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Abstract 

Nanoparticles show tremendous promise in the safe and effective delivery of molecular 

adjuvants to enhance local cancer therapy. One important form of local cancer treatment 

that suffers from local recurrence and distant metastases is thermal therapy. A new 

concept involving the use of nanoparticle-delivered adjuvants to ‘precondition’ (alter the 

vascular and immunological biology) tumors to enhance their susceptibility to thermal 

therapy has been developed in our lab. Previous work has demonstrated nanoparticle 

preconditioning of thermal therapies (heat and cold) by a single systemic injection of 

PEG-coated gold nanoparticles tagged with a vascular targeting agent (TNF-α). In 

addition, mechanistic studies have shown that 4 hour pre-treatment with native TNF-α 

induced vascular preconditioning including the up regulation of inflammation (NF-κB) 

and apoptotic (caspase) pathways accompanied by an intense recruitment of neutrophils. 

Based on these findings, we hypothesized that vascular preconditioning of nanoparticle-

delivered TNF-α is mediated by tumor endothelial (NF-κB) activation leading to 

leukocyte recruitment and vascular hyperpermeability resulting in a dramatic reduction in 

tumor blood perfusion. In this work, we used an in vivo model system of cryosurgery of 

human prostate cancer (LNCaP Pro 5) grown in nude male mice. We show that 4 hour 

pre-treatment with our nanoparticle system leads to a dramatic reduction in tumor blood 

perfusion with a simultaneous increase in tumor vascular hyperpermeability. However, 

we do not see increased NFκB activation in tumor endothelial cells or increased 

leukocyte recruitment over the same timeframe implicating a different mechanism of 

preconditioning for nanoparticle-delivered TNF-α compared to native TNF-α. In vivo 
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leukocyte depletion and NFκB inhibition experiments support these findings by 

demonstrating that the enhancement of cryosurgical injury is independent of leukocyte 

recruitment and NFκB activation. We also demonstrate that nanoparticle preconditioning 

can be used to enhance high temperature thermal therapy in the LNCaP tumor model. 

Finally, nanoparticle preconditioning was tested in combination with radiofrequency 

ablation and cryosurgery in a translational model of rabbit kidney tumors. The current 

work builds on our understanding of the mechanisms of nanoparticle preconditioning for 

enhancement of thermal therapy which could lead to the identification of novel adjuvants 

to be used in combination with TNF-α for improved clinical outcomes. 
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Chapter 1: Nanoparticle Pre-conditioning for Enhanced Thermal 
Therapies in Cancer 

 

This chapter is a review of the nanoparticle preconditioning concept. A number of 

opportunities to combine nanoparticles with vascular and immunologically active agents 

are reviewed. The ability of nanoparticle preconditioning to enhance subsequent thermal 

therapy in a variety of tumor models is reviewed. Finally, the potential for future clinical 

imaging to judge the extent of preconditioning and thus the optimal timing and extent of 

combinatorial thermal therapy is discussed. This chapter was published in the following 

citation. The article is adapted with permission from Future Medicine Ltd: 

 

• Shenoi MM, Shah NB, Griffin RJ, Vercellotti GM, Bischof JC. Nanoparticle 

preconditioning for enhanced thermal therapies in cancer. Nanomedicine (Lond). 

2011 Apr;6(3):545-63. 
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1.1. INTRODUCTION 

 

Nanotechnology holds tremendous promise for the treatment of cancer. Recent work has 

focused on the unique potential of nanotechnology to improve drug delivery, imaging 

contrast, and heating of tumors over traditional methods in cancer treatment [1, 2]. In 

some cases, nanoparticles have multifunctional properties or potential for therapy and 

diagnostics that has led to a new field entitled “theranostics” [3]. There are also 

increasing opportunities for combinatorial treatment of cancer with nanoparticles [4].  

Several classes of nanoparticles, including liposomes, magnetic and metallic, are now in 

clinical trials for cancer thermal therapy (Table 1.1). This report explores the 

opportunities for nanoparticle based thermal therapy enhancement. Many approaches 

using nanotechnology are based on the delivery and acute activation of particles to 

tumors to induce cell death via drug release or thermal cytotoxicity. The work we will 

review here is distinct in that we refer specifically to a relatively unexplored and exciting 

opportunity to use nanoparticles to alter the vascular and immunological biology of the 

tumor (pre-conditioning) to augment the antitumor effects of subsequently applied 

thermal therapy.   

 

About 1.5 million cases of cancer were projected to be diagnosed in the US in 

2009 [5]. The NIH estimates overall costs of cancer in 2008 at $ 228.1 billion with $93.2 

billion for direct medical costs (all health expenditures) [5]. Of these, the most prevalent 

are prostate, breast, colorectal (with metastasis to liver) and lung cancer with 146,000- 
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Table 1.1. Nanoparticles under Clinical Evaluation that Activate or Enhance Thermal Therapy. 

Nanoparticle Class Examples Thermal Therapy Application Company  Indications 
LIPOSOMAL 
 
 
 
 
 
 
 
METALLIC 
 
 
 
 
 
 
MAGNETIC 
 
 

ThermoDox® 

 
 
MyocetTM  
 
 
 
 
*AurimuneTM  
(CYT-6091) 
 
AuroLase® 

 
 
 
NanoTherm® 

 
 

Temperature sensitive liposomes 
release doxorubicin within tumors 
treated with radiofrequency ablation 
Liposomally encapsulated doxorubicin 
administered as neoadjuvant 
chemotherapy with regional 
hyperthermia 
 
Colloidal gold nanoparticle tagged with 
TNF preconditions solid tumors to 
thermal therapy 
Gold nanoshells passively accumulate 
within solid tumors and are activated 
by near infrared laser to heat tumors 
 
Iron oxide particles injected directly 
into tumors absorb high energy 
radiation of external magnetic field to 
heat tumors  

Celsion Corporation, New York, 
NY, USA 
 
Sopherion Therapeutics, 
Princeton, NJ, USA 
 
 
 
CytImmune Sciences, Rockville, 
MD, USA 
 
Nanospectra Biosciences, Inc., 
Houston, TX, USA 
 
 
MagForce Nanotechnologies 
AG, Berlin, Germany 
 
 

Liver and breast cancer 
 
 
Metastatic breast cancer 
 
 
 
 
Solid tumors 
 
 
Head and neck cancer 
 
 
 
Glioblastoma 
multiforme, prostate 
cancer, esophageal 
cancer, pancreatic 
cancer 

* A Phase I clinical trial has been completed with CYT-6091 as a stand-alone solid cancer therapy[6].  Pre-clinical trials have shown efficacy when combined 
with thermal therapies as discussed in the text. 
 

 

 



 

4 

192,000 new cases each expected in 2009.  The primary treatments for these diseases 

have traditionally been surgical resection, chemotherapy and radiation. However, other 

approaches are needed for patients who are poor surgical candidates and for those whose 

primary treatment has failed.  This has spurred the growth of alternative approaches 

including probe based thermal therapies, or thermal “ablative” technologies for cancer 

over the last 20+ years [7].  

 

Thermal therapies include: cryosurgery (freezing), radiofrequency ablation 

(RFA), microwave, laser, magnetic fluid hyperthermia and high intensity focused 

ultrasound (HIFU) [7] (Table 1.2). The advantages of thermal therapies include: focal, 

repeatable, and minimally or non-invasive application with the ability to use image 

guidance as recently reviewed in a clinically based text on the subject [7]. Unfortunately, 

while thermal therapies can destroy tissue, a major clinical limitation to their increased 

use is local recurrence of disease [8, 9]. Researchers in the field have argued that this is 

generally due to an inadequate understanding and control of the thermal dose, i.e. the 

necessary temperature and time of exposure needed to ensure killing of all tumor cells 

[10, 11]. One way to address this is by selectively and controllably reducing the thermal 

dose required for cytotoxicity between the diseased tissue and normal tissue using 

combinatorial approaches involving nanoparticles.  
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Table 1.2. Thermal Therapy Devices in Clinical Use for Solid Tumors. (Note that AuroLaseTM and Nano-Cancer® are nanoparticle-
based technologies.) 
 

Thermal Therapy Probe Company  Indications Web 
CRYOSURGERY 
 
 
 
 
 
 
 
RADIOFREQUENCY 
 
 
 
 
 
 
 
 
HIGH INTENSITY 
FOCUSED 
ULTRASOUND 
 
 
 
 
 
MICROWAVE 
 
 
 

SeedNetTM+ 
 
CryoCare CSTM+ 
 
Visica 2TM 
Various Systems 
Erbokryo CATM 
 
Cool-Tip® RF 
Ablation System 
LeVeen needle 
electrode 
RITA system 
 
HiTT 
Prostiva® RF 
  
Ablatherm® HIFU 
 
 
ExAblate® 2000 
 
Sonalleve 
 
 
Targis®  
 
Prosatron® 
 

Galil Medical, Yokneam, Israel 
 
Endocare, Irvine, CA, USA. 
 
Sanarus, Pleasanton, CA, USA. 
BryMill, Ellington, CT, USA. 
Erbe Medical, Leeds, UK. 
 
Valleylab, Boulder, CO, USA. 
 
Boston Scientific Corp., Natick, MA, 
USA. 
AngioDynamics, Inc., Queensbury, 
NY, USA. 
Berchtold, Tuttlingen, Germany. 
Medtronic, Inc., MN, USA 
 
EDAP TMS S.A., Vaulx-en-Velin, 
France. 
 
InSightec-TxSonics, Dallas, TX, 
USA. 
Philips, Netherlands 
 
 
Urologix, Inc., Minneapolis, MN, 
USA. 
Urologix, Inc., Minneapolis, MN, 
USA. 

Prostate, Kidney Cancers, 
Uterine Fibroids 
Prostate, Kidney, Lung and 
Liver Cancers 
Breast fibroadenomas 
Dermatologic Lesions 
General Surgical Use 
 
Tumor ablation 
 
Liver and soft tissue ablation 
 
Surgical oncology, tumor (≤ 7 
cm) ablation  
Tumor ablation 
Benign prostatic hyperplasia 
 
Focused surgery, Prostate 
cancer tumor ablation with 
imaging 
Tumor/fibroid ablation with 
concurrent MR imaging 
Tumor/fibroid ablation with 
concurrent MR imaging 
 
Benign prostatic hyperplasia 
 
Benign prostatic hyperplasia 
treatment by TUMT® 

www.galil-medical.com 
 
www.endocare.com 
 
www.sanarus.com 
www.brymill.com 
www.erbe-med.com 
 
www.valleylab.com 
 
www.bostonscientific.com 
 
www.angiodynamics.com 
 
www.berchtoldusa.com 
www.medtronic.com 
 
www.edap-tms.com 
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1.2. NANOPARTICLES IN THERMAL THERAPIES 

 

In thermal therapies for cancer, nanoparticles have been investigated mainly for 

novel methods of in situ delivery of thermal energy to tumors, as recently reviewed [12]. 

These approaches utilize the unique properties of nanoparticles inherent to their size and 

composition such as optical and dielectric properties, magnetic susceptibility, thermal or 

electrical conductivity. The techniques are, in general, minimally invasive and aim to 

achieve superior localized heating of the entire tumor mass while sparing surrounding 

normal tissues. For instance, magnetic fluid hyperthermia aims to heat tissue in an 

alternating electromagnetic field using nanoparticles of specific size and magnetic 

susceptibility. This was originally pioneered by Gilchrist in the 1950s with iron oxide 

[13], but remains an approach of interest as evidenced by clinical trials in Europe for 

treatment of glioblastoma multiforme and prostate tumors (See Magnetic Fluid 

Hyperthermia, Table 1.2) [14, 15]. More recently, photothermal therapy is a growing 

field where laser light is used to heat nanoparticles (i.e. spherical, rod, and shell particles) 

with the intention to selectively destroy cells and tissues loaded with nanoparticles. 

Several novel nanoparticle formulations such as gold nanorods, gold nanocages, carbon 

nanotubes, etc. are being tested in vitro and in vivo to target tumor cells with the goal of 

achieving photothermal destruction [16-19]. Von Maltzahn et al. have recently shown 

that a single injection of polyethylene glycol coated gold nanorods enabled complete 

photothermal destruction of human xenograft tumors in mice [20]. In a separate study, 

Zhou et al. have shown the efficacy of copper sulfide nanoparticles in simultaneous in 
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vivo imaging and photothermal ablation therapy [21]. The real potential of photothermal 

therapy using nanoparticles is evidenced by the fact that plasmonically active nanoshells 

are currently in clinical trials in the USA using this technology (See Laser, Table 1.2) 

[22].   In addition, recent work with radiofrequency Joule heating of gold nanoparticles at 

13.56 MHz seems promising for heating cancer cells at nanoparticle concentrations far 

below that necessary for effective magnetic fluid hyperthermia; although exceptionally 

high powered fields (i.e. 600 W generator) are needed [23]. It is worth noting here that, 

similar to other nanoparticle-based therapies, the success of these approaches is highly-

dependent on tumor-specific localization of the nanoparticle using a targeted approach 

[24].  

 

A separate multi-modal approach using nanoparticles in thermal therapies 

involves delivery of chemotherapeutics to enhance direct cell injury mechanisms. 

Traditional combinatorial approaches involving chemotherapy or radiation therapy have 

been utilized in the past in conjunction with hyperthermia [25, 26]. Mild hyperthermia 

impacts tumor physiology by increasing tumor perfusion and vascular permeability [27]. 

These effects along with perforation of tumor blood vessel walls, microconvection in the 

tumor interstitium, and perforation of the cancer cell membrane induced by mild 

hyperthermia are all conducive to improved drug delivery to tumor stromal and 

parenchymal compartments [28]. Preclinical work on this approach has shown 

considerable promise in synergistic destruction of tumor cells, however, the data from 

preliminary clinical trials while mostly positive, have varied in demonstrating synergy 
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[29-33]. With advances in nanotechnology research, a natural extension of this approach 

is to package chemotherapeutics in nanoparticle delivery systems for use in combination 

with thermal therapies. To date the most successful of these strategies is based on 

liposomal technologies. New clinical trials that involve liposomes with thermal 

approaches are emerging rapidly.  Perhaps the most exciting extension of this concept is 

the use of a thermally-sensitive liposome that encapsulates anti-cancer agents and is 

released locally and selectively where the heat is applied. Ponce et al. report on the 

conception, development and preclinical studies demonstrating increased efficacy using 

these nanoparticles (liposomes) loaded with doxorubicin in the setting of hyperthermia 

for cancer therapy [34]. Goldberg et al. report the first preclinical and clinical use of these 

nanoparticles in conjunction with RFA [35, 36]. In their pilot clinical study on patients 

with focal hepatic tumors, they show that a single intravenous dose of liposomal 

doxorubicin (Doxil) administered 24 hours before RFA of the tumors resulted in 

increased tissue damage at the site of thermal injury compared to RFA alone [35]. These 

research efforts have resulted in the commercialization of the nanoparticle, 

ThermoDoxTM, and initiation of several clinical trials of combinatorial therapy of 

ThermoDoxTM with hyperthermia or RFA [201]. Emerging work in this area includes 

thermally-sensitive nanoparticles that release genes (i.e. gene therapy) during 

hyperthermia [37], or freeze sensitive nanoparticles that release drug locally during 

cryosurgery [38]. These advancements show the potential clinical utility of nanoparticles 

to enhance direct destruction of tumor cells with thermal therapy. A new but related 

concept using nanoparticles functionalized with bioactive ligands to “pre-condition” 
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vascular and immunological mechanisms of tumor destruction prior to thermal therapies 

(Figure 1.1) has also shown significant potential to enhance outcomes as reviewed 

below. 

 

1.3. Nanoparticle Pre-conditioning of Tumors for Thermal Therapy 

 

We define “pre-conditioning” as the use of a bioactive agent (e.g. TNF-α, arsenic 

trioxide, interleukins, etc.) to modify the vascular and/or immunological components of 

the tumor microenvironment so as to make the tumor tissue more susceptible to a 

secondary treatment such as thermal therapy. Pre-conditioning of the tumor with bio-

conjugated nanoparticles requires an understanding of the in vivo mechanisms of thermal 

injury and the wound healing response that follows. The tumor microenvironment is a 

complex milieu resultant of the competing interactions between several pro- and anti-

tumorigenic components (cytokines, endothelial cells, inflammatory cells, fibroblasts, 

extracellular matrix elements) [39]. The goal of pre-conditioning is to shift the balance of 

these interactions in the anti-tumorigenic direction so as to enhance the outcome of 

thermal therapies (i.e. increased and controlled tumor cell kill, decreased local 

recurrence). Several components of the tumor microenvironment are amenable to pre-

conditioning by drugs already in preclinical or clinical trials (Table 1.3). 

 

1.3.1. Selection of Pre-conditioning Agent and Nanoparticle Design 
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Figure 1.1. Nanoparticle preconditioning of tumor. Preconditioning the tumor using a 
bioconjugated nanoparticle prior to thermal therapy for achieving enhanced tumor 
destruction. Systemic injection of the nanoparticle leads to its accumulation in the tumor 
within a short timeframe (minutes to hours). Localization of the nanoparticle within the 
tumor initiates vascular and immunological preconditioning events (detailed in text) that 
reach peak response in a longer timeframe (hours to days). Thermal therapy (heat or cold) 
is then administered at an optimal time based on nanoparticle preconditioning to achieve 
superior tumor destruction over thermal therapy alone. 
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Table 1.3. Potential Pre-conditioning Agents for Thermal Therapies. (This is not intended as a comprehensive list, but only to 
highlight the potential of tumor microenvironment targets for pre-conditioning.) 
 

Adjuvant Class Sub-type Preconditioning Mechanism Potential Agents Reference 
VASCULAR 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
IMMUNOLOGICAL 
 

Vascular destructive 
agents (VDAs) 
 
 
 
 
 
 
 
Vasoactive agents 
 
 
 
 
 
 
 
 
Pro-coagulant/ 
Vasoconstriction 
 
 
 
 
 
TGF-β inhibition 
 
Cytokine 
 

Tumor vascular injury by direct 
endothelial cytotoxicity, increase 
junctional retraction of endothelial 
cells, recruitment of inflammatory 
infiltrate, etc. 
 
 
 
 
Increase in tumor vascular permeability 
 
 
 
 
 
 
 
 
Reduction in tumor perfusion by 
thrombus formation in tumor vessels 
 
 
 
 
 
Increase in tumor vascular permeability 
 
Modify tumor immune environment to 
activate or recruit antitumor immune 

TNF-α 
     CYT-6091* 
     PEG-TNF* 
CA4-P/CA1-P 
DMXAA 
ZD6126 
AVE8062 
Arsenic trioxide 
 
Bradykinin 
Histamine 
Serotonin 
Prostaglandins 
Leukotrienes 
Complement (C3a, C4a, C5a) 
Nitroglycerin 
 
 
Thromboxane 
Fibrinogen 
tPA inhibitor 
Phenylephrine 
Pentobarbital  
Metaraminol 
 
TβR-I inhibitor (LY364947) 
 
TNF-α 
IFN- α 

 
[40] 
[41] 
[42, 43] 
[44] 
[45] 
[45] 
[46] 
 
[47] 
 
 
 
 
 
 
 
 
 
[48] 
 
 
[49] 
[49] 
 
[50] 
 
[51] 
[52] 
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Treg modulation 
 
 
 
TGF-β inhibition 
 
 
 
 
TLR activation 
 
 
 
 
 
 
 
 
 

cell response 
 
 
 
 
Inhibition of suppressive effects of 
regulatory T cells on antitumor helper 
and effector T cell responses 
 
Inhibition of immunosuppressive 
effects of TGF- β 
 
 
 
Immunostimulatory molecules that 
activate specific TLR receptors on 
immune cells esp. antigen presenting 
cells 

     PEG-IFN 
IL-2/Histamine 
     PEG-IL-2 
IL-12 
 
Anti-CTLA4* 
 
 
 
Small molecule and antibody 
inhibitors of TGFβRI and 
TGFβRII in clinical and 
preclinical trials 
 
TLR 2,3,4,5,7,9 agonists in 
preclinical and clinical trials 
 
Imiquimod 
CpG-ODN 
LPS 
BCG-CWS 
OK-432 
siRNA-PEI* 
Anti-CD40-PLA* 

[53] 
[54] 
[55] 
[56] 
 
[57] 
 
 
 
[58] 
 
 
 
 
[59] 
 
 
[60] 
[61] 
[51] 
[62] 
[63] 
[64] 
[65] 

* Agents administered in nanoparticle formulations. 
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Although a large number and wide variety of potential pre-conditioning agents are 

available (Table 1.3), the biomolecule of interest in our recent studies, TNF-α, is an ideal 

pre-conditioning agent due to its well-established mechanism of action against the tumor 

vasculature, potential for sensitizing tumor cells to thermal injury, potential for eliciting 

an antitumor immune response, and documented clinical success in solid tumor therapy 

in native and nanoparticle form (although currently limited in scope). In vitro studies 

conducted by our group have shown that pre-treatment with native TNF-α sensitizes 

various tumor cell lines to thermal (heat and cold) injury [66-68]; however, the effect is 

more pronounced in microvascular endothelial cells. This suggests that even though 

direct cytotoxicity of tumor cells may be enhanced following thermal therapy the primary 

mechanism of pre-conditioning plays out within the tumor vasculature.  CYT-6091 

(CytImmune Sciences, Inc., Rockville, USA), a polyethylene glycol (PEG) coated gold 

nanoparticle tagged with tumor necrosis factor alpha (TNF-α), has been explored by our 

group to deliver TNF-α to the tumor vasculature and pre-condition the tumor 

microenvironment for enhancement of thermal (heat and cold) therapies. CYT-6091 has 

already completed a Phase I clinical trial as a standalone anticancer therapeutic [6, 69]. 

The significant findings of the trial include lack of dose limiting toxicities or drug related 

serious adverse events, even at a 3-fold higher dose of 600 µg TNF-α/m2 than the 

maximum tolerated dose of native TNF-α [6].  In addition, an absence of a systemic 

hypotensive response was observed, a major limiting factor that has restricted the use of 

native TNF-α in the clinical setting to isolated limb perfusion treatment of high-grade 

sarcomas and melanomas [70]. The base rationale behind attaching the cytokine to a 
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nanoparticle (CYT-6091) is to reduce systemic toxicity and improve the localization of 

TNF-α to the tumor tissue. In several preclinical tumor models, we have shown that a 

single systemic injection of CYT-6091 4 hours prior to thermal therapy results in 

enhanced therapeutic outcome similar to that of previous preclinical work [71], yet with 

little to no overt toxicity. The toxicity profile of CYT-6091 may be further improved by 

the addition of a tumor targeting moiety to the gold nanoparticle such as antibodies, 

peptides or aptamers. This approach, especially using antibodies to target tumor cell 

receptors, has been widely tested in various cancers and would reduce the exposure of 

healthy tissues to TNF-α thereby improving its toxicity profile [24]. This nanoparticle 

design should allow entry in the tumor via the enhanced permeability and retention (EPR) 

effect and binding onto the tumor cells. A potential caveat of using nanoparticles to pre-

condition tumors for enhanced thermal therapies is the ability of the nanoparticles to 

directly modify the thermal properties of tumor tissue. This is an area of intense research 

in the nanotechnology community but only a limited number of studies have been 

conducted to investigate this behaviour of nanoparticles in biological tissues. In one 

study, Liu and colleagues conducted experiments that suggested an increase in thermal 

conductivity of ex vivo tissues when injected locally with a large amount of iron oxide 

nanoparticles (estimated at 5% local particle volume fraction) [72]. In the case of gold 

nanoparticles, a recent study by Shalkevich et al showed no significant increase in the 

thermal conductivity of gold nanoparticles suspended in water even at particle volume 

fraction of 0.11% [73]. These results indicate that incredibly high volume fractions of 

nanoparticles are required within tumors to affect its thermal properties. Our 
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biodistribution results for CYT-6091 yield tumor particle volume fractions on the order 

of 10-5% when injected intravenously [74]. Similar particle volume fractions on the order 

of 10-8-10-5% were obtained in another study using 20-100 nm diameter neutral PEG 

coated gold nanoparticles [75]. Thus, we can safely assume that changes in the thermal 

properties of tumors by nanoparticles do not contribute to the thermal sensitization 

obtained by the pre-conditioning mechanisms described below. 

 

1.3.2. Pharmacokinetics and Biodistribution 

 The use of nanoparticles for pre-conditioning the tumor is dependent on delivery of the 

molecular payload to the tumor site. A limited number of studies have been conducted to 

determine the pharmacokinetics and biodistribution of gold nanoparticles in vivo. These 

studies usually look at the effect of size, shape, charge, coating and targeting moiety on 

the biodistribution of nanoparticles. De Jong et al. studied the effect of size on the 

biodistribution of gold nanoparticles in naïve rats at 24 hours after intravenous injection 

[76]. Their results showed that the highest accumulation of nanoparticles occurred in the 

liver with the 10 nm nanoparticles showing widespread accumulation in various organs. 

Another study of gold based core-shell particles showed that the maximum tumor 

accumulation occurs at 24 hours whereas the overall highest accumulation occurs in the 

spleen (up to 24 days) [77]. More recently, Perrault et al. conducted an elaborate study of 

the effect of particle size (20-100 nm) and surface chemistry (amount of PEG) on the 

pharmacokinetics and biodistribution of PEG coated gold nanoparticles [75]. In that 

study, athymic nude mice implanted with human breast cancer xenograft tumors were 
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used to systematically examine how particle design can be optimized towards efficient 

tumor targeting. The authors of the study note that two desirable properties of the 

nanoparticles for tumor targeting - small hydrodynamic diameter and long half-lives - 

appear to converge when particles below 50 nm are protected with a PEG layer of 

moderate molecular weight (MW 5 kDa). To support this claim, they present results on 

the permeation of different sized PEG coated gold nanoparticles through the tumor 

interstitial space with the smallest diameter (20 nm) particles migrating furthest away 

from the tumor vasculature (Figure 1.2B). These and a host of other studies, mainly 

using liposomal nanoparticles, have led to three major insights into in vivo 

biodistribution of nano-sized agents: 1) smaller particles (20-200nm) are readily taken up 

in the tumor due to leaky vasculature (EPR effect); 2) surface modification with 

hydrophilic polymers (PEG) can reduce uptake by reticuloendothelial (RES) organs (such 

as liver and spleen); 3) attachment of the targeting moieties on the particle surface results 

in selective (but not exclusive) uptake by the target organs or tumors [78]. These insights 

were incorporated in the development of CYT-6091 (a 30 nm diameter colloidal gold 

nanoparticle coated with PEG and tagged with TNF-α) and resulted in promising 

biodistribution results obtained in preclinical studies [79]. 

