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Mild hyperthermia (39°C-43°C) has numerous therapeutic benefits as an adjuvant 

therapy in the treatment of a variety of tumor types. Hyperthermia increases tumor blood flow 

and vascular permeability, promoting drug delivery and tumor oxygenation. Hyperthermia 

enhances the uptake and efficacy of numerous chemotherapeutic agents, including cisplatin, 

resulting in increased cytotoxicity. In addition to these biological responses, hyperthermia can 

be used as a drug-release trigger for temperature-sensitive nanoparticles, resulting in an 

improved and more targeted drug delivery system. Cisplatin was chosen because 1) it shows 

broad spectrum activity against a wide range of heatable cancers (i.e., those in sites such as the 

pancreas, colon and rectum, cervix and bladder, and 2) the same hyperthermic temperatures 

that enable temperature-sensitive lipsome-drug release also enhance cisplatin-induced 

cytotoxicity. 

The role of hyperthermia in enhancing cisplatin delivery and cytotoxicity was 

investigated at both the cellular and tissue levels. While hyperthermia treatment is applicable to 

a variety of tumor types, the focus of this work was on bladder cancer. The synergistic effects of 

hyperthermia and cisplatin were investigated, along with the role of copper transport protein 1 

(Ctr1) in this process. In addition, cisplatin was encapsulated within temperature-sensitive 

liposomes, which were used in combination with hyperthermia for targeted drug delivery. These 

studies demonstrated that the combination of cisplatin and hyperthermia improved drug 

delivery, and potentially anti-tumor efficacy, and that targeted delivery was enhanced through 

incorporation of temperature-sensitive liposomes. As many current methods for administering 

bladder hyperthermia have drawbacks, such as invasiveness and regional heating, the final aim 
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of this study was to develop and test a less-invasive and more focused preclinical bladder 

heating device in a rat model.  

Hyperthermia sensitizes cells to the cytotoxic effects of the commonly used 

chemotherapeutic agent cisplatin by increasing drug accumulation and subsequent platinum-

DNA adduct formation. However, the molecular mechanisms underlying this enhancement 

remain unclear. Understanding the fundamental mechanisms involved in the synergistic 

interaction is necessary to increase the therapeutic benefits of this combination in the clinic. The 

synergism between the anti-cancer benefits of cisplatin and the drug delivery benefits of 

hyperthermia may offer a novel and more effective treatment for many cancer patients. We 

hypothesized that hyperthermia increases cisplatin accumulation and efficacy in part by 

modulating the function of Ctr1, a major regulator of cellular cisplatin uptake. To test this 

hypothesis, we examined the significance of Ctr1 during combined hyperthermia and cisplatin 

therapies and assessed the importance of cisplatin- and hyperthermia-induced Ctr1 

multimerization in enhancing cisplatin cytotoxicity. We observed increased Ctr1 multimerization 

following hyperthermia treatment (41°C) in vitro, compared to normothermic controls (37°C), 

suggesting that this may be a mechanism for increased cisplatin uptake in heat-treated cells. The 

impact of increased Ctr1 multimerization was evaluated by measuring platinum accumulation in 

wild-type (WT) and Ctr1-/- cells. WT cells contained greater levels of platinum compared to Ctr1-/- 

cells. A further increase in platinum was observed following hyperthermia treatment, but only in 

the WT cells. Hyperthermia enhanced cisplatin-mediated cytotoxicity in WT cells with a dose-

modifying factor (DMF) of 1.8 compared to 1.4 in Ctr1-/- cells. Our data suggest that heat 

increases Ctr1 activity by increasing multimerization, resulting in enhanced drug accumulation. 

Although we recognize that the effect of heat on cells is multi-factorial, our results support the 
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hypothesis that Ctr1 is, in part, involved in the synergistic interaction observed with cisplatin 

and hyperthermia treatment.  

In addition to assessing cisplatin delivery at the cellular level, we evaluated cisplatin 

delivery at the tissue level, using novel cisplatin-loaded temperature-sensitive liposomes. We 

hypothesized that delivering cisplatin encapsulated in liposomes under hyperthermic conditions 

would improve the pharmacokinetic profiles of cisplatin, increase drug delivery to the tumor, 

decrease normal tissue toxicity, and enhance the anti-tumor activity of cisplatin. We successfully 

prepared temperature-sensitive liposomes loaded with cisplatin and demonstrated that heat 

(42°C) sensitizes cisplatin-resistant cells to the cytotoxic effects of cisplatin in vitro.  

Decreased toxicity was observed in animals treated with the cisplatin liposome (± heat) 

compared to the free drug treatments. A pharmacokinetic study of cisplatin-loaded 

temperature-sensitive liposomes and free drug was performed in tumor-bearing mice under 

normothermic and hyperthermic conditions. Cisplatin half-life in plasma was increased following 

liposome treatment compared to free cisplatin, and cisplatin delivery to the tumors was 

greatest in mice that received liposomal cisplatin under hyperthermia. These initial in vivo data 

demonstrate the potential effectiveness of this cisplatin-loaded liposome formulation in the 

treatment of certain types of cancer. To assess the anti-cancer efficacy of the liposome 

treatment, a tumor growth delay study was conducted and demonstrated equivalent efficacy for 

the cisplatin-loaded temperature-sensitive liposome compared to free drug.  

In addition to the liposome work, we developed and evaluated a novel heating device 

for the bladder. Despite the evidence that hyperthermia is an effective adjuvant treatment 

strategy, current clinical heating devices are inadequate, warranting the development of a new 

and improved system. We induced hyperthermia using ferromagnetic nanoparticles and an 
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alternating magnetic field device developed by Actium Biosystems. Initial preclinical studies in a 

rat model demonstrated preferential bladder heating. However, our preliminary studies show 

severe toxicity with the direct instillation of the nanoparticles in the bladder, and further studies 

are needed to potentially modify the nanoparticle coating, the catheterization procedure, as 

well as to develop a different animal model.  
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1.1 Cancer as a Disease 

Cancer is the second leading cause of death in the United States, accounting for 23% of 

all deaths [1, 2]. Approximately, one in four deaths in the United States is due to cancer, and 

according to projected statistics, there were a total of 1,638,910 new cancer cases and 577,190 

cancer deaths in 2012 [2]. Currently, lung and bronchus, prostate, and colorectal cancers are the 

most common cause of cancer deaths in men, and lung and bronchus, breast, and colorectal 

cancers are the most common in women [2].  

1.1.1 The Hallmarks of Cancer 

Hanahan and Weinberg [3, 4] proposed that tumors are complex tissues composed of 

multiple cell types that participate in heterotypic interactions with one another, and not just 

proliferating masses of cancer cells. In 2000, they published their initial Hallmarks of Cancer 

paper, which described six hallmarks that enable tumor growth and metastatic dissemination, 

and provide a framework for understanding the diversity and biology of neoplastic disease. 

These hallmarks include (1) sustaining proliferative signaling, (2) evading growth suppressors, (3) 

resisting cell death, (4) inducing angiogenesis, (5) enabling replicative immortality, and (6) 

activating invasion and metastasis.  

The first three hallmarks of cancer are associated with the signaling pathways which 

promote tumor growth and inhibit cell death. Cancer cells are able to sustain chronic cell 

proliferation by deregulating growth signals, allowing for progression through the cell cycle and 

division. Along the same lines, inactivation of tumor suppressors, negative regulators of cell 

proliferation, is a common characteristic of cancer cells. Apoptosis, or programmed cell death, is 
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a cellular mechanism used to inhibit cancer cell development [5], but cancer cells evade this 

critical death pathway by evolving a variety of pathways. For example, tumors alter the balance 

of apoptotic regulators by increasing expression of antiapoptotic regulators (e.g., Bcl-2, Bcl-xL) 

and downregulating proapoptotic factors (e.g., Bax, Bim, Puma). Additionally, the loss of the 

TP53 tumor suppressor function, which acts as a critical damage sensor for the apoptosis-

inducing circuitry, is quite common.  

The fourth hallmark is related to tumor vasculature. Similar to normal tissue, tumors 

require vasculature for oxygen and nutrients. Normal vasculature becomes quiescent following 

vasculogenesis and angiogenesis (sprouting new vessels from an existing one); in contrast, an 

‘angiogensis switch’ is activated in tumors during progression, resulting in continual 

development of new vessels to support tumorigenesis [6].  

Normal cells are only able to pass through a limited number of cell division cycles; in 

contrast, cancer cells characteristically acquire unlimited replicative potential. This is thought to 

involve the upregulation of telomerase, the DNA polymerase that adds repeat segments to the 

ends of telomeric DNA; this lengthening allows for the avoidance of senescence or apoptosis 

triggering [3].  

The final hallmark described is activating invasion and metastasis, resulting in the 

progression of higher pathological grades of malignancy and severity of the disease. This process 

involves a succession of cell-biologic changes (e.g., loss of a key cell-to-cell adhesion molecule E-

cadherin) beginning with local invasion, then intravasation and transport of cancer cells into 

blood and lymphatic vessels. The next steps involve extravasation of these cells into the 

parenchyma of distant tissues, followed by the formation of micrometastases, and finally the 

progression of these mircrometastases into macroscopic tumors.  
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Based on advances made in the cancer research field since 2000, a revised review was 

written in support of two additional hallmarks: (7) deregulating cellular energetics and (8) 

avoiding immune destruction [3]. Deregulation of cellular energetics involves the modification 

or reprogramming of cellular energy metabolism to most effectively and efficiently support 

continuous cell growth and proliferation. This reprogramming allows for two different 

subpopulations of energy-generating pathways to exist symbiotically in a tumor. One population 

of glucose-dependent cells secretes lactate, and the second imports and utilizes this lactate as 

their main energy source [7]. One major role of the immune system is to constantly monitor cell 

and tissue and to recognize and destroy developing cancer cells. Based on this theory, cancer 

cells must be able to evade/avoid detection, attack, and elimination by immune cells in order to 

progress through tumorigenesis.  

In the more recent review [3], Hanahan and Weinberg also describe two enabling 

characteristics that cancer cells acquire in order to survive, proliferate, and disseminate. The 

first of these characteristics is genomic instability, which results in alterations in the genome and 

random mutations that may confer selective advantage, enabling their development and 

eventual dominance in the local tissue environment. The second enabling characteristic is 

tumor-promoting inflammation. Inflammation can actively contribute to hallmark capabilities by 

supplying bioactive molecules, such as growth factors, survival factors, and proangiogenic 

factors; additionally inflammatory cells can release certain mutagenic chemicals, such as 

reactive oxygen species, that may promote genetic diversity and evolution [3].  
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1.1.2 A Complex Disease to Target 

The previously mentioned hallmarks give some insight into the biology of cancer but 

also reveal the complexity of this disease. Although cancers do share these common hallmarks, 

each tumor type is very different from the next, and intratumor heterogeneity, as genetic 

instability suggests, adds to this complexity. Recently, a group assessed intratumor 

heterogeneity in primary renal carcinomas and associated metastatic sites [8]. Mutational 

intratumor heterogeneity was detected for multiple tumor suppressor genes within a single 

tumor, and gene expression signatures indicating good or poor prognosis were detected in 

different regions of the same tumor. This study, again, demonstrates the complexity of this 

disease as a whole and the difficulties in targeting cancer-specific abnormalities in current anti-

cancer treatments.  

Due to these heterogeneities and lack of effective targeting strategies, developing 

effective cancer treatments is the current focus of worldwide research. Currently, the main 

types of cancer treatment consist of surgery (resection of the tumor tissue), radiotherapy, and 

chemotherapy. Radiotherapy is a more localized treatment, while most chemotherapies target 

rapidly proliferating cells and are not specific to cancer cells. Normal tissue toxicity following 

drug treatment is the dose-limiting factor for the majority of cancer therapies. To circumvent 

this toxicity, targeted drug delivery systems and adjuvant therapies (therapies that modify the 

effects of other agents) have been investigated extensively. Targeted drug delivery systems have 

the theoretical advantage of being able to increase drug concentration to the tumor site while 

minimizing normal tissue exposure. Targeted approaches hold significant promise for increasing 

therapeutic gain and efficacy.  
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1.2 Bladder Cancer 

Bladder cancer is the fifth most common type of cancer in the Western world [9]. It is 

the fourth most common type of cancer in men and occurs more commonly in men than in 

women [2]. Urinary bladder cancer is the most common type of malignancy of the urinary tract 

[10] and is the cause of approximately 3% of cancer-related deaths in the United States, 

resulting in approximately 10,510 deaths each year [2]. Major risk factors for this disease include 

cigarette smoking, exposure to certain industrial chemicals, and age [11]. Patients are commonly 

diagnosed based on gross or microscopic hematuria, and approximately 70% of patients present 

with cancer confined to the epithelium or subepithelial connective tissue [12]. Even with 

effective treatment, recurrence is a major problem for bladder cancer, with recurrence rates of 

50-70% [13]. Based on 2001-2007 survival data, five-year survival rates for bladder cancer are 

71% for localized disease, 35% for regional disease, and approximately 5% for distant disease 

[2].  

Of the newly diagnosed bladder cancer patients, approximately 33% present with 

muscle-invasive disease, a condition where the tumor cells have invaded into the muscle layer 

of the bladder [14]. Among the patients initially diagnosed with superficial disease, 

approximately 10-15% of the patients will eventually progress to muscle-invasive disease [14]. 

Approximately 50% of patients presenting with muscle-invasive disease develop metastases, 

significantly decreasing survival rates [9, 14]. Current standard of care for muscle-invasive 

disease involves neo-adjuvant chemotherapy with a cisplatin-containing regimen followed by 

radical cystectomy [14].  
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1.2.1 Project Goal 

A major goal of our study is to develop a treatment strategy for bladder cancer, 

specifically muscle-invasive disease, that would positively impact patient survival and improve 

patient quality of life by allowing for bladder preservation. Standard of care and treatment 

options for the patients presenting with either superficial disease or muscle-invasive disease are 

provided in detail below. 

1.2.2 Treatment Strategies 

Currently, there are several different strategies commonly used for the treatment of 

bladder cancer. These treatment strategies are dependent upon tumor staging and are 

described below in terms of their efficacy and safety.  

1.2.2.1 Transurethral Resections 

Upon initial diagnosis of bladder cancer (predominantly transitional cell carcinomas; 

TCC), most patients undergo transurethral resections (TUR). TUR is a surgical procedure used to 

both properly diagnose bladder cancer and to remove the cancerous lesion from the bladder. 

This procedure alone has been shown to provide local disease control, but does not necessarily 

prevent recurrence. Approximately 50-80% of patients initially diagnosed with TCC will have 

disease recurrence and 14% will have disease progression following TUR alone [15]. Currently, 

TUR in combination with intravesical therapy is highly recommended for superficial bladder 

cancer treatment, but recurrence rates are still high. Several treatment strategies following TUR 

are available and described below.     
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1.2.2.2 Intravesical Therapy 

Intravesical therapy, in which a therapeutic agent is instilled within the bladder, is the 

most common treatment for TCC following TUR [15]. Immunomodulators (e.g., Bacillus 

Calmette-Guerin (BCG)), chemotherapeutic agents, and gene therapies have been applied as 

intravesical therapy. As described below, these approaches have led to decreased rates of 

disease progression and recurrence. However, many complications/side effects are often 

observed. These difficulties include irritative voiding symptoms, such as increased frequency, 

urgency, and dysuria (painful urination), as well as the long-term potential for bladder fibrosis 

and contracture [13]. Specific complications for the immunomodulator BCG include fever, 

arthritis, granulomatous prostatitis, BCG sepsis, disseminated tuberculosis, and death [13]. 

Additional specific complications with intravesical chemotherapy include myelosuppression 

caused by thiotepa, skin desquamation and rash following mitomycin C treatment, and 

gastrointestinal upset and rash with doxorubicin therapy [13].      

BCG has been accepted as first line therapy for superficial bladder cancer [16]. 

Immunotherapy, such as BCG, induces anti-tumor effects by either active or passive immunity. 

BCG is a mycobacterium that induces cytokine release in the urine and bladder wall resulting in 

the chemoattraction of granulocyte and mononuclear cells, subsequently causing anti-tumor 

activity [15]. BCG treatment typically begins 2-4 weeks following TUR and is administered 

weekly for six weeks [15]. Intravesical instillation of BCG has been shown to significantly delay 

the time to recurrence compared to TUR alone [17]. The use of BCG is somewhat limited by its 

toxicity and intolerance occurs in approximately 20% of patients [18]. Signs of toxicity include 

local adverse reactions, such as cystitis, hematuria, and bladder contracture, as well as systemic 

reactions ranging from flu-like symptoms to life-threatening sepsis. This toxicity profile seems to 
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be higher than with other intravesical chemotherapies (discussed below). However, with a five-

year recurrence rate of approximately 34% [19], BCG is superior in preventing recurrence and 

progression in patients with intermediate and high risk non-invasive disease relative to other 

intravesical chemotherapy options (e.g., mitomycin C) [20, 21].  

Interferon-alpha (IFN-α) has also been used an immunotherapy for BCG refractory 

patients. This class of glycoproteins mediates the host immune response by increasing antibody 

responsiveness, stimulating natural killer cells, and inducing expression of class I major 

histocompatibility complex antigens [22]. The effects of IFN-α as a monotherapy have been 

somewhat disappointing, but as an adjuvant therapy, with either BCG or mitomycin C, results 

are more promising [15].   

The broad spectrum immune-stimulatory compound bropirimine has also been assessed 

as a treatment option for bladder cancer. Administration of this compound is significantly more 

convenient than intravesical therapy, because it is can be absorbed orally and then excreted in 

the urine [15]. A clinical trial in BCG naïve patients showed that bropirimine was as effective as 

BCG with more acceptable local toxicity [23].  

Intravesical chemotherapies have typically been restricted to BCG-refractory diseases 

but are currently being investigated as first and second line agents [15]. Mitomycin C is a cross-

linking agent that inhibits DNA synthesis [24]. Due to its high molecular weight, there is limited 

absorption and minimal side effects. The common treatment regime involves intravesical 

administration weekly for eight weeks followed by monthly instillations for one year [19]. 

Chemotherapeutic agents are preferred to BCG in the preoperative period, because they 

decrease systemic absorption following TUR. In patients with small volume solitary tumors, 

instillation of chemotherapy is recommended immediately following TUR (<6 hours) [19]. 
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However, for patients with intermediate and high risk bladder cancer, induction therapy with 

BCG is highly recommended to prevent disease recurrence and progression [19]. Several clinical 

studies have shown that BCG is superior to chemotherapy in limiting disease recurrence and 

progression, but its use is limited by its toxicity, making alternative treatment strategies 

necessary [15].   

A variety of other chemotherapeutic agents have limited use in the treatment of 

bladder cancer. For example, the alkylating agent thiotepa is currently used for papillary TCC 

[15]. Due to its low molecular weight, thiotepa is both locally and systemically toxic. While it is 

marginally effective, its use is limited to patients that cannot tolerate BCG due to the inherent 

toxicity. Gemcitabine is a pyrimidine analog that is used systemically for the treatment of 

metastatic and locally advanced TCC with minimal systemic toxicity [25]. The anthracycline 

antibiotics doxorubicin, epirubicin, and valrubicin, which prevent protein synthesis by inhibiting 

topoisomerase II, show promise in patients that have failed or are intolerant to BCG [15]. 

Doxorubicin is quite toxic, but epirubicin and valrubicin are similarly as efficacious with 

improved toxicity profiles.  

Combination therapies are quite common. Cisplatin is often combined with other 

chemotherapeutic agents for neoadjuvant chemotherapy strategies or bladder-sparing 

protocols, but its use is limited in patients with impaired kidney function [13]. A variety of 

chemotherapy cocktails have been used with cisplatin including a variety of combination with 

gemcitabine, fluorouracil, paclitaxel, methotrexate, vinblastine, and doxorubicin. It is also used 

in combination with radiation therapy.  

The use of gene therapy (targeting gene mutations) to treat bladder cancer would have 

several advantages over other intravesical therapies, including a more selective delivery to 
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mutated tumor cells [26]. Several phase I trials have demonstrated that intravesical gene 

therapy can be safely administered [27]. Dose-limiting toxicities were not observed following 

administration of Dryvax vaccinia viral vectors [28]. The use of an adenoviral vector containing 

wild type p53 with a gene transfer enhancer resulted in transient side effects and no dose-

limiting toxicity [29]. Although gene therapy is currently not a standard of care, the toxicity 

profile for this treatment is encouraging.     

1.2.2.3 Radical Cystectomy (Bladder Removal) 

Although the intravesical therapies reduce recurrence rates, disease progression is still 

an issue [15]. Patients who develop rapid recurrence have an increased risk of developing 

muscle-invasive disease. Radical cystectomy is the gold standard treatment for muscle-invasive 

disease [30], but patients who undergo cystectomy for progression do not seem to have 

increased survival rates compared to those that initially present with muscle-invasive disease 

[13]. This absence of benefit in high risk patients has encouraged some to undertake an early 

cystectomy before the onset of invasive disease. Early cystectomy has demonstrated improved 

10-year survival (80% with early cystectomy vs. 50% when muscle-invasive disease is present) 

and satisfaction following orthotopic urinary diversions [13, 15].   

Radical cystectomy is regarded as the most extensive urologic operation, involving 

simultaneous surgery on the urinary tract, gastrointestinal tract, and lymph nodes [31]. Early 

mortality has decreased considerably since 1970 from approximately 20% [32] to 0.8-8.3% more 

recently (as reviewed by Liedberg in 2010) [31]. Mortality rates vary depending on reporting 

criteria but are about 1.1%, 2.4%, and 3.9% for 30-, 60-, and 90-day mortality, respectively [31]. 

Due to the complexity and the typical patient population (elderly patients with preexisting 
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comorbidities) undergoing this procedure, the incidence of complications are quite common, 

occurring in 16-64% of patients [31, 32]. The most common complications include intestinal 

obstruction, occurring in 23% of patients, and infectious events, constituting 25% of all 

complications [31]. Additional complications include blood loss, intestinal anastomotic leak or 

urinary extravasation, postoperative deep vein thrombosis and pulmonary embolism (8% of all 

complications), and wound-related complications (primarily dehiscence) [31]. Along with these 

postoperative complications, morbidities, such as sexual dysfunction in both men and women 

and rectal dysfunction [31], result in a decreased quality of life for these patients.   

While many of the intravesical therapies have outcome benefits, there are major issues 

with toxicity and disease progression and recurrence. Radical cystectomy is a complicated 

surgery, and is not correlated with increased survival once muscle-invasive disease has been 

diagnosed. While this procedure is beneficial for patients with early stage bladder cancer, the 

quality of life following surgery is significantly decreased.  

There is obviously a need for more effective treatments that exhibit less systemic 

toxicity and are less detrimental to patient quality of life. These therapies could include new 

treatment strategies all together or the addition of adjuvant therapies combined with the 

currently used and approved drugs. One adjuvant therapy that warrants examination in the use 

of bladder cancer treatment is hyperthermia. 

1.3 Hyperthermia as an Adjuvant Anti-Cancer Treatment Modality 

Hyperthermia, defined as the induction of elevated temperatures, has been reported in 

the treatment of malignancies for centuries [33]. A case-story describing the use of 

hyperthermia to treat a patient with a breast tumor was found in an Egyptian papyrus that 
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dated back to over 5,000 years ago [34]. Additionally, an aphorism by the Greek physician 

Hippocrates states, “Those who cannot be cured by medicine can be cured by surgery. Those 

who cannot be cured by surgery can be cured by hyperthermia. Those who cannot be cured by 

hyperthermia they are indeed incurable” [34].  

As depicted in Figure 1, the use of hyperthermia as an adjuvant therapy has numerous 

therapeutic benefits. Studies have shown that many chemotherapeutic agents (e.g. doxorubicin, 

cisplatin, etc.) interact synergistically with hyperthermia resulting in enhanced drug uptake and 

cytotoxicity. Hyperthermia itself can be directly cytotoxic at temperatures above 43°C, but much 

less toxic at mild hyperthermic temperatures (39-42°C) typically used in the clinic [35]. 

Hyperthermia increases tumor blood flow [36] and vascular permeability [37], potentially 

increasing drug delivery to the tumor site. Hypoxic regions in the tumor are a major obstacle in 

cancer treatment, due to both decreased drug delivery, radioresistance, and chemoresistance 

[38, 39]. Because of a relative lack of perfused microvasculature, these regions typically do not 

accumulate high concentrations of drug [40]; however, hyperthermia can reduce these hypoxic 

regions by increasing blood flow [41], resulting in increased drug delivery to such resistant 

regions.  

In addition to the biological effects of hyperthermia, it is a useful adjuvant treatment 

resulting in increased drug delivery and drug targeting, particularly in the case of liposomes. 

Both non-thermosensitive and thermosensitive liposome based therapies are aided by the 

effects of hyperthermia. Hyperthermia increases liposome extravasation [37, 42] and can act as 

a drug release trigger for thermosensitive liposomes.   
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Figure 1: Therapeutic benefits of adjuvant hyperthermia. 

Flow diagram depicting the multifactorial therapeutic benefits of hyperthermia. Hyperthermia 
enhances drug delivery and efficacy by increasing vascular perfusion and permeability and by 
enabling drug release from thermosensitive liposomes. Hyperthermia itself can be cytotoxic, but 
it also enhances cytotoxicity by increasing drug delivery and by interacting synergistically and 
additively with many anti-cancer agents. 
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1.3.1 Hyperthermia at the Biological Level 

Heat treatment results in alterations of many complex and interdependent processes, 

making the definition of primary damaging events quite difficult. Several reviews argue whether 

cell membranes, proteins, or DNA are the primary targets for cell death induction by 

hyperthermia [43-46].  

