliver AuNPs. We did not
include C225- or PAM4-only control groups in our ani-
mal studies because PAM4 does not affect cell prolifera-
tion and C225 alone has not been active against
pancreatic cancer cells in the current in vitro studies or
previous in vivo work (8, 25). Realistically, conjugating
AuNPs to several different targeting molecules that attach
to ligands differentially expressed in heterogeneous can-
cer cell populations will be a better approach; we are
currently performing such studies in vitro and in vivo.
Enhancing thermal sensitivity of cancer cells may be
achieved by incorporating a third component, such as
a toxin or a cytotoxic drug, to the antibody-AuNP con-
struct in order to potentiate the hyperthermic effect and
impede cell repair mechanisms. In this case, the AuNP
would act as scaffolding for 1 or more targeting proteins,
therapeutic toxins, or chemotherapeutics to potentiate
thermal toxicity, and it would also be the agent to pro-
duce heat from RF field exposure.

An obvious challenge in utilizing this therapy is the
specificity of the targeting antibody as well as the non-
specific internalization by the liver and the spleen. We
demonstrated that neither the lungs nor the kidneys inter-
nalized significant amounts of AuNPs. We theorize that
because the kidney and lungs act as ‘‘filtering’’ organs in

addition to their primary functions, the small size of the
AuNP constructs utilized herein permit passage of these
nanoparticles without accumulation, although the devel-
opment of liver toxicity will need to be closely monitored
in the future. However, as we have demonstrated here,
there was no evidence of liver injury despite clear presence
of AuNPs and RF field exposure. We suggest that the
regenerative characteristics of the normal hepatocytes tol-
erate hyperthermic treatment more so than other tissues,
including tumors (27, 28). Furthermore, there is evidence
that the majority of splenic and hepatic uptake of nano-
particles is by tissue macrophages without major induction
of proinflammatory cytokines (29–31). Splenic macro-
phages or hepatic Kupffer cells that endocytose AuNPs
may be affected by RF field treatments, but these cells
are rapidly repopulated from circulating macrophage
populations (32). Finally, there was no evidence of acute
or chronic injury, as the bulk temperatures in the liver likely
remained relatively normal.

Future experiments with this modality include the devel-
opment of an orthotopic model as well as the investiga-
tions of micrometastatic disease. We have demonstrated
that antibody-delivered AuNPs induce significant tumor
destruction in a murine model of pancreatic carcinoma
after RF field exposure.
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