 

In our recent studies, a certain degree of tumor targeting of CYT-6091 was 

verified through pharmacokinetic and biodistribution studies (Figure 1.2) [74]. A single 

intravenous injection of CYT-6091 resulted in preferential accumulation of bioactive 

TNF-α in human prostate xenograft tumors (LNCaP Pro 5) grown in the hindlimb of  
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Figure 1.2. Nanoparticle Uptake in Cancer during Pre-conditioning. (a) Control NP and 
CYT-6091 accumulation in prostate tumors based on atomic emission spectroscopy 
(AES) measurements of gold. Presence of TNF-α on the nanoparticle increases its uptake 
in the tumor [74]. Results are expressed as mean ± SD.  (b) 8 hours post injection, 20 nm 
control nanoparticles migrate far into the interstitial space of the tumor from blood vessel 
(arrow) Adapted with permission from [75] Copyright 2009 American Chemical Society. 
(c) Electron micrograph of prostate tumor 3 days post injection shows CYT-6091 NPs 
scattered around in tumor individually or in membrane bound organelles (arrows). (d) In 
vitro uptake analysis of LNCaP (prostate cancer) cells with confocal Raman microscopy 
shows no internalization of CYT-6091 at 2 hours (top) incubation whereas perinuclear 
localization (bottom, particles in green) after 24 hours of incubation. Quantitative 
analysis of cellular uptake via AES shows increasing cellular uptake over time (right). 
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nude mice within 4 hours as compared to the liver and spleen, the major organs of the 

reticuloendothelial system that play a vital role in nanoparticle clearance. We also 

detected that the presence of TNF-α influenced the biodistribution of CYT-6091 by 

extending the blood circulation time of the gold nanoparticle with reduced uptake in the 

liver 4 hours after injection [74]. Importantly, loading of the nanoparticle in tumor tissue 

was also significantly increased by the presence of TNF-α on the surface of the injected 

particles (Figure 1.2A, 1.2C). These findings are in line with previously published data 

[79]. We have also conducted in vitro studies using confocal Raman microscopy to non-

invasively image the uptake of CYT-6091 by LNCaP tumor cells revealing unique 

spectroscopic features corresponding to the intracellular localization of gold 

nanoparticles over 2 to 24 hours at the membrane, cytoplasm or nucleus (Figure 1.2D) 

[80]. These results established that targeted delivery of TNF-α to tumors by CYT-6091 

was possible with limited adverse side effects while also setting the timeframe over 

which pre-conditioning of the tumor may occur prior to thermal therapy. We have 

focused much of our recent attention on this particle to develop improved combined 

treatment strategies since it encompasses features that we hypothesized would be ideal 

for sensitization of tumors to subsequent thermal exposures and is progressing in clinical 

testing (Phase II). There is therefore significant potential to translate the pre-conditioning 

approach to the clinic in the relatively near future. 

 

1.3.3. Vascular Pre-conditioning by TNF-α or other agents  
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Systemic delivery of TNF-α through the bloodstream likely leads to its interaction with 

TNF receptor 1 (TNFR-1) on the luminal side of tumor-associated endothelial cells, 

setting off a cascade of intracellular molecular interactions that are grouped into two 

major pathways: NFκB-activated pro-inflammatory pathway and caspase-mediated 

apoptotic pathway. In vivo inhibition studies have revealed that the NFκB-activated pro-

inflammatory pathway in endothelial cells is critical for pre-conditioning the tumor with 

native TNF-α to enhance thermal therapy [66]. These pro-inflammatory changes result 

from de novo gene transcription and translation of proteins mediated by NFκB and 

require around 2 to 6 hours to reach peak response [81]; thus, setting the 4 hour 

timeframe to obtain effective pre-conditioning. The pro-inflammatory changes induced 

by TNF-α include vascular hyperpermeability, increased expression of cell adhesion 

molecules and chemokines (ICAM-1, VCAM-1, E-selectin, P-selectin, CXCL8), 

recruitment of leukocytes (neutrophils, monocytes), leukocyte-mediated endothelial cell 

injury, increased synthesis of tissue factor, increased procoagulant activity and decreased 

anticoagulant activity (Figure 1.3A-B, 1.4) [70, 81, 82]. Consistent with these results, 

Farma et al. measured the rate of interstitial accumulation of an intravenously 

administered fluorescent marker in TNF-α sensitive and resistant tumors and showed that 

CYT-6091 induced a selective and rapid alteration of permeability of the tumor 

vasculature that was tissue factor dependent [83]. 

  

Such vascular changes may also be elicited by other potential pre-conditioning 

agents (Table 1.3). For example, vascular destructive agents (VDAs) target endothelial  
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Figure 1.3. Thermal Therapy Enhancement by Pre-conditioning with TNF-α Tagged 
Gold Nanoparticles. (a) Blood perfusion changes within SCK mammary carcinoma 
tumors assessed by uptake of radioactive rubidium in tumors after CYT-6091, TNF-α and 
Control NP systemic injection [67]. CYT-6091 produces the maximum decrease in tumor 
blood perfusion 4-6 hours after systemic injection. Results are expressed as mean ± SEM 
and normalized to untreated controls. * Indicates statistically significant difference from 
untreated control. (b) H&E stain of a TRAMP-C2 tumor grown in a dorsal skin fold 
chamber, 4 hours after topical administration of native TNF-α, showing thrombus 
formation and neutrophil margination in blood vessels. (c) Tumor growth delay data with 
and without CYT-6091 pre-conditioning in pre-clinical tumor models: FSaII 
fibrosarcoma & SCK mammary carcinoma with heat [67, 68] and LNCaP prostate 
carcinoma & ELT-3 uterine leiomyoma with cryosurgery [84, 85]. Results are expressed 
as mean ± SEM and normalized to control tumor volumes at Day 10 after therapy. In 
some cases, Day 10 volumes were linearly extrapolated from adjacent data points. * 
Indicates that Day 10 data is not available as tumors completely regressed by Day 4 [67]. 
 

 

 

 

 

* 
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Figure 1.4. Proposed Mechanism of Pre-conditioning with TNF-α Tagged Gold 
Nanoparticles. Schematic showing interaction of CYT-6091 with tumor endothelium and 
cells leading to pro-inflammatory pre-conditioning events i.e. vascular 
hyperpermeability, recruitment of leukocytes (neutrophils, monocytes, lymphocytes), 
leukocyte-mediated endothelial cell injury, increased synthesis of tissue factor, increased 
procoagulant activity and decreased anticoagulant activity. 
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cells and pericytes of established tumor vasculature to cause complete tumor vascular 

shutdown. We have demonstrated that the FDA-approved anti-leukemic agent Arsenic 

Trioxide has such effects on the microvasculature of solid tumors [46, 86-88]. This likely 

occurs due to severe oxidative stress and cell death in the vasculature upon exposure to 

arsenic which leads to vascular stasis and sensitivity to thermal therapy. One subset of 

VDAs, tubulin-binding agents (e.g. CA4P), disrupt endothelial cytoskeleton or interfere 

with cell-to-cell contact leading to increased vascular permeability, exposure of basement 

membrane and induction of the coagulation cascade resulting in thrombosis. Another 

subset of VDAs, flavonoids (e.g. DMXAA), have a more complex mechanism of action 

involving DNA damage to endothelial cells inducing apoptosis and upregulation of NFκB 

pathways similar to the purported mechanism of action of CYT-6091 leading to tumor 

vascular shutdown [45]. These VDAs are already in phase I and II clinical trials for 

cancer therapy and represent ideal first-line candidates for tagging on to nanoparticles for 

pre-conditioning tumors prior to thermal therapies [45, 89]. Other well-studied 

molecules/drugs such as vasoactive agents (bradykinin, prostaglandins, leukotrienes, etc.) 

that induce vascular permeability or pro-coagulant molecules (thromboxane, tPA, etc.) 

that induce vasoconstriction and thrombosis could also be tested as pre-conditioning 

agents when tagged on to nanoparticles for selective and non-toxic delivery to tumor 

vasculature (See Table 1.3). Many of these agents do not exhibit their activity on the 

tumor vasculature alone. Instead, immunological reactions to the cell death occurring in 

the tumor (such as leukocyte recruitment due to the damage response by the vasculature) 

often appears to be an intrinsic component of their mechanisms of action. Systemically 
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administered native TNF-α or CYT-6091 may activate circulating blood cells such as 

neutrophils which would increase their recruitment to the tumor vasculature [90]. These 

pro-inflammatory changes in the host and the tumor act synergistically with vascular 

(coagulation and thrombosis) responses after thermal therapy-induced tissue damage to 

contribute to the enhanced tumor destruction observed after these combined treatments.  

 

1.3.4. Immunological Pre-conditioning  

Ongoing research in our group has implicated that neutrophil-endothelial cell interaction 

following combined nanoparticle and thermal therapy leads to endothelial cell apoptosis 

that further enhances the ultimate antitumor effects of vascular pre-conditioning [91]. 

However, it is unclear if the role of neutrophils in tumor destruction ends here. There is 

evidence to suggest that neutrophils play a larger role in causing direct tumor cell death 

as well as in modulating the downstream antitumor adaptive immune response [92]. The 

dual nature of immune cells in relation to the tumor microenvironment is well-recognized 

and studied in macrophages and T lymphocytes [93, 94]. Thus, there exists an 

opportunity for immunological pre-conditioning of the tumor which could involve 

polarization of tumor-associated macrophages to enhance tumor kill or by promotion of 

cytotoxic T lymphocyte mediated tumor destruction. This type of pre-conditioning could 

act in concert with vascular pre-conditioning mechanisms as may be the case with CYT-

6091. TNF-α is known to promote antitumor immune responses and current research in 

our group is geared towards understanding the role of TNF-α  and CYT-6091 in 

modulating the adaptive immune response and long term wound involution following 



 

25 

thermal therapy [95]. Several other immune modulating biomolecules (Table 1.3) have 

shown potential to act as pre-conditioning agents as well. For example, a variety of 

cytokines (e.g. IL-2, IL-12, IFN-α in addition to TNF-α) are in clinical trials as antitumor 

therapeutics especially in combination with chemotherapy (Table 1.3).  

 

Anti-CTLA4 antibodies are another particularly exciting prospect as pre-

conditioning agents because they have been extensively researched and are also already 

in clinical trials though not in combination with thermal therapies. These antibodies are 

known to successfully inhibit the immunosuppressive environment of tumors to elicit an 

effective antitumor immune response however their clinical use is limited by 

autoimmunity side effects due to the high systemic dose required [96]. To overcome this 

limitation, Lei et al. have tested a nanoparticle system loaded with anti-CTLA4 

antibodies in a preclinical tumor model showing increased antitumor activity with 

decreased toxicity compared to native antibodies [57]. Other immune modulating agents 

such as TGF-β inhibitors and toll-like receptor (TLR) agonists are also gaining immense 

clinical interest as antitumor therapeutics (Table 1.3). By taking into account the 

mechanisms of thermal injury (heat and cold) in their selection, a wide variety of vascular 

and immunological pre-conditioning agents with near term potential would be expected 

to have great potential to be combined with nanotechnology to enhance thermal therapies 

in cancer and avoid the typical side effects encountered with each type of agent when 

used systemically on their own. 
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1.3.5. Mechanisms of Thermal Injury  

The vast amount of literature on thermal therapies differentiates between three forms of 

thermal (heat and cold) injury in tumor tissues: direct cell injury, vascular injury and 

immunological injury [97-99]. In cold-based therapies (i.e. cryosurgery), the tissue is 

frozen usually to a cryogenic (i.e. < -40 °C) temperature. In this process, damage to cells 

typically occurs by a phase change event of intracellular or extracellular water (liquid to 

solid) causing either extreme dehydration or intracellular ice formation [97]. This can in 

turn lead to biochemical events such as protein denaturation or peroxidation of lipids that 

terminate in necrosis or apoptosis of the cells [97, 99]. In a distinct but related manner, 

heating of cells yields phase change within the macromolecules (protein, DNA, lipids) of 

cells themselves. However, most of the research evidence points to protein denaturation 

as the rate limiting step in direct cell injury due to heating [100]. If these events are sub-

lethal there is usually heat shock response that can interact with the proteins and lipids 

and keep the cell alive, however, once the injury is too severe cell death occurs again by 

necrotic or apoptotic mechanisms [100]. In the case of both heat and cold direct cell 

injury, the end result is membrane destabilization and hyperpermeability [97, 98]. Pre-

conditioning agents that decrease the threshold for hyperpermeability of cell membranes 

could thus improve nanoparticle uptake and facilitate delivery of cytotoxic drugs via 

nanoparticles into tumor cells. Microenvironmental factors such as tumor blood flow, pH 

and oxygenation are known to affect the thermosensitivity of tumor cells and thus present 

an opportunity for modulation by pre-conditioning agents to increase the 

thermosensitivity of tumor cells [98]. For example, blood flow acts as a heat sink and 
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source in hyperthermic and cryotherapy respectively hindering the attainment of lethal 

end temperatures within the tumor tissue during thermal therapy. Direct cell injury is an 

important mechanism of thermal injury; however, in vivo it is supplemented by vascular 

injury mechanisms that extend the thermal damage. During cold-based therapies, 

microvascular shutdown usually occurs at –20 °C after moderate cooling and thawing 

rates in a variety of tissues, although this can occur at slightly higher temperatures in 

tumors [97]. Similarly, hyperthermia even at mild supraphysiological temperatures can 

cause microvascular dysfunction and shutdown in tumor tissues [27]. One possible 

difference between heat and cold injury is the amount of tumor tissue that undergoes 

reperfusion after the initial thermal insult. Blood flow, which will cease during the 

freezing event, is usually re-established after thaw. However, after thermal therapy only 

the volume of tumor tissue exposed to lower hyperthermic temperatures (<50oC) can 

undergo reperfusion due to the central part of the thermal lesion exposed to higher 

temperatures being coagulated or thermally fixed [101]. This mechanistic difference may 

affect ischemia-reperfusion injury differentially in thermal injury by heat versus cold 

based therapies. It is now well-established that vascular injury progresses beyond the 

initial thermal insult (both heat and cold) and typically peaks at day 3 following thermal 

therapy [97, 98]. Tumor endothelial cell damage is the hallmark of vascular injury 

leading to increased vascular leakage, vessel wall adhesiveness and coagulation and 

thrombotic events within the tumor vasculature [98]. This progressive cessation of blood 

flow leads to ischemia within tumor tissue and necrosis of tumor cells. This mechanism 

of thermal injury is exploited in the use of CYT-6091 as a pre-conditioning agent and 
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serves as the rationale for exploring other vascular pre-conditioning agents (Table 1.3) 

for use in combination with thermal therapies. The progression of vascular injury in the 

thermal lesion is also accompanied by recruitment of inflammatory cells (neutrophils) 

that could be responsible for the progressive nature of vascular damage or may be 

directly exerting cytotoxic effects on remnant viable tumor cells within the thermal lesion 

[92, 102, 103].  

 

The final, relatively poorly understood, mechanism of immunological 

stimulation/injury in thermal therapies is based on the premise that thermal injury 

activates a host-mediated antitumor immune response. Sabel provides a thorough review 

on the conflicting set of preclinical studies examining the immune response to 

cryosurgery [104]. The immune response following hyperthermia is also actively being 

studied [105]. However, there is still a lack of clear understanding of the exact 

mechanisms of the immune response following thermal therapies partly due to distinct 

differences observed when time/temperature history and local versus whole body heating 

are considered. There is evidence to suggest that necrotic cells releasing ‘danger signals’ 

are more efficient at inducing an immune response than apoptotic cells [106]. Thus we 

may hypothesize that thermal therapies resulting in an increased fraction of necrotic 

versus apoptotic cells would be more amenable to immunological injury. It is also 

conceivable that certain thermal therapies may induce a greater release of ‘danger 

signals’ and thus a stronger antitumor immune response from the host which could be yet 

another way to differentiate between heat and cold based therapies. For example, the 
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coagulative and thermally fixed zone formed in high temperature therapies could prevent 

the release and exposure of danger signals to the host immune cells indicating possibly 

leading to a variable immune response compared to cold based therapies. Various studies 

have demonstrated synergistic antitumor effects when combining immunotherapy and 

thermal therapies (both heat and cold) (Table 1.3). In general, there is much still to be 

learned about the role of inhibitory elements of the immune system and the induction of 

effective antitumor immunity by thermal or other methods.  It seems imperative that the 

immune portion of the antitumor effect of vascular damaging nanoparticle and thermal 

therapy delivery strategies must be accounted for by using immunocompetent models as 

much as possible or in addition to xenograft models.  

 

 We have demonstrated numerous positive tumor responses in our models with 

nanoparticle pre-conditioning for improved hyperthermia and cryosurgery in both 

immunocompetent and immunocompromised models (Table 1.4). 

 

1.3.6. Nanoparticle Enhanced Hyperthermia  

The first demonstration of nanoparticle pre-conditioning enhancement of tumor thermal 

therapy was conducted by Visaria et al. [68]. In this work, SCK hindlimb tumors grown 

in A/J mice and FSaII hindlimb tumors grown in C3H mice were injected with a single 

intravenous dose (250 µg TNF-α/kg) of CYT-6091 4 hours prior to heating for 60 min at 

42.5oC using a water bath. These preclinical studies in mice showed significant increases 

in heat-induced tumor growth delay with CYT-6091 pre-conditioning prior to 
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Table 1.4. Preclinical Evaluation of CYT-6091 as a Pre-conditioning Agent for Thermal Therapy. 

Tumor Cell Line CYT-6091 Dose* Animal Model Thermal Therapy Significant Outcomes** Reference 
LNCaP Pro 5 prostate 
carcinoma 
 
 
 
 
 
 
ELT-3 uterine fibroma 
 
SCK mammary 
carcinoma 
 
FSaII fibrosarcoma 
 
 
VX2 carcinoma 
 
 

200 µg/kg 

 
 
200 µg/kg 
 
200 µg/kg 
 
 
80-200 µg/kg 
 
125-250 µg/kg 
 
 
50-250 µg/kg 
 
 
200 µg/kg 
 
 
200 µg/kg 

Mouse hindlimb 
 
 
Mouse hindlimb 
 
Mouse DSFC 
 
 
Mouse hindlimb 
 
Mouse hindlimb 
 
 
Mouse hindlimb 
 
 
Rabbit kidney 
 
 
Rabbit kidney 

Cryoprobe:  -120oC% 

 
 
Cryoprobe:  -40oC% 

 
Cryoprobe  -120oC% 
 
 
Cryoprobe  -120oC% 

 
Hot Water Bath:  42.5oC, 60 min 
 
 
Hot Water Bath:  42.5-43.5oC, 60 min 
 
 
Radiofrequency ablation 
 
 
Cryoprobe: -100 oC% 

25% complete remission, 
significant TGD# 
 
Significant TGD 
 
Iceball edge = tumor 
necrosis edge 
 
Significant TGD 
 
Significant TGD, enhanced 
tumor perfusion defect 
 
Significant TGD, enhanced 
tumor perfusion defect 
 
Enhanced tumor cell death 
in ablation zone 
 
Decreased metastases 

[84] 
 
 
[107] 
 
[84] 
 
 
[85] 
 
[68] 
 
 
[67] 
 
 
[108] 
 
 
[109] 

* CYT-6091 dose was administered 4 hours prior to thermal therapy.  
** Compared to thermal therapy alone.  
# Tumor growth delay  
% Lowest temperature achieved by cryoprobe. 
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hyperthermic treatment (Figure 1.3C) [67, 68]. Up to 80% reduction in tumor blood flow 

as assessed by uptake of the radioactive tracer rubidium, was also measured at 4 hours 

after CYT-6091 injection that is consistent with known localized mechanisms of TNF-α 

vascular effects and damage in tumors (Figure 1.3A-B). This accentuation of 

hyperthermic injury also shows clear dose dependency. Our group has also conducted 

preliminary translational studies using VX2 tumors grown in rabbit kidneys. 

Administering CYT-6091 prior to RFA yielded a significantly larger zone of central 

necrosis (i.e. 23% increase in ablation volume) than RFA treatment alone on histological 

evaluation 3 days after the procedure. Control tumors that were not treated with RFA also 

showed a significant reduction in tumor volume after CYT-6091 treatment alone 

although not as much as RFA plus CYT-6091 group [108, 109]. This reduction in tumor 

volume after CYT-6091 treatment alone within 3 days usually occurs after multiple 

injections over time and may be attributed to the unique nature of the VX2 tumor 

physiology (i.e. more susceptible) [6]. Typically, our in vivo studies in mice yield 

significantly less tumor growth delay when CYT-6091 is administered without thermal 

therapy [67, 68]. Clinically, a multiple dosing schedule was used in a Phase I trial in 

which CYT-6091 was administered as a standalone cancer therapeutic [6, 69]. 

 

1.3.7. Nanoparticle Enhanced Cryosurgery  

We have also extensively investigated CYT-6091 particles for pre-conditioning tumors to 

enhance cryosurgical injury in preclinical models. Cryosurgery was conducted using a 

Joule-Thomson based argon cryoprobe with the tip temperature maintained at -100oC. 
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Systemic injection of 200 µg TNF-α/kg of CYT-6091 4 hours prior to cryosurgery of 

human prostate cancer xenograft (LNCaP Pro 5) and uterine fibroid (ELT-3) tumors 

grown in hindlimb of nude mice resulted in significant tumor growth delay and in some 

cases complete remission compared to mice injected with an equivalent dose of native 

TNF-α or the control nanoparticle without TNF-α (Figure 1.3C, 1.5) [84, 85]. 

Furthermore, mice administered with CYT-6091 displayed no overt toxicity whereas 

nearly 25% of mice injected with native TNF-α prior to cryosurgery died within several 

hours after the therapy. Since tumor kill by cryosurgery is highly dependent on the 

temperature and rate of temperature change experienced by the tumor, in subsequent 

studies we used the dorsal skin fold chamber (DSFC) tumor model coupled with real time 

infrared imaging and thermocouple measurements to obtain the spatial temperature 

profile of the tumor tissue during and immediately after cryosurgery. Similar to 

hyperthermic injury, we also discovered a dose-dependence of CYT-6091 for 

enhancement of cryosurgical injury [84, 85]. In a pilot translational study using VX2 

tumors grown in rabbit kidneys, we also obtained a significant decrease in the rate of 

peritoneal carcinomatosis (metastases) in animals treated with cryosurgery and CYT-

6091 compared to cryosurgery alone [109]. This was an unexpected finding and further 

investigations are underway in preclinical tumor models to interpret whether this was a 

direct effect on mechanisms of tumor spread or a stimulation of antitumor immunity. 

 

1.3.8. Potential for Enhanced Imaging by Nanoparticle Pre-Conditioning. While we 

have shown that nanoparticle pre-conditioning is capable of enhancing both hyperthermic 
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Figure 1.5. Cryosurgical Destruction of LNCaP Hindlimb Tumors. 200 µg TNF-α/kg of 
CYT-6091 was intravenously administered 4 hours prior to cryosurgery of LNCaP 
hindlimb tumors grown in nude mice. Cryosurgery was conducted using a Joule-
Thomson based argon cryoprobe with the tip temperature maintained at -100oC. 
Cryosurgery was conducted until the edge of the iceball overlapped the visual edge of the 
tumor. Toxicity (animal death) and tumor growth was monitored for a period of 30 days 
after treatment. The results show that CYT-6091 pre-conditioning followed by 
cryosurgery enables complete tumor regression without toxicity whereas significant 
toxicity is associated with native TNF-α pre-conditioning [84]. 
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and cryosurgical injury in solid tumors, another important potential of this concept lies in 

its ability to enhance the clinical imaging techniques associated with thermal therapies. 

For instance, pre-conditioning events can be imaged to provide longitudinal monitoring 

of the state of pre-conditioning to optimize the time of administration of the secondary 

treatment. We have already shown that the administration of CYT-6091 is accompanied 

by a significant 80% reduction in tumor perfusion [67, 68]. Hence, current imaging 

technologies such as computed tomography (CT), magnetic resonance imaging (MR) or 

even contrast enhanced ultrasound (CEUS) may prove useful in measuring perfusion 

drops associated with pre-conditioning that signal an optimal timing for thermal therapy 

[110, 111]. Similarly, the development of myeloperoxidase-specific imaging agents 

offers the unique opportunity of monitoring the tumor biology before and after therapy by 

imaging the recruitment of neutrophils into the tumor tissue [112, 113]. Recent data 

collected in our lab has shown, on histology, the presence of a neutrophil rich 

inflammatory infiltrate that peaks at day 3 after TNF-α enhanced cryosurgery  (Figure 

1.6A-B) [91]. In this work, LNCaP tumors were grown in DSFCs implanted on nude 

mice. Tumors were pre-conditioned using topical administration of 200 ng native TNF-α 

4 hours prior to cryosurgery. Intravital imaging, thermography, and post-sacrifice 

histology and immunohistochemistry were used to longitudinally assess iceball location 

and the ensuing biological effects (e.g. neutrophil infiltration) after cryosurgery with and 

without TNF-α pre-treatment within the DSFC tumor tissue. In a separate experiment 

using TRAMP-C2 tumors grown subcutaneously in nude mice, we have also shown that 

this recruitment of neutrophils to the tumor site post cryosurgery can be non-invasively  
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Figure 1.6. Potential for Non-invasive Imaging of Neutrophil Infiltration into Thermal 
Lesion. (a) Leukocyte (neutrophils) infiltrate at day 3 post cryosurgery with or without 
TNF-α pre-conditioning. Animals were treated with cryosurgery alone, TNF-α 4 hours 
pre-conditioning plus cryosurgery, or NFκB inhibitor BAY followed by TNF-α 4 hours 
pre-conditioning plus cryosurgery. Representative image of neutrophilic infiltrate with 
H&E staining was taken under high power (100× magnification) within the inflammation 
zone (scale bar =100µm). (b) Quantification of neutrophils within each histological zone 
under high power field. The average number of neutrophils was measured in five 
representative fields in each histological layer for each sample. The bar values represent 
mean ± SD of three to four independent experiments for each treatment. The numbers of 
neutrophils per field were significantly different between the combinatorial treatment and 
cryosurgery alone (*, p<0.05) [91]. (c) Luminol bioluminescence imaging of 
myeloperoxidase (MPO) activity in TRAMP-C2 tumors in vivo following cryosurgery 
(unpublished results). 
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imaged using luminol bioluminescence imaging (Figure 1.6C, unpublished results). 

Based on these preliminary findings, we speculate that the enhancement of neutrophil 

recruitment by nanoparticle pre-conditioning can be imaged and quantified using 

myeloperoxidase-specific imaging agents. Additionally, since we have shown that these 

pre-conditioning events (perfusion drop and neutrophil recruitment) persist and are 

enhanced after thermal therapy, we hypothesize that they may be used to quantify 

treatment effects and serve as prognostic indicators of the outcome of thermal therapy. 