The main molecular target of damage induced by clinically relevant hyperthermia (39-

45°C) is protein damage, specifically protein unfolding and hydrophobic group exposure [45, 47]. 

Exposed hydrophobic groups facilitate formation of irreversible and toxic protein aggregates; 

the formation of these aggregates is thought to be a mechanism for hyperthermia-induced cell 

death. Proteins are prone to aggregation following denaturation, and without chaperones, these 

aggregates can be quite destructive to many macro-molecular structures and their functions. 

Nuclear proteins seem to be most sensitive to heat-induced denaturation, and the nuclear 

compartment seems to be a favorable environment for protein aggregation to occur [45]. These 

observations are in agreement with other studies that correlate nuclear protein aggregation 

with heat-induced cell kill [48]. Damage to nuclear proteins could have a significant impact on 

cell function because of the role these proteins play in managing proper transcription, 

replication, and repair of DNA [47].  

The cellular response to hyperthermic conditions, which inhibits protein aggregation, is 

to upregulate heat shock proteins, a class of molecular chaperones. Molecular chaperones 

prevent non-productive protein aggregation by binding to unfolded proteins and assisting in 

their correct assembly [45]. This response results in heat shock gene upregulation, which then 

induces a thermotolerant state [45].  
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Hyperthermia also increases enzyme activity. For example, studies have shown 

increased activity of protein kinases, and therefore protein phosphorylations, following heat 

treatment [43].  

In addition to protein damage, hyperthermia at temperatures 42-45°C results in a 

reduction in DNA, RNA, and protein synthesis. The S-phase of the cell cycle is quite sensitive to 

hyperthermia; it disrupts the timing of replication patterns and stalls replication forks [49]. At 

the metabolic level, hyperthermia increases reaction rates, increasing most intermediary 

metabolism processes [50].   

Another effect of hyperthermia is increased membrane fluidity and permeability. A 

thorough review by Yatvin and Cramp [43] discussed the cellular membrane changes induced by 

heat treatment, including physical and compositional alterations. Specifically, heat treatment 

increases membrane-associated cholesterol, phosopholipid, and protein levels, potentially 

altering fluidity and membrane function. The lipid molecule cholesterol is of particular 

importance because of its known role in membrane permeability [44]. As heat destabilizes the 

membrane, heat-induced translocations of critical membrane-bound proteins may play a key 

role in altering fluidity and membrane function [43], and also in altering key signaling pathways 

[44]. For example, studies have shown heat-induced alterations in hormone or antibody ligand 

binding to membrane receptors (e.g., insulin receptor and epidermal growth factor binding) [51, 

52]. Many of these earlier studies focused on temperatures higher than the clinically relevant 

mild hyperthermia temperatures (>43°C). Hayat and Friedberg [53] assessed cell membrane 

permeability in mouse fibroblasts (3T3 and 3T6) over a range of temperatures from 37-45°C for 

5 to 30 minutes. Permeability was assessed by measuring efflux of radioactively labeled, 

intracellular metabolites. Increased efflux was observed following heat treatment (starting at 
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41°C) over time, but the effect was more pronounced at 43°C. Although the cellular membrane 

is of significance in hyperthermia-induced cellular changes, it may also be important to note that 

hyperthermia induces changes, i.e., permeability, in other organelle membranes, such as 

lysosomes and mitochondria [43, 47]. Disruption to the mitochondrial membrane or loss of 

membrane potential can induce the generation of reactive oxygen species, which also alter 

protein instability [47].  

Another therapeutic benefit of hyperthermia, particularly when combined with other 

anti-cancer treatments that induce DNA damage, is the inhibition of DNA damage processing 

and repair. Heat causes transient fluidization of membrane lipids [44] that may interfere with 

intracellular signaling processes necessary for DNA damage detection and/or repair [46]. 

Additionally, the denaturation, inactivation, and aggregation of cellular proteins following 

thermal stress may result in activity of loss of rate-limiting DNA repair enzymes, alterations in 

chromatin structure [46], inhibition of sensing DNA damage, or complete masking of DNA 

damage [49]. Hyperthermia has also been shown to cause degradation of DNA, inhibit DNA 

synthesis, and induce chromosomal aberrations [43]. 

It is important to note that these cellular alterations are dependent upon both 

temperature and duration of heat treatment. Many of the earlier hyperthermia studies (1970s 

to early 1990s) focused on temperatures >42°C and for durations of more than 1 hour. These 

studies assessed the use of heat to kill cells directly as opposed to using it as an adjuvant 

treatment at thermal goals more easily achieved in the clinical setting (39-42°C for 1 hour). 

These studies largely ignored the powerful, yet subtle effects of mild hyperthermia [54]. Mild 

hyperthermia (39-42°C) results in tumor reoxygenation, whereas higher temperatures lead to 

vascular damage and hypoxia [54]. Mild hyperthermic temperatures also inhibit sub-lethal 
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(repairable damage to DNA) and potentially lethal damage repair (damage which results in cell 

death unless modified by post-treatment events) [55], providing strong rationale for combining 

this treatment with chemotherapy and/or radiotherapy. 

Drug sensitization is a well-documented benefit of adjuvant hyperthermia that has been 

observed for a variety of anti-cancer agents. This synergy is thought to be due to multiple 

mechanisms, including, but not limited to, heat damage to ATP-binding cassette (ABC) 

transporters (increasing drug accumulation) and intra-cellular drug detoxification pathways, as 

well as inhibited repair of drug-induced DNA adducts [45]. Greater than additive killing is 

observed when hyperthermia is combined with alkylating agents (e.g., melphalan, ifosfamide, 

mitomycin C), nitrosureas (e.g., BCNU, CCNU), platinum drugs (e.g., cisplatin, carboplatin, 

tetraplatin), and some antibiotics (e.g., bleomycin, doxorubicin, actinomycin D) [56]. Along with 

being a drug sensitizer, hyperthermia is one of the most potent radiosensitizers [46]. 

Radiosensitization is due to several mechanisms, including complementary cell killing, DNA 

repair inhibition, and increased oxygenation. Cells undergoing mitosis or cells in the G1/S 

interphase are most sensitive to the damaging effects of radiation, whereas cells are more 

sensitive to the cytoxic effects of heat during the S phase, the most radioresistant phase of the 

cell cycle [57]. Additionally, hyperthermia inhibits cells from repairing radiation-induced DNA 

damage [46]. Hypoxic cells are highly resistant to both radiotherapy and chemotherapy [38]. 

However, hyperthermia increases tumor perfusion, oxygenation and vascular permeability [36, 

54]. Improved tumor oxygenation would likely reduce these resistant hypoxic regions, resulting 

improved efficacy of radiotherapy and chemotherapy [58].          
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1.3.2 Hyperthermia in a Clinical Setting 

While there are many obvious benefits of hyperthermia, there are certain types of 

cancer that are more suited for this adjuvant treatment. In 1986, Kapp [59] authored a review 

on the types of cancer that, based on lesion location and potential progression, would benefit 

from hyperthermia. This review assessed in detail the diseases that may benefit from adjuvant 

hyperthermia treatment. Based on mortality statistics, local failures contribute to death in a 

high proportion of patients with brain, ovarian, prostate, cervical, esophageal, bladder, and 

head and neck cancers. The author also described lesions for which local-regional recurrence 

and metastases are problematic and may be candidates for hyperthermia benefit, such as in 

breast cancer, head and neck cancer (lymph node metastases), colorectal cancer (nodal 

metastases), bladder cancer (muscle-invasive disease), and malignant melanomas (symptomatic 

cutaneous, subcutaneous, or superficial lymph node metastases). 

A thorough review was done by Falk and Issels [60] discussing clinical trials prior to 2001 

that utilized hyperthermia as an adjuvant therapy in a variety of solid tumors. They described 

the feasibility and effectiveness of hyperthermia treatment in multiple clinical studies in locally 

advanced tumors in terms of objective response rate, local tumor control, and relapse-free 

survival. It was noted that, specifically in breast cancer, head and neck tumors, cervical cancer, 

and glioblastoma, the addition of hyperthermia to other treatments such as radiotherapy 

significantly improved response and survival.     

Although superficial lesions seem to be an ideal target for hyperthermia adjuvant 

treatment because of accessibility, improvements in heating devices now also allow for 

targeting deep-seated tumors. Several heating devices have been developed to accommodate 

these types of cancer such as the HYPERcollar for head and neck cancer [61], superficial devices 



 

 19 

for breast cancer (Duke Breast Applicator System) [62], microwave devices for brain heating 

[63], and systems like the BSD-2000 (BSD Medical Corporation, Salt Lake City, UT, USA) for deep-

seated lesions (e.g., cervical, gastrointestinal, bladder, etc) [64] and the Synergo® System 

(Synergo SB-TS:101-1; Medical Enterprises, Amsterdam, the Netherlands) [65], used specifically 

for bladder heating (depicted in Figure 2). Of these systems, both the breast applicator and the 

BSD-2000 have been utilized at the Duke University Medical Center for patient treatment.  
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Figure 2: Schematic of the Synergo® System used for clinical trials. 

Reproduced with permission from Colombo et al. 2003 [65]. 
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As expected, bladder cancer patients have shown clinical benefits from hyperthermia 

treatment. Colombo et al. [66] treated primary or recurrent superficial transitional cell 

carcinoma of the bladder with intravesical mitomycin C with or without hyperthermia. 

Significantly fewer recurrences were observed in patients treated with the combination of 

mitomycin C and hyperthermia compared to mitomycin C alone. The two-year recurrence-free 

survival Kaplan-Meier plots are shown in Figure 3. A similar study using this same intravesical 

system combined with mitomycin C in patients with multiple or recurrent transitional cell 

carcinoma of the bladder exhibited comparable results showing a high percentage of 

recurrence-free patients [67]. A trial treating high-grade superficial bladder cancer with 

hyperthermia and mitomycin C was also beneficial with 62.5% of patients remaining recurrence-

free [68]. A clinical trial administering hyperthermia with the BSD-2000 system in combination 

with mitomycin C was conducted with encouraging results at Duke University Medical Center, 

but the results have yet to be published.                   
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Figure 3: Two-year recurrence-free survival for patients treated with thermochemotherpay 
versus intravesical chemotherapy alone. 

Patients were treated with intravesical mitomycin C alone (ICT alone) or in combination with 
local hyperthermia administered (LHT+ICT) with the Synergo® System. Modified with permission 
from Colombo et al. (2003) [65]. 
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1.4 Cisplatin 

 The chemotherapeutic compound cisplatin has been used clinically since the late 1970s 

for the treatment of multiple types of cancer including testicular, ovarian, bladder, cervical, 

head and neck, and small cell lung cancers. Its ability to inhibit bacterial fission was first 

observed and described by Rosenberg et al. in 1965 [69]. The initial preclinical studies were 

conducted in the late 1960s, assessing the anti-tumor efficacy and observed inhibition and 

regression of tumors in sarcoma and leukemia models [70, 71], and the first human clinical trials 

were described in 1975 by Hill et al. for the treatment of various different malignancies [72]. The 

therapeutic value was noted, and in 1978, cisplatin was approved by the FDA for clinical use in 

the United States [73].  
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Figure 4: Structure of Cisplatin. 

The chemotherapeutic agent cisplatin has been used in the clinic for the treatment of various 
malignancies since 1978 and remains one of the more commonly used anti-cancer drugs to date. 
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As reviewed by Fricker [74], cisplatin is a square planar platinum complex (structure 

provided in Figure 4) that acts by binding to DNA. Once the compound is aquated (chloro ligands 

are replaced by water), it interacts with DNA to form inter- and intra-strand cross-links, the most 

common lesions being 1,2- or 1,3-intrastrand DNA covalent bonds between adjacent N7 atoms 

of guanines and adenines (depicted in Figure 5) [75]. The lesion thought to induce cell death and 

occurring at the highest frequency (>60%) is the intrastrand cross-link between adjacent 

guanine bases [74]. Due to the formation of platinum-DNA adducts, proliferating cells are a 

primary target for cisplatin, due to inhibition of DNA replication and mitosis [75]. Although DNA 

damage is thought to be the primary mode of cisplatin-induced cell death, only about 1% of the 

intracellular cisplatin interacts with the DNA [76], suggesting that there are other cellular 

targets. In addition to the genotoxic stress, cellular damage/stress/alterations have been 

documented in mitochondria, lysosomes, endoplasmic reticulum, plasma membrane, and 

cytoskeleton [75]. Cisplatin-induced cell death results from apoptosis and non-apoptotic, 

necrotic-like processes, depending on cisplatin concentration. Lower doses tend to induce 

apoptosis, whereas necrosis results following exposure to higher concentrations [75].  

A primary mode of cisplatin influx is the solute carrier family of passive transporters, 

ion-coupled transporters, and exchangers [77], specifically the high affinity copper transporter 1 

(Ctr1; discussed in more detail below). Once in the cell, additional copper transporters, ATP7A 

and ATP7B are involved in the sequestration and efflux of cisplatin. Other proteins involved in 

cisplatin reflux are the ATP-binding cassette (ABC) multidrug transporters, including the 

multidrug resistance protein (MDR) and multidrug resistance-associated protein (MRP) families 

[75].  
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Figure 5: Formation of platinum-DNA adducts. 

Cisplatin undergoes aquation and forms covalent bonds with the N7 positions of purines to form 
1,2- or 1,3-intrastrand crosslinks (shown above) and interstrand crosslinks (not shown). These 
adducts lead to a variety of cellular responses including inhibition of replication and 
transcription, cell-cycle arrest, DNA repair, and cell death. Reproduced with permission from 
Wang et al. (2005) [78].  
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Cisplatin is commonly used in the clinic today due its effective tumor cytotoxicity; 

however, with this high degree of tumor toxicity comes increased normal tissue toxicity. 

Cisplatin is known for its high degree of nephrotoxicity, but it is also ototoxic (cochlear damage) 

and neurotoxic (mainly peripheral sensory neuropathy) [75]. Nephrotoxicity arises from 

cisplatin-induced necrosis in the proximal tubule, resulting in an activated inflammatory 

response [75].  

1.4.1 Cisplatin Resistance 

Along with normal tissue toxicity, the development of cisplatin-resistance is a major 

obstacle for its use in the clinic. Mechanisms underlying the development of resistance to 

platinum-based drugs are multifactorial and not clearly understood [79], but several of the 

generally accepted mechanisms include decreased drug accumulation, increased drug 

detoxification (e.g. increased glutathione, glutathione S-transferases, and metallothioneins), and 

improved DNA damage repair (reviewed by Hall et al. [77] and Colvin [80]).  

Decreased intracellular cisplatin accumulation can result from decreased drug 

uptake/influx or increased efflux. Several studies have demonstrated the involvement of the 

copper transporter Ctr1 in cisplatin uptake, and have shown that mutating or deleting this 

transporter results in cisplatin resistance [81-84]. Recent work has shown that higher levels of 

Ctr1 mRNA are associated with platinum-sensitivity, whereas lower levels correspond to 

platinum resistance [85-87]. The copper exporters ATP7A and ATP7B are thought to be involved 

in cisplatin efflux, and in vitro work has demonstrated an association between high levels of 

ATP7A/B with decreased cisplatin accumulation and cytotoxicity [88].      
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Two mechanisms of cisplatin detoxification include the conjugation to glutathione and 

the conjugation to metallothioneins, and it is likely that resistance could arise due to increased 

expression levels of either of these molecules. Glutathione is a tripeptide thiol that plays a key 

role in the detoxification of many xenobiotics, including cisplatin. Once in the cell, glutathione 

binds directly to cisplatin, forming a glutathione-cisplatin chelate complex and is exported via 

the glutathione S-conjugate export pump [79]. Previous in vitro work demonstrated that 

increased expression levels of both glutathione and the export pump in cisplatin-resistant cells 

[89]. Metallothioneins are small cytosolic proteins that are involved in heavy metal 

detoxification, including platinum compounds; however, evidence supporting their involvement 

in cisplatin-resistance is quite weak [79].  

As the mechanism for cisplatin cytotoxicity is DNA damage, enhanced DNA damage 

repair is a potential mechanism for cisplatin-resistance. Enhanced platinum-induced DNA 

damage repair is commonly observed in cisplatin-resistant cells and seems to be acquired early 

on in the development of resistance [79]. Platinum-DNA adducts are repaired primarily by the 

nucleotide-excision repair pathway [90]. This pathway requires a large number of enzymes, 

some of which have been associated with cisplatin-resistance [79]. For example, cisplatin 

exposure results in upregulation of the nuclear transcription factor c-fos, which leads to 

increased expression of certain enzymes involved in DNA repair (e.g., thymidylate synthase, DNA 

polymerase β, and topoisomerase I) [91]. Higher expression levels of the rate-limiting human 

DNA repair genes ERCC-1 and XPAC have been measured in clinically drug-resistant human 

ovarian carcinomas relative to responsive tumors [92].  
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1.4.2 Cisplatin and Hyperthermia 

 The synergism between hyperthermia and cisplatin treatment has been recognized for 

decades. In the late 1970s, Hahn assessed the combination of cisplatin and hyperthermia in 

vitro, and observed enhanced cytotoxicity even at 39°C [57], and this drug has since been 

recognized as one of the chemotherapeutic agents most strongly enhanced by hyperthermia 

both in vitro and in vivo. Herman et al. observed a 20-fold enhancement of cisplatin cytotoxicity 

when treated at 42°C compared to the 37°C control [93]. Previous work has also indicated that 

the cytotoxicity of cisplatin is more significantly enhanced by hyperthermia compared to other 

platinum-based complexes [93, 94]. Greater than additive cell killing is observed when the drug 

and heat treatments are administered concurrently or when overlapping [94].  

The sensitization of hyperthermia to cisplatin cytotoxicity is multi-factorial. The 

combination of hyperthermia and cisplatin therapy enhances intra-cellular platinum 

accumulation, reduces intra-cellular detoxification leading to more platinum-induced DNA 

adducts and inhibits adduct repair [95]. Hettinga et al. [95] described the cellular effects of 

hyperthermia and speculated how they may enhance cisplatin cytotoxicity. Increased cisplatin 

accumulation may be due to increased membrane fluidity or membrane protein denaturations 

caused by heat. Decreased detoxification may result following cytoplasmic protein denaturation. 

Heat is known to alter DNA conformation and inhibit DNA repair, effects which may enhance 

DNA accessibility to cisplatin and hinder repair of the platinum-DNA adducts, respectively. 

Additionally, hyperthermia can disturb normal cell functions (e.g., gene expression and signaling 

pathways) that may correspond to altered signal transduction and other responses to the 

cisplatin-induced cell damage.    
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1.4.2.1 Cisplatin and Hyperthermia in the Clinic  

The combination of cisplatin and hyperthermia has been assessed in the clinic for the 

treatment of ovarian cancer. Leopold et al. conducted a phase I study at Duke University 

Medical Center in patients with epithelial ovarian carcinoma combining an intraperitoneal 

instillation of cisplatin and 1 hour regional hyperthermia [96]. The maximum tolerated dose was 

80-120 mg/m2, with the dose limiting toxicity being attributed to nephrotoxicity. There were no 

major toxic effects due to heat treatment. The authors observed a decline of CA-125 (biomarker 

for ovarian cancer) in 10 of the 15 evaluable patients and concluded that this treatment strategy 

was well-tolerated but future studies should include the addition of intravenous thiosulphate to 

prevent nephrotoxicity. 

A more recent follow-up phase I clinical study, also conducted at Duke University 

Medical Center, combined intraperitoneal cisplatin, intravenous sodium thiosulphate (for renal 

protection), and whole abdomen hyperthermia [97]. Cisplatin was administered via a surgically 

placed portacath or Tenckhoff catheter, and concurrent heating was accomplished with the 

BSD-2000 device. Of the patients that presented with advanced, recurrent, or progressive 

ovarian carcinoma; 90% (37/41) had platinum-resistant disease following previous i.v. 

administration. The treatment was well-tolerated with no dose-limiting toxicities. The maximum 

tolerated dose of 180 mg/m2 was considerably higher than the previous study, most likely due 

to the addition of sodium thiosulphate. The overall response rate was 44% (10 complete 

response and 8 partial response), and the median survival time was 30 months (2-107 months).  

 A phase I-II trial in patients with a variety of cancer types (predominantly head and 

neck/squamous cell carcinoma and chest wall/breast adenocarcinoma) were treated with the 

combination of cisplatin, radiation, and hyperthermia [98]. Three dose levels were administered, 
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and no significant toxicities were observed at the two lower doses. Burns were observed in 

some patients, but these healed within several weeks. They observed complete regression in 

50% of the patients, and these corresponded to smaller tumor volumes and higher tumor 

temperatures. Partial regressions were observed in 50% of patients. Because this study was 

conducted in a variety of cancer types, it is difficult to compare the results with typical response 

following treatment with standard of care. 

 A trimodal treatment plan was also assessed at Duke University Medical Center in 

patients with locally advanced cervical carcinoma or locally recurrent cervical carcinoma [99]. In 

addition to fractionated whole-pelvis radiotherapy, patients received weekly cisplatin at 40 

mg/m2 and regional whole-pelvis hyperthermia using the BSD-2000 device. The treatment was 

well-tolerated and resulted in an excellent clinical response, with 100% of the patients treated 

at initial diagnosis achieving complete response and local control (10/10). Although one of two 

patients treated for recurrent disease initially experienced a complete clinical response, both 

eventually had local and systemic progression.   

1.5 Copper Transport Protein 1 (Ctr1) 

Copper is a key element necessary for several essential biological processes in living 

organisms. This element serves as a co-factor in redox reactions of enzymes such as cytochrome 

c oxidase and superoxide dismutase [100]. Although biological systems require trace amounts of 

copper, excessive levels are toxic and are a potent source of reactive oxygen species [101]. 

Copper is transported into cells via the copper transporter protein 1 (Ctr1), an ATP-independent 

transporter located on the cell membrane. Ctr1 is a member of the solute carrier family encoded 

by the SLC31A1 gene. This transporter has a high affinity for copper, allowing sufficient levels of 
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copper to enter the cell for normal metabolic function. Due to the important role Ctr1 plays, it 

has been detected at the RNA level in all organs and tissues examined with expression being 

highest in the heart, liver, pancreas, prostate, colon, and intestine [102].   

As depicted in Figure 6, Ctr1 consists of three membrane-spanning segments with an 

extracellular amino terminus and a cytoplasmic carboxyl-terminal tail. Based on electron 

crystallography, Ctr1 is trimeric, creating a pore stretching across the cell membrane [103]. The 

amino terminus is made up of methionine-rich motifs that may play a role in copper transport 

[104].   
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Figure 6: Structure of Ctr1. 

(A) The human Ctr1 monomer has two methionine-rich domains (green) that function to 
enhance copper uptake and Ctr1 endocytosis at low copper concentrations. The three 
membrane-spanning domains are also depicted (orange). A cysteine-histidine motif (purple) is 
present at the C terminus of Ctr1, but its function is currently unclear. (B) The Ctr1 homotrimer 
(each monomer is represented by a different color) in a phospholipid bilayer (blue and gray), 
with the N termini projecting outside the cell or into the lumen. The blue spheres represent 
copper. Modified with permission from Kim et al. (2008) [105]. 
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Regulation of Ctr1 expression occurs at both the transcriptional and translational level. 

Early work done on yeast Ctr1 showed that overexpression of Ctr1 resulted in increased cellular 

copper uptake. This led authors to assess whether or not copper levels played a role in 

regulating Ctr1 levels and finding that copper deprivation induced Ctr1 gene expression and 

excess copper resulted in decreased Ctr1 gene expression [106]. As reviewed by Howell et al. 

[82], Ctr1 expression is regulated by intracellular copper levels by the transcription factor Sp1. 

The zinc-finger domain of Sp1 functions as a copper sensor and regulates Ctr1 expression based 

on the detected levels of copper [107]. At the translational level, exposure to elevated copper 

levels results in decreased surface Ctr1 levels, increased Ctr1 endocytosis, and degradation of 

the protein [108].        

Furthermore, Ctr1 is post-translationally modified. The extracellular amino-terminus of 

Ctr1 contains both N-linked and O-linked sites of glycosylation [109, 110]. Absence of the O-

linked glycosylation results in cleavage of a portion of the amino terminus, and although the 

protein is still delivered to the cell membrane, copper transport activity is significantly reduced 

[110]. A more recent study showed that the O-linked glycosylation blocks Ctr1 proteolysis [111]. 

Work with yeast has shown that the addition of copper to copper-starved cells resulted in Ctr1p 

ubiquitylation, endocytosis, and degradation [112]. More recently, Ctr1 was shown to be 

polyubiquitinated in human fibroblasts exposed to copper or to cisplatin prior to proteasomal 

degradation [113].    

Interestingly, Ctr1 can also function as a transporter of platinum-based compounds such 

as cisplatin [81]. Deleting Ctr1 in cells results in decreased cisplatin uptake and increased 

cisplatin resistance [81, 114]. Loss of Ctr1 expression in yeast and in mouse embryonic 

fibroblasts (MEF) reduces cisplatin uptake and accumulation [81]. Song et al. [115] showed that 
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exogenously overexpressing Ctr1 in a small cell lung carcinoma cell line and a cisplatin-resistant 

variant enhanced cisplatin uptake and sensitivity. Mutant Ctr1 was also transfected into these 

cell lines, with the mutations being located either at the N-terminus or the C-terminus. Similar 

to the wild-type (WT) transfected cells, enhanced cisplatin uptake and sensitivity was observed 

in the C-terminus, but not in the N-terminus mutants, suggesting the NH2-terminal amino acid 

sequence in Ctr1 is necessary for cisplatin transport.        