This hypothesis is the basis of ongoing work in our group. 

 

Nanoparticle pre-conditioning can also be used to predict the lethality of the 

thermal therapy in the case of cryosurgery. Many clinical imaging technologies including 

ultrasound, CT and MR easily distinguish the edge of the cryosurgical iceball in vivo 

[114]. Unfortunately, the current guideline for cancer destruction by freezing requires 

temperatures below a critical -40 °C isotherm [115, 116]. This is achieved in less than 

50% of the total 3D iceball volume, assuming the iceball to be roughly elliptical and the 

probe temperature to be roughly -160 °C [117]. It has understandably led to confusion 

about how much of the tissue and/or cancer to freeze during cryosurgery.  This confusion 

persists today and undoubtedly contributes to under and over freezing that yield local 

recurrence and complications respectively.  With nanoparticle pre-conditioning, we have 

shown in the DSFC model that we can move the tissue-destruction isotherm to -0.5 °C, 

suggesting that cryosurgical destruction can be effectively doubled and intra-operative 

imaging of the iceball correlates to destruction, since in such conditions, “what you see 
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(iceball) is what you get (destruction)” [84, 118]. This finding also translated to the 

hindlimb model in which cryosurgery was performed until the edge of the iceball 

overlapped with the visible edge of the tumor yielding apparent remission in a significant 

percent of animals (Figure 1.5) [84]. These data suggest the clinical use of a nanoparticle 

system, such as CYT-6091, could enable the surgeon for the first time to visualize the 

zone of tumor destruction by simply imaging the ice formation during cryosurgery. 

 

1.4. CONCLUSIONS 

 

The concept of pre-conditioning the tumor microenvironment using nanoparticles 

is relatively new and many avenues of basic and clinical research particularly for use in 

the field of thermal therapy enhancement remain largely open. Our group has 

demonstrated the use of a gold nanoparticle system (CYT-6091), which has recently 

completed a Phase I clinical trial and moved into Phase II as a standalone cancer 

therapeutic, to pre-condition a variety of preclinical tumor models prior to thermal 

therapies (using both heat and cold) (Table 1.4). Pharmacokinetic and biodistribution 

studies of CYT-6091 have shown tumor-specific drug and nanoparticle localization and 

we have demonstrated that a single systemic injection of the nanoparticle at a critical time 

period (4 hours) prior to thermal therapy suffices to pre-condition the tumor with no overt 

toxicity. Further, vascular (perfusion defect) and immunological (leukocyte recruitment) 

mechanisms responsible for pre-conditioning using CYT-6091 have been demonstrated 

by various techniques and suggest imaging as a possible clinical tool for assessment of 
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the optimal time for subsequent thermal therapy intervention. Thermal therapy outcomes 

after appropriate pre-conditioning with CYT-6091 have been able to induce tumor 

regression without toxicity (Table 1.4, Figures 1.3, 1.5), establishing the validity of this 

clinically realistic approach. 

 

1.5. FUTURE PERSPECTIVE 

 

 The constantly evolving and heterogeneous nature of cancer has resulted in a shift 

from single agent therapy to multi-drug regimens and combinatorial therapies for 

improved local and metastatic control. This is particularly true for thermal therapy in 

cancer which is currently dominated by regional hyperthermia combined with standard-

of-care chemotherapy and/or radiotherapy for a wide variety of tumors. More recently, 

focused minimally invasive thermal therapy approaches such as cryosurgery, microwave, 

and radiofrequency ablation (Table 1.2) are also finding favor with clinicians and several 

clinical trials are in progress to test the efficacy of combinatorial therapy using these 

techniques with chemotherapeutics. A small subset of these trials involves thermal 

therapies with commercially manufactured nanoparticles (Table 1.1). This subset of 

clinical trials represents the successful realization of preclinical research efforts over the 

past decade in nanomedicine and heralds a new future in cancer therapy. Some of the key 

challenges going forward are: (1) selection of the appropriate nanoparticle, pre-

conditioning agent and thermal therapy for the specific tumor type; (2) demonstration of 

selective nanoparticle delivery, safety and efficacy and expanded understanding of 
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nanomedicine toxicological considerations; (3) timing and guidance of thermal therapy 

perhaps by imaging pre-conditioning after nanoparticle administration; and (4) 

controlling the extent of thermal intervention necessary to kill the tumor.  As we await 

future nanoparticle development and optimization, even today there may be few barriers 

to the use of existing manufactured nanoparticles (i.e. CYT-6091) to pre-condition and 

treat solid cancers with thermal therapies in Phase I/II clinical trials.  

 

1.6. SUMMARY 

• Clinical acceptance of current thermal therapy approaches for local treatment of solid 

tumors is hindered by local recurrence and distant metastases following therapy. 

• Nanoparticles are being investigated as mediators for novel methods of in situ 

delivery of thermal energy to tumors, such as magnetic fluid hyperthermia, 

photothermal therapy, radiofrequency heating, etc. 

• Nanoparticles delivering chemotherapeutics to tumor tissue also show clinical utility 

in enhancing direct destruction of tumor cells in combination with thermal therapy. 

• Nanoparticle pre-conditioning is a new concept using nanoparticles functionalized 

with bioactive ligands to enhance vascular and immunological mechanisms of tumor 

destruction by thermal therapies. 

• CYT-6091, a 30nm diameter colloidal gold nanoparticle coated with PEG and tagged 

with TNF-α, has shown efficacy in pre-conditioning tumors for enhancement of 

thermal (heat and cold) therapies. 
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• Pharmacokinetics and biodistribution studies have shown selective accumulation of 

CYT-6091 and pre-conditioning of tumors within 4 hours of systemic administration. 

• We have demonstrated that CYT-6091 enhances thermal therapies primarily via 

vascular pre-conditioning with some evidence for immunological pre-conditioning 

events. 

• Pre-clinical studies in mouse and rabbit tumor models have shown significant 

enhancement of tumor destruction by thermal therapies when CYT-6091 is used for 

pre-conditioning the tumor vasculature. 

• Imaging of pre-conditioning events such as perfusion drop and inflammatory cell 

recruitment may be used to quantify treatment effects and serve as prognostic 

indicators of the outcome of thermal therapy. 

• In cryosurgery, nanoparticle pre-conditioning can move the critical isotherm of tumor 

cell death to the iceball edge (-0.5oC), suggesting that intra-operative imaging of the 

iceball would directly correlate to the region of tumor destruction. 

• Based on these positive results for nanoparticle pre-conditioning, improved 

multifunctional nanoparticles with alternative ligands could be designed to enhance 

thermal therapies by decreasing systemic toxicity and increasing tumor targeting with 

the ultimate goal of reducing local recurrence and distant metastases and reducing 

morbidity in patients. 
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Chapter 2: Nanoparticle Preconditioning of Thermal Therapy in a 
Preclinical Model of Prostate Cancer 

 

This chapter describes the use of nanoparticle preconditioning to enhance thermal therapy 

in a preclinical tumor model of human prostate cancer. This is the first time that high and 

low temperature thermal therapies and their enhancement by nanoparticle 

preconditioning are directly compared in a given preclinical tumor model of prostate 

cancer. This was performed in both two dimensional (dorsal skin fold chamber) and three 

dimensional (hindlimb) tumor models in nude mice.  

 

• Shenoi MM, Schmechel S, Bischof JC. Enhancement of High and Low 

Temperature Thermal Therapy in Prostate Cancer with Nanoparticle 

Preconditioning. 2011 (manuscript in preparation for submission to 

Nanomedicine) submission invited by editor, Lajos P. Balogh.   
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2.1. INTRODUCTION 

 

Prostate cancer is the most common malignancy and the second leading cause of cancer-

related deaths among males in the United States of America [119, 120]. Most patients 

with prostate cancer have well differentiated tumors (Gleason grade < 6) and will respond 

to monotherapy with surgery, radiation or thermal therapy including cryosurgery. 

However, high-grade disease (Gleason grade >8-10), which makes up 15-20% of patients 

with prostate cancer, is responsible for greater than 50% of the deaths attributed to 

prostate cancer [121]. Such patients are at high risk for both local and distant recurrences. 

Patients with high-grade disease require multimodal therapy with available options 

including radiation plus androgen ablation, and clinical trials are investigating the 

combination of surgery and chemotherapy [122]. Better treatments are urgently needed 

for these patients with high grade prostate cancer who are at high risk for local 

recurrence. 

 

Tumor vasculature is an attractive therapeutic target in the ongoing battle against 

cancer as evidenced by the large number of clinical trials involving small molecule 

vascular disruptive agents (VDAs) [123]. Numerous pre-clinical studies have 

demonstrated the efficacy of combining VDAs with hyperthermia, radio- and chemo-

therapy and many of these approaches are now under clinical evaluation [43, 123]. 

However, these trials show negligible improvement in the efficacy of frontline therapies, 

i.e. chemotherapy and radiation, by the addition of VDAs. They are also plagued by dose 
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limiting toxicities of the VDAs [123]. This pattern of anti-cancer drug failure is similar to 

what happened with native TNF in the early 1990’s when systemic TNF administration 

for cancer treatment was associated with induction of a ‘cytokine storm’ resembling 

many signs and symptoms of endotoxic shock resulting in limited use of TNF in cancer 

therapy [124]. Hence, there exists an enormous clinical need for new directions of 

investigations in combination therapies.  

 

Nanomedicines are gaining increasing traction in the advancement of cancer 

therapy due to their ability to selectively and safely deliver a therapeutic payload to 

tumors with the added potential for improved diagnostics and imaging. Concurrently, 

thermal ablation therapies are also gaining clinical acceptance for the treatment of focal 

malignancies in several organs including prostate. Several technologies have been 

developed for the delivery of thermal energy to tumor tissues. These include 

radiofrequency ablation (RFA), cryoablation, high-intensity focused ultrasound (HIFU), 

microwaves, lasers, etc. These can simply be classified into low temperature cryosurgery 

(cryoablation) and high-temperature thermal therapy (RFA, HIFU, microwave, etc.). 

 

A combination therapy utilizing a thermal ablation therapy along with a 

nanoparticle formulation of a VDA (i.e. TNF) could make a considerable clinical impact 

in cancer treatment.  
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Native TNF has been combined successfully with hyperthermia (<43oC) in 

preclinical tumor models with high therapeutic efficacy [43]. Prior to the current study, 

our lab has also successfully demonstrated that nanoparticle delivered TNF (CYT-6091) 

can precondition hyperthermia and cryosurgery in a variety of preclinical tumor models 

[67, 68, 84]. However we have not demonstrated that high-temperature thermal therapy 

(>50oC) and cryosurgery could be accentuated in the same tumor model for prostate 

cancer. We describe here the use of a gold nanoparticle delivery system for TNF to 

selectively modify, or precondition, tumor vasculature so as to enhance the antitumor 

effects of a secondary challenge i.e. thermal therapy (heat and cold).  

 

2.2 MATERIALS AND METHODS 

 

Cell Culture 

LNCaP Pro 5 cells were cultured as adherent monolayers in Dulbecco’s modified Eagle’s 

medium (DMEM)/F12 media (BD Biosciences, San Jose, CA) supplemented with 10% 

of fetal bovine serum, 100 U/ml penicillin, 100 µg/ml streptomycin, and 10-9 mol/L 

dihydrotestosterone (DHT) as previously described [118]. Cultures were maintained in a 

37°C/5% CO2/95% humidified air environment. Cells were subcultured (1:6) twice per 

week, by rinsing flasks with Hank’s balanced salt solution (HBSS), followed by 

trypsinization, enzyme neutralization, and reseeding. 

 

Animals 
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All animal protocols were reviewed and approved by the University of Minnesota 

Institutional Animal Care and Use Committee. 6-8 week old athymic male NU/J mice 

were obtained from the Jackson Laboratory (Bar Harbor, ME). Animals implanted with 

dorsal skin fold chambers (DSFCs) were housed in neonatal incubators under conditions 

of higher than normal humidity at 37°C to maintain tissue microvasculature [94]. When 

appropriate, animals were anesthetized by an i.p. injection of ketamine (100 mg/kg) and 

xylazine (10 mg/kg). 

 

DSFC and Tumor Cell Implantation 

A DSFC was implanted in each nude mouse as previously described [84]. Immediately 

after DSFC implantation and on day 4 after implantation, 1 million LNCaP Pro 5 cells 

suspended in 40 µl Matrigel (BD Biosciences, San Jose, CA) that had been diluted 3:1 in 

serum-free medium were seeded into the DSFC chamber window. Thermal therapy 

experiments were performed between day 12 and 14 following DSFC implantation, when 

tumor cells were found to cover the entire chamber window as previously reported [84, 

91, 118]. 

 

Hindlimb Tumor Seeding 

5 million LNCaP Pro 5 cells suspended in 100 µl Matrigel (BD Biosciences, San Jose, 

CA) that had been diluted 3:1 in serum-free medium were injected s.c. into the hindlimb 

of the mouse. Experiments were performed after 4 to 5 weeks, when the tumors reached a 

diameter of 6 to 8 mm. 
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Nanoparticle Administration 

CYT-6091 (CytImmune Sciences, Inc., Rockville, MD, USA) at a dose containing 5 µg 

of TNF-α was diluted in 100 µl DI water and injected via tail vein into the mice 4 hours 

prior to thermal therapy. In experiments with control nanoparticles, AuPEG (PEGylated 

colloidal gold nanoparticle without TNF-α, CytImmune Sciences, Inc.) were 

administered in the same manner at an equivalent dose to injected CYT-6091 based on 

total surface area of injected particles. The 5 µg TNF-α dose and 4 hour time period were 

chosen based on previous work with CYT-6091 [68, 84].  

 

DSFC Cryosurgery 

Cryosurgery was performed as described previously [66, 84]. Briefly, animals were 

anesthetized, DSFC windows were removed and a 1 mm diameter brass extension tip 

fitted to a 5 mm cryoprobe (Endocare, Irvine, CA) was inserted into the center of the 

DSFC for 55 seconds (to attain temperatures of -85°C) followed by passive thawing at 

room temperature. The temperature was monitored throughout the procedure using an 

infrared camera ThermoVision (FLIR Systems, Boston, USA) and thermocouples placed 

at 2, 3 and 4 mm radial positions around the DSFC center [84]. 

 

DSFC High-Temperature Thermal Therapy 

Animals were anesthetized and loaded into a sterilized polycarbonate tube with the DSFC 

exposed. DSFC windows were removed and heating was initiated from the central 
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portion of the window using a 1 mm diameter brass extension tip fitted to a temperature 

controlled soldering iron tip (RadioShack Digital Soldering Station 64-053, RadioShack, 

Fortworth, TX, USA). When the soldering iron is set to temperature of 150oC a 

temperature of 80oC was obtained at the end of the brass extension tip. This allowed a 

radial heating front to develop from the center of the DSFC tissue and the temperature to 

be monitored using infrared thermography and thermocouples similar to the cryosurgery 

procedure. The soldering iron was switched off when the thermocouple positioned 2 mm 

away from the center of the DSFC reached 45oC and the tissue was allowed to passively 

cool to room temperature. Total heating time was less than 10 min.  

 

 Hindlimb Cryosurgery and High-temperature Thermal Therapy 

Cryosurgery was performed using a cryosurgical system (Endocare, Inc., Irvine, CA, 

USA), as described previously, with a 1 mm probe tip modification on a 3 mm tip 

cryoprobe [84]. A small incision was first made in the center of the hindlimb tumor with 

a 21-gauge needle to allow insertion of the probe tip without deformation of the tumor. 

The cryoprobe was activated by allowing the argon cryogen to flow, and the 1 mm probe 

tip temperature was set at -120 ºC. Freezing was performed conservatively under infrared 

thermographic guidance until the 0°C isotherm reached the visible edge of the tumor. The 

tumor was then passively thawed to room temperature. For high-temperature thermal 

therapy, the 1 mm diameter brass extension tip was fitted to a temperature controlled 

soldering iron tip (RadioShack Digital Soldering Station 64-053, RadioShack, Fortworth, 

TX, USA) and inserted into the tumor after a small incision was made with a 21-gauge 
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needle. The soldering iron was switched on at the lowest temperature (150oC) setting and 

the tumor was heated conservatively under infrared thermographic guidance until the 

40°C isotherm reached the visible edge of the tumor. The soldering iron tip was then 

removed and the tumor was passively cooled to room temperature.  

Vascular Stasis Measurement 

On days 1 and 3 following thermal therapy (with or without nanoparticle administration), 

0.1 ml of 10 mg/ml 70-kDa FITC-labeled dextran (Sigma, St. Louis, MO) was injected 

into the tail vein of each animal. Intravital imaging of tumor vasculature in the DSFC was 

performed using a Nikon inverted fluorescent microscope equipped with a 20× objective 

(Nikon, Melville, NY) and silicon intensified transmission camera (Hamamatsu, 

Bridgewater, NJ) as previously described [66, 84, 91]. The average radius at which patent 

blood vessels with blood flow were clearly visible defined the region of vascular stasis 

and was measured at four perpendicular radial directions relative to the chamber center. 

The stasis area was calculated as π x (average radius)2. 

 

Tumor Growth Delay Measurement 

Baseline tumor size in the hindlimb was measured prior to cryosurgery. Tumor growth is 

reported relative to the size prior to cryosurgery. Tumor volumes were measured every 3 

days for 30 days after thermal therapy. Tumor dimensions were measured using calipers 

and volumes were calculated and reported as 0.53 × width × length × height [84, 85].  

 

Histology 
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Animals were sacrificed at day 3 post DSFC cryosurgery or high-temperature thermal 

therapy immediately after vascular imaging. The entire tumor tissue attached to the 

chamber was fixed in 10% buffered formalin (Sigma, St. Louis, MO), embedded in 

paraffin, sectioned at 4 µm and stained with hematoxylin-eosin (H&E). Histologic 

sections were digitized using Leica MZ FL III fluorescence stereomicroscope (Leica 

Microsystems, Heerbrugg, Switzerland), and the area of central necrosis was analyzed 

using ImageJ (NIH, Bethesda, MD, USA). 

 

Statistics 

Statistical significance was determined using the wilcoxon test in R statistical software 

[125]. If the difference was at the level of p<0.05, it was determined significant. 

Otherwise, the difference between two measurements was not significant, i.e., p>0.05. 

Data are represented as mean ± SE. 

 

2.3. RESULTS & DISCUSSION 

 

NP preconditioning enhances cryosurgery in a 2D DSFC tumor model 

Cryosurgical injury in DSFC LNCaP tumors was assessed in three groups of nude mice: 

a) Control (receiving only cryosurgery), b) AuPEG and c) CYT-6091. Mice in AuPEG 

and CYT-6091 groups were injected with the corresponding nanoparticle 4 hours prior to 

cryosurgery. Cryosurgical injury was assessed by vascular stasis measurements after 

70kDa FITC-dextran injection at Day 1 and Day 3 post treatment and Day 3 histology of  
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Figure 2.1. NP preconditioning enhances cryosurgical injury in DSFC LNCaP tumors. A) 
Representative H&E stained sections of entire DSFC tumors at Day 3 after cryosurgical 
treatment with or without nanoparticle preconditioning. Histological stasis areas are 
outlined in each section. B) Vascular and histological stasis area measurements. Data 
presented as mean ± SE.  (* indicates p < 0.05) 
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Treatment n Treatment Thermal 
Threshold 

Radial Threshold Treated Volume Increase 

Cryosurgery 
 
 
 
Heat 
 

4 
4 
5 
 
6 
4 
5 

- 
+ AuPEG 

+ CYT-6091 
 
- 

+ AuPEG 
+ CYT-6091 

-8.0 ± 1.9 oC 
-7.3 ± 2.0 oC 
 8.3 ± 1.0 oC 

 
 40 ± 1.2 oC 
 42 ± 1.0 oC 
 36 ± 1.0 oC 

3.3 ± 0.1 mm 
3.5 ± 0.2 mm 
4.4 ± 0.2 mm  

 
3.2 ± 0.2 mm 
3.0 ± 0.2 mm  
4.1 ± 0.1 mm  

 
 
80% (+ CYT-6091 effect) 
 
 
 
61% (+ CYT-6091 effect) 

 

Table 2.1. Summary of effects of nanoparticle preconditioning on enhancement of 
thermal therapy in DSFC LNCaP tumors. 
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the cryosurgical lesion (Figure 2.1, 2.2B). The area of vascular stasis was significantly 

greater in the CYT-6091 group compared to the control (p = 0.02, Day 3) and AuPEG (p 

= 0.03, Day 3) groups at Day 1 and Day 3 as shown in Figure 2.1B. No significant 

difference was evident between Day 1 and Day 3 measurements. This translates to an 

80% increase in the treated tumor volume with nanoparticle preconditioning (Table 2.1). 

The lowest temperatures measured at the edge of the stasis region reflect the increased 

susceptibility of the tumor to cryosurgical injury after nanoparticle preconditioning. 

CYT-6091 administration reduced the thermal threshold of injury from -8.0 ± 1.9oC and -

7.3 ± 2.0oC, in the control and AuPEG groups respectively, to 8.3 ± 1.0oC (Table 2.1). 

 

Day 3 histology of the treated tumors revealed distinct histological zones 

concentric to the cryoprobe tract characteristic of cryosurgical lesions as reported 

previously (Figure 2.1A) [91, 118]. A zone of central necrosis was present immediately 

adjacent to the cryoprobe tract and characterized by increased eosinophilic staining with 

necrotic tumor cells with absent or pyknotic nuclei undergoing karyorrhexis and 

karyolysis and few scattered inflammatory cells. In the control and AuPEG groups the 

central necrotic zone was surrounded by a ~0.5-1mm band of inflammatory cells (mostly 

neutrophils) which in turn was surrounded by a thrombosis/ischemic necrosis zone and 

viable tumor tissue. In the CYT-6091 group, the central necrosis zone was larger with 

almost no inflammatory cells. Additionally, the inflammatory band and the zone of 

thrombosis/ischemic necrosis were narrower and closer to the edge of viable tumor 

tissue. The histological stasis areas (defined by the boundary between the cryosurgical 
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lesion and the edge of viable tumor tissue) obtained at Day 3 correlated well with the 

trend seen in the vascular stasis areas i.e. the histological stasis area of CYT-6091 group 

was significantly larger than the control and AuPEG groups. The slight difference 

observed in the CYT-6091 group between the Day 3 histology and vascular stasis areas 

was not statistically significant (p = 0.31).  

 

NP preconditioning enhances high-temperature thermal therapy in a 2D DSFC 

tumor model 

Similar to cryosurgery, thermal injury by high-temperature thermal therapy (HTT) in 

DSFC LNCaP tumors was assessed in three groups: a) Control (receiving only HTT), b) 

AuPEG and c) CYT-6091. Temperature profile during the course of high-temperature 

thermal therapy (HTT) was characterized within the DSFC (Figure 2.2A) and 

temperatures >50oC were obtained in the tumor within 2 mm of the probe tip (80oC). 

Thermal injury was assessed by vascular stasis measurements after FITC-dextran 

injection at Day 1 and Day 3 post treatment and Day 3 histology of the thermal lesion 

(Figure 2.3). The area of vascular stasis was significantly greater in the CYT-6091 group 

compared to the control (p = 0.02, Day 3) and AuPEG (p = 0.02, Day 3) groups at Day 1 

and Day 3 as shown in Figure 2.3B. This translates to a 61% increase in the treated 

tumor volume with nanoparticle preconditioning (Table 2.1). As in cryosurgery, CYT-

6091 administration reduced the thermal threshold of injury from 40 ± 1.2oC and 42 ± 

1.0oC, in the control and AuPEG groups respectively, to 36 ± 1.0oC (Table 2.1). 
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 A. 

B.  

 

Figure 2.2. Graph of the temperatures recorded by thermocouples at 2, 3, and 4 mm radial 
locations in DSFC LNCaP tumor tissue during A. high-temperature thermal therapy and 
B. cryosurgery. Data presented as mean ± SE for each time point. 
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Figure 2.3. NP preconditioning enhances thermal injury in DSFC LNCaP tumors. A) 
Representative H&E stained sections of entire DSFC tumors at Day 3 after high-
temperature thermal treatment with or without nanoparticle preconditioning. Histological 
stasis areas are outlined in each section. B) Vascular and histological stasis area 
measurements. Data presented as mean ± SE.  (* indicates p < 0.05) 
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Day 3 histology of the HTT treated tumors revealed distinct histological zones 

concentric to the probe tract characteristic of thermal lesions as reported previously 

(Figure 2.3A) [126-128]. The histologic zones were similar to those seen after 

cryosurgery with some marked differences. The tissue within the central necrotic zone 

immediately adjacent to the probe tract appeared “thermally fixed” with architectural and 

cytologic preservation similar to that seen after formalin fixation. Also, the central 

necrotic zone had less intense eosinophilic staining compared to cryosurgical lesions and 

more nuclear staining. The edge of the thermal lesion was in general less circular with 

more jagged edges compared to the cryosurgical lesions obtained. The histological stasis 

area obtained at Day 3 was significantly lower than the vascular stasis area for the CYT-

6091 group (p < 0.01). However, there was no statistically significant difference between 

the control and AuPEG groups’ histological and vascular stasis areas. 

 

NP preconditioning enhances cryosurgery in a 3D hindlimb tumor model 

Tumor growth delay was assessed in four groups to demonstrate enhancement of 

cryosurgery by nanoparticle preconditioning. The groups were: a) Control (no treatment), 

b) Cryo (receiving cryosurgery alone), c) AuPEG (receiving AuPEG 4 hrs prior to 

cryosurgery), and d) CYT-6091 (receiving CYT-6091 4hrs prior to cryosurgery). 

Cryosurgery was performed conservatively until the edge of ice formation reached the 

visible edge of the tumor as guided by infrared thermography. The volume of CYT-6091 

tumors regressed significantly to 50 ± 5.6% within 6 days of cryosurgery (Figure 2.4A). 

The volume of AuPEG tumors regressed to a lesser extent to 73 ± 8.9% whereas no  
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Figure 2.4. NP preconditioning enhances thermal therapy in hindlimb LNCaP tumors. A) 
Tumor growth delay after cryosurgery of hindlimb LNCaP tumors with and without 
nanoparticle preconditioning (* p<0.05, between CYT-6091 and both the control and 
cryo groups). B) Tumor growth delay after high-temperature thermal therapy of hindlimb 
LNCaP tumors with and without nanoparticle preconditioning (* p<0.05, between CYT-
6091 and all other groups). 
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regression was seen in the control or cryo groups. At Day 30 after cryosurgery, the 

relative tumor volumes of control, cryo and AuPEG groups were not statistically different  

from each other. CYT-6091 group relative tumor volumes were significantly lower than 

the control and cryo groups (p = 0.02) but not significantly different from the AuPEG 

group. No signs of toxicity were observed in any of the animals. 