The precise mechanisms by which copper and cisplatin enter the cell via Ctr1 are distinct 

but have yet to be clearly elucidated [116]. Exposure to copper results in Ctr1 internalization, 

whereas cisplatin exposure results in membrane multimerization of the transporter and only 

basal levels of internalization [108, 117]. This work also demonstrated that elevated copper 

levels result in reduced surface Ctr1 levels due to both endocytosis and degradation of the 

transporter [108]. Based on the variations in protein response to copper vs. cisplatin exposure, 

Guo et al. suggested that cisplatin exposure results in stabilization of a Ctr1 multimer on the cell 

surface creating a pore to facilitate cisplatin uptake [117].   

One aim of this project was to investigate the role of Ctr1 in increasing cisplatin delivery 

and efficacy following hyperthermia treatment at the cellular level. However, an additional 

portion of this project is to increase cisplatin delivery at the tissue level. A potential strategy for 

this is to use the combination of local hyperthermia and cisplatin-loaded temperature-sensitive 

liposomes.  

1.6 Thermosensitive Liposomes 

Liposomes are defined as microscopic vesicles consisting of an aqueous core enclosed in 

one or more phospholipid layers [118]. The objective of liposomal drug systems is to selectively 
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target drug delivery to diseased tissue, while minimizing drug delivery to critical normal tissues. 

Improvements in liposome formulations have been made since the 1960s [119], progressing to 

the design of thermosensitive liposomes in the 1970s [120]. These liposomes were designed to 

maintain their integrity until reaching a target temperature. Once the heated temperature is 

achieved, these liposomes promptly undergo a structural change resulting in a release of their 

encapsulated contents. This heat-triggered drug release allows for a targeted delivery system.   

In 1978, Yatvin et al. [121] showed that inhibition of E. coli protein synthesis and cell 

death was enhanced by thermosensitive liposomes containing neomycin. Weinstein et al. [122] 

followed up on the Yatvin liposomes by encapsulating the chemotherapeutic drug methotrexate 

and performed the first in vivo study with thermosensitive liposomes. Drug levels were 

measured in the tumor following local hyperthermia treatment, and researchers observed 

significantly higher drug levels in the tumor tissue of mice treated with the combination of 

hyperthermia and methotrexate-loaded thermosensitive liposomes compared to free drug and 

normothermia controls. These observations were a milestone in cancer research, and they set 

the stage for the current progress in liposomal research and applicability.   

Earlier liposomal formulations had several disadvantages that have since been 

corrected. Temperatures greater than 42°C were required for content release, and once the 

transition temperature had been achieved, the release was slow, requiring 30 minutes to 

release only 40% of the contents [123]. As depicted in Figure 7, the new and improved 

thermosensitive liposome is approximately 100 nm in diameter and consists of a phospholipid 

bilayer composed of three phospholipids DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphatidyl-

choline), MSPC (1-stearoyl-2-hydroxy-sn-glycero-3-phosphatidylcholine), and DSPE-PEG2000 

(1,2-distearoyl-sn-glycero-3- phosphatidylethanolamine-N-polyethylene glycol-2000) [124, 125]. 
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At the transition temperature, the DPPC bilayer transitions from gel phase to liquid crystalline 

phase. The addition of MSPC results in increased membrane fluidity and nanopore formation, 

allowing for rapid drug release once the transition temperature has been achieved. This novel 

lipid composition allows for clinically relevant transition temperatures (39-43°C). DSPE-PEG2000 

stabilizes the liposome, preventing liposome aggregation, and increases the circulation half-life 

of liposomes in vivo [126].   
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Figure 7: Structure and design of the temperature-sensitive liposome. 

The current temperature-sensitive liposome formulation, approximately 100 nm in diameter, is 
composed of a DPPC, MSPC, and PEG-lipid. The DPPC phospholipid bilayer encapsulates and 
retains the drug of choice and undergoes a melting phase transition at ~41°C. MSPC lysolipids 
form stable pores in the bilayer that allow for drug release at the transition temperature 
(~41°C). PEG polymers stabilize the liposome in vivo, increasing the circulation time by evading 
the reticuloendothelial system. Modified with permission from Ponce et al. (2007) [127].  
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The current doxorubicin-loaded temperature-sensitive liposome formulation has an 

even lower transition temperature (~41.5°C) and faster release kinetics. For example, the 

liposomes described by Needham et al. [128] can release >80% of their contents within 20-40 

seconds once the transition temperature has been reached [128-130]. This rapid release results 

in 20-30 times higher tumor drug concentrations compared to the free drug controls [131]. This 

formulation is currently in clinical trials as ThermoDox® for multiple cancer types and is showing 

great potential in the clinic.   

Several different paradigms exist for the use of liposomes in combination with 

hyperthermia (Figure 8). Non-temperature sensitive liposomes (e.g., Doxil®) can take advantage 

of the leaky vasculature commonly observed in tumors [132] and accumulate within the tumor 

tissue via the EPR effect (Figure 8A). Mild hyperthermia is known to increase vascular 

permeability, allowing for nanoparticles such as liposomes to preferentially accumulate in the 

tumor tissue [37] (Figure 8B). There are two mechanisms for drug release from temperature-

sensitive liposome during hyperthermia treatment. As depicted in Figure 8B, the liposomes 

accumulate in the heated tumor tissue and release drug once in the tumor. However, recent 

work by Manzoor and Lindner et al. [133] provide support for intravascular release of drug from 

temperature-sensitive liposomes (Figure 8C). Drug was rapidly released in the heated tumor 

vasculature, creating a high drug concentration that diffused into the tumor tissue along the 

concentration gradient. This drug release resulted in increased tumor drug delivery when 

compared to free drug or non-thermosensitive liposomes containing doxorubicin (Doxil®) [133]. 

Deeper drug penetration into the tissue at greater distances from the blood vessels was also 

observed with this treatment combination.  
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Figure 8: Comparative paradigms for liposomal drug delivery. 

(A) Depiction of non-thermal sensitive liposomes (blue/yellow circles) preferentially 
extravasating from pores in tumor vessel walls; this is the standard EPR effect in normothermic 
systems. (B) Hyperthermic temperatures increase tumor vessel pore size, increasing liposome 
extravasation. (C) Hyperthermia can also trigger drug (yellow) release from temperature-
sensitive liposomes in the tumor vessel at mild hyperthermic temperatures (39-42°C), resulting 
in intravascular drug release and deeper penetration into tumor tissue.   
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As of early 2013, 591 liposomal-based clinical trials were listed on the NIH 

ClinicalTrials.gov site [134]. These include recruiting, ongoing, terminated, and completed trials. 

Of these, 449 trials are for oncologic treatment and 23 involve hyperthermia treatment. Based 

on these numbers, it is obvious that there is considerable interest in liposome use in the clinic.     

We have developed a modified temperature-sensitive liposome loaded with cisplatin. 

One main objective of my project is to examine the pharmacokinetics and anti-tumor efficacy of 

this liposome in the context of bladder cancer.   

1.7 Dissertation Objective and Outline 

The primary goal of this dissertation was to examine potential mechanisms for 

increasing cisplatin delivery to tumor cells and tumor tissue with the use of hyperthermia 

(discussed in depth in Chapter 2). The first aim of this project was to examine drug delivery at 

the cellular level by assessing the role of the copper transporter Ctr1 in the synergistic 

interaction between hyperthermia and cisplatin. As Ctr1 plays a significant role in the uptake of 

cisplatin and increased levels of cisplatin uptake are observed following hyperthermia 

treatment, we hypothesized that heat may act on this transporter to increase cisplatin uptake 

and cytotoxicity (Chapter 3). Specifically, we examined the process of Ctr1 multimerization 

following cisplatin treatment with and without hyperthermia. We also hypothesized that 

hyperthermia enhances cisplatin uptake by increasing Ctr1 multimerization, allowing for more 

cisplatin to enter the cell.  

The second aim was to assess cisplatin drug delivery at the tissue level by using a 

combined treatment of local hyperthermia and novel temperature-sensitive liposomes 

encapsulated with cisplatin (Chapter 4). We hypothesized that this treatment regime would 
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result in improved pharmacokinetic profiles, increased tumor drug delivery, decreased normal 

tissue toxicity, and enhanced anti-tumor efficacy relative to free drug and normothermic 

controls. For this aim, I conducted a pharmacokinetics study and a tumor growth delay study in 

a mouse bladder cancer model.  

The third aim was to develop a novel bladder heating device, specifically in a rat model 

(Chapter 5). Bladder heating devices currently used in the clinic have several disadvantages, 

including regional, as opposed to local, heating, and invasiveness, resulting in tissue burning and 

damage. Clearly, improvements in bladder heating systems are needed to provide local heating 

and to decrease invasiveness. The work for this aim was conducted in collaboration with Actium 

Biosystems; they developed and supplied iron oxide nanoparticles and an alternating magnetic 

field heating device. We hypothesized that using the combination of this heating system and a 

direct instillation of magnetic nanoparticles in the bladder would result in heating, specifically 

localized to the bladder. Our group assessed the heating of the magnetic nanoparticle in the rat 

bladder and also assessed the nanoparticle toxicity.   

The final chapter of this document discusses summarizes my work, drawing conclusions 

and explaining the implications of these studies (Chapter 6). I also discuss the focus of future 

directions for these projects in the hope that the questions generated from these studies will 

one day be answered. 
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2.1 Drug Delivery Problem 

Two of the greatest hurdles on the path towards achieving cures with traditional 

chemotherapeutic agents are systemic/normal tissue toxicity and bioavailability at the tumor 

site. For example, free doxorubicin achieves peak plasma concentrations at only 5 minutes post 

bolus injection [135]. To enhance chemotherapy biodistribution, reduce free drug toxicity, and 

favor tumor accumulation [136, 137], drug delivery research, preclinical testing, clinical 

evaluation, and commercial development [138] have focused on the use of phospholipid-based 

liposomes [139, 140]. The advantages of liposomes include: 1) encapsulation of 

chemotherapeutic agents, 2) extended circulation times and reduced uptake by the reticulo-

endothelial system (RES), 3) preferential accumulation in tumors via the EPR effect, and 4) 

decreased systemic toxicity. Beginning in the 1970’s, attempts to encapsulate drugs inside 

liposomes successfully minimized free drug toxicity issues [138], but this was at the expense of 

reduced drug availability. Additionally, these traditional phospholipid liposomes were rapidly 

cleared by the RES [141-143], limiting bioavailability.  

A major advancement in the delivery of drug-loaded liposomes was the incorporation of 

poly(ethylene glycol)-lipid (PEG-lipid; also known as “Stealth” technology) [144]. The 

incorporation of PEG-lipids minimized RES clearance to extend circulation times. The addition of 

PEG to lipids in the liposome bilayer occupies the space surrounding the liposome surface, 

excluding other macromolecules from this space [145]. This PEG-layer inhibits the binding of 

blood plasma opsonins, preventing interactions with macrophages [145]. These improved 

formulations maintained the reduced toxicity profile of earlier liposomes formulations (e.g., by 



 

 44 

avoiding opsonization [146, 147]), extended the circulation half-life of liposomes from minutes 

to days, and exploited the hyperpermeability of tumor vasculature to achieve selective 

penetration [148-150].  

Despite the improvements in liposomal design, there remained difficulties in delivering 

liposomes deep within the tumor tissue, and subsequently releasing the internalized therapeutic 

agents. In vivo studies demonstrated that liposomes and other nanoparticles could achieve 

tumor-specific perivascular accumulation simply through passive extravasation [151-153]. 

However, the distribution pattern was found to be extremely heterogeneous and susceptible to 

large variations in vascular permeability [154, 155]. As the data demonstrating vascular 

permeability are derived exclusively from animal models, there is no evidence that endogenous 

human tumor vasculature is permeable to many current nanoparticle delivery systems [42]. 

Even if the tumor vasculature is as permeable to 100 nm liposomes, the relatively large size of 

the nanoparticle limits its penetration depth to one or two cell layers from blood vessels [156]. 

Furthermore, drug release rates (leakage) are usually so low that tumor cells may not be 

exposed to drug concentrations high enough to achieve cell death [157-159]. Consequently, 

decades after the introduction of liposomal chemotherapeutic agents, delivering drug at 

therapeutic and bioavailable concentrations to all tumor cells has not been achieved by any 

conventional designs, necessitating other novel approaches towards encapsulated-drug 

delivery. 

The challenges associated with liposomal drug release were addressed through the 

development of temperature-sensitive liposomes. This promising new technology initiates local 

drug release using mild hyperthermia. Preclinical studies have demonstrated anti-tumor efficacy 

through controlled intravascular release of the small molecule drug and its subsequent diffusion 



 

 45 

into the tumor mass, thereby avoiding reliance on the extravasation of the much larger carrier 

[127, 131, 133]. Temperature-sensitive liposomes have shown dramatic results in preclinical 

studies and are currently undergoing phase III clinical trials. These materials, in combination 

with radiofrequency thermal ablation and traditional microwave waveguide applicators, are 

now making a significant clinical impact on local drug delivery in several tumor types, including 

hepato-cellular carcinoma and of chest wall recurrences of breast cancer [160-162]. 

2.2 Rationale for Using Liposomes and Hyperthermia  

2.2.1 Non-Thermosensitive Liposomes 

 While there are obvious reasons for combining temperature-sensitive liposomes with 

hyperthermia for delivery of chemotherapeutic agents, there are also advantages to using 

hyperthermia in combination with non-temperature-sensitive liposomes. Of the many non-

temperature-sensitive liposomes that have been developed, several have been applied in the 

clinic. Evacet and Doxil®/Caelyx are two preparations that have been combined with 

hyperthermia in the clinic. Here, we explain the rationale behind using the combination of 

hyperthermia and non-thermosensitve liposomes, as many of the advantages of this system will 

translate to the application of temperature-sensitive liposomes. The results of Doxil®-

hyperthermia clinical studies are described below in the Clinical Progress section. 

One of the advantages of using hyperthermia in conjunction with liposomes is the 

increased tumor permeability/extravasation observed under these conditions. As discussed 

above, it has long been known that tumor vasculature can be hyperpermeable [148], and 

especially in animal models, implanted tumors have been characterized as leaky with enlarged 
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endothelial pores. This leakiness is critical for allowing liposome accumulation by the enhanced 

permeability and retention (EPR) effect.   

Previous work has shown differential permeability of tumor vasculature [163] [154]. 

Yuan et al. [163] observed a range of permeability to BSA in four different tumor models: 

R3230AC (rat mammary adenocarcinoma), MCaIV (mouse mammary carcinoma), U87, and 

HGL21 (human malignant astrocytomas). Hyperpermeability was observed in three of these 

tumor systems ranging from 1.7 to 3.8 x10-7 cm/s, while HGL21 showed low permeability (0.11 

x10-7 cm/s). In a similar R3230AC model, Wu et al. [154] observed tumor vascular permeability 

was increased for PEGylated liposomes (3.42 x10-7 cm/s) compared with conventional liposomes 

(1.75 x10-7 cm/s).  

Hyperthermia has been used to increase vascular permeability. Using a SKOV-3 human 

ovarian carcinoma xenograft grown in mouse dorsal skin-fold window chambers, Kong et al. [37, 

42] demonstrated that while liposomes were unable to extravasate into the tumor interstitium 

under normothermic conditions, hyperthermia enabled the extravasation of liposomes of all 

sizes. They also observed that the magnitude of this hyperthermia-induced extravasation was 

inversely proportional to particle size. At normothermia (34°C), the pore cutoff size was 

between 7 and 100 nm (i.e. between that of albumin that did extravasate and liposomes that 

did not). At 42°C, the pore cutoff size was increased to >400nm, allowing for the delivery of all 

tested nanoparticles to the tumor interstitium to some degree. The 100 nm liposome exhibited 

the largest relative increase in extravasation from tumor vasculature following hyperthermia 

treatment, an increase of 1.6 and 3.5 times more extravasation compared to the 200 and 400nm 

liposomes, respectively. This observation was tumor-specific, as hyperthermia did not enable 

extravasation of 100 nm liposomes from normal vasculature.  
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Although these studies were performed in xenograft models, similar observations of 

hyperthermia enhancing liposome extravasation have been made in spontaneous tumors in 

domestic felines. Matteucci et al. [164] reported that accumulation of non-temperature-

sensitive technetium-99m-labeled liposomes in feline fibrosarcomas was increased after 

hyperthermia. From time-averaged (200 minutes) aorta-normalized tumor counts 

(hyperthermic/normothermic), they observed a time-averaged range of 2– to 13-fold increase in 

liposome accumulation in the tumor under hyperthermic conditions than under normothermic 

conditions (34oC). Moreover, there was a rise in intratumoral counts over time (ranging from 

200 to 1000 minutes) following the injection, indicating that liposome extravasation and 

accumulation into the tumor continued even after conclusion of the 60 minutes of heating. 

Thus, the enhancement of vascular permeability continues after hyperthermia ends. 

 Kleiter et al. [165] used radiolabeled liposomes in combination with Doxil® in a rat 

fibrosarcoma model to track liposome delivery after hyperthermia. Increased doxorubicin levels 

and increased radioactivity were observed at the site of the tumor after hyperthermia 

treatment compared to the non-heated controls, and a significant correlation was found 

between doxorubicin concentration and radiolabeled tracer.  These results further confirmed 

the enhancement of extravasation both during and after hyperthermia. It has been the 

conventional paradigm that the mechanism of liposomal drug accumulation in interstitial tumor 

tissue occurs by the EPR effect. This paradigm relies on the difference in permeability between 

normal and tumor vasculature. If the tumor vasculature is sufficiently leaky, liposomes that have 

long circulation half-lives should be able to extravasate and accumulate within the tumor tissue.   

While these studies demonstrate the potential usefulness of hyperthermia combined 

with liposomes in animal models, challenges remain associated with varying tumor permeability. 
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In animal models, tumor vasculature has variable permeability at normal body temperature 

(37°C), depending on the type of tumor. To date, no studies have measured tumor vascular 

permeability in humans. Mild hyperthermia increases vascular permeability of even 

impermeable vessels, and therefore has the potential to enhance long circulating nanoparticle 

extravasation. However, despite the dramatic enhancement of liposomal drug accumulation in 

tumor interstitium by hyperthermia, the full potential of this approach cannot be realized with 

these materials due to a lack of liposomal drug release. Traditional and PEGylated liposomes are 

designed to entrap their drug and reduce systemic toxicity in the delivery phase of treatment. 

These materials are capable of retaining therapeutics, evading the body’s defenses and 

accumulation in tumors, especially under hyperthermic conditions. However, in order to deliver 

sufficient bioavailable drug to tumors, the ideal delivery vehicle should also possess a trigger 

allowing for the rapid and complete release of free drug within the tumor tissue. In addition, the 

intravascular release of small molecule drugs from the liposomes overcomes some of the 

challenges associated with varying tissue permeability of larger carriers.  

2.2.2 Temperature-Sensitive Liposomes 

In 1978, before the development of PEGylated liposomes, Yatvin et al. [120] developed 

the first temperature-sensitive liposome and reported protein synthesis inhibition and enhanced 

cell killing of Escherichia coli when neomycin-containing liposomes were heated to their phase 

transition (~44°C) to maximize drug release. The authors suggested that this technology could 

be applied to the treatment of tumors or local infection. The membrane lipid composition was 

based on DPPC, which has a phase transition at 41.5oC. The longer chain lipid DSPC (1,2-

distearoyl-sn-glycero-3-phosphatidylcholine) was also added in a 7:1 ratio of DPPC:DSPC. The 
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addition of DSPC raised the transition temperature of the bilayer so that the liposome maximally 

released its encapsulated material in the temperature range of 43-45°C [120, 166-168], a range 

that is difficult to achieve clinically. Despite this drawback, Huang et al. [169] demonstrated that 

doxorubicin-loaded temperature-sensitive liposomes showed increased therapeutic efficacy 

when combined with hyperthermia; however, this formulation was abandoned when it became 

clear that these “traditional thermal-sensitive liposomes” had a very short circulation half-life 

(pre-PEGylation of liposomes), formed aggregates, and released drug slowly (~30 minutes or 

more) [168]. Many of these issues were resolved in 1996 with the invention of the PEGylated 

temperature-sensitive liposome that rapidly releases contents in response to a heat stimulus 

within the mild, clinically-achievable hyperthermia range of 40-42°C [128, 131, 170, 171]. 

More recently, the Dewhirst and Needham laboratories have developed a PEGylated 

temperature-sensitive liposome [128]. In addition to longer circulation times, this new liposome 

formulation was designed have an optimal balance between two competing factors; the 

membrane should be sufficiently stable to facilitate the encapsulation and retention of drug, yet 

be capable of an ultrafast drug release when it enters the warmed tumor vasculature. This 

release rate should be sufficiently rapid so that the entire therapeutic load is delivered within 

the transit time of the liposomes through the local tumor region. Not only is this necessary as 

release is triggered by locally-applied hyperthermic temperatures, but it facilitates high local 

drug concentration in tumor tissue with minimal systemic toxicity associated with the release of 

drug in the blood stream, two of the most significant challenges with current chemotherapeutic 

approaches.  

The main lipid component in the formulation was selected based on its transition 

temperature, defined as the temperature required to induce a change in the lipid physical state 
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from ordered gel phase to the disordered liquid crystalline phase [146], and the additional lipids 

were incorporated to maximize release kinetics and circulation time. With a transition 

temperature of 41.5ºC, DPPC was an ideal choice, as it sets the main bilayer transition just 

above body temperature and in the mild hyperthermia range. As with the temperature-sensitive 

formulation of Yatvin et al. and other temperature-sensitive formulations, such saturated chain 

phospholipids demonstrated slow drug release. This drug release was slightly enhanced over 

non-transitioning bilayers [171], but was still too slow for therapeutic use, especially when 

liposome extravasation may be limited or non-existent. For this reason, the lysolipid MSPC was 

incorporated into the DPPC liposomes ~10 mol %, a change which produced significantly higher 

membrane permeability and led to faster release rates, especially at the transition temperature. 

This lipid was selected based on experiments that measured the solution-bilayer exchange rates 

of simple lipids and surfactants [172, 173]. 

Despite the several advantages of the DPPC liposome system, the grain boundary 

structures (planar defects in the lipid bilayer that allow for enhanced membrane permeability 

[174]) of the solid bilayer have been shown to bind proteins that could be responsible for 

opsonization [175]. Therefore, to achieve extended circulation times and to “hide” the grain 

boundaries, the design option here was to include a few mol% of the lipid conjugated to 

PEG2000 (DSPE-PEG2000). As we have shown previously, ~4-5 mol% of PEG2000-lipid was 

sufficient to cover the bilayer [176]. Several studies have demonstrated that, in the absence of 

lysolipid, DSPE-PEG2000 does not significantly affect the liposome bilayer permeability to drug 

when composed of DPPC and DSPE-PEG2000 alone [173, 177, 178]. Furthermore, because the 

acyl chains are only 2 carbons longer than DPPC, DSPE-PEG2000 only raises the bilayer transition 

a fraction of a degree [unpublished data].  
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The optimized temperature-sensitive formulation consisted of DPPC with approximately 

10 mol% MSPC lysolipid and 3.8% DSPE-PEG2000. As described above, these components were 

selected based on transition temperature, membrane stability and permeability, and circulation 

half-life. While each of these components is necessary to achieve encapsulation and triggerable 

drug release, they also each individually affect the transition temperature of the composite 

bilayer, and therefore, the drug release kinetics and temperature range over which drug is 

released [171]. For example, compared to the host DPPC value, the introduction of di-C18 acyl 

chains of DSPE-PEG2000 increases the transition temperature slightly, while the mono-C18 

chains of MSPC results in a slight reduction. The caveat is that all lipids must be well mixed 

within the main DPPC bilayer lipid. By incorporating ~10 mol% MSPC lysolipid and 3.8 mol% PEG-

lipid in the clinical formulation [171], the transition temperature was not significantly altered, 

and the release rate of encapsulated doxorubicin was enhanced by a factor of 10 compared to 

that of the pure DPPC bilayer at its phase transition temperature.  

Preclinical investigations of the efficacy of this temperature-sensitive liposome 

formulation have demonstrated its superior anti-tumor properties, as a result of its ability to 

deliver drug to the tumor at concentrations up to 30 times greater than those achievable with 

free drug and 3-5 times greater than those of traditional liposomes [131, 179]. Thus, 

temperature-sensitive liposomes represent a novel method by which to reduce drug toxicity by 

sequestering the drug until it reaches the tumor, where mild hyperthermia can then act as a 

tumor-localized release trigger. This approach ensures that minimal drug exposure occurs in 

normal tissue, while overcoming obstacles of vascular heterogeneity and limited penetration 

associated with the usual extravasation paradigm. Instead, a continuous intravascular infusion 

of drug originating at the tumor site occurs. By this new mechanism, temperature-sensitive 
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liposomes can facilitate the high intravascular drug concentrations that drive cellular drug 

uptake and, most importantly, increase drug penetration further from vessels [180].  