 

NP preconditioning enhances high-temperature thermal therapy in a 3D hindlimb 

tumor model 

Tumor growth delay was also assessed in four groups to demonstrate enhancement of 

HTT by nanoparticle preconditioning. The groups were: a) Control (no treatment), b) 

Cryo (receiving HTT alone), c) AuPEG (receiving AuPEG 4 hrs prior to HTT), and d) 

CYT-6091 (receiving CYT-6091 4hrs prior to HTT). HTT was performed conservatively 

until the visible edge of the tumor reached 40oC as guided by infrared thermography. In 

this case there was no regression of tumor volumes in any group. However, over the 

course of 30 days following HTT, the CYT-6091 tumors exhibited a greater growth delay 

compared the other groups (Figure 2.4B). At Day 30 after HTT, the relative tumor 

volumes of control, HTT and AuPEG groups were not statistically different from each 

other but CYT-6091 group relative tumor volumes were significantly lower than all the 

other groups (p = 0.02, AuPEG). No signs of toxicity were observed in any of the 

animals. 
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2.4. CONCLUSIONS 

 

The data presented here shows that NP preconditioning can enhance cryosurgery and 

high-temperature thermal therapy (HTT) in a preclinical prostate cancer model in both 

2D DSFC and 3D hindlimb tumor models with no systemic toxicity. Thermal thresholds 

of injury were reduced in both heat and cold thermal therapies by NP preconditioning. In 

the 2D DSFC model, NP preconditioning led to an 80% increase in the treated tumor 

volume by cryosurgery while a 61% increase was obtained with HTT. Despite the 

conservative thermal threshold protocols (edge of tumor = iceball edge or 40oC) used for 

hindlimb thermal therapy a significant therapeutic benefit (tumor growth delay) was still 

realized due to NP preconditioning. Importantly, there were no deaths in any of the 

animal groups which is in agreement with previous data obtained in our lab [84, 85].  
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Chapter 3: Nanoparticle Preconditioning Mechanisms – Vascular and 
Immunological Events 

 

This chapter describes experiments to elucidate the vascular and immunological 

mechanisms involved in nanoparticle preconditioning in a preclinical tumor model of 

human prostate cancer.  

 

• Shenoi MM, Schmechel S, Bischof JC. Vascular and Immunological Mechanisms 

of Nanoparticle Preconditioning. 2011 (manuscript in preparation for Nano 

Letters) 
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3.1. INTRODUCTION 

 

Nanoparticle preconditioning has been shown to enhance thermal therapy with potential 

to be expanded to other combination therapies (i.e. radiation, chemotherapy) in the future. 

Before this approach can be widely accepted and used, the underlying mechanisms of this 

pre-conditioning are still needed.  As described in our recent review, pre-conditioning can 

be achieved by a variety of agents (see Table 1.3, Chapter 1), however, the most mature 

nanoparticle technology is CYT-6091, a gold nanoparticle tagged with TNF-α.  White 

blood cells, endothelial cells and tumor cells are the components of tissue which are 

directly affected by TNF-α. TNF-α induces expression of adhesion molecules such as 

ICAM-1, VCAM-1, and selectins on endothelial cells, thus leading to an enhancement in 

leukocyte rolling and adhesion. It produces vascular damage by inducing endothelial cell 

apoptosis and also stimulates them to release cytokines for angiogenesis [129]. TNF-α 

also activates neutrophils and monocytes by upregulation of adhesion molecules and 

promotes coagulation [130]. The adhered neutrophils migrate to the interstitium and 

produce various cytokines (TNF-α, IL-1, IL-8, PDGF) amplifying the inflammatory 

effect. Neutrophil apoptosis can also be stimulated by TNF-α [131]. Tumor cells also 

have receptors for TNF-α binding. Thus, each of the cells involved in tumor 

microenvironment (endothelial, leukocytes, tumor) shows some effect on exposure to 

TNF-α. The response to TNF-α is based on complex factors and final response depends 

on the dominance of the two molecular pathways (apoptotic death and inflammatory).  
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TNF-α has multiple effects on the tissue vasculature. Increase in flux of 

leukocytes cause an alteration in blood flow, primarily in capillaries and venules. A 

decrease in tissue blood perfusion facilitates propagation of thermal ablation by reducing 

heat sink/source effects due to blood perfusion. Oxidative stress as a result of 

ischemia/reperfusion injury in cryoablation has been postulated to induce activation of 

NF-κB through a yet to be identified mechanism. Inflammatory cells themselves release 

TNF-α and thus mediate inflammation, which is considered to be critical in defining the 

edge of the thermal lesion. Thus pre-exposure to TNF-α can cause many changes in the 

tumor microcirculatory environment, which may lead to enhancement of thermal therapy. 

 

Previous research in our lab has been directed towards establishing the therapeutic 

efficacy of adjuvant mediated preconditioning in enhancing thermal injury in a variety of 

preclinical tumor models. More recently, the cellular and molecular mechanisms of 

native TNF preconditioning of cryosurgical injury was studied in LNCaP tumors [66, 91]. 

In addition, the majority of this work was focused on the progression of the cryosurgical 

injury over the course of 7 days after cryosurgery. Limited work has been done to date to 

understand the vascular and immunological events that occur during NP preconditioning. 

Based on the work conducted in our lab so far, a model for nanoparticle preconditioning 

was proposed (see Figure 1.4, Chapter 1) and tested via the experiments described in this 

chapter. The goals of this work were to understand the NP preconditioning mechanisms, 

including the role of neutrophils in NP preconditioning, and whether nanoparticle 

delivery of TNF affected the preconditioning mechanisms. 
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3.2. MATERIALS AND METHODS 

 

Cell Culture 

LNCaP Pro 5 cells were cultured as adherent monolayers in Dulbecco’s modified Eagle’s 

medium (DMEM)/F12 media (BD Biosciences, San Jose, CA) supplemented with 10% 

of fetal bovine serum, 100 U/ml penicillin, 100 µg/ml streptomycin, and 10-9 mol/L 

dihydrotestosterone (DHT) as previously described [118]. Cultures were maintained in a 

37°C/5% CO2/95% humidified air environment. Cells were subcultured (1:6) twice per 

week, by rinsing flasks with Hank’s balanced salt solution (HBSS), followed by 

trypsinization, enzyme neutralization, and reseeding. 

 

Animals 

All animal protocols were reviewed and approved by the University of Minnesota 

Institutional Animal Care and Use Committee. 6-8 week old athymic male NU/J mice 

were obtained from the Jackson Laboratory (Bar Harbor, ME). Animals implanted with 

dorsal skin fold chambers (DSFCs) were housed in neonatal isolettes under conditions of 

higher than normal humidity at 37°C to maintain tissue microvasculature [94]. When 

appropriate, animals were anesthetized by an i.p. injection of ketamine (100 mg/kg) and 

xylazine (10 mg/kg). 

 

DSFC and Tumor Cell Implantation 
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A DSFC was implanted in each nude mouse as previously described [84]. Immediately 

after DSFC implantation and on day 4 after implantation, 1 million LNCaP Pro 5 cells 

suspended in 40 µl Matrigel (BD Biosciences, San Jose, CA) that had been diluted 3:1 in 

serum-free medium were seeded into the DSFC chamber window. Thermal therapy 

experiments were performed between day 12 and 14 following DSFC implantation, when 

tumor cells were found to cover the entire chamber window as previously reported [84, 

91, 118]. 

 

Nanoparticle Administration 

CYT-6091 (CytImmune Sciences, Inc., Rockville, MD, USA) at a dose containing 5 µg 

of TNF-α was diluted in 100 µl DI water and injected via tail vein into the mice 4 hours 

prior to thermal therapy.  

 

NFκB Inhibition 

For molecular inhibition of NFκB, the NFκB inhibitor BAY 11-7085 (EMD Biosciences, 

San Diego, CA; dissolved in DMSO at 10 mg/ml) was topically applied in the DSFC at a 

dose of 0.4 mg/kg for 15 min [66]. In one experiment after BAY treatment, or without 

pre-treatment with BAY, CYT-6091 was administered as described above. In another 

experiment, after BAY treatment, or without pre-treatment with BAY, 200 ng/mouse of 

TNF-α (a gift from CytImmune Science, Inc., Rockville, MD; dissolved in 30 µl saline), 

or a sham mixture of saline, was topically applied for 15 min. All animals were treated 

with cryosurgery 4 hours later as described below.  
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VCAM-1 Inhibition 

For VCAM inhibition, 60 µg of anti-mouse VCAM-1 monoclonal antibody (MAb) 

(Vector Laboratories, Burlingame, CA) was applied topically 4 hours after CYT-6091 

injection [132]. The anti VCAM-1 MAb blocks the binding of α4β1 integrins to VCAM-

1. Cryosurgery procedure was performed 15 min after VCAM inhibition. 

 

In vivo Neutrophil Depletion 

24 hours prior to CYT-6091 injection, mice were injected intraperitoneally with 150 µg 

purified RB6-8C5 rat monoclonal antibody (BD Pharmingen, Rockville, MD) in order to 

systemically deplete granulocytes [133]. Cryosurgery was performed 4 hours after CYT-

6091 injection. Systemic depletion was confirmed in a separate set of mice injected with 

the same dose of RB6-8C5 antibody. About 60-80 µl of blood was collected by facial 

vein puncture from each mouse on day 1, 2, 3 and 4 after antibody injection and analyzed 

using an automated cell counter (Hemavet 950, Drew Scientific, Oxford, Connecticut, 

USA). 

 

DSFC Cryosurgery 

Cryosurgery was performed as described previously [66, 84]. Briefly, DSFC windows 

were removed and a 1 mm diameter brass extension tip fitted to a 5 mm cryoprobe 

(Endocare, Irvine, CA) was inserted into the center of the DSFC for 55 seconds (to attain 

temperatures of -100°C) followed by passive thawing at room temperature. The 
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temperature was monitored throughout the procedure using an infrared camera 

ThermoVision (FLIR Systems, Boston, USA) and thermocouples placed at 2, 3 and 4 mm 

radial positions around the DSFC center [84]. 

 

Vascular Stasis Measurement 

On days 1 and 3 following cryosurgery, 0.1 ml of 10 mg/ml 70-kDa FITC-labeled 

dextran (Sigma, St. Louis, MO) was injected into the tail vein of each animal. Intravital 

imaging of tumor vasculature was performed using a Nikon inverted fluorescent 

microscope equipped with a 20× objective (Nikon, Melville, NY) and silicon intensified 

transmission camera (Hamamatsu, Bridgewater, NJ) as previously described [66, 84, 91]. 

The average radius at which patent blood vessels with blood flow were clearly visible 

defined the region of vascular stasis and was measured at four perpendicular radial 

directions relative to the chamber center. The stasis area was calculated as π x (average 

radius)2. 

 

Vascular Permeability Assessment 

TNF-α induced vascular permeability was assessed as previously described [83]. One 

hour after i.v. administration of CYT-6091 (5 µg of TNF-α) or topical administration of 

200 ng of TNF-α as described above, 0.1 ml of 10 mg/ml 70-kDa FITC-labeled dextran 

was injected into the tail vein of each animal. Images of the DSFC tumor vasculature 

were obtained every 10 min after FITC-dextran injection up to 1 hour using an Olympus 

BX50 fluorescent microscope (Olympus Inc., Tokyo, Japan) equipped with a 10X 
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objective and Spot Diagnostic camera (Diagnostic Instruments Inc., MI, USA). Images 

were analyzed using ImageJ software (NIH, Bethesda, MD, USA). 

 

Assessment of Tumor Perfusion 

Animals were anesthetized by an i.p. injection of ketamine and xylazine at 100 and 10 

mg/kg, respectively. 106 colored microspheres (10 µm diameter, E-Z-Trac Ultraspheresy, 

E-Z-Trac Inc., Los Angeles, CA) were injected into the left ventricle of anesthetized mice 

before they were sacrificed after 2 min. Tumors were harvested, weighted, and 

microbeads were isolated and counted according to the manufacturer’s instructions.  

 

Luminol Bioluminescence Imaging 

Mice with hindlimb tumors treated with thermal therapy with and without CYT-6091 

injection (see Materials and Methods, Chapter 2) were imaged at Day 1, 3 and 7 after 

therapy using the Xenogen IVIS 200 imaging system (Caliper Life Sciences, Hopkinton, 

MA). Mice were anesthetized using ketamine/xylazine and injected i.p. with 100 µl of 50 

mg/ml luminol (Gold Biotechnology, St. Louis, MO) solution 10 minutes prior to 

imaging (exposure time, 300 sec; binning, 4; FOV, 20 cm; f/stop, 1; no optical filter).  

 

Histology and Immunohistochemistry 

Animals were sacrificed 4 hours after CYT-6091 injection or at day 3 post DSFC 

cryosurgery immediately after vascular imaging. The entire tumor tissue attached to the 
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chamber was fixed in 10% buffered formalin (Sigma, St. Louis, MO), embedded in 

paraffin, and sectioned at 4 µm.  

 

Silver staining: For visualizing nanoparticle accumulation within the tumor, 

deparaffinized sections were washed in DI water, 0.02 M sodium citrate (pH 3.5), and DI 

water in that order. Sections were silver enhanced using LI Silver® (Nanoprobes, Inc., 

Yaphank, NY) and counter stained with hematoxylin and eosin (H&E). 

  

Myeloperoxidase (MPO) staining: Immunohistochemistry detecting MPO (1:2000; 

A0398, DAKO, Glostrup, Denmark) was performed on deparaffinized sections using the 

Rabbit on Rodent-HRP polymer kit (BioCare Medical, Concord, CA, USA) followed by 

3,3'-Diaminobenzidine (DAB) chromagen staining. Tissue sections were counterstained 

with hematoxylin according to standard protocols and scanned using Aperio ScanScope 

(Axiovision Technologies, Toronta, Ontario, Canada) and analyzed using Aperio 

ImageScope software. On Day 3 post cryosurgery sections, digital annotation regions 

were applied around the zones of central necrosis and the inflammatory bands to quantify 

the respective areas on each section. The number of MPO positive cells in 5 

representative regions within each histological zone was counted using light microscopy 

at 40X magnification. 

 

Fibrin(ogen) staining: Immunohistochemistry detecting fibrinogen (1:2000; A0080, 

DAKO) was performed on deparaffinized sections using the Rabbit on Rodent-HRP 
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polymer kit (BioCare Medical) followed by 3,3'-Diaminobenzidine (DAB) chromagen 

staining. Sections were counterstained with hematoxylin according to standard protocols 

and scanned using Aperio ScanScope (Axiovision Technologies) and analyzed using 

Aperio ImageScope software. For quantification of fibrinogen staining intensity, digital 

annotation regions were applied in representative areas of each tumor section and pixels 

that exceeded threshold limits were quantified (as a % of total) using Color 

Deconvolution v9 algorithm (Aperio, Vista, CA). 

 

Endothelial NFκB Activation and Microvessel Analysis: A new double staining 

protocol for identifying endothelial cells with NFκB activation in the nucleus was 

developed. Briefly, immunohistochemistry detecting endothelial cell marker CD31 (1:25, 

Clone: SZ31, Dianova, Hamburg, Germany) was performed on deparaffinized sections 

using Rat on Mouse AP-Polymer kit, BioCare Medical) followed by fast red staining 

(Vulcan Fast Red chromagen kit 2, BioCare Medical). Sections were rinsed in DI water 

and underwent denaturing treatment for 5 min using Denaturing Solution Kit (BioCare 

Medical). After this step, immunohistochemistry detecting NFκB p65 (1:5000, Gene Tex, 

Irvine, CA, USA) was performed using the Rabbit on Rodent-HRP polymer kit (BioCare 

Medical, Concord, CA, USA) followed by 3,3'-Diaminobenzidine (DAB) chromagen 

staining. Nuclei were counterstained with hematoxylin according to standard protocols 

and sections were scanned using Aperio ScanScope (Axiovision Technologies, Toronto, 

Ontario, Canada) and analyzed using Aperio ImageScope software. Digital annotation 

regions were applied in representative areas of each tumor section and pseudocolored 
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markup images depicting overlap of individual stains were generated using Color 

Deconvolution v9 algorithm (Aperio, Vista, CA). Black regions on the markup images 

indicated overlap of all three stains i.e. NFκB positive endothelial cell nuclei. The 

number of positive nuclei was counted using ImageJ (NIH) Colour Threshold and 

Analyze Particle macros. Microvessel analysis v1 algorithm (Aperio) was applied to the 

same annotation regions to count the number of vessels. Endothelial NFκB activation is 

reported as a ratio of the number of positive nuclei to the total number of vessels. The 

Microvessel analysis v1 algorithm was also used to generate histograms of the lumen 

area of the vessels to test differences between control and CYT-6091 treated DSFC 

tumors. 

 

Statistics 

Statistical significance was determined using the wilcoxon test in R statistical software 

[125]. If the difference was at the level of p<0.05, it was determined significant. 

Otherwise, the difference between two measurements was not significant, i.e., p>0.05. 

Data are represented as mean ± SE. 
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3.3. RESULTS AND DISCUSSION 

 

Based on our previous work using native TNF as a preconditioning agent, a model was 

proposed (see Figure 1.4, Chapter 1) for the vascular and immunological mechanisms 

involved in nanoparticle preconditioning of tumors. The experiments reported in this 

chapter were designed to probe each aspect of the model and verify or extend our 

knowledge of the mechanisms of vascular and immunological preconditioning. 

 

Tumor localization of CYT-6091 

We first verified that intravenously injected gold nanoparticles were getting to the tumor 

tissues in vivo by examining histological sections of the tumor harvested 4 hrs after 

nanoparticle injection. CYT-6091 nanoparticles were visualized in tumor sections by 

silver enhancement which precipitates silver on gold nanoparticles to enable visualization 

by light microscopy. Tumor localization of CYT-6091 nanoparticles 4 hrs after i.v. 

injection was confirmed on H&E stained sections for DSFC (Figure 3.1A) and hindlimb 

(Figure 3.1B) LNCaP tumors. In both tumors at 4 hrs, nanoparticles were found in the 

vascular and perivascular regions with little or no extravasation into the interstitial space. 

CD31 IHC and silver enhancement of these tumors showed that the nanoparticles were in 

close proximity and interacting with the tumor endothelium (Figure 3.1C). Tumor 

sections analyzed at 24 hrs after CYT-6091 injection showed nanoparticles both in the 

perivascular region and extravasated out into the tumor interstitium. Localization of the 

nanoparticles to the tumor endothelium is expected as TNF present on CYT-6091 
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nanoparticles acts as a ligand for TNFR1 receptors present in abundance on tumor 

endothelial cells [134]. 

 

Effect of NP preconditioning on tumor endothelial NFκB activation 

After verifying that CYT-6091 localized to the tumor, we tested the next step in the 

model which is endothelial NFκB activation. Previous work in our lab has implicated the 

TNF-α mediated NFκB inflammatory pathway as being essential for preconditioning of 

cryosurgery by topical administration of native TNF-α [66]. It was also shown that NFκB 
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Figure 3.1. Localization of CYT-6091 nanoparticles around the vasculature of LNCaP tumors. A, B) H&E sections of DSFC (A) and 
hindlimb (B) 4 hrs after i.v. injection of CYT-6091. C, D) CD31 IHC sections of LNCaP tumors 4 hrs (C) and 24 hrs (D) after i.v. 
injection of CYT-6091. Black areas/specks on the sections indicated by arrows are silver precipitates on the gold nanoparticles. * 
indicates an area with extravasated nanoparticles seen as tiny black specks in the tumor interstitium. 
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activation was upregulated throughout the DSFC tumor tissue (i.e. tumor, endothelial and 

fibroblast cells) 4 hrs after topical administration of 200 ng of native TNF-α [91]. In this 

study, CYT-6091 nanoparticles were injected intravenously and showed negligible 

extravasation out of the tumor vasculature at 4 hrs indicating that the actions of TNF-α on 

the nanoparticle are mainly directed towards the tumor endothelium. Thus the number of 

NFκB positive endothelial nuclei per tumor vessel was compared between control and 

CYT-6091 treated tumors at 4 hrs. No difference was present in tumor endothelial NFκB 

activation between control (3.13 ± 0.14 positive nuclei/vessel) and CYT-6091 (3.07 ± 

0.39) groups (Figure 3.2). 

 

Molecular inhibition of NF κB and VCAM-1 

To further understand the role of the NFκB pathway in NP preconditioning molecular 

inhibition studies of NFκB and VCAM-1 was carried out. Previous work in our lab has 

shown that molecular inhibition of the NFκB pathway using BAY 11-7085 reduces the 

enhancement of cryosurgical injury in DSFC LNCaP tumors by preadministration of 200 

ng of topical TNF [66]. This led to the theory that the NFκB pathway is critical for the 

preconditioning response by TNF. We first sought to verify these findings by repeating 

the inhibition study using topical TNF. As expected, topical administration of 200 ng of 

TNF 4 hrs prior to cryosurgery significantly increased the vascular stasis area at Day 1 

and 3 compared to cryosurgery alone (Figure 3.3A). BAY-11-7085 administration prior 

to TNF delivery reduced this enhancement of the cryosurgical injury response at Day 3 

(Figure 3.3A). The vascular stasis area decreased from 53.3 ± 0.7 mm2 with TNF  
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Figure 3.2. Effect of NP preconditioning on tumor endothelial NFκB activation. DSFC 
LNCaP tumor tissues were costained using CD31 and NFκB p65 specific antibodies 
along with hematoxylin nuclear counterstaining. Sections were digitized and markup 
images (B) depicting overlap of stains were generated. Black regions in the markup 
image indicate NFκB positive endothelial nuclei which were compared between control 
and CYT-6091 treated tumors (C). 
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Figure 3.3. Molecular inhibition of NFκB activation. A) Inhibition of NFκB activation 
using BAY 11-7085 reduces the enhancement of cryosurgical injury by topical TNF 
delivery in DSFC LNCaP tumors. B) Inhibition of NFκB activation using BAY 11-7085 
does not reduce NP preconditioning mediated enhancement of cryosurgical injury in 
DSFC LNCaP tumors. 
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preconditioning to 44.4 ± 1.3 mm2 with NFκB inhibition (p<0.05). This decrease in 

vascular stasis area correlated with a decrease in the histological stasis areas from 47.7 ± 

3.0 mm2 with TNF preconditioning to 36.52 ± 5.0 mm2 with NFκB inhibition (p<0.05). 

  

 Having verified that NFκB inhibition worked for native TNF, we sought to test 

whether NFκB inhibition would reduce nanoparticle TNF mediated enhancement of 

cryosurgical injury. Vascular stasis area of 60.3 ± 4.9 mm2 was obtained with CYT-6091 

preconditioning which was not significantly reduced by NFκB inhibition, 60.5 ± 4.6 mm2 

(p>0.05) (Figure 3.3B). This was confirmed by measuring the histological stasis area 

which correlated well with the vascular stasis area and also showed no significant 

attenuation of the cryosurgical injury due to NFκB inhibition (Figure 3.3B). 

 

 NFκB is a potent upregulator of inflammatory pathways and in particular leads to 

upregulation of cell adhesion molecules such as ICAM-1 and VCAM-1 that are important 

for recruitment of leukocytes [135]. Our lab has shown that antibody inhibition of 

VCAM-1 administered 4 hrs after topical TNF administration to DSFC LNCaP tumors 

reduces the enhancement of cryosurgical injury (Jiang et al., unpublished results). 

However, VCAM-1 inhibition failed to reduce nanoparticle preconditioning mediated 

enhancement of cryosurgical injury at Day 3 after therapy (Figure 3.4). Interestingly, the 

vascular stasis area obtained at Day 1 with VCAM-1 inhibition (40.9 ± 1.6 mm2) was 

lower than the CYT-6091 group (60.3 ± 4.9 mm2, p<0.05) indicating that although 

VCAM-1 inhibition delayed the development of the cryosurgical lesion it could  
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Figure 3.4. VCAM-1 antibody inhibition. Monoclonal antibody mediated inhibition of 
VCAM-1 does not reduce NP preconditioning mediated enhancement of cryosurgical 
injury in DSFC LNCaP tumors. 
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not reduce the maximum extent of injury obtained at Day 3. Taken together these results 

implicate a lesser role, if any, for NFκB activation pathway in NP preconditioning 

compared to preconditioning by topical delivery of native TNF. 

 

NP preconditioning induced tumor vascular hyperpermeability 

Farma et al have previously demonstrated that intravenously administered native TNF-α 

and CYT-6091 induces vascular hyperpermeability in vivo in a TNF-sensitive MC38 

tumor cell line [83]. We sought to qualitatively verify these findings in our DSFC LNCaP 

tumor model. Tumor vasculature was monitored by fluorescence imaging using i.v. 

injection of 70kDa FITC-dextran between 1-2 hrs after systemic administration of CYT-

6091 (5 µg TNF-α) and topical administration of 200 ng of native TNF-α separately. 

Both CYT-6091 and native TNF-α induced a robust vascular leak of FITC-dextran dye 

from the tumor vasculature (Figure 3.5). As expected, the intravascular fluorescence 

intensity of imaged tumor vessels diminished over time while extravascular fluorescence 

increased, causing the image to get blurry.  

 

Effect of NP preconditioning on tumor vessel size 

CD31 stained tumor sections showed dilated microvessels in the CYT-6091 treated group 

compared to control (Figure 3.6A,B). A microvessel analysis algorithm was used to  

 

 

 



 

80 

 

 

 

 

 

Figure 3.5. Effect of nanoparticle preconditioning on tumor vascular hyperpermeability. 
Topical and nanoparticle (CYT-6091) delivery of TNF-α induces vascular leak of 
macromolecules (70 kDa FITC-dextran) within 2 hrs of administration. FITC-dextran 
was intravenously injected 1 hr after TNF-α administration. 10, 30 and 60 minutes refer 
to time points after FITC-dextran injection. 
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Figure 3.6. Effect of NP preconditioning on vessel size of DSFC LNCaP tumors. A) 
CD31/NFκB costained section of control tumor. B) CD31/NFκB costained section of 
CYT-6091 treated tumor. C) Summary of lumen areas obtained for control and CYT-
6091 groups. D) Histogram of lumen areas binning fraction of all vessels analyzed in 
each group into 5 µm2 intervals. 
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quantify the change in tumor vessel size 4 hrs after systemic administration of CYT-

6091. Over 5000 vessels were analyzed in each group and a significant increase in vessel 

lumen area was obtained in the CYT-6091 group (41.10 ± 0.94 µm2) compared to control 

(36.03 ± 0.94 µm2, p<0.001) (Figure 3.6C). Histograms of the lumen areas generated for 

both groups showed a clear shift towards higher values for the CYT-6091 group (Figure 

3.6D). These results are similar to previous results reported by our group i.e. TNF 

induces vasodilation of tumor blood vessels [118]. In that study Chao et al reported a 1.5-

fold increase in the vessel diameter which would correspond to a 2.25-fold increase in the 

lumen area. However, in that study 0.2ng of native TNF was delivered topically on the 

DSFC tumor. Also their estimates were based on visual observation of changes in vessel 

diameter and not detailed histological analysis as was done in the present study.  