The introduction of temperature-sensitive liposomes addressed several of the 

challenges encountered in studies where non-temperature sensitive materials were employed, 

specifically the extravasation of large materials and minimal drug release. Following Yatvin’s 

experiments in E. coli [23], Weinstein et al. [122] encapsulated the chemotherapeutic agent 

methotrexate and performed the first in vivo study with temperature-sensitive liposomes. Drug 

levels were measured in the tumor after treatment, and researchers observed significantly 

higher drug levels in the mice treated with the combination of hyperthermia and methotrexate 

temperature-sensitive liposomes compared to both free drug and normothermia controls. These 

observations were a milestone in cancer research and have set the stage for the progress in 

temperature-sensitive liposome research and applicability.   

As previously mentioned, the earlier liposome formulations had several disadvantages 

that have since been altered in current liposome formulations. Briefly, temperatures greater 

than 42°C were required for content release, and once the transition temperature had been 

reached, the release was slow, releasing only 40% of the contents within the first 15 minutes. 

The more recent temperature-sensitive liposome formulation that Needham and Dewhirst have 

developed [128, 131, 170] has lower transition temperatures (39.5-42°C) and more rapid release 

kinetics.    

2.2.2.1 Hyperthermia and Drug Delivery 

Optimal hyperthermic temperatures during treatment are key to temperature-sensitive 

liposome drug delivery (Figure 9). First, the appropriate temperature (transition temperature) 
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must be reached for effective drug release. It is important to note that the elevated 

temperature also affects blood flow, which in turn affects drug delivery. Mild hyperthermic 

temperatures (40-43°C) increase blood flow, vascular permeability, and therefore extravasation. 

These effects are not observed at temperatures below this mild hyperthermia threshold, and 

temperatures above this threshold can result in vascular occlusion and hemorrhage, resulting in 

decreased blood flow and drug delivery. It is therefore critical to target 40-43°C when designing 

clinical hyperthermia protocols that aim to maximize the release and tumor tissue penetration 

of encapsulated drugs. 
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Figure 9: Temperature effects on tumor vasculature. 

Mild hyperthermia (39°C-43°C) increases blood flow (ideal for drug transport), whereas 
hyperthermic temperatures above 43°C result in hemorrhage, which may reduce or cease blood 
flow, hampering drug delivery. Reproduced with permission from Landon et al. (2011) [174]. 
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When administering a combination treatment of temperature-sensitive liposomes and 

hyperthermia, the order in which administration occurs is critical. A variety of chemotherapeutic 

drugs including paclitaxel, cisplatin, and doxorubicin have been shown to interact synergistically 

with hyperthermia, but the order in which the drug and heat are administered can have an 

effect on this interaction [181]. For example, Leal et al. [182] demonstrated that in vitro, cancer 

cells (MCF7) are protected from the cytotoxic effects of the drug Taxol when mild hyperthermia 

(43°C) is given at the beginning or in the middle of a 24 hour incubation with the drug when 

compared to hyperthermia being given at the end of Taxol treatment. Cisplatin, on the other 

hand, interacts synergistically with hyperthermia (42°C) when given before, during, or after heat 

treatment [183]. Hahn [184] calculated the ratio of dose required to achieve 50% cell survival at 

37°C to the dose required to achieve the same survival at a different temperature, or the 

thermal dose-modifying factors (DMF). At 41°C, the thermal DMF for cisplatin is 2.7, and at 43°C 

it increases to 8.2. These synergistic interactions are of importance regarding temperature-

sensitive liposome and hyperthermia treatment. Thus, choosing the drug for encapsulation and 

for hyperthermia-enhanced treatment is crucial to clinical success.    

2.2.2.2 Preclinical Studies with Hyperthermia and Temperature-Sensitive Liposomes 

There have been several preclinical reports in which temperature-sensitive liposomes in 

conjunction with hyperthermia yielded significantly greater intratumoral drug concentrations 

and anti-tumor efficacy than free drug or non-temperature-sensitive liposomes. Doxorubicin- 

and cisplatin-loaded liposomes make up the majority of the temperature-sensitive liposome 

literature [128, 131, 177, 179, 185, 186]. Other drugs, including taxol [187], melphalan [188, 

189], methotrexate [122, 190], plumbagin [191], dacarbazine [192], mitomycin C [193] and 
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tumor necrosis factor [194], have also been encapsulated (see review by Kong and Dewhirst 

[195]). Currently, only the doxorubicin-loaded temperature-sensitive liposome developed in our 

lab is in clinical trials, but an optimized formulation for cisplatin and other drugs may be possible 

for the near future.   

After the initial demonstrations of temperature-sensitive liposomal release, the first 

cisplatin-loaded temperature-sensitive liposome was described in 1981 by Yatvin et al. [186]. 

Although the liposome half-life was relatively short compared to today’s PEGylated formulations 

(t1/2 = ~60 minutes for their unilamellar liposomes), it was much longer than that observed for 

the free drug (t1/2 = ~2 minutes).  Therefore, they were able to show a longer circulating time of 

the encapsulated cisplatin with the liposome formulation compared to free drug. Along with 

enhanced tumor growth delay, they observed higher cisplatin concentrations in the tumors 

(8.2% of injected dose) for the group treated with liposomes and hyperthermia compared to the 

free drug (2.4%) and liposomes and normothermia (4.4%) controls. A high rate of liposomal 

uptake and accumulation was also observed in the liver (much higher than observed in the 

tumors).  As a result, as was the case for many of the early, pre-PEGylated liposome 

formulations, the authors felt this formulation was not ready for clinical application because of 

the systemic toxicity issues.  

More recently, Woo et al. [185] have recently developed a formulation for cisplatin-

loaded temperature-sensitive liposomes; however, these structures were not very stable in 

plasma. Under normothermic conditions (37°C), this formulation released approximately 50% of 

its encapsulated cisplatin over the course of 1-1.5 hours and was more susceptible to cisplatin 

leakage compared to other liposomal formulations. Cisplatin is an ideal drug for liposomal-

loading because of its known synergism with hyperthermia and high degree of cytotoxicity. 
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However, the issues of circulation time and stability in plasma need to be addressed before 

moving further into animal models.      

Needham et al. [128] and Kong et al. [131] reported on the first temperature-sensitive 

liposome containing doxorubicin in a FaDu tumor model (human squamous cell carcinoma). The 

treatment involved heating the tumor to 42°C and injecting the liposomes while heating 

continued for 1 hour [128]. When combined with local hyperthermia (flank), their  doxorubicin-

loaded, temperature-sensitive liposome formulation deposited 20-30 times more doxorubicin in 

the tumor tissue and 5 times more than a non-temperature-sensitive Doxil®-like liposome 

formulation [131]. The increased tumor drug levels were observed after only 1 hour of 

treatment, while for the free drug control, doxorubicin was virtually absent from tumor tissue at 

this time point. The increased drug delivery was confirmed by measuring doxorubicin 

fluorescence in the tumor tissue, as well as by measuring the content of total doxorubicin bound 

to DNA/RNA in the tissue. The observed increased drug delivery from the hyperthermia and 

temperature-sensitive liposome treatment resulted in greater growth delay compared to saline 

and free drug controls and other liposomal formulations. All tumors were locally controlled up 

to 60 days after the heat and liposome treatment. Normothermic saline control tumors rapidly 

progressed to 5 times the initial tumor volume in 10 days, and free drug only extended this by 2 

days. The combination of hyperthermia and free drug increased the tumor growth delay to 22 

days. In comparison, a Doxil®-like liposome showed anti-tumor responses, but the growth delay 

was only increased to 35 days, significantly less than that observed with this temperature-

sensitive liposome formulation. Thus, even though the combined hyperthermia and 

temperature-sensitive liposome treatment only continued for 1 hour, the temperature-sensitive 

liposome formulation was much more effective than both the free drug and Doxil®-like 



 

 58 

formulation. This study demonstrated that drug release associated with this temperature-

sensitive liposome was critical to achieving anti-tumor effects. Although Doxil® might 

extravasate in this model, the relatively slow leakage of drug limits its potential efficacy.   

Based on the dramatic results observed for this temperature-sensitive liposome 

formulation in the FaDu tumor model, the experiments were extended to test the system in a 

variety of tumor types. Tumors were grown from five different cell lines; 4T07 (murine 

mammary carcinoma), HCT116 (human colon carcinoma), FaDu (human squamous cell 

carcinoma), PC-3 (human prostate adenocarcinoma), and SKOV-3 (human ovarian carcinoma) 

[179]. Differences in drug accumulation were observed across the 5 different tumor types 

following treatment with doxorubicin-loaded temperature-sensitive liposomes with and without 

hyperthermia. Hyperthermia enhanced the drug delivery in all tumor types by 6–15 times 

compared to the normothermia controls. When treatment groups were compared within the 

same tumor type, a significant correlation between tumor doxorubicin concentration and 

greater anti-tumor effect was observed, but accumulated drug concentration did not correlate 

with outcome across all tumor types. In vitro doubling times for all tumor cell lines were 

assessed, and this endpoint correlated significantly with median tumor growth time. The 

authors concluded that in this model system, growth delay was more dependent upon tumor 

growth rate; the slower growing tumors had greater incidence of complete regressions and the 

longest tumor growth delays [179]. While the responses varied across type, in all cases the 

combination of hyperthermia and doxorubicin-loaded temperature-sensitive liposomes was the 

most efficacious compared to the saline and normothermia liposome controls.  

Unfortunately, free doxorubicin was not used as a control in the Yarmolenko et al. study 

[179]. Comparisons of both drug delivery and anti-tumor response with free drug with and 
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without heat across the tumor types may have been useful in the correlations. Of course, as 

discussed in more detail below, these data many not correlate to the actual tumor drug 

accumulation due to other variables introduced when drugs are released in the blood stream. If 

drug release in the blood stream effectively killed endothelial cells, we might not expect a 

correlation with actual tumor drug accumulation. As observed by Chen et al. [196, 197], 

variations in the degree to which the released doxorubicin could initiate vascular shut down 

could potentially account for these data. Temperature-sensitive liposome efficacy is 

hypothesized to be due to both anti-vascular and anti-tumor effects. Tumor cell kill could, 

therefore, depend on a combination of factors, including the response of the cancer cell line and 

the endothelial cells to the drug and the vascularity and heatability of the implanted tumor.   

The order in which hyperthermia and temperature-sensitive liposome administration 

occurs is critical in achieving clinical efficacy, because hyperthermia triggers the release of the 

drug and also increases vascular perfusion and permeability.  With temperature-sensitive 

liposomes co-loaded with doxorubicin and manganese, a MRI contrast agent, Ponce et al. [127] 

showed that doxorubicin will accumulate at a rate 5 times faster (9.8 versus 1.8 μg/min) and at 

almost double the concentration in the tumor (15.1 versus 8.0 ng/mg) when the liposomes are 

administered during hyperthermia treatment compared to administering the drug before 

heating. Furthermore, better anti-tumor effects were observed when drug was administered 

during heating. The median time for tumors to reach five times their pre-treatment volume was 

34 days when liposomes were administered during hyperthermia compared with 18.5 days 

when liposomes were administered immediately before hyperthermia, and 22.5 days for a split 

dose of liposomes before and during hyperthermia. These observations were not due to a 

difference between hyperthermia and normothermia, but a difference between administering 
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drug after the tumor has been warmed to the mild hyperthermic temperature of 42°C followed 

by liposome administration, versus heating 15 minutes after liposome administration. Thus, 

preheating the tumor prior to drug administration is essential to achieve maximal efficacy in the 

clinic for this formulation. 

In order to investigate the effects of vascularity, Palmer et al. [198] monitored tumor 

physiology during combined treatment of hyperthermia and doxorubicin-loaded temperature-

sensitive liposomes with non-invasive optical spectroscopy in nude mice bearing SKOV3 ovarian 

tumor xenografts. Specifically, the method can measure total hemoglobin, hemoglobin 

saturation, and fluorescence intensity of doxorubicin, which are related to blood volume, extent 

of hypoxia, and drug concentration, respectively. The optical data demonstrated that tumors 

with better oxygenation and higher blood flow responded better to this combined treatment, 

whereas the more hypoxic tumors exhibited a shorter time to failure (defined as the time to 

reach 3 times treatment volume). The doxorubicin fluorescence measurements demonstrated 

that the combined treatment of hyperthermia and doxorubicin-loaded liposomes resulted in a 

12- to 15-fold increase in drug accumulation in tumors compared to free drug ± hyperthermia or 

the liposomes without hyperthermia. These results are consistent with prior direct 

measurements of drug levels using HPLC methods [131]. While positive anti-tumor effects were 

observed in mice treated with doxorubicin-loaded temperature-sensitive liposomes and 

hyperthermia, these data do suggest that hypoxic tumor regions may be resistant to the 

enhanced drug delivery afforded by this treatment strategy. It has been reported previously that 

doxorubicin is less effective under hypoxic conditions [199], so it is not surprising to see 

resistance to liposomal doxorubicin under these conditions. These results suggest that there 
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may be a need to consider multi-modality therapies that combine doxorubicin-loaded 

temperature-sensitive liposomes with other agents that can target and kill hypoxic cells. 

2.2.2.3 New Paradigm of Temperature-Sensitive Liposome Drug Release 

While the EPR effect (Figure 8A) has been well-established as the main delivery 

mechanism for non-temperature-sensitive liposomes, such as Doxil®, a new paradigm in 

temperature-sensitive liposomal drug release is emerging (Figure 8C). Kong et al. [131] 

suggested that the increased drug levels observed with temperature-sensitive liposomes 

relative to other liposomal formulations can be attributed to drug release within the tumor 

vasculature as opposed to within the interstitial space. Recent work conducted by our lab in 

collaboration with Lindner’s group supports the hypothesis of intravascular drug release from 

temperature-sensitive liposomes [133]. Skin-fold window chambers containing tumors and 

confocal microscopy were used to show that doxorubicin was released from temperature-

sensitive liposomes within the vasculature (intravascular release), and then extravasated into 

and accumulated within the tumor tissue down its own concentration gradient. Histological 

analysis also demonstrated that this treatment combination resulted in deeper penetration 

depths, further away from the blood vessels, compared to free drug with heat. Mills et al. [128, 

171] showed that doxorubicin-loaded temperature-sensitive liposomes can release their 

contents within tens of seconds, so it is logical that the drug release could occur within the 

vasculature before liposomes extravasate into the tumor tissue. This model would support the 

data from Palmer et al. [200] and would result in an increased intravascular drug concentration 

and a concentration gradient that drives the drug deeper within the tumor tissue, further away 
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from the blood vessels. Ultimately, this phenomenon exposes the tumor and tumor 

microenvironment to elevated drug levels.   

2.2.3 Clinical Progress 

2.2.3.1 Non-thermal Sensitive Liposomes 

There are currently 283 clinical trials listed for anti-cancer treatment with liposomal 

doxorubicin [201]. Although many of these trials have been completed, only thirteen have 

relevant results posted for the public. These trials were for the treatment of multiple myeloma, 

metastatic breast cancer, epithelial ovarian cancer (or other peritoneal cancers), and lymphoma. 

PEGylated liposomal doxorubicin (PLD; e.g., Doxil® or Caelyx) was either used alone or in 

combination with other chemotherapeutic agents, depending on the trial. While several of these 

studies reported decreased systemic toxicity compared to free drug, increased efficacy was 

limited, possibly due to the slow release or lack of bioavailable drug within the tumor. The 

studies and their reported results are provided below. 

The randomized trial for newly diagnosed multiple myeloma patients compared the 

efficacy of thalidomide and dexamethasone vs. the addition of Doxil® to the same treatment 

(NCT00097981) [202]. There was no significant difference between the two groups in terms of 

overall response, complete response, or time to first response. An additional study in multiple 

myeloma patients treated with a combination of bortezomib, dexamethasone, and Doxil® noted 

the incidence of treatment-emergent peripheral neuropathy in 11 of 32 patients and time to 

disease progression of 23.07 months (±3.20 months) (NCT00366106) [203]. The addition of PLD 

to a cocktail of other drugs was assessed in patients with newly diagnosed AIDS-related B-cell 
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Non-Hodgkin’s lymphoma (NCT00389818) [204]. Based on CT or MRI scans, a complete 

response rate of 0.475 was observed in the 40 patients.   

Smith et al. [205] conducted a phase II trial, treating patients with stage III ovarian 

cancer with a combination of PLD, cisplatin, and paclitaxel. Of the 63 evaluable patients, 51% 

experienced toxicity (grade 4 or worse), including 5 treatment-related deaths. Progression-free 

survival was 25 months (19-34 months), and overall survival was 51 months (42-59 months), 

similar to other intraperitoneal cisplatin treatments. Despite the severe toxicity, there were 17 

patients (27%) that were without disease recurrence >4 years following treatment. An additional 

study in patients with epithelial ovarian cancer assessed the efficacy and tolerance of PLD 

(Caelyx) (NCT00727961) [206]. Of the 58 patients, 0 exhibited a complete response, 5 

experienced a partial response, stabilization was observed in 10, and disease progression 

occurred in 6. Median time to progression was 98 days (88.8-107.2 days), and mean survival 

time was 346 days (272.3-419.7 days). A phase II trial used the combination of Atrasentan and 

Doxil® in patients with recurrent ovarian, fallopian tube, and peritoneal cavity cancer 

(NCT00653328) [207]. Toxicities were observed in 11 of the 15 patients. Complete or partial 

responses were not observed, but stable disease occurred in 3 patients. Progressive disease was 

experienced in the majority of patients (11 of 14). Overall survival was assessed in 13 patients 

and was 10 months (1-33 months).  

A trial in metastatic breast cancer patients compared the efficacy and safety of PLD vs. 

capecitabine as a first-line treatment (NCT00266799) [50, 208]. There were no differences 

between time to disease progression, overall response, overall survival, or time to treatment 

failure, indicating that PLD was not inferior to capecitabine. Another trial assessed PLD (Caelyx) 

as a monotherapy in elderly patients with locally advanced and/or metastatic breast cancer 
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(NCT00604968) [209]. Of the 22 patients, partial response was observed in 3 patients, and 

stable disease and progressive disease was observed in 13 and 6 patients, respectively. Time to 

treatment failure (25 patients) was 5.52 months (3.67-8.52 months), overall survival (25 

patients) was 20.6 months (6.58-25.6 months), and time to progression (22 patients) was 5.69 

months (3.74-13.8). A phase II trial compared the safety of free doxorubicin combined with 

cyclophosphamide, paclitaxel, and trastuzumab vs. PLD with the same drug cocktail in patients 

with HER2-positive breast cancer [210]. Cardiac events occurred in 18.6% of patients treated 

with free doxorubicin, whereas events only occurred in 4.2% of PLD-treated patients (p=0.0036), 

demonstrating the reduced toxicity of the liposomal form. An additional metastatic breast 

cancer study assessed the efficacy of the combination of PLD (Caelyx), docetaxel, and 

trastuzumab (NCT00687440) [211]. Of the 26 patients, 2 experienced a complete response, 13 

were assessed as partial response, and no response was observed in 11 patients. An evaluation 

of safety and tolerability of PLD (Caelyx) was conducted in patients with metastatic breast 

cancer (NCT00736333) [212]. Infusion reactions (allergic or anaphylactoid reactions) were 

observed in 7 of the 160 patients, and 91 of these patients experienced palmar-plantar 

erythrodysesthesia (hand-foot syndrome). Complete and partial responses were observed in 

only 2 and 29 patients, respectively. A comparison of PLD+taxotere vs. PLD+taxotere+Herceptin 

was conducted in metastatic breast cancer patients (NCT00004888) [50, 213]. Significant 

differences were not observed in overall response between treatment arms. Overall and 

progression-free survival were similar for both treatment groups as well. Overall survival was 

31.8 months (23.7-44.9 months) vs. 24.6 months (14.7-37.3 months) for treatment with and 

without Herceptin, respectively, and progression-free survival was 10.6 months (5.6-15.7 

months) vs. 11 months (8.6-12.8 months), respectively.  
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A phase III study conducted by Orlowski et al. [214] in relapsed or refractory multiple 

myeloma patients demonstrated that the combination of PLD and bortezomib improved time to 

progression compared to bortezomib alone (6.5 and 9.3 months, respectively) and also 

improved the 15-month survival rate (76% and 65%, respectively). Gordon et al. [215] 

conducted a long-term follow-up study of a phase III trial treating recurrent or refractory 

epithelial ovarian cancer with either PLD or topotecan. Patients treated with PLD demonstrated 

prolonged survival compared to the topotecan-treated patients (median survival 62.7 weeks and 

59.7 weeks, respectively), and more specifically, patients with platinum-sensitive diseases 

showed a prolonged survival of 107.9 weeks in PLD-treated patients compared to 70.1 weeks in 

topotecan-treated patients. In a small study with 61 recurrent epithelial ovarian or peritoneal 

carcinoma patients, Alberts et al. [216] compared the efficacy of PLD combined with carboplatin 

to carboplatin alone. Improved response rates were observed in patients treated with 

carboplatin and PLD (67%) compared to the carboplatin alone group (32%). An additional phase 

III clinical study assessed the efficacy of PLD compared to the combination of doxorubicin, 

bleomycin, and vincristine in patients with advanced AIDS-related Kaposi’s sarcoma [217]. An 

overall response rate of 45.9% was observed in the PLD-treated patients compared to 24.8% in 

patients treated with the combination chemotherapy, but survival rates did not differ between 

the two groups.  Although adverse events were common in both groups, PLD appeared to be 

better tolerated. It is important to note that these studies did not directly compare PLD to free 

doxorubicin. 

Other published clinical trials for Doxil® have shown its main benefit to be decreased 

toxicity. Garcia et al. [218] assessed soft tissue sarcoma patients treated with Doxil® and 

observed favorable toxicity profiles but a lack of increased drug effectiveness compared to free 
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doxorubicin. The same was observed in Ellerhorst et al. [219] in metastatic melanoma patients. 

In advanced gynecologic patients, Isrel et al. [220] observed both favorable toxicity profiles and 

prolonged responses in heavily pretreated patients. Because of the reduced toxicity observed 

with Doxil®, phase I clinical trials, such as Garcia et al. [221] in combination with topotecan and 

Iqbal et al. [222] in combination with docetaxel, are working towards finding the most effective 

combinations.  

As discussed earlier, despite the successes in reduced toxicity, lack of improved efficacy 

in these studies may be due to slow release of bioavailable drug within the tumor tissue in 

humans.   

2.2.3.2 Non-thermal Sensitive Liposomes and Hyperthermia 

Three clinical studies have been performed using combinations of hyperthermia and 

non-temperature sensitive liposomes, such as Evacet and Doxil®. The results varied depending 

on tumor type. Below are descriptions of these studies with different treatment regimens and 

different outcomes.   

Vujaskovic et al. [223] conducted a phase I/II study on locally advanced breast cancer 

patients using the neoadjuvant combination therapy of paclitaxel, liposomal doxorubicin 

(Evacet), and hyperthermia. Patients were given four cycles of this neoadjuvant therapy 

followed by surgical intervention, radiation therapy, and 8 cycles of cyclophosphamide, 

methotrexate, and 5-fluorouracil chemotherapy. The treatment was well tolerated, and a 

correlation with thermal dose and pathologic response was observed. The combined (partial 

and complete) clinical response rate and combined pathological response rate were 72% and 

60%, respectively. Four patients achieved a pathologically complete response, and 16 (of 43 
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total) patients were eligible for breast-conserving surgery. Cumulative equivalent minutes at 

43°C (CEM 43) at the 10th percentile of temperature distribution (T90) was significantly greater 

for those with a pathological response. The four-year disease-free survival and overall survival 

was 63% and 75%, respectively. A potential addition to heat and liposome treatment is radiation 

treatment. As hyperthermia increases vascular perfusion, it serves as a way to decrease the 

hypoxic radioresistant regions. As described in Vujaskovic et al. [223], this trimodal treatment 

may be a more effective combination.       

Kouloulias et al. [224] conducted a phase I/II trial to assess the tolerability and activity of 

the combination of Caelyx (pegylated liposomal doxorubicin), local hyperthermia, and 

reirradiation in patients with locally recurrent breast cancer. In this study, the combination was 

well-tolerated and effective. A measureable response was observed in all patients, and 3 of the 

15 patients underwent a clinically complete response. Caelyx was administered concurrently 

with radiation initially. The infusions were repeated every 4 weeks for 6 months and 

hyperthermia treatment followed each of the Caelyx infusions, but the time between drug 

infusion and hyperthermia treatment varied between a range of 3 to 40 hours. Their analysis 

showed that patients had a better response when this gap did not exceed 12 hours, and the 

smaller the time interval the better the response. It is important to note that the temperatures 

used in this study were relatively high (around 44°C).   

Secord et al. [225] conducted a phase I/II trial with intravenously administered Doxil® 

and whole abdomen hyperthermia in patients with paclitaxel- and/or platinum-resistant ovarian 

cancer. The MTD of hyperthermia treatment was determined in the phase I portion. Women 

were able to undergo 60 minutes of heating once the average vaginal and rectal temperatures 

had reached 40°C or 90 minutes after power was turned on. Seventy percent of the treated 



 

 68 

patients experienced adverse events, and the majority of these were associated with Doxil® and 

not hyperthermia. The majority of patients (63%) had to terminate the study early because of 

progressive disease. Phase II and III clinical trials with Doxil® in platinum-resistant ovarian cancer 

patients showed response rates of 12.1 to 26%, and the addition of hyperthermia treatment in 

Secord et al. [225] did not increase the drug efficacy. The authors stated that Doxil® may not be 

the ideal chemotherapeutic agent to combine with hyperthermia for ovarian cancer treatment.   