 

NP preconditioning induced tumor perfusion drop and fibrin formation 

Our lab has previously shown that CYT-6091 elicits an 80% drop in perfusion of SCK 

and FSaII tumors using a rubidium uptake method however until now we have not 

studied the effect of nanoparticle administration on LNCaP tumor perfusion [67, 68]. 

Tumor perfusion was studied by measuring microbead accumulation in hindlimb tumor 

tissue at specific time points after nanoparticle administration (Figure 3.7). 4 hours after 

injection of CYT-6091 (5 µg TNF-α), tumor perfusion dropped to 19.8 ± 8.2% of 

controls (p = 0.002). This drop in perfusion persisted up to 6 hrs (16.1 ± 6.1%) after 

nanoparticle injection. Increasing the dose of CYT-6091 to 10 µg TNF-α, did not drop 

tumor perfusion further at 6 hrs (19.9 ± 6.6%). Interestingly, AuPEG also dropped tumor  
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Figure 3.7. Effect of nanoparticle preconditioning on hindlimb LNCaP tumor perfusion. 
Data presented as mean ± SE. (* indicates that values of all groups are statistically lower 
than control, p < 0.05) 
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perfusion to 58.2 ± 15.3% 4 hrs after injection (p = 0.01). The perfusion drop induced by 

CYT-6091 at 4 hrs was accompanied by enhanced fibrinogen staining in DSFC tumors 

(Figure 3.8). Numerous regions of petechial hemorrhage were also present in CYT-6091 

treated tumor sections. These results are in agreement with regions of complete vascular 

stasis observed within DSFC LNCaP tumors at 4 hrs after CYT-6091 administration (data 

not shown). 

 

Role of neutrophils in NP preconditioning 

The role of inflammatory cells especially neutrophils in determining the maximum extent 

of the cryosurgical lesion is well documented [136]. However the functional role of 

neutrophils in NP preconditioning is still unclear. Previous data from our lab showed an 

increased recruitment of inflammatory infiltrate into DSFC LNCaP tumors 4 hrs after 

topical administration of 200 ng native TNF [91]. This was accompanied by significantly 

higher recruitment of neutrophils in the inflammatory zone of the Day 3 cryolesion with 

TNF preconditioning compared to cryosurgery alone [91]. We hypothesized that 

increased recruitment of neutrophils is essential for the enhanced cryosurgical lesion due 

to NP preconditioning. 

 

 We first investigated the recruitment of neutrophils to DSFC LNCaP tumor tissue 

during the 4 hour period after CYT-6091 administration by myeloperoxidase staining. 

The number of neutrophils (average count of MPO positive cells in 5 random high power 

fields in at least 4 tumor samples), present in tumor tissues was small and no significant 
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Figure 3.8. Effect of nanoparticle preconditioning on fibrin(ogen) deposition in DSFC 
LNCaP tumors. Fibrinogen stained sections of DSFC LNCaP tumors with and without 
CYT-6091 preadministration are shown. Data presented as mean ± SE. (*, p < 0.05) 
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differences were observed between neutrophil numbers in control tumors (0.60 ± 0.35) or 

tumors injected with AuPEG (1.50 ± 0.41) or CYT-6091 (1.10 ± 0.26) for 4 hrs (Figure 

3.9). 

 

 Next, we tested the functional role for neutrophils in NP preconditioning by 

systemic depletion of neutrophils prior to CYT-6091 injection and cryosurgery. Systemic 

depletion of circulating neutrophil numbers by i.p. injection of anti-Ly6G (RB6-8C5) 

antibody was confirmed (Figure 3.10). Neutrophil counts in mouse blood decreased to 

11.2 ± 3.5% of baseline values 24 hrs after antibody injection. Neutrophil counts 

recovered to baseline values within 4 days of antibody injection (Figure 3.10). To test the 

role of neutrophils in NP preconditioning, RB6-8C5 antibody was administered 24 hrs 

prior to CYT-6091 injection to deplete circulating neutrophil numbers prior to NP 

preconditioning. Cryosurgery was performed in neutrophil-depleted mice 4 hrs after 

CYT-6091 injection. Systemic neutrophil depletion did not reduce nanoparticle 

preconditioning mediated enhancement of cryosurgical injury at Day 1 or Day 3 after 

therapy (Figure 3.11). Vascular stasis area of 60.3 ± 4.9 mm2 was obtained with CYT-

6091 preconditioning which was not significantly decreased by neutrophil depletion, 60.2 

± 2.6 mm2 (p>0.05) (Figure 3.11). This was confirmed by measuring the histological 

stasis area which correlated well with the vascular stasis area and also showed no 

significant attenuation of the cryosurgical injury due to neutrophil depletion (Figure 

3.11). 
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Figure 3.9. Neutrophil recruitment during NP preconditioning. A) High field power count 
of myeloperoxidase (MPO) positive cells i.e. neutrophils during NP preconditioning. B) 
Representative image of DSFC LNCaP tumor containing MPO positive cells. 
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Figure 3.10. Anti-Ly6G Ab depletes circulating neutrophils in vivo. 150 µg of RB6-8C5 
Ab was injected i.p. into nude mice and serial blood draws from facial vein was done 
over 4 days and circulating neutrophil number obtained using an automated blood cell 
counter. 
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Figure 3.11. Neutrophil depletion does not reduce NP preconditioning mediated 
enhancement of cryosurgical injury. 
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 Lastly, we analyzed neutrophil recruitment in the cryosurgical lesion at Day 3 

following DSFC LNCaP tumor cryosurgery. The following groups were compared: a) 

Cryo only (cryosurgery alone), b) Cryo + CYT-6091 (CYT-6091,5 µg TNF, i.v. injection 

4 hrs prior to cryosurgery), c) Cryo + CYT-6091 + Neutrophil depletion (systemic  

neutrophil depletion 24 hrs before CYT-6091,5 µg TNF, i.v. injection followed 4 hrs later 

by cryosurgery), and d) Cryo + TNF (TNF,200 ng µg TNF, topical administration 4 hrs 

prior to cryosurgery). Representative cross sections of the Day 3 lesions are presented in 

Figure 3.12 with the corresponding neutrophil counts in Figure 3.13. The cryo only 

lesion showed the characteristic histologic zones associated with cryosurgical injury i.e. a 

central necrotic zone adjacent and concentric to the cryoprobe tract surrounded by a band 

of inflammatory infiltrate, zone of thrombosis/ischemic necrosis and viable tumor tissue. 

The cryo + CYT-6091 lesion was markedly different with a large central necrotic zone 

surrounded by a thin band of inflammatory infiltrate and viable tumor tissue. The number 

of neutrophils present in the inflammatory band was not different in the cryo + CYT-

6091 group (15020 ± 5964) compared to the cryo only group (39651 ± 10371). In the 

cryo + CYT-6091 + neutrophil depletion group a similar trend was seen with a larger 

central necrotic zone surrounding the cryoprobe tract and a thin inflammatory band on 

the boundary of the viable tumor tissue. The cryo + TNF group had a central necrotic 

zone larger than the cryo only group but smaller than the CYT-6091 treated groups. This 

group had a broad dense inflammatory band with a large number of neutrophils that was 

substantially higher than the other three groups (Figure 3.13). To summarize, we 

obtained a larger central necrotic zone in the CYT-6091 treated  
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Figure 3.12. Neutrophil recruitment in the cryosurgical lesion at Day 3 following DSFC LNCaP tumor cryosurgery. Representative 
MPO stained sections are shown for each group. (Scale bar = 500 µm) 
 



 

92 

 

 

 

 

 

Figure 3.13. Neutrophil counts in histological zones of the cryosurgical lesion at Day 3 
following DSFC LNCaP tumor cryosurgery. (*, p<0.05) 
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group with a low number of neutrophils compared to a slightly smaller central necrotic 

zone in the topical TNF treated group but with a large number of neutrophils. 

 

Non-invasive luminol bioluminescence imaging of neutrophil recruitment following 

thermal therapy in hindlimb LNCaP tumors 

Based on our previous preconditioning work with topical TNF preconditioning yielding a 

dense inflammatory infiltrate at day 3, we hypothesized that any increase in the 

inflammatory infiltrate brought about by NP preconditioning can be non-invasively 

monitored and quantified by luminol bioluminescence imaging [91, 112]. Luminol is a 

redox-sensitive compound that upon systemic administration reacts specifically with 

myeloperoxidase to emit blue luminescence [112]. We sought to utilize this feature of 

luminol to non-invasively image neutrophil infiltration into the thermal lesion. Following 

hindlimb LNCaP tumor cryosurgery or high-temperature thermal therapy with or without 

nanoparticle preconditioning, mice were injected with luminol on Day 1, 3 and 7 

following therapy and the bioluminescence emitted from the tumor region was imaged 

and quantified (Figure 3.14). Although a bioluminescent signal was present and easily 

imaged, no clear statistically significant trends are exhibited in either cryosurgery or HTT 

groups. Taken together with the previous set of experiments, the role of neutrophils in NP 

preconditioning seems to be limited. 
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Figure 3.14. Luminol bioluminescence imaging of hindlimb LNCaP tumors post 
cryosurgery (A) or high-temperature thermal therapy (B) with and without nanoparticle 
preconditioning. 
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3.4. CONCLUSIONS 

 

The model for NP preconditioning proposed originally (see Figure 1.4, Chapter1) was 

changed based on the experimental results obtained in this chapter (Figure 3.15). One 

major change was that the endothelial event leading to downstream changes in tumor 

vascular permeability and perfusion is not endothelial activation of NFκB. The lack of 

difference in number of NFκB positive nuclei together with the results of the molecular 

inhibition studies of NFκB and VCAM-1 support this claim. In addition, the role of 

neutrophils seems to be non-essential for NP preconditioning indicating that vascular 

events dominate the preconditioning mechanism. The induction of vascular 

hyperpermeability in tumor tissue has significant implications in clinical imaging and 

combination therapy with chemotherapeutics as discussed later. The dramatic 80% drop 

in perfusion seen in other tumor models was demonstrated between 4-6 hrs after CYT-

6091 injection in LNCaP tumors as well. The differences seen in the preconditioning  

responses of native TNF and CYT-6091 to molecular inhibition studies and neutrophil 

recruitment is likely due to the differences in delivery method (topical vs i.v.) and 

effective dose interacting with the tumor tissue. 200 ng of native TNF administered 

topically yields a much higher effective dose of TNF when compared to 5 µg of 

nanoparticle bound TNF delivered systemically. Also, topical delivery of native TNF 

leads to direct exposure of tumor cells to a high dose of exogenous TNF which could 

make them more susceptible to a secondary challenge i.e. thermal therapy. 
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Figure 3.15. Revised Mechanism of Preconditioning with TNF-α Tagged Gold 
Nanoparticles. 
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Chapter 4: Use of Tumor Necrosis Factor–alpha-coated Gold 
Nanoparticles to Enhance Radiofrequency Ablation in a Translational 

Model of Renal Tumors 
 

This chapter describes the first use of nanoparticle preconditioning to enhance thermal 

therapy (radiofrequency ablation) in a translational tumor model. This chapter was 

published in the following citation. The article is reproduced with permission from 

Elsevier: 

 

• Pedro RN, Thekke-Adiyat K, Goel R, Shenoi M, Slaton J, Schmechel S, Bischof 

J, Anderson JK. Use of tumor necrosis factor-alpha-coated gold nanoparticles to 

enhance radiofrequency ablation in a translational model of renal tumors. 

Urology. 2010 Aug;76(2):494-8. 
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4.1. INTRODUCTION 

 

The treatment of renal cell carcinoma (RCC) has progressed rapidly from the use of 

radical nephrectomy as the sole surgical treatment option to the increasing use of thermal 

ablative technologies, such as radiofrequency ablation (RFA) today. However, the use of 

nephron-sparing surgical treatment options has remained limited [137]. Ablative 

treatments such as RFA offer a minimally invasive and technically simple therapeutic 

option for small renal tumors. However, the number of tumors amenable to ablative 

therapies is limited because of restrictions on tumor size, relation to renal hilar structures, 

and tumor proximity to adjoining vital organs [138]. 

 

Studies of high temperature thermal lesions have demonstrated that there are 

specific zones of cell injury as distance from the thermal probe increases [139, 140]. The 

inner zone (closer to the RFA probe) experiences the highest temperatures and comprises 

complete cell death. Coagulative necrosis is the landmark of this area. Next is a 

noticeable rim of thrombosis and vascular congestion. Grossly, a red halo is easily seen 

surrounding the margins of the inner paleo-area of necrosis. External to this line of 

thrombosis, there is another layer of edema, inflammation, and partial cell injury amid 

viable cells. This is the incomplete kill zone, where there is a mixture of viable and 

nonviable cells. Beyond this zone, cellular viability remains intact. 
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To adequately treat a renal lesion with RFA, it is necessary to push the region of 

total cell death beyond the margin of the tumor. Unfortunately, the heat-induced injury 

within the incomplete kill zone extends even farther. Patient selection for percutaneous 

RFA becomes very important to limit damage to nearby vital organs, such as intestine, 

because heat-induced injury must extend well beyond the tumor edge. Previous efforts 

using liposomal doxorubicin attempted to increase the size of the complete cell death 

zone, but this technique has had limited clinical application [141]. 

 

The possible solutions for augmenting thermal injury without increasing the 

energy deposition are to reduce tumor blood flow before heating and to increase the 

thermal sensitivity of the tumor and the tumor endothelium. Tumor necrosis factor–α 

(TNF-α) is of particular interest because it can affect both the cell and vasculature of the 

tumor with high potency. Unfortunately, systemic administration of TNF has dose-

limiting toxicity; therefore, there is a need for selective tumor delivery of TNF to 

minimize systemic toxicity. Recently, gold nanoparticle-TNF-α — a delivery system 

capable of escaping phagocytic clearance by the reticuloendothelial system — has been 

investigated [74]. It showed that the gold nanoparticles preferentially extravasated the 

tumor vasculature to accumulate TNF within the tumor interstitium while concomitantly 

reducing the accumulation of TNF in healthy organs that maintain greater control of 

vascular permeability, consequently limiting the systemic toxic effects [74]. 
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Based on the aforementioned premise, our goal was to investigate TNF-α–coated 

gold nanoparticles in a rabbit animal model as a novel molecular adjuvant to enhance 

RFA in the kidney. Our hypothesis was that use of this novel nanoparticle would 

minimize the size of the incomplete kill zone and thus maximize the volume of complete 

cell death. 

 

4.2. MATERIALS AND METHODS  

 

VX2 Carcinoma: Tumor Implantation 

After we received approval from our Institutional Animal Care and Use Committee was 

obtained, New Zealand female rabbits weighing 2.2-2.7 kg were implanted with VX2 

tumor in the hind limb or kidney. The animals were first anesthetized with an 

intramuscular injection of a solution containing ketamine (40 mg/kg), xylazine (5 mg/kg), 

and acepromazine (1 mg/kg), and they were then intubated and maintained on anesthesia 

for the surgical procedure by administering 0.75% isoflurane with 1 L/min of oxygen. 

Standard perioperative monitoring was performed. Because the VX2 tumors cannot be 

propagated in vitro using standard cell culture methods, the tumors were expanded in a 

subgroup of our animal model. This was done in vivo in the hind limb of our animal 

model by implanting a 1-mm3 tumor fragment under the fascia of the hind limb 

musculature. Tumors were harvested 2-3 weeks after implantation when a grossly visible 

and palpable mass of not, vert, similar3-cm diameter was obtained. The animal was then 

sacrificed and harvested tumors were sliced into 1-mm3 fragments, frozen, and stored in 
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sterile conditions within 1 mL of phosphate-buffered saline solution at −70°C for future 

use. For tumor implantation in the kidneys, a midline abdominal incision was made and 

both kidneys were exposed. A 1-mm3 piece of VX2 tumor was then implanted in the 

subcapsular region of the lower pole of the right kidney to prevent liver adhesions and the 

upper pole of the left kidney. 

 

Radiofrequency Ablation 

To achieve an optimal size of the tumor for ablation, a pilot study of 10 animals (20 

kidneys) were implanted with VX2 tumors, and the diameter of the tumor on the cortical 

surface was measured using digital calipers at various time points after implantation. 

Radiofrequency ablation was performed after induction and maintenance of anesthesia as 

described before. The midline abdominal incision was reentered and the renal tumor mass 

was isolated from the surrounding organs and tissues. A modified 4-tine RF electrode 

(Starburst SDE, Rita Medical Systems, Mountain View, CA) and standard generator 

(1500× generator Rita Medical Systems) were used. The only modification to the 

electrode was to cut the central fixed tine 4 mm from its base. The target temperature, 

ablation time, and length of the probe tines were the 3 variables of the RFA system that 

could be adjusted to attain a desired ablation area. Care was taken to insert the probe into 

the tumor mass perpendicular to the cortical surface of the tumor. Our goal was to create 

a thermal injury zone that was contained within the tumor. This was achieved with the 

following settings: target temperature of 60°C, treatment time of 2 minutes, and tine 

deployment of 7 mm. The size and morphology of the ablation area with these settings 
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were consistently reproduced in multiple trials and used in the final treatment groups 

described next. Data from this pilot group was used solely to determine optimal RFA 

settings and timing of optimal tumor growth. 

 

Nanoparticle Description 

CYT-6091 (CytImmune Sciences, Rockville, MD) is a multivalent drug consisting of a 

nanoparticle of colloidal gold bonded to not, vert, similar400 TNF-a molecules and thiol-

derivatized polyethylene glycol (PEG). The gold core of the nanoparticle is 30 nm, 

whereas the PEG brush layer extends another 10 nm from the surface and assists the 

particle in avoiding the reticuloendothelial system (RES), thereby passively accumulating 

in the leaky tumor microvasculature and allowing active binding of the TNF-a with tumor 

cells [74, 79]. 

 

Treatment Groups 

RFA only 

Ten kidneys with VX2 tumor were treated with RFA 10-14 days after the implant (see 

result on optimal tumor growth). The settings used for the ablation were 60°C target 

temperature for 2 minutes and tine deployment of 7 mm, for the reasons mentioned 

before. The tumors were easily located after exposure of the kidneys and the RFA probe 

was inserted into the center of the visible tumor mass on the surface of the kidney. 

 

Nano only 
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Ten kidneys with VX2 tumor were treated only with CYT-6091 10-14 days after the 

implant. The drug was administered intravenously 4 hours before the surgical procedure 

at a dose of 200 µg/kg. This dose has previously been shown to enhance thermal 

therapies in various preclinical tumor models [67, 68, 84]. The surgical procedure 

comprised only dissection and exposure of the kidney and visualization of the tumor 

mass, without any invasive manipulation. 

 

RFA plus Nano 

Ten kidneys with VX2 tumor were treated with RFA in addition to CYT-6091 10-14 days 

after the implant. The drug was administered intravenously 4 hours before the surgical 

procedure at a dose of 200 µg/kg. The surgical procedure comprised kidney dissection 

and tumor identification. RFA was performed as described previously. 

 

Sham 

Seven kidneys with VX2 tumor were used in the sham group. These animals did not 

receive either RFA treatment or CYT-6091. The same surgical steps were performed in 

these animals as for the aforementioned groups. VX2 tumor was implanted into the 

kidneys and allowed to grow for 10-14 days. The sham procedure comprised only 

dissection and broad exposure of the kidney and visualization of the tumor mass, without 

any invasive manipulation. 

 

Postablation Monitoring and Postsacrifice Analysis 
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From the injection of CYT-6091 through the perioperative period after the RFA 

procedure, the blood pressure, oxygen saturation, and temperature were monitored. 

Subsequently, the rabbits were checked daily for signs of malaise, poor appetite, low 

activity level, respiratory difficulty, or other signs of systemic illness. Postoperative 

monitoring was done with the intent of identifying side effects caused by CYT-6091. 

Necropsy was performed 4 days after the procedure. Using the initial pilot study rabbits, 

an initial histologic analysis was done at various time points ranging from 1-7 days to 

determine the optimal time after ablation for histologic analysis. At 4 days post ablation, 

the different zones of cell injury could be identified easily within the treatment area on 

hematoxylin and eosin (H&E) staining. A single pathologist with significant experience 

in thermal injury histology reviewed all slides and was blinded to the treatment groups. 

 

The kidneys were harvested, immediately bivalved, and cut into 3-mm-thick 

slices perpendicular to the probe track. The tissue sections underwent overnight formalin 

fixation and standard histologic processing with H&E staining. The slides were scanned 

at a magnification of 20× using an Aperio scan scope CS scanner (Aperio Technologies, 

Vista, CA). The zones of complete cell death and total thermal injury (zone of complete 

cell death plus zone of incomplete cell death) were measured from the center of probe 

tract using the scanned images. The zone of complete cell death was measured from the 

center of the probe to the first viable cell (Figure 4.1). The zone of thermal injury was 

measured from the probe center to the last dead cell. The zone of incomplete cell death  
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Figure 4.1. Microscopic findings: tips of arrows show the area corresponding to the 
beginning of the hemorrhagic rim and the end of the complete cell death zone. The stars 
mark the end of the thermal injury. The central necrotic area is demarked as Nec. The 
difference in the diameter of the zone of incomplete cell death (zone between the arrows 
and stars) is noticeably different between (A) RFA only and (B) RFA plus CYT-6091. 
Scale Bar as shown. 
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was defined as the area between the margins of these 2 zones. The measurements were 

performed using Aperio Image scope software (v. 9.0.19.1516). Tumor volumes were 

estimated with the equation of an ellipsoid volume = length × width × height × 0.52 

[142]. The different thermal injury zone volumes were calculated for each 3-mm 

histologic slice cut from the tumor specimen. The volume for each zone for each 3-mm 

slice was then summed to achieve the total volume for that respective zone. Values are 

reported with 95% confidence intervals. Two-tailed Student's t-test was conducted to 

determine statistical significance between different groups; P < .05 was considered 

significant. 

 

4.3. RESULTS 

 

Assessment of the Ideal Tumor Size for RFA 

The ideal tumor for testing the enhancement effect of CYT-6091 would be a firm, intact, 

solid mass contained within the renal capsule of the largest diameter possible, without 

gross evidence of necrosis or distant metastases. Between days 10-14 after implantation, 

the tumors reached 5-10 mm in diameter (average 7.4 ± 0.8 mm). After day 20 of tumor 

implantation, the tumor growth appeared exponential, eventually attaining diameters of 

20-30 mm, frequently with peritoneal carcinomatosis and grossly visible tumor necrosis. 

Hence, the day 14 time point after implantation was chosen for administration of 

treatments in the various groups. 
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Macroscopic Findings 

Four days after the treatments, the kidneys treated with RFA with or without CYT-6091 

preadministration had ellipse-shaped ablation areas that on sectioning revealed concentric 

lesions extending from the capsule to the renal medulla. The following components could 

be identified on the gross cross section of the ablation area: (A) a large central pale-area 

surrounded by (B) a dark red rim, and (C) another pale-outer layer (Figure 4.2). No such 

lesions were evident in the sham or Nano-only groups. Nevertheless, tumor growth was 

altered by the administration of the nanoparticle. The average volume of the tumor mass 

in the sham group was 0.80 ± 0.14 cm3, whereas the Nano-only group presented a tumor 

volume of 0.54 ± 0.37 cm3 (P = .038) on necropsy 4 days after treatment. 

 

Microscopic Findings 

Distinct histologic regions of the thermal lesion were evident on H&E-stained sections of 

the RFA-treated kidneys. These regions occurred concentric to the location of the RFA 

probe tract and were similar in shape and size to the macroscopically observed discolored 

lesions. The region immediately adjacent to the probe tract was comprised mostly of cell 

debris with complete absence of viable tubular or tumor cells. Few scattered 

inflammatory cells were also present in this region. This zone was characteristic of 

coagulative necrosis and labeled the complete cell death zone. The volume of this zone in 

the RFA + Nano group was significantly greater than the RFA-only group (0.30 ± 0.07 vs 

0.23 ± 0.03 cm3, P = .03) (Figure 4.3). This corresponds to a 23.3% increase in volume 

of the complete cell death zone in the RFA + Nano group. 
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Figure 4.2. Macroscopic findings. (A) With RFA alone the hemorrhagic rim is embraced 
by a wide white external layer, both surrounding a central necrotic area. (B) With RFA 
plus CYT-6091 the external layers are narrower and more easily defined. 
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Figure 4.3. Volumes of different thermal injury zones in the RFA only versus RFA plus 
CYT-6091 based on microscopic measurements. Error bars represent 95% confidence 
intervals. 
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The dark red rim observed macroscopically corresponded with a band of vascular 

congestion and thrombosis, which coincided with the beginning of the incomplete cell 

death zone in all RFA-treated kidneys. The volume of the incomplete cell death zone in 

the RFA + Nano group was significantly smaller than the RFA-only group (0.08 ± 0.02 

vs 0.13 ± 0.05 cm3, P = .01), a decrease of 38.4%. Interestingly, there was no significant 

difference in the volumes of the total thermal injury zone between the RFA-only and the 

RFA + Nano groups (0.38 ± 0.07 vs 0.36 ± 0.08 cm3, P = .98). 

 

4.4. COMMENT 

 

Compared with conventional surgical treatments of RCC, RFA offers many advantages. 

It can be delivered via a percutaneous technique that is relatively easy to learn and has 

few complications and low patient morbidity [143, 144]. However, there are limitations 

with this treatment that include difficulty treating tumors >4 cm in diameter, difficulty 

treating tumors that abut vital anatomic structures, and incomplete ablation rates of up to 

9.1% [138]. Although resolution of all of these problems will likely require 

improvements in ablation device design and radiologic monitoring of ablation, the use of 

an adjuvant agent to enhance the thermal ablation is an appealing option. Previous 

authors have investigated a number of different means of achieving this goal. Initially 

mechanical means were used to occlude vascular flow into the kidney at the time of 

ablation. This unfortunately led to an unpredictable and uncontrollable ablation [145]. 