Thus, while the combination of Doxil® or Caelyx and heat in breast cancer patients 

seemed encouraging, the combination was not ideal for ovarian cancer patients. The difference 

in outcome cannot be isolated to one variable; these were different cancer types receiving 

different treatment regimens. One key difference among the studies is that the observed 

response was better when treating a more superficial disease as opposed to deep, whole cavity 

(e.g., abdominal) heating. It is also important to note that thermal dose was a key factor for the 

responses observed in patients in the Vujaskovic et al. [223] and Kouloulias et al. [224] studies. 

This emphasizes the benefit hyperthermia can have in clinical situations, as well as the 

importance in carefully monitoring and maintaining precise temperatures during treatment.             

2.2.3.3 Temperature-Sensitive Liposomes and Hyperthermia 

While only a few clinical trials have been implemented for temperature-sensitive 

doxorubicin-loaded liposomes, the results are encouraging and suggest extended circulation 

time and enhanced drug delivery.  

Hauck et al. [226] described the first canine phase I trial with the doxorubicin-loaded 

temperature-sensitive liposomes and hyperthermia. Toxicity and drug pharmacokinetics were 

examined in dogs with solid tumors. The MTD observed in this study was 0.93 mg/kg, which is 
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slightly lower than that for free doxorubicin and Doxil® studies, 0.975 mg/kg [227] and 1.0 [228] 

mg/kg, respectively. The initial cohort of animals experienced anaphylactoid reactions to the 

drug; because of these reactions, subsequent animals were pretreated with steroids and anti-

histamines prior to liposomal administration. This is common for injected drug delivery systems 

and is now stipulated for human trials. Acute toxicities (myelosuppression) more closely 

resembled that of free drug. Because of the relatively long circulation time of the PEGylated 

temperature-sensitive liposomes, decreased clearance of doxorubicin was observed in the 

patients compared to patients treated with free drug, and tumor drug concentrations were 

much higher (~10 fold) compared to free drug and hyperthermia studies. A response rate of 30% 

was observed in the patients, which is higher than observed in canine phase II trials with free 

doxorubicin. 

ThermoDox® is currently being tested in two trials sponsored by the Celsion Corporation, 

both of which involve its use as a single agent treatment in combination with hyperthermia. The 

two trials include a phase I/II for chest wall recurrences of breast cancer using a BSD-500TM 

System [160] at nine sites in the USA where target temperatures are 40-42°C, and a phase III 

trial using radiofrequency thermal ablation for treatment of non-resectable hepatocellular 

carcinoma [162].  

The Celsion phase I clinical trial for patients with primary and metastatic tumors of the 

liver is now completed [161]. In this study, patients were treated with a combination of 

radiofrequency ablation and ThermoDox®. A 30-minute infusion of ThermoDox® was given 15 

minutes prior to ablation. Pharmacokinetic data from this study was recently reported by Poon 

and Borys [229]. This was a dose escalation study used to determine the MTD (50 mg/m2). They 

observed a statistically significant difference in the time to treatment failure between patients 
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receiving at least 50 mg/m2 and patients receiving less that 50 mg/m2 (374 days vs. 80 days, 

respectively). They concluded that the combination of radiofrequency ablation and ThermoDox® 

was safe and likely more efficacious than radiofrequency ablation alone.   

As a result, Celsion is currently sponsoring a global phase III clinical trial treating 

hepatocellular carcinoma patients with radiofrequency ablation and ThermoDox® (NCT00617981 

[162]). This trial was recently recognized by the Consensus Recommendations of the National 

Cancer Institute Clinical Trials for hepatocellular carcinoma [230]. The accrual goal is 700 

patients at 77 clinical trial sites across 11 different countries. Currently, the entire study 

population has already been enrolled [231].     

Celsion is completing a phase I and initiating a phase II trial where ThermoDox® and 

hyperthermia are being used in combination to treat recurrent chest wall disease in breast 

cancer patients (NCT00826085 [160]). A prior phase I study was conducted at Duke University, 

and a manuscript is currently being prepared for submission. Because of the broad spectrum 

anti-tumor efficacy of doxorubicin, ThermoDox® has the potential to be used to treat multiple 

other cancer types in the future.    

In combination with Philips Healthcare, a manufacturer of high intensity focused 

ultrasound (HIFU) systems, Celsion is also interested in initiating clinical trials to assess the use 

of HIFU in combination with ThermoDox® in metastatic bone cancer patients.  Additionally, 

Celsion is looking into the treatment of pancreatic cancer with ThermoDox®, but these are still in 

the preclinical stages of research [231]. 

The initial half-life of ThermoDox® is longer than that of free drug, but substantially less 

than that of Doxil®. When considering the average duration of heating in the clinic (30-60 

minutes), it is clear that optimal drug delivery would be achieved if hyperthermia treatment was 
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started prior to administration of drug. This sequence would take maximal advantage of high 

intravascular temperature-sensitive liposome concentrations. The preclinical results from Ponce 

et al. reveal the importance of sequencing as well [127].   

2.2.3.4 Clinical Perspective on Cancers that would Benefit from Hyperthermia 

The use of temperature-sensitive liposomes in conjunction with mild hyperthermia has 

shown tremendous promise, both in preclinical studies and in clinical trials that are now 

progressing through phase III. Thus, this chapter will conclude with a brief perspective on 

hyperthermia as an adjuvant modality for cancer treatment in the hope that the successes 

already achieved by this relatively underappreciated technique can now motivate the 

development of additional thermally-triggered chemotherapeutic delivery systems. 

As mentioned in the Introduction, Kapp [59] authored a review on the types of cancer 

that, based on lesion location and potential progression, would benefit from hyperthermia. 

Several criteria for site and disease selection for hyperthermia treatment were explained.  

1) Site selection should be based on tumors in which the local control rates are poor with 

conventional radiation therapy and/or surgery or chemotherapy.  

2) Improvement in local control of these sites should result in either higher cure rates 

and/or prevention of significant patient morbidity.  

3) Sufficient numbers of patients should be available for protocol study. 

4) ‘Adequate’ heating and temperature monitoring should be attainable by available 

technology in the tumor sites selected.  

5) The tumor heating should be accomplished without excessive normal tissue toxicity or 

patient discomfort.   
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Based on mortality statistics, Kapp noted that local failures contribute to death in a high 

proportion of patients with brain, ovarian, prostate, cervical, esophageal, bladder, and head and 

neck cancers. They stated that certain lesions for which local-regional recurrence and 

metastases are problematic, such as in breast cancer, head and neck cancer (lymph node 

metastases), colorectal cancer (nodal metastases), bladder cancer (muscle-invasive disease), 

and malignant melanomas (symptomatic cutaneous, subcutaneous, or superficial lymph node 

metastases), may be candidates for hyperthermia benefit. 

A review discussing clinical trials prior to 2001 that utilized hyperthermia as an adjuvant 

therapy in a variety of solid tumors described the feasibility and effectiveness of hyperthermia 

treatment in multiple clinical studies in locally advanced tumors in terms of objective response 

rate, local tumor control, and relapse free survival [60].  They noted significant improvements in 

both response and survival with that addition of hyperthermia treatment to other anti-cancer 

therapies, such as radiotherapy. This review stated that in patients receiving treatment for 

locally advanced superficial tumors, complete responses rates with hyperthermia alone are 15%, 

with radiotherapy alone are 35%, and the combination treatment is approximately 70% [60].     

Although superficial lesions, because of accessibility, seem to be an ideal target for 

hyperthermia adjuvant treatment, improvements in heating devices now also allow for targeting 

deep-seated tumors. As discussed in the Introduction, several heating devices have been 

developed to accommodate these types of cancer. Table 1 provides data that mild hyperthermic 

temperatures in the range required for drug release from temperature-sensitive liposomes, such 

as ThermoDox®, are feasible in both superficial and deep-seated tumors.        
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Table 1: Thermometry data from several studies indicating the feasibility of tumor heating to a 
range sufficient for drug release from temperature-sensitive liposomes. 

Author Tumor Type 
Thermal Data (°C) 

Reference 
T90 T50 T10/T20 

Gellermann et al. sarcoma 40.8 43.6 46.2 [232] 

Leopold et al. sarcoma 39.5 41.6 43.0 [233] 

Wust et al. pelvic 39.9(± 0.9) NR NR [234] 

Sherar et al. 

chest wall 
recurrences 
of breast 
cancer 

40.5-41.4* NR NR [235] 

Milani et al. rectal 41.4 42.9 43.5 [236] 

Franckena et al. cervix 39.8 (± 0.55) 40.6 (± 0.55) 41.1 (±0.31) [237] 

Vujaskovic et al. 
locally 
advanced 
breast 

39.6 (±0.86) 41.0 (±0.92) NR [223] 

T90, T50, T20, and T10 are the temperatures to 90%, 50%, 20%, and 10% of the tumor tissue, 
respectively.  NR = not reported. 
*A range of T90s from four different centers. 
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Local control for advanced head and neck tumors remains a challenge in the clinic. 

Recently, Paulides et al. [61] developed a heat applicator specifically for heating the head and 

neck region. The HYPERcollar system was developed to provide maximum heating to the target 

region while minimizing heating to critical tissues such as the spinal column [61, 238]. This 

system uses a phased-array of 12 antennas to deliver heat while keeping the skin relatively cool 

with a water bolus cooling system. Clinical feasibility of the HYPERcollar was assessed in three 

patients with lesions in the thyroid, oropharynx, and nasal cavity [238]. Patients were treated 

with the combination of radiotherapy and hyperthermia. Although patient outcome data was 

not provided, it was concluded that the use of the HYPERcollar was practical in clinical settings 

and may provide better treatment quality in the future.    

Hyperthermia may also be a beneficial adjuvant for breast cancer treatments. A recent 

meta-analysis conducted by the Early Breast Cancer Trialists’ Collaborative Group assessed if the 

variations in local treatment that can affect the risk of locoregional recurrence could also affect 

mortality [239]. Individual patient data from 78 randomized treatment comparisons were 

examined, and the data suggested that improvements in local control would significantly reduce 

breast cancer mortality. As mentioned previously, it is clear from Vujaskovic et al. [223] and 

Kouloulias et al. [224] studies that thermal dose plays a role in breast cancer patient outcome. 

Duke University has developed a heating applicator for the breast, Duke Breast Applicator 

System (DBAS). Treatment with this system has recently provided encouraging results [223] (see 

Table 1). This system involves a water-filled cup that provides temperature control at the skin’s 

surface and electromagnetic coupling for heating. A vest applicator for treating large, diffuse 

areas of chest wall disease has also been developed [240]. This microwave array applicator uses 

a water bolus to conform to body contours in such a way that the vest maintains contact with 
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the skin to both prevent distortions in the microwave power deposition pattern and to prevent 

the skin from overheating.  

Hyperthermic isolated limb perfusion is a treatment used for locoregionally 

metastasized malignant melanoma. A recent outcome study for patients with locoregionally 

metastasized malignant melanomas treated with hyperthermic isolated limb perfusion observed 

an overall response rate of 80.7%, and complete remissions were observed in 62.8% of the 

patients [241]. This therapy was considered efficient and effective for patients with multiple or 

recurrent in-transit metastases, and long-term survival was attainable in patients that did not 

present with regional lymph node or distant metastases. This again supports the need for local 

and regional control in order to achieve increased survival.   

Issels et al. [242] recently published a multi-institutional phase III clinical trial for 

patients with localized high-risk soft-tissue sarcoma. Patients were treated with either neo-

adjuvant chemotherapy consisting of etoposide, infosfamide, and doxorubicin alone, or in 

combination with regional hyperthermia in addition to local therapy (surgery and/or 

radiotherapy). Local progression-free survival was the primary endpoint. Hyperthermia was 

administered for 60 minutes with a target tumor temperature of 42°C via the BSD-2000 

hyperthermia system. The addition of hyperthermia to chemotherapy resulted in significantly 

better local progression-free survival and disease-free survival than observed in patients treated 

with chemotherapy alone. The main benefit was observed in patients with non-extremity 

tumors for whom the disease-free survival rates at two years for the combined arm and the 

chemotherapy alone arm were 50 and 33%, respectively.     

Systems like the BSD-2000 can also administer deep regional hyperthermia.  Fatehi et al. 

[64] treated locally advanced cervical carcinoma patients with a combination of local-regional 
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deep hyperthermia, radiotherapy, and chemotherapy to assess temperature distributions 

throughout the abdominal cavity. Jones et al. [97] conducted a phase I/II trial for patients with 

advanced, recurrent, or progressive ovarian carcinoma.  Patients were treated with 

intraperitoneal cisplatin, intravenous thiosulphate, and concurrent whole abdomen 

hyperthermia. Hyperthermia was administered with the BSD-2000 system. They observed an 

overall response rate of 44% even though the majority of the patients had platinum-resistant 

disease. This patient population has typical response rates of 10-20% following free drug 

administration, suggesting that hyperthermia is adding some benefit over what can be achieved 

with free drug.         

Highly aggressive brain tumors such as glioblastomas may also benefit from 

hyperthermia treatment with the appropriate heating device. Sneed et al. [63] compared 

glioblastoma patient outcome when treated with radiotherapy and brachytherapy with or 

without hyperthermia treatment in a randomized phase III trial. Hyperthermia treatment was 

administered with helical-coil microwave antennas. A survival benefit or local control was 

observed with the addition of hyperthermia treatment. Ultrasound methods are also available 

for heating brain tumors. Guthkelch et al. [243] conducted a phase I study in patients with 

primary malignant tumors of the brain treating with a combination of hyperthermia 

administered via scanned focused ultrasound (SFUS) and external beam radiation. Based on 

several autopsies, they determined that use of the SFUS system in combination with 

radiotherapy was effective in causing necrosis in glioblastoma multiforme within the heated 

tumor volume.              

Pulsed HIFU may be an option for hyperthermia administration in the near future.  HIFU 

is currently used in the clinic for ablative treatments (reviewed in [244]) reaching high 
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temperatures by using continuous ultrasound exposures. However, as described in Dromi et al. 

[245], pulsing HIFU exposures can elevate tissue temperature to more mild hyperthermic 

ranges. Benefits to HIFU include heating specificity (MRI-guided HIFU) and the ability to heat 

deep-seated tumors. Some of the current heating devices are used to heat more superficial 

tumors, so tissue specificity is lost when attempting to heat tumors deeper within the tissue. 

Disadvantages of HIFU include difficulty in maintaining a constant temperature in larger lesions 

and limitations to the types of lesions that can be targeted. Since ultrasound is unable to 

propagate through air-filled viscera (e.g., lung and bowel) and structures such as bone can 

absorb or reflect an ultrasound beam, certain lesion locations are not appropriate for HIFU 

treatment [246].   

Specific heating to the tumor tissue can be challenging due to the location/depth of the 

tumor and the perfusion of the tumor, which can effectively carry heat away from the treatment 

site. In the case of temperature-sensitive liposomes, tissue-specific heating or regional heating is 

necessary to avoid systemic drug release and normal tissue toxicity. Improved heating systems 

are in development to ensure that optimal temperatures are reached in the region of interest. 

Magnetoliposomes may be a solution to overcome heating specificity. These liposomes have 

iron oxide magnets in the lipid bilayer and when exposed to a magnetic field, the liposomal 

temperature exceeds transition temperature and the contents are released [247]. Using a 

magnetic field localized to the site of the tumor in conjunction with magnetoliposomes may 

improve on current heating techniques.   

As described in the Hyperthermia section in the Introduction, bladder cancer patients 

have also shown significant clinical benefits from hyperthermia treatment [248] [67] [68]. 
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Therefore, we have selected bladder cancer as a primary focus of our work, using the 

combination of cisplatin and hyperthermia to enhance drug delivery and anti-tumor efficacy.            

2.2.3.5 Important Considerations for Temperature-Sensitive Liposome-Device Combinations 

Drug release from temperature-sensitive liposomes requires elevating the temperature 

of the tumor. This is achieved using heating devices that deposit power into tumors using 

microwaves, radiofrequency, or ultrasound, as described above. To achieve optimal drug 

performance, it is absolutely necessary to use hyperthermia devices to achieve a temperature 

distribution that maximizes drug delivery throughout the tumor volume. In an ideal setting, this 

would mean achieving uniform temperatures of 41.3°C, the liposome transition temperature. 

However, this is not possible with any current hyperthermia devices, because the temperature 

distribution that is achieved is a complex product of the amount of power delivered by the 

device and perfusion, which carries heat away. There are considerable intratumoral and 

intertumoral heterogeneities in power deposition and perfusion, leading to non-uniform heating 

in all tumors. In Table 1, we have summarized thermal data that were acquired in selected prior 

trials that combined hyperthermia with radiotherapy. These trials had very different thermal 

goals than what is required for temperature-sensitive liposomes. Nevertheless, they clearly 

show that the temperature ranges achieved in most tumor sites are within the range needed for 

drug release from these liposomes. Drug release from our temperature-sensitive liposome 

formulation starts at 39°C, reaches a maximum at the transition temperature of 41.3°C and then 

decreases substantially at temperatures greater than 42°C. Table 1 shows that minimal 

temperatures are most often in the range of 39°C, but there are instances where maximal 

temperatures were substantially greater than 42°C, which would not be ideal for optimal drug 
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delivery with our liposomes. However, it is possible to achieve temperatures in the desired 

range, if the thermal goals are established a priori. Adjustment of power and other machine 

settings can be used, along with temperature measurements, to alter the temperature 

distribution. More sophisticated heating devices currently under development now involve non-

invasive volumetric thermometry with real-time power control that will maximize the likelihood 

that the temperature objectives can be met. 

2.3 Conclusions  

Temperature-sensitive liposomes have progressed significantly since the 1970s, but by 

no means has the work in this field reached its potential. Again, only one formulation, our 

temperature-sensitive liposome, with only one drug, doxorubicin, has progressed to clinical 

trials. If these liposomes prove to be as effective in humans as in preclinical settings, a push for 

their use in the treatment of human disease should be made. The beauty of encapsulating FDA 

approved drugs is the smoother transition into the clinic compared to an entirely novel 

therapeutic agent. There are many chemotherapeutic agents currently approved for human use, 

meaning that there are many types of drugs waiting to be encapsulated in temperature-

sensitive liposomes. Since one drug type cannot treat all cancers, variations in the 

chemotherapeutic agents loaded in these liposomes are needed.   

Currently, there is significant research interest in broadening the applicability of 

temperature-sensitive liposomes. The area of encapsulating contrast agents for improved 

imaging modalities has definite clinical potential. Temperature-sensitive liposomes could make 

significant impacts in the delivery and release of small molecule therapeutics, peptides, and 

oligonucleotides to specific cellular molecular targets. Although heat is the trigger for drug 
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release, other researchers are attempting to improve on drug targeting by labeling temperature-

sensitive liposomes with antibodies. For example, Puri et al. [249] labeled temperature-sensitive 

liposomes with HER2-specific antibodies to more specifically target HER2-positive tumors (e.g., 

breast cancer). Advances such as these highlight the utility and versatility of liposomal-based 

treatments and offer the potential for effective therapeutic modalities not only for cancer, but 

for a wide range of diseases.   
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3.1 Introduction 

The chemotherapeutic agent cisplatin, first described by Rosenberg et al. in 1965, has 

been used clinically since the late 1970s for the treatment of multiple types of cancer, including 

testicular, ovarian, bladder, cervical, head and neck, and small cell lung cancers [69]. Although 

the ability of hyperthermia to synergistically enhance the cytotoxic effects of cisplatin has long 

been recognized (see Supplemental Figure 1), the mechanism underlying this process remains 

unclear. It is known that hyperthermic sensitization is associated with increased drug 

accumulation and subsequent platinum-DNA adduct formation [95], but the underlying 

mechanisms for these responses remain incompletely unexplained.  For example, previous 

studies have shown increased drug uptake, but the mechanism underlying the increase in 

uptake has not been elucidated. Additional mechanisms that have been identified include 

altered drug metabolism, increased drug reaction rates with DNA, and heat-induced inhibition in 

DNA repair, indicating that multiple mechanisms may be involved in the synergism at the cell 

surface and intracellularly [94]. Hyperthermia has also been shown to reverse cisplatin 

resistance in vitro [95, 250]. Here, we investigated the role of the copper transport protein 1 

(Ctr1) in this process. Under normal metabolic conditions, Ctr1 maintains a homeostatic balance 

between intra- and extracellular copper levels; however, Ctr1 can also function as a cisplatin 

transporter [81]. We hypothesized that the observed synergistic interaction between heat and 

cisplatin is due in part to the ability of heat to enhance Ctr1 function.  
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Ctr1 is an ATP-independent transporter in the cell membrane. Its high affinity for copper 

allows sufficient levels of copper to enter the cell for normal metabolic function. Ctr1 RNA has 

been detected in all organs and tissues examined, with the greatest expression in the heart, 

liver, pancreas, prostate, colon, and intestine [102]. Ctr1 consists of three membrane-spanning 

segments with an extracellular amino terminus and a cytoplasmic carboxyl-terminal tail. Using 

electron crystallography, De Feo et al. demonstrated that Ctr1 trimers create a pore across the 

cell membrane [103]. The amino terminus contains methionine-rich motifs that are involved in 

Ctr1 multimerization and subsequent copper transport [104].   

Ctr1 expression is regulated at both the transcriptional and translational levels.  Dancis 

et al. observed that copper deprivation induced Ctr1 gene expression, whereas excess copper 

resulted in decreased Ctr1 gene expression [106]. Early work done on yeast Ctr1 showed that 

overexpression of Ctr1 resulted in increased cellular copper uptake. At the translational level, 

Petris et al. demonstrated that exposure to elevated copper levels resulted in decreased surface 

Ctr1 levels, increased Ctr1 endocytosis, and degradation of the protein [108].        

In addition to copper, Ctr1 also transports platinum-based compounds such as cisplatin. 

Previous studies have shown that knocking-out Ctr1 in cells decreases cisplatin uptake and 

increases cisplatin resistance [81, 114]. Song et al. exogenously overexpressed Ctr1 in a small 

cell lung carcinoma cell line and a cisplatin-resistant variant to enhance cisplatin uptake and 

sensitivity [115]. Expression of Ctr1 protein with C-terminus mutations showed normal function 

in the uptake and sensitivity to cisplatin, whereas N-terminus mutations rendered the protein 

inactive, suggesting the NH2-terminal amino acid sequence is necessary for cisplatin transport. 

The precise mechanisms by which copper and cisplatin enter the cell via Ctr1 are distinct 

but have yet to be clearly elucidated [116]. Copper exposure results in Ctr1 internalization, 
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reducing surface Ctr1 levels due to both endocytosis and degradation of the transporter [108]. 

In contrast, cisplatin exposure results in stable multimer (trimer) formation and only basal levels 

of internalization [108, 117]. This group hypothesized that stabilization of the Ctr1 multimer on 

the cell surface may create a pore to facilitate cisplatin uptake [117]. Guo et al. demonstrated 

that cisplatin exposure stabilized a multimer of Ctr1 [117]. Formation of this multimer was 

assessed in the presence of platinum chelators or in cells with mutant methionine-rich motifs 

(M1/M2) in the amino-terminal region of Ctr1, and the largest multimer complex was not 

formed following cisplatin exposure, again emphasizing the importance of the amino-terminal 

region of Ctr1.  

Three recent studies have also shown that Ctr1 mRNA expression levels are associated 

with platinum sensitivity in ovarian cancer patients [85-87]. Lee et al. assessed mRNA levels in 

ovarian carcinoma patients and found that higher Ctr1 expression was associated with 

sensitivity to platinum-based therapy and was a prognostic factor for improved survival [86]. 

Ishida et al. also assessed Ctr1 levels in advanced-stage ovarian carcinoma patients and found 

that lower Ctr1 expression levels were associated with platinum resistance and decreased 

disease-free survival [85]. Finally, Liang et al. found an association between elevated Ctr1 mRNA 

levels and progression free and overall survival in ovarian cancer patients following treatment 

with platinum based therapy [87]. These studies demonstrate the clinical importance of Ctr1 in 

cancer types commonly treated with cisplatin.  

Due to the significant role Ctr1 plays in cisplatin uptake, we hypothesized that 

hyperthermia increases cisplatin accumulation and efficacy in part by modulating Ctr1 function. 

In this study, we examine the significance of Ctr1 function in the synergistic interaction between 

hyperthermia and cisplatin in the context of bladder cancer. Interestingly, Ctr1 has been shown 
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to be predominantly localized in caveolin-enriched lipid rafts in vascular smooth muscle cells 

[251], and recent work by Mace et al. demonstrates enhanced clustering of GM1+ lipid 

microdomains, a predominant marker of lipid rafts [252], in CD8+ T cells following hyperthermia 

treatment (39.5°C) [253, 254]. Based on these studies, we hypothesize that hyperthermia may 

be enhancing cisplatin-induced Ctr1 multimerization. Here, we assess the importance of 

cisplatin- and hyperthermia-induced Ctr1 multimerization in sensitizing cells to cisplatin 

cytotoxicity.   

3.2 Material and Methods 

3.2.1 Reagents and Chemicals 

Cisplatin was purchased from APP Pharmaceuticals, LLC (Schaumburg, IL, USA). 

Cycloheximide and hydrochloric acid (HCl; 1.0N) were supplied by Sigma (St. Louis, MO, USA).  

Nitric acid (Optima*) was obtained from Fisher Scientific (Pittsburgh, PA, USA). All cell culture 

reagents including media and supplementation were purchased from Gibco (Grand Island, NY, 

USA).  

3.2.2 Cell Lines 

Wild-type (WT) and Ctr1 knockout (Ctr1-/-) mouse embryonic fibroblasts were kindly 

provided by Dennis Thiele, Ph.D. These cells were cultured in RPMI-1640 supplemented with 

10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. The bladder cancer cell lines J82, 

NBT2, MBT2, and MB49 cells were cultured in DMEM supplemented with 10% FBS and 1% 

antimycotic/antibiotic. The human bladder cancer cells 5637 and RT4 cell lines were cultured 

RPMI and McCoy’s 5a, respectively, supplemented with 10% FBS and 1% antimycotic/antibiotic. 

The WT Myc-tagged Ctr1 and pcDNA3.1 vector control cell lines as well as the M1/M2 mutant 
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Ctr1 plasmid (Figure 10) were kindly provided by Michael J. Petris, Ph.D. The HEK293 cells were 

cultured in DMEM supplemented with 10% FBS, 1% antibiotic/antimycotic, and 0.1% 2-

Mercaptoethanol. All cell lines were maintained at 37°C/20% O2/5% CO2. 
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Figure 10: Ctr1 mutation sites resulting in lack of multimerization (M1/M2). 

Several Ctr1 mutations were assessed Guo et al. [117], but the M1/M2 mutant shows lack of 
Ctr1 multimerization. This mutant was used in our study. Reproduced with permission from Guo 
et al. (2004) [117].   
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3.2.3 Human Bladder Cancer Samples and RT-PCR 

RNA samples from human bladder cancer patients were kindly provided by Brant Inman, 

M.D and a normal bladder tissue control sample was obtained from the Duke Cancer Institute 

Shared Resource Biorepository (Durham, NC, USA). RNA was isolated from paraffin-embedded 

tissue using the AllPrep DNA/RNA FFPE kit according to the manufacturer’s instructions 

(QIAGEN, Germantown, MD, USA). RNA concentrations were measured using a NanoDrop 2000 

spectrophotometer (Thermo Scientific, Wilmington, DE, USA). The iScriptTM cDNA Synthesis Kit 

(Bio-Rad, Hercules, CA, USA) was used to make cDNA in a 20μl reaction with 1μg RNA according 

to the manufacturer’s instructions. Real-time PCR was conducted on a Bio-Rad iCycler (Hercules, 

CA) using iQTM SYBR® Green Supermix (Bio-Rad, Hercules, CA, USA). Ctr1 primers as described in 

Kitada et al. were used [255] (Forward: ACAAGTCAGCATTCGCTACAATTC and Reverse: 

TTGCAGGAGGTGAGGAAAGC). The reaction was performed at 95°C for 10 minutes, followed by 

40 cycles of 95°C for 5 seconds and 60°C for 34 seconds. The dissociation stage was initiated at 

95°C for 15 seconds, followed by 60°C for 15 seconds and 95°C for 15 seconds. The threshold 

cycles (CT) were used to quantify the PCR product, and relative expression levels were calculated 

by subtracting control gene (GAPDH; Forward: GAAGGTGAAGGTCGGAGTC and Reverse: 

GAAGATGGTGATGGGATTTC) CT from Ctr1 CT. All samples were run in triplicate.     

A second set of genomic data from human bladder samples (normal and malignant) was 

generated using the NCBI Gene Expression Omibus (GEO) Dataset Browser. (NCBI: GSE3167; 

GDS1479) [256]. 
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3.2.4 Transfections 

HEK293 cells were transfected with either the M1/M2 mutant Myc-tagged plasmid or 

the empty pcDNA3.1 vector control, kindly provided by Michael Petris, Ph.D. Transfections were 

performed with LipofectamineTM 2000 (Invitrogen, Grand Island, NY, USA) according to the 

manufacturer’s protocol. Briefly, HEK293 cells were plated in 10-cm dishes and allowed to 

attach overnight. Approximately 4 µg of either the vector control or M1/M2 DNA was 

transfected into the cells. All experiments with these cells were performed 24 hours post-

transfection. 

3.2.5 Clonogenic Survival 

Clonogenic survival following a 2-hour exposure to cisplatin was assessed in all cell types 

(WT and Ctr1-/- MEF; bladder cancer cell lines 5637, J-82, MB49, MBT-2, NBT-2, and RT-4; WT 

and M1/M2 Myc-tagged Ctr1 HEK293 cells). Cells were plated in 6-well plates at known densities 

18-24 hours before drug treatment. Cell density varied from 100-3000 cells per well in the 

bladder lines and from 200 to 6000 per well in the MEFs, depending on the plating efficiency 

and cisplatin concentration (higher densities received higher drug concentrations). Due to the 

poor attachment of HEK293 cells, these cells were plated in BD BioCoatTM Poly-L-Lysine coated 

6-well plates (BD Biosciences, San Jose, CA, USA) at a density of 500 cells per well. The day after 

plating, cells were treated with indicated cisplatin doses (2-12 µM cisplatin or the saline control) 

and allowed to incubate for 2 hours. Hyperthermia treatment was conducted after sealing the 

plates with parafilm. The bottom of the plates were then placed in a water bath set at 37°C 

(normothermia control) or 41°C. Following 1 hour of hyperthermia treatment, cells were 
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returned to the incubator for 1 additional hour. After drug treatment, media was removed, cells 

were washed with PBS, and fresh media was added.   

Once colonies were detectable by the naked eye (7-12 days), media was removed, and 

cells were washed with PBS and incubated for 10 minutes at room temperature in a fixation 

solution (10% methanol, 10% glacial acetic acid, and 80% water).  The fixation solution was 

removed and colonies were stained with crystal violet (0.4% crystal violet solution in 20% 

ethanol and water) for 10 minutes at room temperature.  Plates were then rinsed with water 

and allowed to dry for 24 hours. Colonies were counted either by hand or with a ColCountTM 

(Oxford Optronix Ltd., Oxford, UK), and the plating efficiency and survival fraction were 

calculated for each cell line at each cisplatin concentration.             

3.2.6 Multimerization Experiments 

Cells were plated in 10-cm cell culture dishes. Once the cells reached 80% confluency, 

they were treated with either 0 (saline vehicle), 100 or 200 μM cisplatin. Approximately 30 

minutes prior to cisplatin treatment, 100 µg/mL cycloheximide was added to the cells to inhibit 

protein synthesis during the experiment. Hyperthermia treatment was conducted by sealing the 

dish with parafilm and placing the bottom of the dishes in a water bath set at 37 (normothermia 

control), 39, 40, 41, 42, or 43°C. Cells were collected at 0, 15, 30, 45, and 60 minutes during 

hyperthermia treatment. Following 1 hour of hyperthermia treatment, cells were returned to 

the incubator for 1 additional hour and harvested. All cells were washed with PBS and harvested 

for protein extraction.   
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3.2.7 Protein Extraction 

Cells were grown to 70-90% confluency. Cells were washed once with cold 1x PBS, and 

all adherent cells were scraped off and suspended in cold PBS in 1.5mL Eppendorf tubes. Tubes 

were centrifuged at 4°C for 1 minute at 8000 rpm. The supernatant was aspirated from the cell 

pellet, and Triton-X lysis buffer (1 M Tris (pH 7.5), 5 M sodium chloride, 100 mM EDTA, 100 mM 

EGTA, 10% Triton X-100, and 1% protease inhibitor cocktail) was added to the pellet.  Cells were 

placed on a rocker at 4°C for 45 minutes and then centrifuged for 10 minutes at 12000 rpm at 

4°C. The supernatant was collected in a 1.5 mL Eppendorf tube, frozen and stored at -80°C, and 

the pellet was discarded.   

3.2.8 Western Blotting 

Protein concentration was measured with the DC Protein Assay (Bio-Rad, Hercules, CA, 

USA) according to the manufacturer’s instructions, and Western blots were performed. Briefly, 

proteins were separated by SDS-PAGE at 20 mA on 4-20% precast polyacrylamide gels (Mini-

PROTEAN TGX, Bio-Rad, Hercules, CA, USA). Tris-HCl gels were transferred to a polyvinylidene 

fluoride (PDVF) membrane (Bio-Rad, Hercules, CA, USA) and then blocked either for one hour at 

room temperature in 5% non-fat, dry milk reconstituted in 0.1% TBST (1x TBS with 0.1% Tween 

20). Ctr1 rabbit anti-human IgG primary antibody (kindly provided by Dennis J. Thiele, PhD) were 

used, diluted 1:1000 in 5% milk in 1% TBST (pH 8) and incubated in 4°C overnight. When probing 

for the Myc-tag, 0.5 μg/mL of the human c-myc antibody from the supernatant of 9E10 

hybridoma media (Developmental Studies Hybridoma Bank, University of Iowa, IA, USA) was 

diluted in 5% milk. The membrane was washed three times for 10 minutes in 0.1% TBST. The 

secondary goat anti-rabbit and goat anti-mouse IgG horseradish peroxidase-linked antibodies 
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(Bio-Rad, Hercules, CA, USA) were diluted 1:2000 in 5% milk and incubated at room temperature 

for one hour. The membrane was washed three more times followed by a 5-minute incubation 

with ECL Plus Western Blotting Detection System (GE Healthcare, Buckinghamshire, UK). Kodak 

film (Rochester, NY, USA) was used to capture the luminescent protein bands, and the film was 

developed on the Kodak processor with Spectra-2 developer (Merry X-Ray Corp, Mentor, OH, 

USA) for x-ray film processing. Membranes were stripped with RestoreTM PLUS Western Blot 

Stripping Buffer (Thermo Scientific, Rockford, IL, USA) for 15 minutes at room temperature and 

reprobed for the loading control actin for quantification purposes.  

Western blots were quantified as previously described [257] using ImageJ. Relative band 

density was quantified and normalized to actin levels.  

3.2.9 Platinum Accumulation 

Cells were plated in 10-cm cell culture dishes. Once the cells reached 80% confluency, 

they were treated with either 0 (saline vehicle), 2, 6, or 10μM cisplatin. Hyperthermia treatment 

was conducted by sealing the dish with parafilm and placing the bottom of the dishes in a water 

bath set at 37 (normothermia control), 41, or 42°C. Following 1 hour of hyperthermia treatment, 

cells were returned to the incubator for 1 additional hour. Cells were washed with PBS, 

trypsinized, and washed in PBS once more. A small aliquot of the resuspended cell pellet was 

collected from each sample for measuring protein levels to normalize the samples.  

3.2.10 Platinum Measurements 

To assess platinum accumulation, nitric acid digestion was performed on the cell and 

DNA samples as described in Minami et al. [258]. Briefly, cell and DNA samples were dried 

overnight at 80°C. Each sample was then digested in 500 mL nitric acid for 20 minutes at 100°C. 
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In order to prevent platinum from falling out of solution, 250 µL of HCl was added to each 

sample prior to analysis. Samples were measured using ICP-MS at North Carolina State 

University within the Department of Soil Science (Raleigh, NC, USA).  

3.2.11 Statistical Analysis 

Clonogenic data were analyzed using R software and all other data were analyzed with 

IBM(R) SPSS(R) Statistics (Version 19.0.0). Survival curves were fit with a single exponential fit 

(Surviving fraction = exp(-b*Dose)) and tested for differences in the exponent between groups; 

LC50, LC90, and dose modifying factor were calculated based on the exponential fit. Bladder 

cancer cell LC50s were determined based on the exponential fit and a Spearman correlation was 

used to test the significance between Ctr1 protein expression and cisplatin LC50. All other data 

were tested with a linear regression, ANOVAs to assess response to temperature and treatment, 

and Tukey’s post-hoc test for multiple comparisons. All experiments were done in triplicate. 

3.3 Results 

3.3.1 Human Bladder Cancer Ctr1 Expression 

Ctr1 mRNA levels were measured in human bladder cancer RNA samples kindly provided 

by Brant Inman, M.D. Ctr1 expression levels were also assessed from a human bladder data set 

available through the NCBI GEO Dataset Browser. Expression levels were variable across patient 

samples, for the normal and malignant tissues (Figure 11A-B). A waterfall plot (Figure 11A) 

shows the range of Ctr1 expression levels across the patient samples. Staging of the bladder 

cancer samples were provided for these samples; however, significant differences between 

tumor stage were not observed (p>0.05; data not shown). Figure 11B shows Ctr1 expression 

levels across different stages of bladder cancer and in normal bladder tissue. These data 
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demonstrate that Ctr1 mRNA expression levels vary considerably across human bladder 

samples, in both normal and malignant tissues. Because of the variability in expression, it may 

be of interest to determine whether these levels are associated with sensitivity to platinum-

based therapy. 
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Figure 11: Ctr1 mRNA expression is variable in human bladder cancer samples. 

(A) Waterfall plot of Ctr1 mRNA expression in human bladder cancer samples, showing the 
range of Ctr1 expression levels. (B) Genomic data from human bladder tissue samples (normal 
and malignant) generated using the NCBI Gene Expression Omibus (GEO) Dataset Browser. 
(NCBI: GSE3167; GDS1479) [256]. 
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3.3.2 Bladder Cancer Cell Ctr1 Expression and Cisplatin Sensitivity 

Cisplatin sensitivity (clonogenic survival) and Ctr1 protein expression levels were 

assessed in six different bladder cancer cell lines of human or rodent origin (Figure 12A-B). Basal 

Ctr1 expression levels varied, as did cisplatin sensitivity. Survival curves were all significantly 

different from each other (p <0.05) except for the differences between 5637 and MBT2 (the two 

most sensitive cell lines) and between MB49 and RT4 (p >0.05). As depicted in Figure 12, we 

observed increased cisplatin sensitivity in the cell lines with higher basal Ctr1 expression, 

specifically 5637 and MBT2. Cell lines with a more cisplatin-resistant phenotype (higher LC50; 

lethal concentration to 50% of cells) expressed lower levels of Ctr1. When LC50s were plotted 

against relative basal Ctr1 protein expression levels (Figure 12C), a negative correlation (R2 = -

0.71) was detected, however, this was not statistically significant (p=0.111). 
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Figure 12: Differential Ctr1 protein expression and cisplatin sensitivity in bladder cancer cell 
lines. 

(A) Basal Ctr1 protein levels were measured in six different bladder cancer cell lines of human or 
rodent origin (J82, RT4, 5637, MBT2, MB49, and NBT2). (B) Cisplatin sensitivity was assessed 
using clonogenic survival assays for all six bladder cancer cell lines. All survival curves were 
significantly different (p<0.05; with the exceptions of 5637 = MBT2 and MB49 = RT4). (C) 
Cisplatin LC50s are also plotted vs. relative Ctr1 protein expression (R2= -0.71; correlation not 
significant; p=0.111). 
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3.3.3 Ctr1 Multimerization and Cisplatin Cytotoxicity 

The role of Ctr1 mulitmerization in cisplatin uptake and cytotoxicity was assessed using 

Myc-tagged Ctr1 HEK293 cells. As shown previously by Guo et al. [117], 200 µM cisplatin 

treatment results in Ctr1 trimer formation in WT myc-tagged cells, but not M1/M2 mutant cells. 

We confirmed this finding using WT or M1/M2 Ctr1-Myc-tagged cells with 200 µM cisplatin 

(Figure 13A). Two different concentrations of the M1/M2 plasmid were transfected into the cells 

(low and high) to confirm that we were comparing cells with similar levels of Myc-tagged Ctr1. 

To assess the role of multimerization of Ctr1 in cisplatin cytotoxicity, we compared clonogenic 

survival of these cell lines following 2 hours of cisplatin treatment (Figure 13B). WT Myc-tagged 

cells were more sensitive to cisplatin relative to the M1/M2 Ctr1 mutant line. Using linear 

regression modeling, cell line and cisplatin concentration were significant predictors (p<0.05) of 

clonogenic survival.    
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Figure 13: Role of Ctr1 multimerization in cisplatin sensitivity. 

(A) Ctr1 multimerization was confirmed in WT Myc-tagged Ctr1 cells following a 2 hour 
treatment with 200 µM of cisplatin. HEK293 cells were transfected with either 2 µg (low) or 4 µg 
(high) of M1/M2 Ctr1. Multimerization did not occur in the M1/M2 cells following cisplatin 
exposure. The high levels of M1/M2 was used for survival assays so that similar levels of basal 
Myc-tagged Ctr1 levels would be compared. ● indicates the monomer, ●● indicates the dimer, 
and ●●● indicates the trimer (multimer). (B) Clonogenic survival of WT Myc-tagged Ctr1 cells 
versus M1/M2 Ctr1 cells. WT cells were significantly more sensitive to cisplatin. ** indicates 
statistical significance (p<0.001). 
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3.3.4 Effect of Hyperthermia on Cisplatin-Induced Ctr1 Multimerization 

We next investigated the effect of hyperthermia on Ctr1 multimerization as a potential 

mechanism for increasing cisplatin uptake. Using a HEK293 cells expressing WT Myc-tagged Ctr1 

and the pcDNA3.1 vector control, we examined Ctr1 multimerization following cisplatin 

treatment with and without hyperthermia treatment. Cells were treated with cycloheximide 30 

minutes prior to cisplatin treatment to prevent new protein synthesis. As shown in Figure 14A 

and quantified in Figure 14B, hyperthermia treatment increased the rate and level of Ctr1 

multimerization compared to cells treated at 37°C. The rate of multimerization increased 

overtime for both treatment groups, but was more pronounced in the hyperthermia-treated 

group. There was an increase in multimer formation over time, with a reduction in monomer 

levels.   
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Figure 14: Hyperthermia treatment increases cisplatin-induced Ctr1 multimerization. 

(A) Western blot analysis of Myc-tagged Ctr1 HEK293 cells treated with 100 µM cisplatin at 37°C 
or 41°C. Cells were treated with hyperthermia over the course of 15 to 60 minutes. Cells were 
harvested at the indicated time point, with 60→60 indicating 60 minutes post-hyperthermia 
treatment (or 120 minutes of normothermia). ● indicates the monomer, ●● indicates the dimer, 
and ●●● indicates the trimer (multimer). (B) Quantification of relative Myc-tagged Ctr1 
expression (normalized to Actin expression) for monomer and trimer formation. These results 
are representative of three independent experiments.  
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In addition to the time course, Ctr1 multimerization was assessed over a range of 

temperatures from 37°C to 43°C. Cells were treated for 60 minutes with concurrent 

hyperthermia and cisplatin (200 µM) and harvested at 60 minutes or 60 minutes post-

hyperthermia. As shown in Figure 15, we observed higher levels of multimerization following 

hyperthermia treatment compared to normothermia at both time points. 

  



 

 102 

 

Figure 15: Hyperthermic temperature treatment increases cisplatin-induced Ctr1 
multimerization. 

(A and C) Western blot analysis of Myc-tagged Ctr1 HEK293 cells treated with 200 µM cisplatin 
over a range of temperatures from 37°C to 43°C. Cells were treated with hyperthermia for 60 
minutes and then harvested at either 60 minutes or 60 minutes post-heating. ● indicates the 
monomer, ●● indicates the dimer, and ●●● indicates the trimer (multimer). (B and D) 
Quantification of relative Myc-tagged Ctr1 expression (normalized to actin expression) for trimer 
formation. These results are representative of three independent experiments. 
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3.3.5 Cisplatin Accumulation in WT and Ctr1-/- Cells 

Cisplatin accumulation was measured in WT and Ctr1-/- MEFs following concurrent 

treatment with 0, 2, 6, and 10µM cisplatin at 37, 41, and 42°C. Raw data and data that were 

normalized to the lowest cisplatin dose at 37°C for each cell line were analyzed separately to 

distinguish between the cisplatin and temperature effects between cell lines. We observed a 

significant dose-dependent increase in platinum accumulation in both cell lines (p<0.001). 

Further, there was a significant difference in accumulation levels between cell lines (p<0.001), 

with higher levels of platinum measured in the WT cells relative to the Ctr1-/- cells. A 

temperature-dependent increase in platinum accumulation was observed in the WT cells 

(p=0.04), but not Ctr1-/- cells (p=0.951) (Figure 16A). Normalizing the data removed the cell line 

effect. This revealed significant effects of cisplatin dose and temperature response (p<0.001). 

When the normalized data were analyzed for each cell line (Figure 16B and C), a statistically 

significant increase in cisplatin due to increased temperature was observed following analyses 

with a linear regression (p<0.0001 for WT and p=0.028 for Ctr1-/-); however, this increase was 

approximately 2-fold higher in the WT versus Ctr1-/- cells. Additionally, using Tukey’s post-hoc 

analyses, significant differences were detected between the 37°C and 42°C treatments at the 6 

and 10 µM dose for the WT cells (p<0.05), whereas significant differences were not detected for 

the Ctr1-/- cells. 
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Figure 16: Ctr1 expression and cisplatin accumulation in WT and Ctr1-/- MEF cell lines following 
hyperthermia treatment. 

(A) Ctr1 expression was assessed with western blot analysis. (B, C, and D) Platinum levels were 
measured in WT and Ctr1-/- MEFs following concurrent cisplatin (2, 6, and 10µM) and 1 hour of 
hyperthermia treatment (41 and 42°C). (B) Raw platinum accumulation data are shown for the 
two cell lines. Cisplatin accumulation was significantly higher in the WT versus the Ctr1-/- cells 
(p<0.001). Increasing temperature resulted in significantly enhanced cisplatin uptake in WT cells 
(p=0.04), but not in the Ctr1-/- cells (p>0.05; NS). (C and D) Platinum accumulation data were 
normalized to the 37°C 2µM cisplatin treatment for the WT (C) and Ctr1-/- (D) cell lines. 
Significant differences in accumulation following heat treatment were observed in the WT cell 
line. * indicates statistical significance at p<0.05, and ** indicates significance at p<0.001. 
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3.3.6 Cytotoxicity of WT versus Ctr1-/- Cells Following Concurrent Cisplatin and 
Hyperthermia Treatment 

Although increased resistance to cisplatin has been observed in Ctr1-/- MEFs using 

trypan blue exclusion assays [81], we confirmed this differential sensitivity to cisplatin in WT and 

Ctr1-/- MEF by assessing clonogenic survival (Figure 17). WT cells were significantly more 

sensitive to cisplatin than Ctr1-/- cells by approximately 2-fold (LC50s of 2.2 µM vs. 4.6 µM in WT 

and Ctr1-/- cells, respectively). Survival was assessed at 37 and 41°C. The effect of heat was 

statistically significant for both cell lines (p<0.01). We compared the survival difference due to 

temperature between cell lines by calculating the dose modifying factor (DMF) of hyperthermia 

for each cell line. The DMF for WT cells was 1.77, which was higher than the DMF the Ctr1-/- cells 

at 1.4. All survival curves were significantly different from each other (p<0.01), indicating that 

the DMF for the WT cells was significantly higher than for the Ctr1-/- cells. The corresponding 

LC50 and LC90 for each cell line and treatment is provided in Table 2. It is important to note that 

the survival curves for each cell line were normalized to the vehicle-treated control for each 

temperature. Data were normalized to the temperature control treatment. Treatment at 41°C 

for 1 hour did not increase cell death relative to the 37°C control (unnormalized data not 

shown).   
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Figure 17: WT and Ctr1-/- MEF sensitivity to concurrent cisplatin and hyperthermia treatment. 

Cisplatin sensitivity was determined with clonogenic survival assays. Cells were treated with 
concurrent cisplatin (0-10 µM) and normothermia (37°C) or hyperthermia (41°C). The cell lines 
showed differential sensitivity to cisplatin (all survival curves were significantly different; 
p<0.01). The effect of hyperthermia was significant for both cell lines (p<0.01). All experiments 
were done independently three times. 
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Table 2: Survival curve data for MEF cells following cisplatin and hyperthermia treatment. A 
single exponential fit was used to analyze the data and calculate the rate, LC50, LC90, and 

dose modifying factor (DMF). 

Cell Line and Treatment Survival Curve Rate (b) LC50 (µM) LC90 (µM) DMF 

WT 37°C 0.31 2.2 7.4 
1.8 

WT 41°C 0.55 1.3 4.2 

Ctr1
-/- 

37°C 0.15 4.6 15.4 
1.4 

Ctr1
-/-

 41°C 0.21 3.3 11.0 
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3.4 Discussion 

Our data suggest that Ctr1 is involved in the synergistic interaction between 

hyperthermia and cisplatin. Hyperthermia significantly increased cisplatin uptake by WT but not 

Ctr1-/- cells. Furthermore, a higher DMF was observed for the WT cells following concurrent heat 

and cisplatin treatment relative to Ctr1-/- cells (1.8 versus 1.4, respectively). These data suggest 

that the response of Ctr1 to hyperthermia may, in part, increase cisplatin uptake, resulting in 

increased platinum-DNA adduct formation, and subsequent cell death.  