Further efforts were focused on pharmacologic manipulation. Arsenic trioxide, liposomal 
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doxorubicin, and sorafenib have all been studied as adjuvants to RFA in the kidney. 

These adjuvants are directly cytotoxic to tumor cells (doxorubicin) or tumor vasculature 

(sorafenib). In normal rabbit kidney tissue, Ahmed et al. found that injection of liposomal 

doxorubicin 30 minutes after RFA resulted in a significantly larger ablation (11 vs 7.9 

mm, P = .026), but in contrast to our findings, the hemorrhagic rim expanded with the 

adjuvant as opposed to decreasing in size [146]. The authors speculated that RFA causes 

increased accumulation of liposomal doxorubicin in the tumor tissue and causes direct 

cytotoxicity of tumor cells. More recently, the same group investigated sorafenib in a 

murine RCC animal model. Here tumors were implanted subcutaneously on the 

abdominal wall. Again, the addition of an adjuvant increased the RFA size significantly 

from 6.7 to 11.1 mm (P < .01) [147]. However, sorafenib needed to be administered daily 

until a minor reduction in tumor size was observed before administering RFA therapy. 

Despite this promising in vivo work, these adjuvants are not yet commonly used 

clinically. 

 

Here we propose a novel nanoparticle-based adjuvant, CYT-6091, for enhancing 

renal RFA. This nanoparticle has been previously well studied in vivo and in an early 

phase I clinical trial. Initially, TNF-α was studied as an adjuvant thermal ablation agent. 

However, resulting systemic effects were prohibitive. Thus, TNF-α was bonded to gold 

nanoparticles in the hopes of maximizing tumor delivery and minimizing systemic effects 

[74]. An initial phase I clinical trial has been done using CYT-6091 as a treatment 

(without ablation) for patients with solid organ tumors resistant to standard therapies. 
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Although this trial did not involve thermal ablation, it showed minimal to no systemic 

effects of CYT-6091 in 16 humans over a short course of treatment [69]. In regard to its 

thermal adjuvant properties, CYT-6091 has been tested in multiple animal tumor model 

systems. Visaria et al. demonstrated that pretreatment of both murine fibrosarcoma and 

murine mammary tumors with CYT-6091 before hyperthermia treatment lead to 

significant decreases in tumor volume relative to either CYT-6091 or hyperthermia alone 

[67, 68]. Interestingly, a similar effect can be seen with cryoablation as well. Goel and 

colleagues used a dorsal skin fold chamber to show that appropriate dosing of CYT-6091 

increases the threshold temperature for necrosis in LNCaP prostate cancer tumors during 

cryoablation from −14 to −1.5°C [84]. In contrast to the adjuvants described earlier, we 

believe that a single intravenous administration of appropriately dosed CYT-6091 

selectively presensitizes tumor vasculature to thermal cytotoxic effects thus enhancing 

the tumor destructive effects of RFA. As a corollary to our current study, we performed 

similar experiments using CYT-6091 with cryoablation as opposed to RFA. Due to 

difficulties with tumor regrowth into the ablation area it was not possible to confirm an 

enlarged ablation area, but we did see a marked change in metastasis rates with 8 out 10 

animals in the cryoablation only arm versus only 1 out of 10 animals in the CYT-6091 

plus cryoablation arm showing metastatic disease [109]. 

 

Our experimental model has a number of potential weaknesses. The clinical 

application of this technology is treatment of renal cell carcinoma, but no available 

animal model of renal cell carcinoma can support sufficient tumor growth within the 
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kidney to allow reproducible measurement of CYT-6091 induced changes in ablation 

volume. Thus, while CYT-6091 has shown effectiveness in a variety of tumors and both 

RFA and cryoablation, it is possible that its effects may differ with renal cell carcinoma. 

Finally, within this model we have not yet varied the administration timing or dosage of 

CYT-6091. Clearly, potential for changes in efficacy exist when moving to human trials. 

 

4.5. CONCLUSIONS 

 

In the current study we have demonstrated the efficacy of CYT-6091 in enhancing 

radiofrequency ablation in a translational kidney tumor model. While CYT-6091 

administration alone had a significant effect on reducing tumor volume, the combination 

of radiofrequency ablation and CYT-6091 produced the most significant results by 

increasing the size of the complete cell death (central necrosis) zone and minimizing the 

incomplete cell death zone within the thermal lesion. The potential usage of CYT-6091 to 

improve radiofrequency ablation of renal cell carcinoma merits further study. 

 

 

 

 

 

 

 



 

114 

Chapter 5: Conclusions  
 

This chapter summarizes all the data in the dissertation and proposes future avenues of 

investigation based on this work. 
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5.1. SUMMARY 

 

The research presented in this dissertation was based on the global hypothesis that 

nanoparticle preconditioning is mediated by vascular and immunological events which 

include tumor associated phenomena such as vascular leak and thrombosis and leukocyte 

recruitment occurring within the tumor tissue. In essence, this research has demonstrated 

that a vascular destructive agent, TNF, (which is toxic in its native form at the high doses 

required for anti-cancer efficacy) when tagged on to a gold nanoparticle is safely and 

selectively delivered to tumor tissues to initiate a wide range of biological effects that are 

of importance in combinatorial cancer therapy. This work is summarized below under the 

specific aims that guided the experiments: 

 

Specific Aim 1: Demonstrate enhancement of thermal therapy (heat and cold) by NP 

preconditioning in the same tumor model (Chapters 2 & 4, Appendices C & D). 

• NP preconditioning was shown to enhance cryosurgery and high-temperature 

thermal therapy (HTT) in a preclinical prostate cancer model in both 2D DSFC 

and 3D hindlimb tumor models with no systemic toxicity. 

• Thermal thresholds of injury were accentuated in both heat and cold thermal 

therapies by NP predconditioning.In the 2D DSFC model, NP preconditioning led 

to an 80% increase in the treated tumor volume by cryosurgery while a 61% 

increase was obtained with HTT. Conservative thermal threshold protocols (edge 

of tumor = iceball edge or 40oC) were followed for hindlimb thermal therapy 
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which still yielded a significant therapeutic effect (tumor growth delay) due to NP 

preconditioning. 

•  NP preconditioning was shown to enhance radiofrequency ablation (RFA) in a 

translational rabbit kidney tumor model also with no systemic toxicity. NP 

preconditioning of RFA resulted in a larger zone of central necrosis with a smaller 

transition zone while the total size of the ablation remained unchanged. 

• Cryosurgery in the translational rabbit kidney tumor model was marred by tumor 

regrowth into the lesion which confounded the histological measurements needed 

to show therapeutic benefit by NP preconditioning. However, a significant 

decrease in the rate of peritoneal metastases was observed with NP 

preconditioning of cryosurgery in the translational model. 

• An immunocompetent preclinical model (TRAMP-C2) was tested although 

technical difficulties with DSFC implantation and maintenance and rapid tumor 

growth kinetics precluded continuation of that line of work. 

 

Specific Aim 2: Characterize NP preconditioning events (Chapter 3) 

• A model was proposed and tested to explain the potential preconditioning 

mechanisms taking place in the tumor tissue prior to a secondary tumor challenge 

such as thermal therapy. 

• CYT-6091 was shown to localize in close proximity to the tumor endothelium 4 

hrs after systemic administration. 
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• Tumor endothelial NFκB activation was not significantly higher than controls at 4 

hrs after CYT-6091 administration and NFκB inhibition and VCAM-1 inhibition 

did not reduce NP preconditioning. 

• A significant 80% drop in tumor perfusion was demonstrated 4 hrs after CYT-

6091 injection that persisted up to at least 6 hrs. Doubling the dose of CYT-6091 

injected did not decrease the perfusion further implying that the maximum 

perfusion drop achievable had been achieved. 

• NP preconditioning was also associated with a rapid increase in tumor vascular 

permeability within 1-2 hrs of CYT-6091 injection. NP preconditioning also led 

to vasodilation and lumen areas of blood vessels were dilated by 14% at 4hrs 

after nanoparticle injection. 

 

Specific Aim 3: Assess role of leukocyte recruitment in NP preconditioning 

• To repeat, unlike topically delivered native TNF, NFκB and VCAM-1 inhibition 

did not reduce enhancement of cryosurgical injury. NFκB activation and VCAM-

1 upregulation are important events in the cascade of leukocyte recruitment. 

• NP preconditioning did not lead to increased leukocyte recruitment at 4 hrs after 

CYT-6091 administration. 

• About 85-90% systemic neutrophil depletion was achieved using an RB6-8C5 

antibody, however, this too did not reduce the enhancement of NP 

preconditioning. 
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• Lastly, the Day 3 cryosurgical lesion revealed an intense recruitment of 

leukocytes in tumors preconditioned with topical native TNF as compared to NP 

preconditioned tumors. However, both groups had enhanced cryosurgical injury. 

• Overall, there is little evidence supporting an important role for neutrophils in NP 

preconditioning. 

 

5.2. FUTURE DIRECTIONS 

 

Several new avenues of investigation have opened up since this work was begun even 

though the concept of preconditioning thermal therapy using a molecular adjuvant has 

been established and investigated in our lab over the past several years: 

 

1. The role of T cells and B cells in the host response to thermal injury cannot be 

discounted and development of an immunocompetent preclinical model is 

imperative for further development of the nanoparticle preconditioning concept. 

2. The induction of vascular permeability during NP preconditioning opens the door 

to combinatorial therapy with chemotherapeutics which suffer due to rapid efflux 

from tumor tissue leading to decreased therapeutic efficacy. NP preconditioning 

mediated selective induction of vascular leak could potentially lead to the 

accumulation of higher concentrations of chemotherapeutics within tumors and 

increase therapeutic efficacy. A pilot experiment combining doxorubicin and 
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CYT-6091 could be conducted in a preclinical model to test if this approach 

warrants further study. 

3. The vascular leak phenomenon could also be harnessed to increase delivery of 

nanoparticles into tumors. Indeed our biodistribution data shows that the presence 

of TNF on the gold nanoparticle increases its accumulation in tumor tissue. 

Experiments are currently being designed to quantify NP preconditioning 

mediated vascular leak using both small molecule and macromolecular dyes. The 

same approach can also be used to deliver a nanoparticle. 

4. NP preconditioning mediated vascular effects – perfusion drop and vascular leak 

– offer the opportunity to monitor preconditioning using clinical imaging 

technology. Our lab is currently testing the use of contrast enhanced ultrasound 

(CEUS) to image perfusion drop in AT-1 tumors in rats. Similarly, vascular leak 

offers the opportunity for imaging using CT or MRI with a small molecule 

contrast agent. Selective accumulation of the contrast agent within the tumor will 

essentially cause the tumor to “light up” on a CT or MRI scan. This approach 

would allow patient-specific planning and administration of a secondary tumor 

challenge to maximize therapeutic efficacy 

5. The present work demonstrated the impact (or lack thereof) of neutrophils in NP 

preconditioning. The next step would be to test the importance of circulating 

monocytes. Biodistribution data in our lab has shown that nanoparticles are taken 

up monocytes when they enter the systemic circulation. It would be interesting to 
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study the fate and activation status of monocytes that have taken up CYT-6091 

particles and if there is any impact on the tumor. 

6. Lastly, the present work strongly implicates that vascular mechanisms dominate 

NP preconditioning. Hence the coagulation pathway needs to be whetted 

thoroughly and the role of platelets in NP preconditiong also needs to be 

evaluated. 

7. Both TNF and gold nanoparticles are known to independently affect vascular 

permeability and TNF is known to induce vascular permeability by activating p38 

MAPK pathway. A set of in vitro experiments using molecular inhibitors to probe 

the p38 MAPK pathway is warranted to understand the mechanisms of CYT-6091 

induced vascular hyperpermeability. 
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Appendix A 

In Vivo Comparison of Simultaneous v Sequential Injection Technique 
for Thermochemical Ablation in a Porcine Model 

 

This chapter describes the first set of experiments demonstrating the capability of a new 

ablation method, thermochemical ablation, to produce in vivo lesions in a porcine liver 

model for the treatment of hepatocellular carcinoma. The results from this chapter have 

been submitted as the following citation that is in review at the time of this dissertation 

submission: 

•   Cressman ENK, Shenoi MM, Edelman TL, Geeslin MG, Hennings LJ, Zhang Y, 

Iaizzo PA, Bischof JC. In vivo comparison of simultaneous v sequential injection 

technique for thermochemical ablation in a porcine model. Int J Hyperthermia 

(accepted). 

 

 

 

 

 

 

 

 

 

 



 

132 

A.1. INTRODUCTION 

 

Treatment of solid tumors such as hepatocellular carcinoma (HCC) that respond poorly to 

IV chemotherapy or newer targeted agents is an ongoing challenge [1-3]. Surgery is often 

held to be the gold standard, but the majority of patients are disqualified due to tumor 

location, degree of underlying liver disease, multiple or infiltrative tumors, or 

comorbidities. In response, alternative therapies have been developed for ablation or 

embolization. While interest in these methods continues to grow, chemical ablation 

would seem to have been relegated to historical interest. Nevertheless, it does offer 

benefits worthy of further consideration and study [4-6]. 

 

 The two chemical ablation agents receiving the most attention in the literature are 

ethanol and 50% acetic acid [7-10]. Delivery is usually via instillation through a multiple 

side-hole needle under ultrasound or CT guidance. Systemic toxicity limits the amount 

that can be safely delivered [11-14]. This results in smaller doses and multiple treatment 

sessions and is one of the major criticisms of this technique. The other major criticism is 

that hydrostatic pressure from intraparenchymal injection forces the agent to follow the 

path of least resistance. This can cause unpredictable distribution of the agent and may 

result in inadequate treatment, damage to nontarget tissues, and/or systemic exposure. 

With the advent of multitined needle devices and premedication protocols, these 

criticisms can be addressed to some extent [15-18]. This approach, however, does not 

appear to have been widely adopted. 
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An alternative to conventional chemical ablation would be to address the dose limiting 

toxicity problem through a strategy designed to create local conditions that preserve local 

toxicity but decrease the systemic toxicity. If hyperthermia and hyperosmolarity were 

intrinsic components of a chemical method, thermal conductive effects and concentration 

effects in tissue might lead to a more predictable zone of coagulation. If successful, such 

an approach could potentially allow safe, predictable treatment of large tumor volumes in 

a single session, thereby addressing both of the major criticisms of chemical ablation. 

 

 Thermochemical ablation is a concept in which exothermic reactions are used as a 

heat source. One such reaction is neutralization of an acid by a base, which could be done 

with either simultaneous or sequential administration of the reagents. The purpose of this 

study is to investigate these two injection methods in a porcine model, and compare them 

to sham as a negative control and acid-only ablation as a positive control. The porcine 

model was chosen to allow for adequate size for prototype device placement and 

monitoring. No porcine tumor models are readily available and there is an extensive body 

of ablation literature in pigs [19]. Thus healthy swine were utilized for these experiments. 

Temperatures, coagulation volumes, sphericities, and histopathology were analyzed. Our 

hypothesis is that combined injection would improve on acid ablation by increasing 

coagulum volume and be as well or better tolerated than acid alone. 
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A.2. MATERIALS AND METHODS 

 

Animal handling 

Animals were treated in accordance with protocols reviewed and approved by the 

institutional animal care and use committee and cared for as recommended in the Guide 

for the Care and Use of Laboratory Animals. Eleven swine 60-75 kg were acclimated 

perinstitutional guidelines. After induction of anesthesia (tiletamine/zolazepam/xylazine 

0.4 mL/kg IM then 2-5% isoflurane) and surgical exposure intraoperative ultrasound 

allowed device placement into the liver at least 10 mm away from major vessels (10 MHz 

Z.one Ultra System, Zonare Medical Systems, Inc., Mountain View, CA). Euthanasia was 

accomplished with pentobarbital/phenytoin 0.2 mg/kg IV. Blood pressure, heart rate, and 

oxygenation were recorded at 30-second intervals. 

 

Reagents and device preparation 

Acetic acid and sodium hydroxide (Sigma-Aldrich Corp., St. Louis, MO, USA) were 

diluted to 10 mol/L. Iodinated contrast (iodixanol, GE Healthcare) was used at 5% v/v in 

acid for all injections and saline sham to aid in visualization at CT. A 17G device was 

assembled as reported by Farnam et al with slight modifications: the trocar tip was cut 

free then soldered to the outer cannula and side holes were created near the tip of the 

cannula [20]. 

 

Temperature measurements 
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A 23G thermocouple (Physitemp type T MT_23/3, Physitemp Instruments, Clifton, NJ, 

USA) was inserted parallel at 5 mm to the same depth. Temperature data were monitored 

continuously and recorded every 5 seconds with a T-type thermocouple (Digi-Sense, 

Cole-Palmer Instrument Co., Vernon Hills, IL, USA). 

 

Ablation (injection) experiments 

Reagent concentrations were 10 mol/L prewarmed to 40°C. Four different injections were 

carried out in each liver in the same sequence for all 11 animals: sham, simultaneous, 

sequential, and acid-only for a total of 44 injections. The device was assembled, 

connected to the syringes by extension tubing, and primed prior to insertion into the liver. 

Separate lobes were used for each injection to avoid cross-contamination issues. A 

syringe pump (Standard Infusion Only Harvard Pump 11 Plus Dual Syringe Pump, 

Harvard Apparatus, Holliston, Massachusetts) delivered a combined 4 mL/min from two 

syringes with 2 mL volumes of reagent in each. In the saline sham and acid-only 

injections where a single syringe was used, the rate was also 4 mL/min. Volume in these 

cases was kept constant at 2 mL. Acid was injected first in all sequential injections. 

Hemostasis at the conclusion of each injection was obtained by inserting a piece of 

spaghetti into the tract [21]. Temperature was recorded for 5-10 minutes after each 

injection. Livers were fixed in 10% neutral buffered formalin for sectioning.  

 

Gross pathology 

Gross images of 2mm thick specimens were obtained and analyzed in ImageJ (NIH). 
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Two independent, unblinded observers (MG and MS) obtained tracings of the coagulated 

regions to allow measurement of the perimeter and area of each slice. Outer margins were 

used for measurement, but demarcations were generally very narrow (<2mm) and clearly 

demarcated between affected and unaffected tissues. Area and perimeter were then used 

with slice thickness to calculate slice volumes, total volume, 3-D surface area, and 

sphericity for each treatment. Data are reported in accordance with Society of 

Interventional Radiology Reporting Standards [22, 23]. 

 

Sphericity calculations 

The sphericity corresponds to mathematical convention in which the surface area/volume 

ratio of a sphere is represented by a value of 1. Sphericity was calculated using the 

following formula: 

 

Ψ = (π1/3(6Vp)
2/3)/Ap where Vp = Volume and Ap = surface area 

 

Values less than 1 correlate with the degree of deviation away from an ideal sphere. 

 

Histology 

After gross pathology analysis, the formalin-fixed specimens 2mm thick were processed 

and embedded into paraffin, sectioned at 5 microns and stained with hematoxylin and 

eosin. Approximately 1.5 cm x 1cm sections were taken from central and margin zones of 

each sample. Hemorrhage was graded by one unblinded observer, (LH) on a scale of 0 
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(no hemorrhage present) to 4 (severe hemorrhage affecting greater than 30% of the 

section). Degree of ablation was assessed microscopically. 

 

Imaging 

CT imaging of explanted livers to interrogate the relationship of contrast distribution 

from the injections and the zones of coagulation was performed on a Siemens Sensation 

64 scanner (Erlangen, Germany) with the following parameters: mAs 400, 120 kVp, 

1mm slice width, 0.6 mm collimation, pitch 0.7, and rotation time of 0.5 sec. Multiplanar 

reconstructions were created and archived for further review. 

 

Statistical analysis 

Outcomes including ablation volume, sphericity, and temperature, (except sham as no 

detectable changes were noted) were measured. General linear models for random block 

design were used to determine the effects of injection types (simultaneous, sequential, 

and acid alone) on ablation volume and sphericity, temperature, and change in heart rate. 

The variance-covariance structure was compound symmetry. P values were adjusted by 

Tukey’s method. Inter-observer agreement on ablation volume and sphericity by two 

observers was evaluated using intraclass correlation coefficients (ICC) from general 

linear models for split-plot design, with lesions from the same animal as the whole-plot 

experiment units and observer as the split-plot factor. All analyses were conducted in 

SAS 9.2 (SAS Institute Inc., Cary, NC, USA). A p-value of less than 0.05 indicated 

significance. 
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A.3. RESULTS 

 

Temperatures in vivo 

Average peak temperatures for each injection method are shown in Figure A.1. There 

were significant differences in mean temperature among the three treatment groups 

(p<0.0001). No temperature change was detected in the sham injections. The sequential 

injection mean temperature was intermediate (47.7°C), and simultaneous injection 

produced the highest mean temperature (61.1°C). Multiple pairwise comparisons all were 

significant: acid v sequential (adjusted p=0.0397), acid v simultaneous (adjusted 

p<0.0001), and sequential v simultaneous (adjusted p=0.0009). Maximum peak 

temperature was also considerably lower in the sequential v simultaneous injection (57°C 

v 81°C). It is noteworthy that the highest temperature measured in sequential injection 

was lower than the average temperature obtained with simultaneous injection. In addition 

heart rate changes were minimal in controls and simultaneous instillation but one pig 

arrested after sequential injection and had to be revived with epinephrine and a fluid 

bolus. 

 

Histopathology and Imaging 

Ablated regions exhibited coagulative to lytic necrosis (Figure A.2). Cells in these 

regions were shrunken with nuclear pyknosis to lysis and loss of cytoplasmic and 

membrane definition. The demarcation zone between ablated and unablated tissue was  
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Figure A.1. Bar graph depiction of peak temperatures measured at thermocouple for (L to 
R) saline sham, simultaneous injection, sequential injection, and acid-only injection. All 
solutions had been warmed to 39-40°C (pig body temperature) prior to placing into a 
syringe pump with extension tubing to the device. SIM = simultaneous injection; SEQ = 
sequential injection. 
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Figure A.2. Histology: Gross and corresponding histologic sections after acid (A,B,C), 
simultaneous (D,E,F) or sequential (G, H, I) injection. Cells in ablated regions exhibit 
coagulative necrosis and are shrunken with pale cytoplasm and indistinct nuclei 
compared to unablated tissue (inset, C). Hemorrhage is obvious in simultaneous and 
sequential sections (E,F, arrows). Imaging marker (spaghetti) is visible in histologic 
sections (B,C, stars). A,D,G: Bar equals 1cm. ,B,E,H: H&E, 40x magnification, bars 
equal 100um. C,F,I: H&E, 100x magnification, bars equal 100um. 
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most clearly delineated for sequential and simultaneous injection, largely due to 

congestion of sinusoids and hemorrhage at the margins of the lesion. Hemorrhage was 

visible in gross sections as red to black areas (Figure A.2, D,G). Mild hemorrhage was 

rarely noted in sections treated with acid only. Both sequential and simultaneous 

treatments exhibited increased hemorrhage compared to acid only (Figure A.2, B,E,H). 

In both of these treatment groups, necrosis of large vessels occurred, and vessel damage, 

as indicated by margination of neutrophils and fibrin deposition to frank vascular 

necrosis, was evident in some vessels outside the central ablation zone (Figure A.3). 

 

 Correlation of pathology with CT imaging was uneven. The most consistent results 

were observed with acid-only injection (Figure A.4, first series). 

 

Volumes and Lesion shapes 

Volumes of the coagulated tissues for each method of injection are shown as bar graphs 

in Figure A.5. There were significant differences in mean ablation volumes for both 

observers among the three injection methods (p=0.0006 for observer 1, p=0.0002 for 

observer 2). Acid alone had the lowest least squares mean ablation volume (4.3 cc by 

observer 1 and 4.5 cc by observer 2). Simultaneous injection was intermediate (11.9 cc 

by observer 1 and 9.8 cc by observer 2), and sequential injection produced the highest 

least squares mean ablation volume (18.9 cc by observer 1 and 19.3 cc by observer 2).  

 

 Sphericity for each injection type is plotted in Figure A.6. The least squares means  
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Figure A.3. Vascular damage adjacent to ablated region. Fibrin and neutrophils (arrow) 
adhere to vascular endothelium in vessel adjacent to viable hepatocytes. H&E, 200x 
magnification. Bar equals 50um. 
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Figure A.4. Gross pathology correlations with adjacent CT rendering corresponding in 
each case. Acetic acid alone (A, B), simultaneous injection (C,D), sequential injection 
(E,F). Note that although acid alone correlates fairly well, with either of the two other 
methods there is inconsistent density and/or shape compared to CT. 
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Figure A.5. Bar graph illustrating average summation volumes of zones of coagulation 
for simultaneous injection (SIM), sequential injection (SEQ), and acid alone. Saline sham 
is not listed as no detectable lesion was identified in that case. 
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Figure A.6. Bar graph depiction of sphericity coefficients for simultaneous (SIM), 
sequential (SEQ), and acid-only injection. Saline sham is not listed as no detectable 
lesion was identified in that case. 
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of sphericity in acid injection, simultaneous and sequential methods were 0.87, 0.89 and 

0.84, respectively for observer 1 and 0.80, 0.82 and 0.87 for observer 2. There were no 

significant differences in mean sphericity by either observer among three injection 

methods (p=0.3920 for observer 1, p=0.1223 for observer 2).  

 

 The ICC for volume was 0.8597 and that for sphericity was 0.7562, indicating 

strong agreement between the two observers for both outcomes. 

 

A.4. DISCUSSION 

 

Recently, exothermic acid-base neutralization chemistry has been shown in phantom and 

ex vivo studies to have potential for tissue ablation based on the amount of energy 

released as water is formed [20, 24-26]. Oxidation-reduction chemistry has also been 

studied and can be more energetic but may have greater limitations regarding toxicity 

[27]. With respect to acids and bases, salts are formed as a result of neutralization and in 

tissues can be present at concentrations many times higher than the physiologic range. 

With simultaneous injection the acid and base would be consumed in the formation of the 

salts. Therefore the deviation from neutral pH should be minimal if reaction occurred to 

completion. Under these circumstances, exposure to either an acid or base load that 

would alter the systemic pH should be effectively eliminated. These salts may also have 

local hyperosmolar effects leading to cell destruction as described in more detail below. 

Sequential injection on the other hand would still allow for some degree of mixing 
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directly in the tissues but by its nature would entail direct injection of unreacted, highly 

concentrated substances that could lead to systemic exposure and its consequences. 

 

Reagent selection and conditions 

Reagent choice for acid was based on existing clinical experience with acetic acid. Most 

clinical use of acetic acid is with 50% concentration which is approximately 8.5 molar. 