The effects of hyperthermia are multi-factorial. We hypothesize that Ctr1 is involved in 

the synergism between hyperthermia and cisplatin therapies, but it is important to note 

hyperthermia induces a wide variety of cellular responses/changes, depending on temperature 

and duration. One known effect of hyperthermia is increased membrane fluidity and 

permeability. A thorough review by Yatvin and Cramp discussed the cellular membrane changes 

induced by heat treatment, including physical and compositional alterations [43]. Specifically, 

heat treatment increases membrane-associated cholesterol, phosopholipid, and protein levels, 

potentially altering fluidity and membrane function. Many of these earlier studies focused on 

temperatures higher (>43°C) than the clinically relevant mild hyperthermia temperatures. Hayat 

and Friedberg assessed cell membrane permeability in mouse fibroblasts (3T3 and 3T6) over a 

range of temperatures from 37-45°C for 5 to 30 minutes [53]. Permeability was assessed by 

measuring efflux of radioactively labeled, intracellular metabolites. Increased efflux was 

observed following heat treatment (starting at 41°C) over time, but the effect was more 

pronounced at 43°C. Because we wanted to assess the role of Ctr1 with minimal hyperthermic 

effects on membrane permeability, temperatures of 41°C and 42°C were used to assess cisplatin 

accumulation and a range of 39 to 43°C were used to assess Ctr1 multimerization.   
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It is also important to note that transport via Ctr1 is not the only mechanism for cellular 

cisplatin uptake. Previous work has proposed that approximately 50% of cisplatin uptake is due 

to passive diffusion and the remaining uptake is via gated channels [81, 259]. Because of these 

other mechanisms of cisplatin uptake, cisplatin accumulation and cytotoxicity was observed in 

the Ctr1-/- cells. It is possible that hyperthermia may be affecting these additional mechanisms 

(and potentially others) to increase cisplatin uptake and cytotoxicity.     

 Using the WT versus Ctr1-/- MEF cell lines, we showed that Ctr1 is responsible for 

cisplatin uptake. Our studies demonstrate that Ctr1 function is involved in increased cellular 

cisplatin accumulation and cytotoxicity following hyperthermia. Guo et al. showed that copper 

exposure results in Ctr1 internalization, whereas cisplatin treatment causes Ctr1 multimerization 

[117]. The authors suggested that this multimerization results in the formation of pores that 

allow cisplatin uptake. We observed decreased platinum sensitivity in the M1/M2 mutant cell 

line that does not trimerize relative to WT Myc-tagged cells, indicating that trimerization is 

involved in cisplatin uptake. We also observed increased multimerization following heat 

treatment in the WT cells. These data suggest that the underlying mechanism for both increased 

platinum accumulation and decreased survival following hyperthermia and cisplatin treatments 

is increased Ctr1 multimerization. We confirmed that these cell lines expressed similar levels of 

the Myc-tagged Ctr1. Although multimerization likely increased active cisplatin import into cells, 

it is important to note that the M1/M2 cells used in this study also express endogenous Ctr1, 

which could permit some cisplatin accumulation and cytotoxicity in despite absence of Myc-

tagged Ctr1 multimerization. 

  Bladder cancer is the fifth most common type of cancer in the Western world [9]. 

Depending on staging, this disease may be treated with a wide range of chemotherapeutic 



 

 110 

agents, (cisplatin, mitomycin C, epirubicin, etc.) immumotherapy (e.g., BCG), radiotherapy, 

and/or surgical resection [11]. Bladder cancer patients have also shown clinical benefits from 

hyperthermia treatment. Colombo et al. reported significantly fewer recurrences when primary 

or recurrent superficial transitional cell carcinoma of the bladder were treated with intravesical 

mitomycin C and hyperthermia compared to mitomycin C treatment alone [66]. A similar study 

using this same intravesical system combined with mitomycin C in patients with multiple or 

recurrent transitional cell carcinoma of the bladder exhibited comparable results showing a high 

percentage of recurrence free patients [67]. A trial treating high-grade superficial bladder cancer 

with mild hyperthermia (goal temperature of 42°C) and mitomycin C was also beneficial with 

62.5% of patients being recurrence free [68].  

In the human bladder cancer samples, we observed a wide range of Ctr1 expression 

levels. Similar work in the ovarian cancer field showed the importance of these expression levels 

for platinum-based therapy [85-87]. Our data suggest that Ctr1 expression may also be an 

important prognostic marker for bladder cancer patients receiving platinum-based therapy. For 

example, assessing Ctr1 expression levels prior to treatment may provide information as to 

whether cisplatin-based therapy would be effective for patients. Using six different bladder 

cancer cell lines, we observed increased cisplatin sensitivity in the cell lines expressing higher 

levels of Ctr1. More importantly, our data show that Ctr1 expression levels are detectable in the 

bladder suggesting that the combined treatment of cisplatin and local/regional hyperthermia 

may be beneficial in the clinical setting. Although superficial lesions seem to be an ideal target 

for adjuvant hyperthermia treatment because of accessibility, improvements in heating devices 

now allow for targeting deep-seated tumors. Heating devices, such as the Synergo® System 

(Synergo SB-TS:101-1; Medical Enterprises, Amsterdam, the Netherlands)[65], used specifically 
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for bladder heating, and the BSD-2000 (BSD Medical Corporation, Salt Lake City, UT, USA), have 

been developed to accommodate these deep-seated lesions (cervical, gastrointestinal, bladder, 

etc.) [64].   

Adjuvant hyperthermia treatment may also have a potential benefit for other cancer 

types commonly treated with cisplatin (testicular, ovarian, bladder, cervical, head and neck, and 

small cell lung cancers). In 1986, Kapp authored a review on the types of cancer that, based on 

lesion location and potential progression, would benefit from hyperthermia [59]. Based on 

mortality statistics, the author reported that local failures contribute to death in a high 

proportion of patients with brain, ovarian, prostate, cervical, esophageal, bladder, and head and 

neck cancers.  Lesions for which local-regional recurrence and metastases are problematic such 

as breast cancer, head and neck cancer (lymph node metastases), colorectal cancer (nodal 

metastases), bladder cancer (muscle-invasive disease), and malignant melanomas (symptomatic 

cutaneous, subcutaneous, or superficial lymph node metastases) were identified as potential 

candidates for hyperthermia. Biochemical evaluation of Ctr1 protein levels in biopsies on a per-

patient basis may demonstrate elevated Ctr1 and serve as an excellent biomarker for efficacy of 

treatment with cisplatin/hyperthermia therapy.   

Our work suggests a potential role for Ctr1 in the synergistic interaction between 

hyperthermia and cisplatin treatment. These data raise additional questions at the mechanistic 

level, but also in a clinical setting. There may be therapeutic benefit by maximizing the effect of 

this combination based on the role of Ctr1. 

  At the mechanistic level, it may be of interest to analyze Ctr1 multimers in more detail. 

Assessment of the content of the multimer complex may be useful, as it is unclear if Ctr1 

multimerizes with itself or if the multimers represent Ctr1 complexed with other proteins or 
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protein modifications. Hyperthermia is known to induce glycosyltransferase activities involved in 

O-linked glycoproteins[260] and ubiquitin expression[261]. Interestingly, these modifications are 

important for the function and degradation of Ctr1 [110-112].  

 Additionally, it may be interesting to determine whether lipid raft dynamics are involved 

in the process of Ctr1 multimerization. The structure and function of lipid raft membrane 

microdomains are temperature-sensitive [262, 263], as are certain signaling pathways 

associated with lipid rafts [264]. Mace et al. demonstrated that fever-range hyperthermia 

(39.5°C) results in increased GM1+ lipid microdomain clustering in CD8+ T cells [253, 254]. A 

recent study conducted by Ashino et al. found that Ctr1 was predominantly localized in 

caveolae/lipid rafts in vascular smooth muscle cells [251]. It may be possible that the increased 

membrane fluidity and lipid raft clustering induced by hyperthermia allow for enhanced Ctr1 

multimerization, but further studies are necessary to confirm this hypothesis.  

Future work should be conducted to investigate the possibility of combining cisplatin 

and hyperthermia treatment. It could potentially be beneficial to increase Ctr1 expression on 

the tumor cell surface to allow for increased multimerization and cisplatin uptake. A recent 

review by Gupte and Mumper examined studies assessing copper levels in cancer patients [101]. 

Interestingly, elevated copper levels have been reported in a variety of cancer types including 

breast, cervical, ovarian, lung, prostate, stomach, reticulo-endothelial system, and leukemia. 

Additionally, they have been shown to correlate with cancer stage and/or progression.  Copper 

is known to be an endogenous stimulator of angiogenesis by both promoting the motility of 

endothelial cells and inducing the synthesis of fibronectin (a matrix glycoprotein associated with 

angiogenesis) [101].   
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Due to observations of elevated copper levels in cancer patients and involvement of 

copper in promoting angiogenesis, there has been interest in using copper chelators for anti-

angiogenic treatment.  Several animal studies using copper chelators alone or in combination 

with anticancer drugs or radiotherapy have shown encouraging anti-tumor and anti-angiogenic 

results [265-269]. Based on these results, clinical trials using copper chelators such as 

penicillamine and tetrathiomolybdate as anti-angiogenic treatment have been completed but 

with mixed results [101].  Brewer et al. conducted a phase I clinical trial attempting to reduce 

angiogenesis with tetrathiomolybdate in patients with metastatic solid tumors [270]. They 

successfully induced and maintained copper deficiency in a nontoxic manner and observed 

stable disease in several of the patients.  In a phase II trial treating patients with advanced renal 

cancer with tetrathiomolybdate, the drug was well tolerated and it successfully reduced serum 

copper levels, but the clinical activity was limited to stable disease [271]. A phase II trial for 

patients with hormone-refractory prostate cancer concluded that tetrathiomolybdate was not 

an effective treatment strategy [272]. Brem et al. used penicillamine in a phase II clinical trial in 

combination with radiation therapy in patients with glioblastoma multiforme [273].  Serum 

copper levels were reduced and tolerated for months, but this antiangiogenic treatment did not 

improve patient survival. Although survival benefits were not observed in these clinical trials, 

copper chelators were able to effectively reduce copper levels without added toxicity and result 

in disease stabilization in several studies.               

 Ishida et al. conducted a study using copper chelation combined with cisplatin to treat 

cervical cancer in a mouse model [85]. This treatment combination resulted in increased 

platinum uptake in the tumors, inhibition of angiogenesis, and anti-tumor effect. The treatment 

combination was also effective at increasing cisplatin sensitivity in vitro with several different 
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human ovarian and cervical cancer cell lines. Although an exact mechanism for the improved 

treatment was not elucidated, the authors identified Ctr1 as the target. Liang et al. 

demonstrated a similar anti-tumor effect using this treatment combination in a xenograft mouse 

model with small cell lung cancer tumors [87]. Based on our results, the combination of cisplatin 

and copper chelation may benefit from adjuvant hyperthermia treatment. Future studies with 

this combination are warranted and may have potential as an effective treatment modality with 

clinical applicability. 
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4.1 Introduction 

Cisplatin has become one of the most widely used anti-cancer drugs since its FDA 

approval in 1978; it is currently used for multiple heatable cancer types, including those arising 

in the pancreas, stomach, ovary, cervix, bladder, colon and rectum [174, 274]. Although this 

drug exhibits anti-tumor effects, its use is limited due to normal tissue toxicity. Common side-

effects include nephrotoxicity, nausea, vomiting, ototoxicity, alopecia, and electrolyte 

disturbance [274]. Additionally, cisplatin resistance can develop. Thus, there is strong rationale 

for developing treatment approaches that deliver higher concentrations of cisplatin to the 

tumor while limiting normal tissue toxicity. One such approach has been to encapsulate drugs 

inside nanoparticles, such as liposomes [151]. This strategy has reduced doxorubicin-induced 

cardiotoxicity [275, 276] and cisplatin-induced nephrotoxicity [277, 278]. However, Stealth® 

liposomal cisplatin (SPI-077) demonstrated minimal clinical efficacy despite preclinical evidence 

of increased plasma circulation times, cisplatin accumulation in the tumor, and improved anti-

tumor efficacy [277, 279, 280]. This failure highlights an important problem in drug delivery 

systems: although formulations that increase retention time of nanoparticles can prolong 

circulation time in the blood stream and lead to accumulation in the tumor site, these same 

formulations exhibit poor bioavailability upon reaching the tumor [280]. One approach to 

improve the efficacy of liposomally encapsulated drugs would be to design a liposome that can 

be triggered to release its contents in the tumor site by a stimulus, such as heat. 
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Rapid temperature-triggered release of drugs from liposomes can be achieved through 

the incorporation of lysolipids (with single acyl chains) into the liposomal membrane, resulting in 

enhanced transmembrane permeability of drugs during the bilayer melting phase transition 

[128, 281, 282]. The mechanism of release appears to depend on the formation of lysolipid-

induced defects (membrane nanopores) at the lipid grain boundaries as these regions begin to 

melt [281, 283]. The lysolipid-containing low temperature-sensitive liposome (LTSL) has 

previously been shown to release weak-base cations (e.g. doxorubicin [128, 281, 284]) that have 

water-soluble and pH-dependent membrane-permeable species, as well as water-soluble and 

membrane-impermeable compounds (e.g. carboxyfluorescein [282, 284]), within 1-2 seconds of 

achieving the critical permeabilizing temperature [284].  

Applying mild hyperthermia (40-43°C) in conjunction with cisplatin-LTSL has several 

therapeutic benefits: 1) mild hyperthermia enhances blood flow and vascular permeability 

[36],[37] which may increase liposomal drug delivery, 2) hyperthermia interacts synergistically 

with cisplatin to increase cytotoxicity to naïve and cisplatin-resistant cells, 3) hyperthermia 

enhances cellular uptake of cisplatin and formation of lethal platinum-DNA adducts, and 4) 

hyperthermia enhances the anti-tumor effects of free cisplatin [285]. A similar LTSL formulation, 

LTSL-doxorubicin, showed increased intravascular drug release in heated areas, which may 

increase drug accumulation in tumors [133]. Therefore, we hypothesize that a cisplatin-LTSL 

would enhance the anti-tumor effects of cisplatin in the heated tumor while limiting normal 

tissue toxicity.  

Yatvin et al. [186] described the first temperature-sensitive liposome loaded with 

cisplatin, but the formulation was not sterically stabilized; rapid clearance by liver and spleen 

shortened the circulation time. Additional challenges associated with development of a 
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cisplatin-loaded LTSL include: 1) developing a method to effectively encapsulate cisplatin and 2) 

maintaining stability in plasma. Woo et al. [286] successfully loaded cisplatin in an LTSL at 70°C, 

which exceeds the transition temperature  in the liquid phase regime [286]. High temperatures 

were used to increase the water solubility of cisplatin, which ensured a higher soluble fraction 

and enhanced drug loading capabilities. They achieved a drug to lipid ratio (D:L) of 0.02g/g with 

no apparent change in liposome morphology. Although cisplatin was released upon heating, the 

pharmacokinetic profile showed that the LTSLs were rapidly eliminated from circulation (LTSL 

T1/2 of 1.09 hours), and ~50% of the encapsulated cisplatin was released within 60-90 minutes 

under normothermic conditions [286]. It is possible that the high temperatures used during 

loading may have altered the LTSL stability in vivo. 

To optimize cisplatin loading and release, we altered the membrane composition and 

used a new loading method that takes advantage of the inherent enhanced permeability of the 

liposome membranes at the membrane transition temperature. We assessed the 

pharmacokinetic profile, biodistribution, and anti-tumor efficacy of the optimized cisplatin-

loaded temperature-sensitive liposome relative to free drug and normothermic and 

hyperthermic temperatures in a tumor-bearing mouse model. 

4.2 Materials and Methods 

4.2.1 Chemicals 

The compounds 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC, diC16 carbon 

length tails, Tm = 41.8°C), 1-stearoyl-2-hydroxy-sn-glycero-3-phosphatidylcholine (MSPC, 

monoC18), and 1,2-distearoyl-sn-glycero-3-phosphatidylethanol amine-N-[methoxy 

(polyethylene glycol)-2000]–ammonium salt (DSPE-PEG2000, diC18) were obtained from Avanti 
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Polar Lipids, Inc. (Alabaster, AL, USA) and used without further purification. Hydrochloric acid 

was obtained from EM Science (Gibbstown, NJ, USA). Chloroform (99.94%) was purchased from 

OmniSolv (EMD Chemicals, Darmstadt, Germany), and methanol (99.8%) was obtained from 

VWR International (West Chester, PA, USA). Sodium chloride (≥99.0%) and cisplatin (cis-

diammineplatinum(II) chloride) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Cisplatin 

prepared in solution at 1 mg/mL for the free drug animal treatments was purchased from APP 

Pharmaceuticals, LLC (Schaumburg, IL, USA). The 0.9% saline solution was prepared by sodium 

chloride and ultrapure water. Nitric acid (Optima*) was obtained from Fisher Scientific 

(Pittsburgh, PA, USA). All other chemicals utilized in this study were standard reagent grade and 

used without further purification.  

4.2.2 Liposome Preparation 

Liposomes consisted of DPPC, MSPC, and DSPE-PEG2000 in a 85.0: 9.8: 5.2 mol% ratio. 

The three main components, DPPC, MSPC, and PEG, were dissolved together in chloroform, in a 

small round-bottom flask, and the solvent was removed by rotary-evaporation under vacuum 

with a Büchi Rotovapor R-124 roto-evaporator and a B-481 water bath (Flawil, Switzerland). The 

lipid film was dried overnight under a vacuum, and the lipids were hydrated with 0.9% saline 

containing 1μM dissolved MSPC for 30 minutes at 55°C. This temperature is above the transition 

temperature to allow for complete swelling of the lipids. This MSPC was added to the 0.9% 

saline solution during hydration to prevent desorption of the lysolipid from the LTSL [281]. After 

hydration, the multilamellar lipid vesicles were extruded 10 times through 100-nm 

polycarbonate filters (Osmonics, CA, USA) using a thermobarrel extruder (Northern Lipids, 

Vancouver, BC) at 100-200 psig nitrogen pressure [287, 288], resulting in unilamellar vesicles 
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averaging ~116nm in diameter. Immediately upon formation, the extruded liposomal 

suspension was cooled for 15 minutes at 2-8°C. The liposomes were then stored at 4°C until 

further use.   

4.2.3 Liposome Size Determination   

Average liposome size was determined for each liposome batch prior to cisplatin loading 

using a ZetaPlus particle analyzer (Brookhaven Instruments Corporation, Long Island, NY, USA) 

and was used to calculate internal and external liposome surface areas, volume, and 

encapsulated drug concentration.  

4.2.4 Transition Temperature Cisplatin Loading 

 Cisplatin powder was preheated at the transition temperature (41.3°C) for 10 minutes 

and added to 1 mL of the heated LTSL solution for 30 minutes while being stirred, after thermal 

equilibrium at the transition temperature was achieved. To avoid the release of cisplatin during 

the transfer, chilled (4°C) pipettes were used to transfer the sample to two pre-iced glass tubes. 

The rapid cooling decreased the membrane permeability, thereby trapping cisplatin within the 

liposome. The remaining unencapsulated cisplatin was removed by passing the sample though 

Sephadex G-50 (Sigma Aldrich, St. Louis, MO, USA) medium spin columns twice (prepared by 

centrifuging the solution of Sephadex G-50 in 0.9% saline at 3600 rpm for 12 minutes at 10ºC). 

The final product of a cisplatin-loaded LTSL solution was then obtained and stored at 4°C until 

further use.  
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4.2.5 Animal and Tumor Models  

4.2.5.1 Initial Toxicity Testing 

Female, 6-8-week-old athymic NCr-nu/nu mice were ordered from NCI. The human 

ovarian cancer cell lines A2780 and the cisplatin-resistant version A2780cis were kindly provided 

by Angeles Alvarez Secord, M.D. These cells were cultured in RPMI-1640 medium containing 

10% FBS and 1% non-essential amino acids, sodium pyruvate, and antibiotic-antimycotic (Gibco, 

Grand Island, NY, USA). The A2780cis cell line was also cultured in 1 µM of cisplatin every 2-3 

passages to maintain cisplatin resistance. Cell lines were maintained at 37°C/20% O2/5% CO2. A 

total of 2x106 cells in serum-free media were injected s.c. into the right flank of mice in a volume 

of 100µL with a 27-guage needle. Once the tumors reached approximately 5-6mm in diameter, 

mice were randomized into one of six treatment groups, saline, free cisplatin (10mg/kg), or 

liposomal cisplatin (10mg/kg) with or without heat (n=4-5 per treatment group) for each cell 

line. 

4.2.5.2 Pharmacokinetics Study 

Female, 6-8-week-old athymic NCr-nu/nu mice were ordered from NCI. 5637 human bladder 

cancer cells were purchased from the ATCC and cultured in RPMI-1640 medium containing 10% 

FBS and 1% antibiotic-antimycotic (Gibco, Grand Island, NY, USA). All cell lines were maintained 

at 37°C/20% O2/5% CO2. A total of 1x106 cells in 100 µL Matrigel (BD Biosciences, San Jose, CA, 

USA) were injected s.c. into the right flank of the mice. Once tumors reached approximately 8-

10 mm in diameter, the mice were randomized into the treatment groups outlined below in 

Figure 19. All animal studies were conducted in accordance to the protocols approved by the 

Duke University Institutional Animal Care and Use Committee. 
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4.2.5.3 Tumor Growth Delay 

Female, 6-8-week-old C57/BL6 mice were ordered from NCI. MB49 murine bladder cancer 

cells were kindly provided by Brant Inman, M.D from Duke University. Prior to injection, hair 

from the right flank region of each mouse was removed by shaving and topical Nair® (Church & 

Dwight Co., Inc., Princeton, NJ, USA) treatment. Following hair removal, the right leg was 

cleaned with one wipe of isopropyl alcohol before the injection. Cells were cultured were 

cultured in DMEM (Gibco, Grand Island, NY, USA) supplemented with 10% FBS and 1% 

antimycotic/antibiotic under in sterile conditions and maintained at 37°C/20% O2/5% CO2. A 

total of 5 x 105 in 100 µL of serum free media was injected s.c. in the right flank of each mouse 

using a 27-gauge needle. These tumors took approximately 7-10 days to grow to a size of 6-7 

mm in diameter. Once the tumor size reached the appropriate size, mice were randomized into 

six different treatment groups, saline, 7.5 mg/kg free cisplatin, or 7.5 mg/kg liposomal cisplatin 

with (42°C) or without (34°C) heat.  

4.2.5.4 RFID Chip Implantation 

In order to identify individual animals, RFID (radio-frequency identification) microchips 

(AVID Musicc Chip™ Identification System, AVID Identification Systems, Inc., Norco, CA, USA) 

were implanted subcutaneously in the neck area/dorsal skin. Standard microchip size is 

approximately 2 x 12 mm. Microchips were gas sterilized overnight prior to use. Needles used to 

inject the microchips were either new (sterile) or gas sterilized.  

Animals were individually removed from their cages and placed on an open workspace. 

The animals were anesthetized with isoflurane (Piramal Healthcare Limited, Andhra Pradesh, 

India). Using a hollow needle and syringe with trocar, 2.5 mm in diameter as an implanter, a 

sterile microchip was injected subcutaneously in the neck area (AVID Identification Systems, 
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Inc., Norco, CA, USA). After implantation the site was checked to ensure correct positioning of 

the chip subcutaneously and monitored closely for hemostasis. Triple antibiotic ointment (E. 

Fougera & Co., Melville, NY, USA) was applied to the wound. Mice were placed back into their 

cages and wound healing was monitored over the following several days.  

Microchip function was verified with a portable chip reader (HomeAgain, Universal 

WorldScan Chip Reader, Destron Fearing, St. Paul, MN, USA). When the animals were 

euthanized, the microchips were removed from the animal prior to disposal. 

4.2.6 Initial Toxicity Assessment 

Mice were anesthetized by an i.p. injection of sodium pentobarbital (80 mg/kg; Akorn, 

Inc., Lake Forest, IL, USA), and once fully anesthetized (as assessed by toe pinch), eye ointment 

(Artificial Tears Ointment, Rugby Laboratories, Inc., Duluth, GA, USA) was administered to their 

eyes to prevent dryness during the procedure. The mice were placed in Plexiglas mouse holders 

designed to allow their legs to be submerged into the water bath, as shown in Figure 18. The 

tumor bearing portion of the leg was wrapped with a plastic bag before immersion. A 30-gauge 

catheter was inserted into their lateral tail vein for injection of the saline control, free cisplatin 

(10 mg/kg), or cisplatin-LTSL (10 mg/kg) in a volume of approximately 200 µL. The leg was 

immediately submerged into the pre-warmed water bath heated to a temperature of 43.5°C, 

resulting in a tumor temperature of approximately 42°C or a bath at skin temperature (34°C) for 

the normothermia control. The hyperthermia treatment continued for 60 minutes after 

immersion. Temperatures were monitored via a rectal probe (RET-3, Physitemp Instruments 

Inc., Clifton, NJ, USA) and an OMEGA Model HH23A Microprocessor Thermometer Type J-K-T 

Thermocouple with an OMEGA Model HH-20-SW Multiprobe Switchbox (OMEGA Engineering, 
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Inc., Stamford, CT, USA) throughout the duration of heat treatment to confirm that core 

temperatures did not increase above the liposome transition temperature (which would result 

in systemic cisplatin release). Following hyperthermia treatment, mice were allowed to recover 

on a water-circulated heating blanket maintained at 37°C. Once the mice were sternally 

recumbent, they were returned to their cages.   
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Figure 18: Typical water bath hyperthermia treatment for mice bearing flank tumors. 