The use of 10 molar acid was based on anticipation of future studies using various 

concentrations and a desire to maintain a consistent body of data. Use of NaOH was 

based on the requirements for a strong base that would produce a salt, sodium acetate 

(NaOAc) composed of ions already present in the body. Furthermore, acetate is quickly 

converted to bicarbonate and thus whatever portion reached the systemic circulation 

should be readily metabolized [28]. Both the volume and the concentration of acid were 

kept constant in all injections because our purpose was to compare the other methods 

against it. Order of injections was likewise kept constant to minimize the number of 

variables. 

 

 Although the acid alone seemed to correlate fairly well with contrast distribution, 

the results from CT correlated poorly with the gross pathology as shown in Figure A.4 

[29]. We speculate that the solutions behave much as they would in column 

chromatography. That is to say that the different components would interact with and 

partition differently into the medium and thus migrate relative to the solvent front at 

different rates.  
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Temperatures in vivo 

Volume data suggest that temperature may not be the dominant factor in determining the 

outcome of the ablation. A modest exotherm was observed with sequential injection but 

peak temperatures were recorded with simultaneous injection. One possible reason is that 

less mixing occurred with sequential injection. 

 

Histopathology 

Regions identified on gross examination as ablated exhibited complete necrosis, although 

we cannot rule out the presence of small foci of viable tissue within ablated regions in 

this small, acute study. Hemorrhage was most common after sequential and simultaneous 

treatment, suggesting a greater degree of vascular damage and possible intravascular 

administration or leakage of reagents or products (i.e. hyperosmolar sodium acetate). 

 

Volume and Shape relationships 

Agreement between observers on volume measurements was reasonably strong. 

Comparison of sphericity revealed no statistically significant differences among 

techniques or observers. The average coagulation volumes are illustrated in Figure 5. 

Conventional practice for acid ablation is to use an amount of acid that is 1/3 of the 

volume of the desired treatment volume. Therefore, given 2 cc of acid used, the predicted 

final coagulation volume would be in the range of 6 cc (i.e. a factor of 3). In this model 

however, we observed a slightly lower value, just over twice the injected volume for 
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coagulation. This could be due to the acute setting and in normal liver. 

 

 Comparison of the volumes from the different methods results in some interesting 

observations. There is a nearly 2.5-fold increase in coagulation volume over that seen 

with acid alone with simultaneous injection that was well tolerated. Sequential injection 

showed even larger volumes but this came at a price of less control and higher risk. In 

fact, one animal required resuscitation after cardiovascular collapse following a 

sequential injection, a situation not encountered with simultaneous injection. We believe 

this is due to the neutralization that occurred with simultaneous injection that may not 

have occurred with the sequential method but direct proof is lacking. The total injection 

time was only 1 minute and the amount of tissue ablated per minute would appear, at 

least initially, to be competitive with RF energy-based devices. 

 

 The sphericity coefficient ranged from 0.80-0.89, which was reasonably high. The 

injection rate in this model (4cc/min) was an order of magnitude faster than 

recommended with ethanol by Tapani et al for maintaining some control over shape and 

the injection volumes were considerably larger. Despite these differences, sphericity 

remained fairly high and within a narrow range [30]. We propose that this may be due to 

three factors: the effect of the thermal component, differences in viscosity compared to 

ethanol, and the in vivo nature of the experiment. 

 

Mechanism of action 
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How thermochemical ablation (i.e. the simultaneous injection method) coagulates tissue 

is not yet known but at least two mechanisms, heat and hyperosmolarity, seem likely. We 

hypothesize that heat and hyperosmolarity act together additively or possibly 

synergistically, recognizing that the duration of temperature excursion is actually quite 

brief in comparison to conventional methods. Since the exotherm is so brief but the salt 

exposure is much longer in duration, the relative contributions of heat and 

hyperosmolarity must be studied in more detail to understand and assign their relative 

importance using this method. Presuming that the reaction occurred to completion in the 

simultaneous injection experiments, the salt was produced at a concentration of 5 mol/L. 

Due to the binary nature of the salt (two particles in solution) this was effectively 10 

osmolar. Most physiologic settings are in the range of 270-300 mOsm. This means at the 

device tip, the salt concentration is 1 to 2 orders of magnitude higher than physiologic 

conditions. Furthermore the change in osmotic pressure occurred abruptly. Centrally 

where the temperature and osmotic pressure would already be extremely high this should 

not be an issue. However, at the margins, this still allowed essentially no time for cellular 

adaptation. The lytic necrosis observed histologically supports this idea. 

 

 The study had several important limitations. First, only one thermocouple was used. 

Multiple thermocouples could be incorporated or magnetic resonance thermography 

(MRT) could be considered to address this and evaluate the volume and time distribution 

of the temperature excursion. No direct comparison was made to a thermal therapy such 

as RF ablation. Lack of either tumor or cirrhosis as noted earlier, and the acute nature of 
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the experiments could affect the results with regard to distribution of the reagents in 

tissues and long-term effects. It will be of interest to further explore the relationship of 

volume injected and concentration to the coagulum volume. More detailed temperature 

studies such as MR thermography would further define the effects in real time and 

subacute studies would be useful for understanding the evolution of lesions. As the area 

is developed, transition to a tumor model will allow more rigorous evaluation of the 

method. 

 

A.5. CONCLUSION 

 

Thermochemical ablation produced substantial volumes of coagulated tissues relative to 

the amounts of reagents injected, considerably greater than acid alone in either technique 

employed. The largest volumes were obtained with sequential injection yet this came at a 

price in one case of cardiac arrest. Simultaneous injection yielded the highest recorded 

temperatures and may be tolerated as well as or better than acid injection alone. Although 

this pilot study did not show a clear advantage for either sequential or simultaneous 

methods, the results indicate that thermochemical ablation is attractive for further 

investigation with regard to both safety and efficacy. 
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Appendix B 

Concentration and Volume Effects in Thermochemical Ablation in vivo: 

results in a porcine model 

This chapter describes experiments to explore the effects of volume and concentration in 

thermochemical ablation on temperature and volume of coagulated tissues obtained using 

an in vivo porcine model. The results from this chapter have been submitted as the 

following citation that is in review at the time of this dissertation submission: 

•   Cressman ENK, Geeslin MG, Shenoi MM, Hennings LJ, Zhang Y, Iaizzo PA, 

Bischof JC. Concentration and volume effects in thermochemical ablation in vivo: 

results in a porcine model. Int J Hyperthermia (accepted). 
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B.1. INTRODUCTION 

 

Worldwide, primary cancer of the liver continues to draw attention for developing new 

therapies due to many reasons. Most patients are not candidates for surgical resection or 

transplant due to the location of the disease, multiplicity of tumors, severity of underlying 

liver disease, or some combination of the above factors [1-3]. The long history of clinical 

trials with poor outcomes for HCC from chemotherapy alone has finally changed in the 

right direction with the advent of targeted agents such as sorafenib [4,5]. It is unclear, 

however, how many patients will actually see a survival benefit, and for those who do see 

a benefit, how great that benefit is. For instance, there are numerous reports of patient 

intolerance to the full therapeutic dose and as yet no data supporting a benefit from less 

than the full dose [6]. 

 

 The lack of suitable surgical and chemotherapeutic options has led to development 

of a wide array of minimally invasive therapies. Chemoembolization, radioembolization, 

chemical ablation, and thermal ablation all play a role for nonsurgical patients [7-14]. 

Percutaneous ethanol injection and acetic acid have both been used historically in 

chemical ablation although ethanol ablation under ultrasound guidance is by far the more 

widely employed of the two methods [15-18]. Opinion remains divided on the superiority 

of RF ablation over ethanol ablation for small HCCs but evidence in the literature is 

accumulating for lower rates of local recurrence with RF ablation than with ethanol [19-

21]. 
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 Limitations to ethanol ablation include the need for multiple sessions, poor 

penetration of tumor septae, and tracking along pathways of least resistance. All the 

same, availability of ethanol worldwide is far greater than for other modalities due to the 

simplicity of the equipment required. Encouraging results have recently been reported 

using a multitined needle as a delivery system for larger volumes and more even 

distribution of ethanol [22-24]. Toxicity remains a limiting factor, however, resulting in 

an opportunity for devising a better therapy [25-28]. In order to improve the local tumor 

cytotoxicity while reducing systemic toxicity new approaches to local injection are 

needed. 

 

 Thermochemical ablation is a new concept in which two reactive solutions, such as 

an acid and a base, give off heat as they are brought together to react prior to entering the 

tissue as a hot salt solution. The combination of heat and high concentration of products 

is thought to create a locally cytotoxic environment that has been shown ex vivo to have 

potential to ablate tissue [29]. The salt that is produced may actually be one that is 

already present in the human body and thus easily excreted with little systemic toxicity. 

Furthermore, if chosen carefully, the reaction products would be close to physiologic pH 

values further mitigating against systemic toxicity. Therefore we hypothesized that it 

might eventually be possible with this method to treat large volumes rapidly, simply, 

safely, and at low cost. The purpose of the present study is to explore the relative 

contributions of volume and concentration of injected reagents to the temperatures and 
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volumes of coagulated tissue obtained. Pig physiology is reasonably close to human, and 

the scale is comparable, but no tumor model is readily available. Taking these factors into 

account, we used an in vivo in a porcine model with acetic acid and sodium hydroxide as 

the reagents for this study. 

 

B.2. MATERIALS AND METHODS 

 

Reagents and Device preparation 

Acetic acid and sodium hydroxide (Sigma-Aldrich Corp., St. Louis, MO, USA) were 

diluted to necessary concentrations and were used at room temperature. The 17G 

prototype device was assembled in the same manner as reported by Farnam et al shown 

in Figure B.1A with the following modifications: the trocar shaft was removed so that 

the tip could be soldered to the outer cannula [29]. Sideholes were then created at the tip 

of the cannula for solutions to exit into the tissues. 

 

Animal handling 

Animals were treated in accordance with protocols reviewed and approved by the 

institutional animal care and use committee. Animals were cared for as recommended in 

the Guide for the Care and Use of Laboratory Animals. Twelve outbred swine weighing 

60-75 kg were used and acclimated per institutional guidelines prior to procedures. After 

induction of general anesthesia using tiletamine/zolazepam/xylazine 0.4 mL/kg IM then 

2-5% isoflurane, establishing an arterial line in the groin for blood pressure monitoring, 
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Figure B.1. Device in vitro and in vivo: A) Device with blue (side port) and yellow 
(coaxial port) colored water in channels demonstrating concept in which the two 
solutions mix near the tip and the resulting green solution exits the tip of the device. This 
earlier prototype is a simple endhole design, whereas the device used in this study (next 
image) had a solid tip with three sideholes created near it for egress of the heated salt 
solutions. B) Experimental setup showing liver surgically exposed, the device ready for 
use with base entering via sidearm of rotary hemostatic valve and acid entering via 
coaxial green hub needle. During simultaneous injection, the reagents mix near the tip 
and exit as a hot, hyperosmolar salt solution. Thermocouple is not yet positioned. 
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and surgical exposure of the liver via midline laparotomy as shown in Figure B.1B, 

intraoperative ultrasound was used to guide device placement into the liver at least 1 cm 

away from major vessels. Ultrasound imaging at 10 MHz was performed using a Z.one 

Ultra System (Zonare Medical Systems, Inc., Mountain View, CA). Euthanasia was 

accomplished with pentobarbital/phenytoin 0.2 mg/kg IV. 

 

Temperature measurement 

A 23G thermocouple (Physitemp type T MT_23/3, Physitemp Instruments, Clifton, NJ, 

USA) was inserted parallel to the injection device under ultrasound guidance at a distance 

of approximately 5 mm prior to injections to the same depth. Temperature data were 

recorded with a T-type thermocouple (Digi-Sense, Cole-Palmer Instrument Co., Vernon 

Hills, IL, USA). 

 

Ablation experiments 

Injections were maintained at a constant rate via syringe pump (Standard Infusion Only 

Harvard Pump 11 Plus Dual Syringe Pump, Harvard Apparatus, Holliston, 

Massachusetts), and performed at combined total infusion rates of 4 ml/min. One 

injection was performed per lobe of liver thus avoiding cross contamination issues. 

Volumes of reagents were equal with 0.5, 1.0, and 2.0 mL of each for combined totals of 

1.0, 2.0, and 4.0 mL. Concentrations used were 5, 10, and 15 mol/L according to the 

array shown in Table B.1. In each of the 12 animals, all four injections were identical 

(i.e. one animal per position on the 3x3 matrix with 3 additional animals in the center  
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Table B.1. 3x3 element matrix of overall experimental design and conditions with 
number of animals indicated per condition. Three additional animals at the center of the 
grid were included for statistical comparisons across all positions for a total of 12 
animals. Concentration of reagents is expressed in moles/liter and combined total 
volumes injected are shown with component breakdown in parentheses. Thus for 1 mL 
volumes as an example, 0.5 mL each of acid and base were used. 
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location) resulting in a total of 48 injections. Hemostasis at the conclusion of each 

injection after device removal was obtained by inserting a piece of spaghetti into the 

tract. This also served a secondary purpose as a tract marker(30). Heart rate was 

monitored continuously and recorded at 30-second intervals for 5-10 minutes for each 

injection. At sacrifice livers were harvested followed by fixation in 10% neutral buffered 

formalin and sectioning. 

 

Gross pathology 

Gross images of 2mm thick sectioned specimens capturing the entirety of a single 

ablation along with a ruler were obtained. These images were magnified in ImageJ (NIH) 

and the line tool was used for a 1cm calibration for conversion to pixel distances. Two 

independent observers (MGG and MMS) obtained tracings of the coagulated regions to 

allow measurement of the perimeter and area of each slice of the total ablation. Outer 

margins were used for measurement, but transition zones were generally very narrow 

(<2mm) and clearly demarcated between affected and unaffected tissues. The area and 

perimeter were then used with slice thickness to calculate the volume for each slice, the 

summation for the total lesion volume, the 3-D surface area, and sphericity for each 

treatment. Data are reported in accordance with the Society of Interventional Radiology 

Reporting Standards [31,32]. 

 

Sphericity calculations 

Sphericity was calculated using the following formula: 



 

163 

Ψ = (π1/3(6Vp)
2/3)/Ap where Vp = Volume and Ap = surface area 

Values less than 1 correlate with the degree of deviation away from an ideal sphere. 

 

Histology 

Formalin-fixed specimens were processed and embedded into paraffin, sectioned at 5 

microns and stained with hematoxylin and eosin. Light microscopy was used to assess the 

effects of the various treatments. Approximately 1.5 cm x 1cm sections were taken from 

central and margin zones of each sample. 

 

Statistical Analysis 

Outcomes including ablation volume, sphericity, and temperature, were measured. The 

variance-covariance structure was compound symmetry. P values were adjusted by 

Tukey’s method. Inter-observer agreement on ablation volume and sphericity by two 

observers was evaluated using intraclass correlation coefficients (ICC) from general 

linear models for split-plot design, with lesions from the same animal as the whole-plot 

experiment units and observer as the split-plot factor. All analyses were conducted in 

SAS 9.2 (SAS Institute Inc., Cary, NC, USA). A p-value of less than 0.05 indicated 

significance. 

 

B.3. RESULTS 

 

Temperatures in vivo 



 

164 

Average peak temperatures shown in Table B.2 arrayed according to the matrix in Table 

B.1 for ease of comparison. The peak temperature observed was 105°C using 15 mol/L 

reagents. The highest average temperature was likewise seen with this concentration, at 

91°C. At 5 mol/L the temperature increase was relatively low, averaging less than 10°C 

above body temperature with minimal range in the observed values. The intermediate 

concentration, 10 mol/L, showed an increase of approximately 15-16°C. In one 10 mol/L 

trial at just 0.5 mL the peak recorded temperature was 74.7°C. Average temperatures in 

general changed little by increasing the volume. 

 

Histopathology 

Figure B.2 shows the results from a single experiment using 0.5 mL of each reagent for a 

combined total volume of 1 mL injected. In this instance the middle concentration was 

employed (10 mol/L). Figure B.3 is a representative section of the histology showing 

the pattern of damage and the distribution. At all concentrations, ablated regions 

consisted of coagulative necrosis and central lytic necrosis. Tissue architecture and 

cellular outlines were preserved in regions of coagulative necrosis, with loss of 

cytoplasmic and nuclear detail. Lytic necrosis, defined as loss of tissue architecture and 

cellular structure extending in some cases to gross cavitation, varied by treatment, but 

was most prominent in 10 mol/L and 15 mol/L groups. Ablated regions were generally 

surrounded by congestion and hemorrhage. This was mild to moderate at the ablated 

margin, and did not extend more than 2-4 mm into surrounding tissue. 
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Table B.2. Average peak temperatures in oC ± SD with peak temperatures in parentheses 

(n=4 for all but 10M/2mL condition where n=16). Table corresponds to array in Table I 

for ease of comparison. 
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Figure B.2. Gross specimen of thermochemical ablation using 0.5 mL each of acetic acid 
and sodium hydroxide at 15 mol/L: A) formalin-fixed sections laid out adjacent with 
ruler, B) Magnified view of gross specimen, middle row, second from left. Pale ovoid 
central structure is a piece of spaghetti used to mark the tract and assist with hemostasis 
during the experiment. A charred appearance with some cavitation is evident. 
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Figure B.3. Histopathology of a thermochemical lesion: A) Low magnification of 
representative ablation using 10 mol/L concentration of acid and base at 1 ml each. Lytic 
necrosis and cavitation are present immediately adjacent to the injection tract indicated 
by spaghetti (arrow) within a larger area of coagulative necrosis. B) Magnification of box 
(a) demonstrates coagulative necrosis (upper left), a well-demarcated hemorrhagic 
margin transitioning to congestion, and unablated tissue (lower right). H&E stain. A: 0.3x 
magnification, bar equals 1 mm. B: 5x magnification, bar equals 100 µm. 
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Volume and Shape Relationships 

Table B.3 shows the sphericity values obtained under each condition. Table B.4 

delineates the coagulation volumes that were obtained according to concentration and 

volume. Data in each case are presented with standard deviations. Note that the central 

position of the matrix shown in Table B.1, with 4 animals and factoring in 4 injections 

per animal, accounts for 16 observations at this condition (10 mol/L and 2 mL total 

injection volume). 

 

Physiology 

Heart rate data are listed in Table B.5, reported as the maximum observed changes with 

standard deviations from the start of each injection. In two injections out of the total of 48 

(one at 10 M/4mL and one at 15 M/1mL) bradycardia with brief transient hypotension 

was observed. These both spontaneously resolved within 60 seconds and no treatment 

was administered in response (data not shown). Overall, there was no clear relationship 

between either volume or concentration and changes in heart rate. 

 

B.4. DISCUSSION 

 

Reagents chosen were based on prior reports and ex vivo experience [29]. In addition, 

sodium acetate, which is the salt produced in this reaction, is readily converted to CO2 

[33]. Volumes employed were a conservative estimate since the physiologic tolerance to 

the technique was unknown. The thermocouple used served as a monitoring device but a  
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Table B.3. Sphericity coefficients ± SD across conditions (n=4 for all but 10M/2mL 
condition where n=16). Table corresponds to array in Table I for ease of comparison. 
 

 

 

 

Table B.4. Volumes of coagulation ± SD obtained across conditions (n=4 for all but 
10M/2mL condition where n=16). Table corresponds to array in Table 1 for ease of 
comparison. 
 

 

 

 

Table B.5. Average maximum observed change in heart rate (from start of each ablation) 
± SD observed across conditions (n=4 for all but 10M/2mL condition where n=16). Table 
corresponds to array in Table I for ease of comparison. 
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more comprehensive picture would be provided by thermography. Bearing this in mind, 

higher temperatures were generally obtained at a constant volume as concentration was 

increased. Both the highest peak and average temperatures were obtained with the highest 

concentration used. This is consistent with data reported in a gel phantom by Freeman et 

al [34]. The highest temperature, 105°C, was observed with 15 mol/L reagents. By 

comparison, maintaining a constant concentration of the reagents and increasing the 

volume injected did not make a large difference in the temperature. At histology, ablated 

regions identified grossly were confirmed via examination of H&E stained sections. 

Tissue architecture is more frequently preserved at lower concentration, and there was a 

tendency to less cavitation with 5 mol/L treatment. If lower concentrations are sufficient 

for cell death, the potential with the lower dose for systemic exposure could be decreased. 

Although mild to moderate congestion was noted in the immediate ablation margin, 

vascular damage outside the immediate ablation zone was not noted in this study. 

 

 Relationships among total injected volumes to final volumes for the zones of 

coagulation were not straightforward. The lowest concentration, 5 mol/L produced 

similar results across all of the volumes injected with no apparent relationship to the 

amount injected. The largest coagulation volume observed in this study was not obtained 

using the highest concentration as might be initially expected (i.e. the ‘strongest’ 

conditions), but rather at the midpoint for concentration (10 mol/L). The coagulation 

volumes obtained using 15 mol/L reagents did not vary a great deal, similar in this 

respect to the results observed at 5 mol/L. Shape analysis revealed no drop in sphericity 
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with increases in volume injected. This was somewhat unexpected since the prototype 

device was essentially a point source situated in a complex, heterogeneous environment. 

The rate of injection was established at 4 mL/minute based on prior studies suggesting 

this would be an adequate rate to generate a detectable amount of heat energy released. 

This corresponds to 0.07 mL/sec, which is within the range reported with ethanol in 

which shape distortion was noted with increasing injection rates greater than 0.4 mL/sec 

[35]. Comparison is limited, however, as the study with ethanol utilized ex vivo tissue, 

injection was done manually, and volume was limited to 1 mL. 

 

 The difference between chemical ablation alone with acetic acid and using the 

reagent in thermochemical ablation deserves further comment. In a particularly pointed 

example, a volume of 11.9 mL of coagulum was obtained in thermochemical ablation 

with only 0.5 mL of 15 mol/L acetic acid when combined with base. This is noteworthy 

from the standpoint that the coagulum volume is nearly 24 times the amount of the acid 

that was injected. This represents a very high ratio of coagulum to reagent volume and 

becomes yet more interesting if one considers that the product in the tissues is merely 

sodium acetate rather than acetic acid. The use of 0.5 mL of 50% acetic acid alone, in 

contrast, would be expected to produce a volume of 1.5 mL of coagulum [11]. This is 

substantially smaller than the volume obtained with thermochemical ablation using this 

amount of acid when mixed with the base. 

 

 The injections were tolerated well in general with no statistical correlation between 
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the changes observed in vital signs and either concentration or volume of injected 

reagents. All 12 animals survived until the completion of the planned series of treatments 

for each, allowing collection of a complete data set for all animals. In two cases of 

bradycardia with hypotension, these were followed by tachycardia with hypertension that 

declined over the observation period. Since both resolved without any intervention, and 

the animals in each case went on with the remainder of the assigned injections without 

further incident, we believe that these may have been vagal responses with subsequent 

rebound. These responses were not seen at the most extreme conditions in which the 

largest total volumes (4 mL) and the highest concentration (15 mol/L) were employed. 

The total dose with 4 injections using 2 mL of acid each was therefore 8 mL of 15 mol/L 

acid. Given that 50% acetic acid corresponds to concentration of approximately 8.5 

mol/L, the equivalent total amount of 50% acetic aid would be approximately 14 mL in a 

single setting. This is above the range reported in most human studies for a single 

treatment [11]. 

 

 Temperature excursions likely play a role in the outcome despite the fact that they 

are both relatively brief and that the recorded temperatures were obtained within a short 

distance (several mm at most) of the tip of the device. Combination effects of 

temperature and other conditions, such as osmolarity, are thought to contribute to the 

final result. A 2.5 molar salt product solution, the lowest tested, is 5 osmolar. This is well 

above the normal physiologic range of just 270-300 milliosmolar. This underscores that 

that local hyperosmolarity is therefore a potential avenue for destruction of the tissues. 
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The procedure causes an abrupt change in concentration in the local environment that is 

an order of magnitude or more in size. In the extreme case tested at 15 mol/L, the final 

salt concentration was 7.5 mol/L. Accounting for the binary nature of the salt and placing 

this in units for easy physiologic comparison, this is 15,000 milliosmolar. The 

composition of individual salts can also affect the propensity to denature tissues, with 

some salts more prone to cause denaturation than others [36,37]. A more detailed 

discussion of the mechanism of action regarding denaturation is beyond the scope of this 

discussion but there is clearly potential for more work on this issue. 

 

 The study had a number of limitations. An unrefined, prototype device was used in 

an acute setting using healthy pigs, which differs from actual conditions in a tumor. As 

noted earlier, however, models of cirrhosis in pigs with tumor are not readily available. A 

single thermocouple was employed for temp measurements giving a limited perspective 

on the temperature change and the distribution of the change in tissue. Future work will 

address some of these issues with detailed temperature studies using thermography, 

demonstration in an animal tumor model, and in vitro studies to elucidate the mechanisms 

of action. 

 

 We conclude that the procedure was well tolerated in the acute setting even at the 

highest dose. Sphericity of the resulting lesions overall was relatively preserved and the 

volumes were substantially larger than the predicted amount if acetic acid were to be used 

as a single agent for ablation [11]. Peak temperatures at intermediate and high 
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concentrations were readily achieved and exceeded the threshold required for coagulation 

of tissues from hyperthermia. Increasing the reagent concentrations and volumes did 

increase the amount of the coagulum obtained but not in a simple linear fashion. Further 

work to delineate the mechanism of action and the time course are warranted. 
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Appendix C 

Use of Tumor Necrosis Factor–alpha-coated Gold Nanoparticles to 
Enhance Cryoablation in a Translational Model of Renal Tumors 

 

This chapter describes investigations involving nanoparticle preconditioning to enhance 

cryoablation in a translational tumor model.  
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C.1. INTRODUCTION 

 

With the increased utilization of cross-section imaging modalities such as computed 

tomography and magnetic resonance imaging, renal masses are now diagnosed at an early 

stage and small size [1]. With this migration towards smaller tumor size, tumor treatment 

has changed as well. Minimally invasive techniques such as cryoablation have offered 

reduced morbidity, shorter duration of hospitalization, shorter convalescence, and greater 

preservation of renal function [2]. However, this procedure whether performed 

percutaneously or laparoscopically has limitations. It is well established that tissue at the 

edge of the cryoablation ice ball will not be killed but instead will only be injured by the 

cryoablation. The true kill zone (region where all cells are killed) resides within the ice 

ball at lower temperatures. Clinicians compensate for this “transition zone” between the 

kill zone and the edge of the ice ball by pushing the edge of the ice ball well beyond the 

tumor (Figure C.1). While this has been effective for treatment of select patients, this 

technique not only results in unnecessary damage to normal renal parenchyma, but may 

potentially limit the number of patients that are candidates for this procedure as other 

vital structures such as ureter and intestine need to be a significant distance away from 

the ablation. Finally, there can be a significant rate of incomplete ablation of up to 12.5%, 

reported [3]. This has been attributed to incomplete kill of tumor within the ice ball 

formed during ablation [3]. 

 

 In order to address these issues, researchers have attempted to augment tumor cell  
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Figure C.1. Schematic of TNF-α nanoparticle (CYT-6091) enhancement of cryosurgical 
injury by extending it to the edge of the iceball volume. 
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death following cryoablation therapy by administering a variety of different adjuvant 

medication including antifreeze proteins, chemotherapeutics, etc [4, 5]. One promising 

agent that has been identified is the multifunctional cytokine tumor necrosis factor alpha 

(TNF-α). Unfortunately the use of TNF-α has been limited by toxic systemic side effects. 

To overcome this, Paciotti et al. described a colloidal gold nanoparticle coated with TNF-

α (CYT-6091) as a standalone solid cancer therapy. The nanoparticle delivery system 

serves to deliver a large percentage of TNF-α within the tumor thus minimizing systemic 

side effects [6]. Our purpose with this study was to determine if a TNF-α coated 

nanoparticle (CYT-6091) could enhance and enlarge a cryoablation lesion while avoiding 

systemic toxicity. 

 

C.2. MATERIALS AND METHODS  

 

VX2 tumor implantation  

After approval from our institutional IACUC was obtained twenty New Zealand female 

rabbits weighing 2.2-2.7 kg were implanted with VX2 tumor by the following procedure. 

The animals were first anesthetized with an intramuscular injection of a cocktail solution 

containing ketamine (40 mg/kg), xylazine (5 mg/kg) and acepromazine (1 mg/kg). The 

animals were subsequently intubated and maintained on anesthesia for the surgical 

procedure by administering 0.75% isoflurane along with 1L/min of oxygen. Standard 

perioperative monitoring was performed.  A midline abdominal incision was made and 

both kidneys were exposed. A 1 mm3 piece of VX2 tumor was then implanted in the 
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subcapsular region of the lower pole in both kidneys. The tumors were allowed to grow 

for 14 days before injection of CYT-6091 and cryoablation of the renal tumor. The 

animals were weighed prior to implantation of the tumor, as well as prior to cryoablation, 

and necropsy.  Following implantation of tumor, the rabbits were randomly assigned to 

one of two groups:  TNF-α nanoparticle plus cryoablation (CYT-6091 group) or 

cryoablation alone group.  There were 10 rabbits in each group. 

 

TNF-α coated Nanoparticle   

CYT-6091 (Cytimmune Sciences Inc., Rockville, MD) is a suspension of colloidal gold 

nanoparticles (average diameter = 33 nm) to which TNF-α and thiol-derivatized 

polyethylene glycol are covalently bonded.9 For the 10 rabbits in the CYT-6091 group, 

CYT-6091 was given at a dose of 200 microgram/kg intravenously four hours before the 

cryoablation procedure.  Rabbits in the cryoablation alone group did not receive CYT-

6091 or any placebo.  

 

Cryoablation  

All 20 rabbits from both the CYT-6091 and cryoablation alone groups received identical 

cryoablation procedures. The cryoablation was performed after induction and 

maintenance of anesthesia as described above. The midline incision was re-entered and 

the renal tumor mass was isolated from the surrounding tissue. The Seednet system (Galil 

Medical Inc., Yokneam, Israel) was used with 1.58mm diameter cryoprobes (IceRodTM, 

15mm active region at tip). Thermocouples of 1.58mm diameter were inserted under 
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ultrasound guidance (Ultramark 9.0 with 10 Mhz probe, Advanced technology 

laboratories Inc, WA, USA). A thermocouple was placed at the visible edge of the tumor 

at a depth of 4mm from the surface. Then a cryoprobe was placed 5mm away from the 

thermocouple at a depth of 8 mm from the surface. A plexiglas jig was used for accurate 

placement of the probes (Figure C.2). Experiments done on phantom models in our 

laboratory demonstrated that the maximum diameter of the iceball was obtained at 4mm 

proximally from the tip of the probe. The cryoablation was delivered until the 

thermocouple recorded a temperature of 0oC. The tumor was subsequently thawed to 

room temperature passively. This was followed by another similar freeze-thaw cycle. The 

probe tracts were marked by placing a 2.0 PROLENE polypropylene suture (Ethicon Inc., 

Piscataway, NJ) in the tract. 

 

Post ablation monitoring and Histologic Analysis  

From the injection of CYT-6091 through the perioperative period following the 

cryoablation procedure, the blood pressure, oxygen saturation, and temperature were 

monitored.  Subsequently, the rabbits were checked daily for signs of malaise, poor 

appetite, low activity level, respiratory difficulty, or other signs of systemic illness.  Post 

operative monitoring was done with the intent of identifying side effects caused by CYT-

6091.  The animal was then weighed and necropsy was performed 7 days after the 

procedure with full examination of the animal for metastatic disease.  

 

 Treated kidneys were placed in formalin overnight for partial fixation prior to 
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Figure C.2. A. Schematic of the placement of cryoprobe and thermocouple in relation to 
the tumor. B. Plexiglas jig is used for accurate placement of cryoprobe and thermocouple 
within the tumor during the cryoablation procedure. 
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sectioning. Sectioning was done at 3mm intervals in the plane perpendicular to the path 

of the probe tracts. Probe tracts were identified by the previously placed PROLENE 

polypropylene suture.  After sectioning, the probe tracts were marked using tissue 

marking dyes. Tissue sections underwent standard histological processing with 

hematoxylin and eosin staining. The slides were scanned at a magnification of 20X using 

an Aperio scanscope CS scanner (Aperio Technologies, CA). All measurements were 

made by two blinded observers in the second section which is at a depth of 6 mm from 

the cortical surface. The zones of complete necrosis were measured from the centre of 

cryoprobe tract. The zone of complete necrosis was measured from the center of the 

cryoprobe to the first viable cell. The measurements were performed using Aperio Image 

scope software (v.9.0.19.1516). Two tailed student’s ‘t’ test and Fisher’s exact test were 

conducted to determine statistical significance between different groups; P < 0.05 was 

considered significant. 

 

C.3. RESULTS  

 

All rabbits tolerated injection of CYT-6091 without signs of systemic complications.  

There were no large changes in blood pressure or temperature.  Additionally, there was 

no subjective difference between the two groups in post-cryoablation activity level or 

recovery.  Post-cryoablation weight loss was not significantly different between the two 

groups (0.30 ± 0.08 kg CYT-6091 group, 0.35 ± 0.05 kg cryoablation alone group, P = 

0.11) (Table C.1). 
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Outcome measure Cryo alone Cryo + CYT-6091 
P 

value 

Number of animals 
developing metastases 

 

8 1 0.04 

Diameter of zone of 
complete necrosis 

 

7.05 ± 1.60  mm 6.31 ± 1.38 mm 0.14 

Post ablation weight 
loss 

0.30 ± 0.08 kg 0.35 ± 0.05 kg 0.11 

Table C.1. Summary of results comparing the cryoablation only and the cryoablation + 
CYT-6091 groups (number of animals = 10 for each group) 
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Macroscopic Findings 

Kidneys harvested at Day 7 after treatment with cryoablation alone or with CYT-6091 

preadministration had pale ellipse-shaped ablation areas that were distinct from 

surrounding normal renal parenchyma. The thermocouple and cryoprobe tracts were 

clearly identifiable (Figure C.3A). Preliminary experiments conducted with kidneys 

harvested at Day 3 after cryoablation revealed pulpy edematous lesions that could not be 

sectioned uniformly for histological analysis even after formalin fixation, thus the 

kidneys in the current study were harvested at Day 7 after treatment. A significant 

difference was obtained in the rate of peritoneal metastases between the two treatment 

groups. Peritoneal metastasis was characterized by numerous tumor nodules (< 1 mm 

diameter) present in the peritoneal cavity including the surface of the intestines. 8 out of 

10 cases in the cryoablation alone group developed peritoneal metastases, while only 1 

out of 10 cases in the cryoablation plus CYT-6091 group developed metastasis (P = 0.04) 

(Table C.1).  

 

Microscopic Findings 

Histological analysis revealed an area of coagulative necrosis immediately adjacent to the 

cryoprobe tract. In general, the region of coagulative necrosis was characterized by cell 

debris with a dominant eosinophilic staining pattern with distorted tumor cells having 

small dense nuclei with no discernible chromatin structure (Figure C.3). Inflammatory 

cells were present in a diffuse band between the zone of coagulative necrosis and viable 

tumor tissue. However there was no consistency in the shape or size of the lesions among 
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Figure C.3. (A) Kidney section after fixing in formalin marked with India ink. 1. edge of 
the cryolesion, 2. thermocouple tract, 3. cryoprobe tract. (B) H&E staining of the ablation 
area. 1. thermocouple tract, 2. transitional zone consisting of viable and necrotic tumor 
cells, 3. cryoprobe tract. (C) 20X magnification of transitional zone. 1. viable tumour 
cells, 2. transitional zone, 3. zone of complete necrosis. 
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sections within each treatment group. In several sections distinct tracts of viable tumor 

cells are seen infiltrating the cryolesion (Figure C.4). With a standardized cryoablation 

protocol, no significant difference was obtained between the mean diameters of complete 

necrosis in the CYT-6091 and cryoablation alone groups (6.31 ± 1.38 mm vs. 7.05 ± 1.60 

mm, P=0.14).    

 

C.4. DISCUSSION 

 

Cryoablation has gained in popularity for treatment of renal tumors.  To date, most work 

with cryoablation has occurred via a laparoscopic approach but recent studies have shown 

the feasibility of the less invasive percutaneous approach.  While both of these techniques 

have been very successful at treating select tumors, the indications for cryoablation have 

been limited by two separate problems.  First is a size limitation.  Most series have 

limited tumor size to 4 cm or less. Second is the risk of injury to surrounding structures. 

The presence of residual viable tumour has been one of the major concerns with 

cryoablation. It was reported by Davol et al. that the need for salvage procedure in their 

series was 12.5% [3]. The intermediate-term (minimum 3-year follow-up) report of Gill 

et al updating their patient series reported that the positive biopsy rate was 5.6% and that 

residual radiographic lesions continued to decrease in volume over time [2]. In parallel to 

these clinical findings, several in vitro and in vivo studies have been conducted in order 

to elucidate the mechanisms of tissue destruction and cell death following cryoablation. 

Previous authors have found that for complete necrosis of renal tissue a temperature of 
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Figure C.4. H&E section of VX2 kidney tumor cryolesion on Day 7 after cryoablation 
showing regrowth of tumor into the lesion. 
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near -20oC is needed and the area of total necrosis is about 3.1mm inside the edge of the 

iceball [7-9]. Most of the clinical protocols usually over-freeze the lesion so as to reduce 

the chance of tumor recurrence, thus rendering more damage to the surrounding normal 

parenchyma. This is highly undesirable, especially in deep and centrally located tumors. 

Since the ice formation during cryoablation lends itself to image contrast in the body, 

maximizing the tumor death inside the iceball will also ensure less collateral damage to 

adjacent structures, which are vital for kidney and prostate function, via real time 

imaging techniques (CT, MRI, US). 

 

 Adjunctive therapy to maximize the cancer cell death in cryosurgery has been 

attempted before. Researchers have used a combination of therapies like antifreeze 

proteins, hyperthermia, chemotherapeutics, etc [4, 10]. In this study we used a 

nanoparticle-based drug carrier as an adjuvant to increase the cryosensitivity within the 

periphery of the iceball (0 to -40oC). Our efforts were directed to extend the edge of 

necrosis up to the periphery of the iceball which in turn spares the adjacent normal tissue. 

CYT-6091 is a multivalent drug that is assembled on 33-nm colloidal gold nanoparticles 

which sequester recombinant human TNF-α within solid tumors and subsequently incites 

inflammation [11, 12]. This utilizes the inherent leakiness of the tumor endothelium 

associated with relatively increased basal interstitial fluid pressure compared to normal 

tissues. CYT-6091 has been successfully used previously to augment cryo and RFA 

ablation in small animals [11, 12]. 
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 In our study, the VX-2 tumor was chosen so as to address the biggest issue with 

cryoablation of renal tumors i.e. tumor size. Although the VX2 tumor is derived from a 

papilloma instead of a renal cell carcinoma, it represents the largest animal model of a 

renal tumor available.  A murine model with a renal cell carcinoma tumor was considered 

but the tumor volume would not have been large enough for the experiment. However, 

use of the VX2 tumor as a model for renal tumor cryoablation is fraught with difficulties 

as is apparent from the results of our study.  

 

 Previous work by Goel et al have shown that CYT-6091 preadministration retarded 

the growth of human prostate carcinoma cell line in a nude mouse [12]. Based on the 

results of our radiofrequency ablation study (see Chapter 4), the primary goal of the 

current study was to demonstrate a larger zone of tumor destruction with CYT-6091 

preadministration compared to cryoablation alone. Ideally, the region of coagulative 

necrosis would have been evaluated at Day 3 after cryoablation when vascular events 

following the ablation would lead to the maximal extent of tumor necrosis before wound 

healing events kick in to reduce the size of the cryolesion [12]. However, the gross 

appearance and texture of the VX2 tumor after cryoablation precluded sectioning and any 

meaningful histologic analysis at Day 3. Instead the Day 7 timepoint after cryoablation 

was chosen to evaluate the impact of CYT-6091 preadministration. This facilitated gross 

sectioning and histological analysis of the cryolesion however the rapid growth kinetics 

of the VX2 tumor lead to tumor regrowth within the cryolesion thus severely 

confounding the results of the study [13]. 
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 Interestingly, our study revealed an unexpected finding in that we observed that 

CYT-6091 preadministration decreased the rate of metastasis following cryoablation. We 

believe that the reduced rate of metastasis in the drug group is due to a combination of 

the direct insult on the tumor and augmentation of cryoinjury. However the role of an 

augmented immune response cannot be discounted [14]. 

 

 Based on our findings, a different experimental approach should be considered for 

demonstrating the impact of CYT-6091 preadministration on enhancing cryoablation in 

the VX2 kidney tumor model which takes into account the rapid growth kinetics of the 

tumor. A more aggressive freezing protocol similar to the one employed by Nakada et al 

with an experimental endpoint of disease-free status as opposed to region of tumor 

necrosis will likely yield results more in line with preclinical models [12, 15, 16].  

  

C.5. REFERENCES 

1.  Luciani LG, Cestari R, and Tallarigo C: Incidental renal cell carcinoma-age and 
stage characterization and clinical implications: study of 1092 patients (1982–
1997). Urology 56: 58–62, 2000. 

2.  Gill IS, Remer EM, Hasan WM, et al: Renal cryoablation: outcome at 3 years. J 
Urol 173: 1903–1907, 2005. 

3.  Davol PE, Fulmer BR, Rukstalis DB. Long-term results of cryoablation for renal 
cancer and complex renal masses. Urology. 2006 Jul;68(1 Suppl):2-6.  

4.  Pham L, Dahiya R, Rubinsky B. An in vivo study of antifreeze protein adjuvant 
cryosurgery. Cryobiology 1999;38:169–75. 

5.  Chao BH, He X, Bischof JC. Pre-treatment inflammation induced by TNF-a 
augments cryosurgical injury on human prostate cancer. Cryobiology 
2004;49:10–27. 

6.  Paciotti GF, Myer L, Weinreich D, et al. Colloidal gold: a novel nanoparticle 



 

194 

vector for tumor directed drug delivery. Drug Deliv 2004;11: 169–83. 
7.  Rupp CC, Hoffmann NE, Schmidlin FR, Swanlund DJ, Bischof JC, Coad JE 

Cryobiology. Cryosurgical changes in the porcine kidney: histologic analysis with 
thermal history correlation. 2002 ;45:167-82. 

8.  Chosy SG, Nakada SY, Lee FT, et al: Monitoring renal cryosurgery: predictors of 
tissue necrosis in swine. J Urol 159: 1370–1374, 1998. 

9.  Campbell SC, Krishnamurthi V, Chow G, et al: Renal cryosurgery: experimental 
evaluation of treatment parameters. Urology 52: 29–33, 1998. 

10.  Hakimé A, Hines-Peralta A, Peddi H, Atkins MB, Sukhatme VP, Signoretti S, 
Regan M, Goldberg SN.  Combination of radiofrequency ablation with 
antiangiogenic therapy for tumor ablation efficacy: study in mice. Radiology 
2007;244:464-70.  

11.  Visaria R, Bischof JC, Loren M, Williams B, Ebbini E, Paciotti G, Griffin R. 
Nanotherapeutics for enhancing thermal therapy of cancer. Int J Hyperthermia. 
2007 Sep;23(6):501-11 

12.  Goel R, Swanlund D, Coad J, Paciotti GF, Bischof JC TNF-alpha-based 
accentuation in cryoinjury--dose, delivery, and response. Mol Cancer Ther. 2007 
Jul;6(7):2039-47 

13.  Aravalli RN, Golzarian J, Cressman EN. Animal models of cancer in 
interventional radiology. Eur Radiol. 2009 May;19(5):1049-53. 

14.  Sabel MS. Cryo-immunology: a review of the literature and proposed 
mechanisms for stimulatory versus suppressive immune responses. Cryobiology. 
2009 Feb;58(1):1-11. 

15.  Nakada SY, Jerde TJ, Warner T, Lee FT. Comparison of cryotherapy and 
nephrectomy in treating implanted VX-2 carcinoma in rabbit kidneys. BJU Int. 
2004 Sep;94(4):632-6. 

16.  Nakada SY, Jerde TJ, Warner TF, Lee FT Jr. Comparison of radiofrequency 
ablation, cryoablation, and nephrectomy in treating implanted VX-2 carcinoma in 
rabbit kidneys. J Endourol. 2004 Jun;18(5):501-6. 

 

 

 

 

 

 



 

195 

Appendix D 

Nanoparticle Preconditioning in an Immunocompetent (TRAMP-C2) 
Preclinical Model of Prostate Cancer 

 

This section describes preliminary attempts to develop the TRAMP-C2 preclinical tumor 

model to investigate nanoparticle preconditioning mediated enhancement of cryosurgery.  
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D.1. INTRODUCTION  

 

Although our lab has extensive experience working with the DSFC model in athymic 

nude mice, we have not yet worked with an immunocompetent murine model for 

assessing thermal therapies. Athymic nude mice are deficient in T cells which are an 

important component of the inflammatory response following thermal therapy. A model 

using cells capable of metastasizing in immunocompetent mice will more closely reflect 

the human situation and improve clinical application of nanoparticle preconditioning. In 

particular, more work is needed using poorly differentiated metastatic tumors since, in 

humans, nanoparticle preconditioning enhanced thermal therapy will likely have its 

greatest and most immediate impact in patients with high grade tumors with significant 

probability for local failure (recurrence) and metastasis.  

 

 One of the best characterized and widely used mouse models of prostate cancer is 

the TRAMP model. It targets the prostate epithelium using a tissue-specific probasin 

(PB) promoter that drives the expression of SV40 T antigen (Tg), and leads to 

progressive disease from epithelial hyperplasia to prostatic intraepithelial neoplasia (PIN) 

and adenocarcinoma with both local and disseminated disease [1, 2]. The versatility of 

the TRAMP model has been extended further by the establishment of several TRAMP-

derived prostate tumor cell lines (including TRAMP-C2) that can be injected into the 

syngeneic male C57BL/6 host to induce ectopic prostate tumorigenesis [3]. TRAMP-C2 

cells metastasize to regional lymph nodes and other organs following an interval of 
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chronic primary tumor growth. Following primary tumor resection in this model, 

metastatic recurrence occurs at a high rate (i.e., >95% of mice) and in a predictable 

pattern [4]. Metastatic recurrence in this model emanates from the outgrowth of 

established nodal micrometastases that are present at the time of primary tumor resection. 

Hence, metastatic disease progression is not a consequence of seeding. Furthermore, this 

model mimics the clinical paradigm in which distant metastases represent the direst 

consequence of surgical treatment failure. Because of these attributes, this model readily 

lends itself to the testing of adjuvant therapies for their ability to eliminate poorly 

differentiated metastatic prostate cancer in immunocompetent host. 

 

 Our goal with these set of experiments was to establish the TRAMP-C2 model in 

our lab to study the effects of nanoparticle preconditioning and subsequent enhancement 

of thermal therapy in this preclinical immunocompetent tumor model. 

 

D.2. MATERIALS AND METHODS 

 

TRAMP-C2 Cell Culture 

The TRAMP-C2 cell line was purchased from ATCC (Manassas, VA). These cells grow 

as adherent monolayers in T-flasks. Cells were grown in ATCC-modified DMEM 

(ATCC, Manassas, VA) supplemented with 5% FBS, 5% Nu-Serum V, 100 U/ml 

penicillin, 100 µg/ml streptomycin, 5 µg/ml insulin and 0.01 nM dihydrotestosterone. 

Cultures were maintained in a 37°C/5% CO2/95% humidified air environment. Cells 
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were subcultured (1:14) once or twice/week, by rinsing flasks with Hank’s balanced salt 

solution (HBSS), followed by trypsinization, enzyme neutralization, and reseeding. 

 

DSFC/tumor implantation, nanoparticle administration, cryosurgery and vascular 

stasis measurement 

Male NU/J and C57BL/6J mice were obtained from the Jackson Laboratory (Bar Harbor, 

ME). Experiments were performed when mice were 6-8 weeks old. The dorsal skin fold 

chamber (DSFC) was implanted and 1-2 million TRAMP-C2 cells suspended in PBS 

were implanted (see DSFC implantation, tumor implantation, Chapter 2). Prior to DSFC 

implantation on C57BL/6J mice, hair was removed from the dorsal skin surface by 

treatment with Nair (Church & Dwight Co., Inc.). CYT-6091 (5 µg TNF) was injected 

via tail vein 4 hours prior to cryosurgery. At 4 hours after CYT-6091 administration the 

cryosurgery procedure was performed (see DSFC cryosurgery, Chapter 2). Stasis radius 

was measured at day 1, 3 and 7 post cryosurgery (see vascular stasis measurement, 

Chapter 2). Animals were sacrificed at day 7 after stasis radius measurement and The 

entire tumor tissue within DSFC was processed and stained with hematoxylin-eosin 

(H&E) (see Histology and Immunohistochemistry, Chapter 3).  

 

D.3. RESULTS 

 

The TRAMP-C2 tumor cells grew well in DSFCs of both NU/J and C57BL/6J mice. 

However, it was not possible to maintain the DSFC preparation in C57BL/6J mice for 
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more than a week after implantation. Implantation of DSFCs in C57BL/6J mice resulted 

in severe scratching by the mice of the skin around the chamber resulting in bleeding and 

infection. These mice had to be sacrificed before any thermal therapy could be 

administered. No such issues were encountered with the NU/J mice. 

 

 Intravital vascular stasis measurements made after cryosurgery in DSFC TRAMP-

C2 tumors grown in NU/J mice decreased continuously from Day 1 to Day 7 (Figure 

D.1). The maximum stasis area post cryosurgery of 36.42 ± 2.96 mm2 was observed at 

Day 1 and decreased to 23.85 ± 2.62 mm2 at Day 3 and 10.87 ± 1.67 mm2 at Day 7. This 

trend was also seen with CYT-6091 preadministration 4 hours prior to cryosurgery. In 

this group, the maximum stasis area of 40.02 ± 2.51 mm2 was observed at Day 1 which 

decreased to 27.69 ± 1.86 mm2 at Day 3 and 3.84 ± 1.45 mm2 at Day 7. Only the Day 7 

timepoint was statistically higher than the cryosurgery alone group (p = 0.02). Day 7 

histology of the cryolesion showed a central necrotic zone immediately adjacent to the 

cryoprobe tract, characterized by intense eosinophilic staining of cells, loss of 

hematoxylin staining and loss of cellular detail (Figure D.2). No blood vessels were 

observed in the central necrotic zone. Viable tumor tissue was present close to the edge of 

the DSFC. A distinct band of inflammatory cells characteristic of cryosurgical lesions 

was not readily identifiable, however, a zone of thrombosis and hemorrhage and ischemic 

necrosis was evident between the zone of central necrosis and viable tumor tissue. 
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Figure D.1. Effect of nanoparticle preconditioning on cryosurgery of TRAMP-C2 tumors 
grown in DSFC of NU/J mice. NP-TNF (CYT-6091, 5 µg TNF) was administered 4 
hours prior to cryosurgery. Values presented are mean ± SE from 7-8 animals in each 
group. Stasis areas were statistically higher in the NP-TNF group at Day 7 (*, p=0.04). 
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Figure D.2. Histology (H&E stain) of TRAMP-C2 tumor grown in DSFC of NU/J mice 
at Day 7 after cryosurgery.  
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D.4. DISCUSSION 

The evolution of the cryosurgical lesion in TRAMP-C2 tumors was markedly different 

compared to our previous work in the DSFC LNCaP tumor model [5, 6]. The maximum 

stasis area after cryosurgery occurs at Day 3 after cryosurgery in the DSFC LNCaP tumor 

model due to the actions of inflammatory cells that infiltrate the lesion and extend the 

direct cell injury caused by the freeze-thaw event [5, 6]. The trend seen in our results with 

the TRAMP-C2 model is similar to cryosurgical injury of normal skin in the DSFC which 

also displays a continuously diminishing vascular stasis area following cryosurgery due 

to the wound healing response (wound contraction) which is delayed in the presence of 

LNCaP tumor cells [6]. Our Day 7 histology results confirm the presence of TRAMP-C2 

tumor cells in the DSFC along with the typical histological zones concentric to the 

cryoprobe tract characteristic of a cryosurgical lesion [6]. Hence the decreasing trend of 

the stasis area is likely due to the rapid growth kinetics of the TRAMP-C2 cell line 

compared to the LNCaP cell line. Also, the growth of the TRAMP-C2 cell line would be 

even more rapid in nude mice lacking T cells used in the study. This trend of tumor 

growth kinetics overwhelming the wound healing and inflammatory cell response to 

cryosurgical injury is similar to that observed in the VX2 tumor in the rabbit kidney 

model (see Discussion, Appendix C) and acts as a confounding factor when comparing 

the effect of CYT-6091 preadministration with cryosurgery alone. Even so, a statistically 

significant higher stasis area was obtained at Day 7 in the CYT-6091 group implicating a 

beneficial role of nanoparticle preconditioning in enhancing cryosurgery in this 

aggressive tumor model. Future investigations geared towards overcoming the technical 
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difficulties of maintaining the DSFC preparation in C55BL/6J mice for an extended 

period (2.5-3 weeks) are needed to continue developing this immunocompetent 

preclinical model to understand the role of the adaptive immune response, specifically T 

cells, in nanoparticle preconditioning. 
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