In vivo hyperthermia treatment was administered using a water bath. Mice were placed in 
Plexiglas holders (red arrow) and tumor-bearing legs were wrapped in plastic and submerged 
into the pre-warmed water at a temperature of 43.5°C, resulting in a tumor temperature of 
42°C. A control water bath set at 34°C, the temperature of skin, was used for normothermia 
treatment.  
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The tumors were measured three times weekly until they reached 5 times their initial 

tumor volume or 90 days, whichever came first. Body weight was measured once weekly, and 

any animal with a >15% weight loss was considered moribund and was euthanized without 

further experimentation. Animals showing other signs of pain or discomfort such as loss of 

normal grooming activity, ruffled hair, or self-mutilation were euthanized.  An i.p. injection of 

sodium pentobarbital (250 mg/kg) was used for euthanasia. 

4.2.7 Pharmacokinetics Study  

Based on the results of the initial toxicity assessment, changes were made to the 

treatment strategy. The dose of cisplatin was reduced from 10 mg/kg to 7.5 mg/kg, and the 

order of heat treatment and drug administration was modified. According to Ponce et al. [127], 

pre-heating the tumor prior to administration of doxorubicin-LTSL resulted in improved drug 

delivery and enhanced anti-tumor efficacy compared to drug administration prior to heat 

treatment. For all further in vivo studies, the tumors were pre-heated for 10 minutes before 

drug administration.  

Tumor-bearing mice were treated with 7.5 mg/kg i.v. of either cisplatin-LTSL or free 

cisplatin with or without hyperthermia. Mice were anesthetized by injection of sodium 

pentobarbital (80 mg/kg i.p.; Akorn, Inc., Lake Forest, IL, USA), and once fully anesthetized (as 

assessed by toe pinch), eye ointment (Artificial Tears Ointment, Rugby Laboratories, Inc., Duluth, 

GA, USA) was administered to their eyes to prevent dryness during the procedure. A catheter 

composed of a 30-gauge needle with 10-cm PE 10 tubing was placed in the tail vein for drug 

administration. Mice were placed in a Plexiglas mouse holder designed to allow their legs to be 

submerged into pre-warmed water baths heated to a temperature of 34°C (skin temperature) or 
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43.5°C (resulting in tumor temperature of ~42°C). After 10 minutes of heating (or normothermia 

treatment), the drug was administered via the tail vein catheter, while the mouse remained in 

the water bath. As shown in Figure 19B, mice (n=3) were euthanized at 0 minutes (immediately 

following drug administration), 15 minutes, 30 minutes, 60 minutes, 2 hours, 4 hours, 16 hours, 

24 hours, and 48 hours via an i.p. injection of sodium pentobarbital, 250 mg/kg. For mice 

euthanized at time points after 60 minutes, the animals continued to undergo hyperthermia (or 

normothermia) treatment for an additional 50 minutes following drug administration for a total 

of 60 minutes of hyperthermia treatment. Blood was collected via cardiac puncture into 

heparinized tubes (Heparin; Sagent Pharmaceuticals, Inc., Schamburg, IL) and centrifuged at 

3300 rpm for 30 minutes.  

Plasma levels of free and encapsulated cisplatin were distinguished by size exclusion 

with Sephadex columns (Sephadex G-50, Sigma-Aldrich, St. Louis, MO. Briefly, the syringe 

without the plunger was placed in a 15 mL conical tube and enough glass wool was placed in the 

bottom of the syringe to block the opening. The syringe was then filled with Sephadex diluted in 

0.9% saline. The columns were then centrifuged at 3600 rpm for 12 minutes, and the conical 

was replaced with a new one. Approximately half of each plasma sample was placed at the 

center of the column and centrifuged at 2000 rpm for 5 minutes at 4°C. The filtrate was 

collected, digested and analyzed for platinum content using ICP-MS (inductively coupled plasma 

mass spectrometry). A dilution of 50% was assumed for plasma analysis. 
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Figure 19: Experimental design for the pharmacokinetics study. 

The pharmacokinetic study experimental design is depicted in the figure. (A) reveals the four 
different treatment groups (free and liposomal cisplatin with and without heat), and (B) shows 
the timepoints following treatment that mice were euthanized and analyzed for platinum 
accumulation in the plasma and tumor tissue.  

  



 

 128 

4.2.7 Tumor DNA Isolation 

DNA was isolated from approximately 25 mg of the tumor tissue using the Invitrogen 

PureLink® Genomic DNA kit according to the manufacturer’s protocol. DNA was then quantified 

using a NanoDrop Spectrophotometer (ND-1000; Thermo Fisher Scientific, Wilmington, DE, USA) 

and measured for platinum content with ICP-MS at North Carolina State University in the 

Department of Soil Science by Kim Hutchison.   

4.2.8 Platinum Measurements 

ICP-AES was used to measure platinum and phosphorus levels in the liposome samples. 

The PerkinElmer Optima 4300DV ICP-AES with WinLab 32 for the ICP program was used courtesy 

of the EPA, Chapel Hill, NC. The limit of detection and the background equivalent concentration 

were 1 ppb and 10 ppb, respectively, and the residual standard error for each reading was less 

than 1%. The correlation coefficients for platinum and phosphorus were 0.9997 and 0.9962, 

respectively.  

Nitric acid tissue digestion was performed on the plasma, tumor tissue, tumor DNA (1 

hour post-treatment samples), and kidney tissue (24 hour post-treatment) samples as described 

in Minami et al. [258].  Briefly, samples were dried overnight at 80°C in Oak Ridge Centrifuge 

Tubes (PPCO; Nalgene, Thermo Scientific, Rochester, NY, USA). Each sample was then digested 

in 500 mL nitric acid for 20 minutes at 100°C. To prevent platinum from falling out of solution, 

250 µL of HCl (Sigma-Aldrich, St. Louis, MO, USA) was added to each sample prior to analysis. 

Platinum levels were measured via ICP-MS at North Carolina State University, Raleigh, NC by Kim 

Hutchison.  
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4.2.10 Tumor Growth Delay 

Cisplatin and heat treatment were performed as described for the pharmacokinetics 

study. Tumor-bearing mice were treated with saline, liposomal cisplatin (7.5 mg/kg), or free 

cisplatin (7.5 mg/kg) with or without hyperthermia. Following the 60 minute hyperthermia 

treatment, mice were allowed to recover on a water-circulated heating blanket maintained at 

37°C, and once the mice were sternally recumbent they were returned to their cages. Body 

weight and flank tumor size were measured every other day until tumors reached a volume of 

1500 mm3 or 90 days, whichever came first. Any animal with a >15% weight loss was considered 

moribund and was euthanized and removed from analysis. Animals showing other signs of pain 

or discomfort (loss of normal grooming activity, ruffled hair, self-mutilation, or tumor ulceration) 

were euthanized and removed from analysis. All euthanasia was done by an i.p. injection of 

sodium pentobarbital, 250 mg/kg. 

4.2.11 Statistical Analyses 

Platinum levels in the plasma were normalized to the initial sample volume. Plasma 

elimination half-lives were calculated using a tri-exponential curve using the Excel Solver 

function ( ), assuming a one-compartment model. 

The first component of the equation was used to calculate the distribution half-lives, and the 

second component was used to calculate the elimination half-lives. The area under the curve 

(AUC) was calculated using a trapezoidal numerical integration method for the plasma and 

tumor tissue. Comparisons between treatment groups were made with independent sample t-

tests.  
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Platinum measurements in the tumor tissue, DNA, and kidney tissues were normalized 

to initial tissue weight. One-way ANOVAs were performed to investigate whether platinum 

levels varied between any of the experimental conditions, and Tukey's HSD post-hoc tests were 

performed to assess differences between individual groups. Statistical significance was defined 

as p < 0.05. 

Tumor growth delay data were analyzed using a two-way ANOVA. A one-way ANOVA 

was performed to investigate whether initial tumor sizes varied between any of the 

experimental conditions. A Tukey's HSD post-hoc test was performed to assess differences 

between groups. Statistical significance was defined as p < 0.05.  

4.3 Results 

4.3.1 Liposome Formulation 

The LTSL formulation and cisplatin loading method was optimized by Ji Young Park, 

Ph.D. To optimize the cisplatin-LTSL, the PEG-lipid concentration was increased relative to the 

conventional LTSL formulation (5.2 vs. 3.8 mol%, respectively) [128], resulting in maximized PEG-

coverage of the bilayer surface. A novel cisplatin loading procedure was also optimized, taking 

advantage of the increased permeability at the transition temperature. Using this transition 

temperature loading method, the new formulation (DPPC:MSPC:DSPE-PEG2000=85.0:9.8:5.2 

mol%) encapsulated 68% more cisplatin than the conventional formulation, loading ~7.05 

mg/mL. Release kinetics in plasma at 37°C and 41.3°C (transition temperature) were assessed. 

Rapid release of approximately 80% of the cisplatin was observed within 5 minutes at the 

41.3°C, whereas the liposomes were relatively stable. Only 20% leakage occurred at 
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normothermia (normal body temperature). This normothermic leakage peaked at 7 minutes and 

remained stable thereafter for the 30 minute duration of the experiment.  

4.3.2 Initial Toxicity Study  

A pilot tumor growth delay study was conducted in an ovarian cancer tumor model. 

A2780 and the cisplatin-resistant A2780cis ovarian cancer cells were injected into the flanks of 

nude mice. Once tumors reached the appropriate size (approximately 200 mm3), mice were 

treated with i.v. saline, free cisplatin (10 mg/kg), or cisplatin-LTSL (10 mg/kg) with or without 

local hyperthermia. As shown in Table 3, toxicity (death or >15% loss in body weight) was 

observed in the majority (15 of 17) of the mice treated with free cisplatin, whereas liposomal 

cisplatin treatment did not cause such a high degree of toxicity (2 of 19). Due to the high degree 

of toxicity, comparisons in tumor growth delay could not be made between the drug 

formulations.  
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Table 3: Percent toxicity (defined by death or >15% body weight loss) following 10 mg/kg free 
or liposomal cisplatin with or without heat (n=4-5 per treatment). 

Cell Line 

Treatment 

34°C 42°C 

Saline 
Free Cisplatin 

(10mg/kg) 
Cisplatin-LTSL 

(10mg/kg) 
Saline 

Free 
Cisplatin 

(10mg/kg) 

Cisplatin-LTSL 
(10mg/kg) 

A2780 0% (0/4) 100% (5/5) 20% (1/5) 0% (0/5) 75% (3/4) 0% (0/5) 

A2780cis 0% (0/5) 100% (4/4) 20% (1/5) 0% (0/5) 75% (3/4) 0% (0/4) 
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Based on these results, the dose of cisplatin was reduced from 10 mg/kg to 7.5 mg/kg in 

order to reduce toxicity in all other in vivo studies. Additional treatment modifications were 

made to the experimental design based on work done by Ponce et al. [127] to optimize cisplatin 

delivery and efficacy. This study demonstrated that preheating the tumor prior to doxorubicin-

LTSL administration resulted in improved drug delivery and enhanced anti-tumor efficacy 

compared to drug administration prior to heating. Next, we assessed the pharmacokinetic 

profile and tissue distribution of the cisplatin-LTSL compared to free cisplatin in a bladder cancer 

tumor model using these treatment modifications.  

4.3.2 Plasma pharmacokinetics  

The plasma distribution and elimination half-lives were greater for cisplatin-LTSL than 

free cisplatin (Table 4). The plasma profiles and fitted profiles are shown in Figure 20. At 34°C, 

the plasma elimination half-life was 0.51 hours for free cisplatin, compared to 1.8 hours for 

cisplatin-LTSL. Plasma elimination of free cisplatin did not change when heat was applied (0.43 

hours). However, heat increased the plasma elimination time for cisplatin-LTSL to 2.8 hours. 

Cisplatin distribution occurred rapidly in the mice treated with free drug and with LTSL when 

combined with heat. Distribution half-lives were 0.04 hours for free drug treated mice without 

and with heat. The distribution half-life for the LTSL and heat group was approximately 30% 

longer at 0.05 hours but was 3.3-fold lower than the 0.16 hours observed in the mice treated 

with LTSL without heat (shown in Figure 20A).  
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Figure 20: Plasma pharmacokinetic profiles following treatment with free cisplatin or cisplatin-
LTSL. 

Mice were treated with 7.5 mg/kg free cisplatin or cisplatin-LTSL with or without local 
hyperthermia and euthanized at time points from 0 minutes to 48 hours. (A) depicts the 
pharmacokinetic profiles of platinum measured in the plasma with a magnified view of the first 
2 hours, and (B) shows the fitted plasma pharmacokinetic profiles. Data were fit using a tri-
exponential model. R2 values are provided in Table 4. This analysis of platinum content could not 
distinguish between free (leakage or release) versus encapsulated platinum for the LTSL-treated 
samples.  
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Table 4: Fitted half-lives for free cisplatin and cisplatin-LTSL. 

 
Free Cisplatin 

34°C 
Free Cisplatin 

42°C 
Cisplatin-LTSL 

34°C 
Cisplatin-LTSL 

42°C 

Distribution t1/2 

(minutes) 
2.28 2.22 9.54 2.88 

Elimination t1/2 

(minutes) 
30.7 25.7 107 168 

R
2
 for Model Fit 0.9998 0.9999 0.9584 0.9964 
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Plasma AUC levels (Figure 21) were calculated for the four treatment groups. The AUC 

levels for free drug with and without heat were similar, at 0.019 µg/µL*hr and 0.023 µg/µL*hr, 

respectively. As expected, higher platinum levels were observed in the LTSL-treated mice. As 

shown in Figure 21, the plasma AUC for the LTSL-treated mice were significantly higher than the 

free drug treatments (p<0.001). To test the stability of the liposomes in plasma, samples were 

subjected to gel filtration using Sephadex G-50 columns and compared with unfiltered samples. 

These measurements were not significantly different, indicating that nearly all of the drug in 

plasma remained encapsulated (Table 5). AUC levels of encapsulated platinum data (0.20 and 

0.21 µg/µL*hr, with and without heat, respectively) were statistically the same as the total 

platinum measurements. 
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Figure 21: Area under the curve for platinum measured in plasma over the course of 48 hours 
following free cisplatin or cisplatin-LTSL with or without local hyperthermia. 

Total platinum measured in plasma of mice treated with free cisplatin or cisplatin-LTSL (7.5 
mg/kg) with or without local heat. * indicates significant difference between LTSL and free drug 
treatment groups (p<0.001). 
 
  



 

 138 

Table 5: Comparison plasma area under the curve for total platinum vs. encapsulated 
platinum measurements. 

Treatment 
Total Platinum AUC 

(µg/µL*hr) 
Encapsulated Platinum AUC 

(µg/µL*hr) 

Cisplatin-LTSL at 34°C 0.18 0.21 

Cisplatin-LTSL at 42°C 0.16 0.20 
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4.3.3 Tumor Platinum Accumulation  

Platinum levels were measured in the 5637 bladder tumors at several time points (0 

minutes to 48 hours; Figure 22 and Figure 23). Accumulation in tumors treated with 

hyperthermia and cisplatin-LTSL was higher than the other groups. The combination of 

hyperthermia and LTSL nearly doubled tumor platinum levels, demonstrating an AUC of 191.13 

µg/g*hr (±27.26) versus 103.79 µg/g*hr (±14.20) in the normothermia + LTSL treatment group. 

The AUC values for the free cisplatin treated groups were 107.97 µg/g*hr (±29.96) and 73.16 

µg/g*hr (±8.00) for normothermia and hyperthermia, respectively. Platinum levels in the LTSL + 

heat treated group were significantly higher than all other treatment groups (p<0.05). 
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Figure 22: Platinum accumulation in tumor tissue following treatment with free cisplatin or 
cisplatin-LTSL with or without local hyperthermia. 

Pharmacokinetic profiles of platinum accumulation in the tumor tissue over the course of 0 
minutes to 48 hours following cisplatin administration in mice treated with free cisplatin or 
cisplatin-LTSL (7.5 mg/kg) with or without local hyperthermia. Significant differences were 
determined by calculating AUC, which is provided in the following figure.  
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Figure 23: Area under the curve for platinum accumulation in tumor tissue over the course of 

48 hours. 

Area under the curve for platinum accumulation in the tumor tissue of mice treated with free 
cisplatin or cisplatin-LTSL (7.5 mg/kg) with or without local hyperthermia. Platinum 
measurements were made over the course of 0 minutes to 48 hours. * indicates significant 
difference compared to all other treatment groups (p<0.05). 
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Because cisplatin cytotoxicity results from platinum-DNA adduct formation following 

uptake into cells, platinum levels were measured in the tumor DNA (Figure 24). Platinum levels 

in the DNA suggest that cisplatin has been released from the LTSL and that it is bioactive. 

Platinum levels in the isolated tumor DNA from 1 hour post-treatment are provided in Figure 24. 

Only 3 tumor samples per treatment group were available for analysis. These levels were not 

significantly different between treatment groups (p>0.05); however, there is a trend toward 

higher levels in the cisplatin-LTSL with heat group compared to all other treatment groups.  
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Figure 24. Platinum levels in the DNA isolated from tumor tissue harvested 1 hour post-
treatment. 

Mice were treated with free cisplatin or liposomal cisplatin (7.5 mg/kg) with or without 
hyperthermia. Tumors were harvested 1 hour post-treatment, and DNA was isolated from the 
tumor tissue. Platinum was measured using ICP-MS and normalized to tumor weight. Platinum 
levels were not significantly different between treatment groups (p>0.05).  
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4.3.4 Nephrotoxicity  

Because cisplatin is known to be nephrotoxic, platinum levels were measured in mouse 

kidneys harvested 24 hours post-treatment. Although our sample size was limited and we were 

unable to detect differences between treatment groups, we observed higher variability in 

platinum levels measured in the kidneys of mice treated with free drug. The individual data 

points for each treatment group are shown in Figure 25. 

  



 

 145 

 

Figure 25. Platinum levels in the kidneys harvested mice 24 hours post-treatment. 

Mice were treated with free cisplatin or liposomal cisplatin (7.5 mg/kg) with or without 
hyperthermia. Kidneys were harvested 24 hours post-treatment, and platinum levels were 
measured using ICP-MS and normalized to kidney weight. Platinum levels in the kidneys of mice 
treated with free cisplatin were more variable than levels in mice treated with liposomal 
cisplatin, but were not significantly different between treatment groups. 
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4.3.5 Tumor Growth Delay 

Anti-tumor efficacy of cisplatin-LTSL was assessed in a flank bladder cancer tumor 

model. LTSL efficacy was compared to saline and free drug controls with and without local 

hyperthermia. Initial tumor volume measurements on the day of treatment are shown in Figure 

26. A one-way ANOVA with Tukey’s HSD post-hoc test demonstrated no difference in initial 

tumor sizes between any of the experimental groups (p >> 0.05, for all groups). 
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Figure 26: Initial tumor volumes were similar in all groups in the tumor growth delay study. 

Initial tumor volume measurements for mice the day of treatment with the saline control, free 
cisplatin (7.5 mg/kg), or cisplatin-LTSL (7.5 mg/kg) with or without heat. Statistically similar 
tumor sizes were present in all treatment groups (p>0.05).  
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Tumor growth delay was assessed based on time to reach a tumor volume of 1500 mm3. 

Animals bearing tumors that did not reach 1500 mm3 (e.g., due to ulceration) were not included 

in the analysis. A two-way ANOVA for time to endpoint (1500 mm3) by drug and temperature 

was used to analyze the data. A significant interaction between drug and temperature was not 

detected. As provided in Table 6 and shown in Figure 27, the baseline (normothermia saline 

control) mean time to tumor endpoint was approximately 13.5 days. Treatment with free 

cisplatin increased the mean delay time by 8 days (p-value = 0.002), and cisplatin-LTSL 

treatment increased mean delay time by 7.2 days (p-value = 0.007). Both drug treatments were 

significantly more efficacious than the saline control, but there were no significant differences 

between the free cisplatin and LTSL treatments. Although there was a trend toward increased 

delay with the addition of local hyperthermia treatment (an increase of 2.7 days over baseline), 

this was not statistically significant (p>0.05).  
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Table 6: Time to reach the tumor volume endpoint of 1500mm3 for various treatments in the 
tumor growth delay study. ** indicates p<0.01 versus saline control. 

Treatment 
Time to 1500mm

3 

(days) 
Standard Error p-value 

Baseline (Saline 34°C) 13.47 2.00 0.0000 

Free Cisplatin 21.51 2.51 **0.0022 

Cisplatin-LTSL 20.68 2.55 **0.0066 

Hyperthermia (42°C) 16.17 2.10 NS 
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Figure 27: Tumor growth delay analysis as a function of time to reach a tumor volume of 

1500mm3. 

Mice were treated with saline control, free cisplatin (7.5 mg/kg), or cisplatin-LTSL (7.5 mg/kg) 
with or without local hyperthermia, and tumor volumes were measured every other day. (A) 
shows the fraction of mice with tumors <1500mm3 over time post-treatment for each treatment 
group, and (B) depicts the distribution of time to endpoint for each treatment group. Tumor 
growth was significantly delayed following treatment with free cisplatin and cisplatin-LTSL 
(p<0.01). 
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4.4 Discussion 

4.4.1 Liposome Formulation 

In this study we investigated the pharmacokinetics and anti-tumor effect of cisplatin-

loaded temperature-sensitive liposomes. With a liposome formulation similar to ThermoDox®, 

we have successfully encapsulated cisplatin into a thermosensitive liposome using a novel 

transition temperature loading method. Our new liposome formulation included increased 

levels of DSPE-PEG2000 compared to the conventional liposome (5.2 vs. 3.8 mol%, respectively), 

allowing for increased cisplatin loading efficiency. Liposomal stability was tested in vitro in 

human plasma to confirm appropriate release behavior. We observed a quick release of cisplatin 

when heated to 41.1°C (transition temperature). Approximately 80% of the drug was released in 

less than 5 minutes, whereas at 37°C we observed little leakage (less than 20% in 5 minutes). 

The stability at normal body temperature and quick drug release at transition temperature are 

encouraging. 

In this study, we have taken advantage of stable nanopore formation in the LTSL 

membrane at its transition temperature to release entrapped compounds and to also load 

molecules with low solubility, such as cisplatin. This encapsulation is possible when the 

molecules are incubated with preformed LTSLs at the critical temperature and allowed to come 

to a concentration equilibrium. By cooling the sample below the transition temperature and 

refreezing the bilayers into their solid phase, the loaded compound is trapped in the liposomes, 

until the temperature is raised again to the transition temperature range (39-42°C), when the 

compound is free to equilibrate with an external solution once more, releasing the drug 

following a temperature trigger.  
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4.4.1 Plasma Pharmacokinetics 

Using a tumor-bearing mouse model, we demonstrated improved pharmacokinetic 

profiles of the cisplatin-LTSL compared to free cisplatin, resulting in much longer plasma 

elimination half-lives. This half-life was approximately twice as long than those reported by Woo 

et al. [286] (1.8-2.8 hours vs. 1.09 hours, respectively). We also observed differing distribution 

half-lives for LTSL treatments with and without heat. As expected, the distribution half-life for 

the combined LTSL and heat treatment was much quicker the LTSL without heat group and more 

closely resembled that of free drug, indicating a relatively rapid release from the liposome. We 

demonstrated significantly higher AUCs over the time course of 48 hours for both LTSL 

treatment groups compared to free drug. These results combined with the results 

demonstrating encapsulation stability in plasma are encouraging. In vitro, we demonstrated 

approximately 20% leakage at 37°C in human plasma, and our in vivo data show similar levels of 

encapsulated vs. total platinum, again indicating systemic liposomal stability. As demonstrated 

by other cisplatin pharmacokinetic studies, the free drug was removed from the circulation 

quickly, while the cisplatin-LTSL remained in the circulation over a longer period of time, 

suggesting that this may be a more effective anti-cancer treatment strategy.  

4.4.2 Biodistribution 

We observed increased cisplatin delivery to the tumor in mice treated with the 

combination of heat and LTSL. AUC was approximately 2-fold higher than all other treatment 

groups. Although we may expect to see higher levels of cisplatin in the tumors, the in vitro data 

suggest that 100% of the drug is not being released quickly. The DNA data suggest that cisplatin 

is being released and acting on the tumor cells. With this type of liposome that releases more 
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slowly than the conventional doxorubicin-LTSLs, it may be advantageous to perform an initial 

heating with concurrent cisplatin-LTSL administration for the initial release followed by a second 

heating at 24 hours to allow for accumulation via the EPR effect and trigger drug release from 

the liposomes in the tumor [289]. This strategy may be very effective as a treatment option  

since we observed higher platinum levels in the plasma and in the tumor tissue at 24 hours post-

treatment. Although platinum measurements in the DNA isolated from the tumor tissue were 

not significantly different between treatment groups, this indicate that cisplatin was being 

released from the liposomes and accumulating the tumor tissue. Our data indicate that there 

was platinum accumulation in the kidney for all treatment groups, which was more variable in 

mice treated with free drug compared to liposomal cisplatin. In contrast to the free drug 

treatment groups, relatively uniform platinum levels were measured in all of the kidneys from 

mice treated with liposomal cisplatin. Based on these results of improved plasma 

pharmacokinetic profiles and increased cisplatin accumulation in the tumor tissue, an anti-

tumor efficacy study was conducted.  

4.4.4 Anti-Tumor Efficacy 

 Our tumor growth delay study demonstrated improved anti-tumor efficacy of both 

cisplatin-LTSL and free cisplatin treatment compared to the saline normothermia and 

hyperthermia controls in a bladder cancer model. Results show that the combination of our 

cisplatin-LTSL and hyperthermia treatment is as efficacious as free drug, but less toxic. In 1995, 

the non-temperature sensitive doxorubicin-loaded Stealth liposome Doxil® was the first FDA-

approved nano-drug [290]. In addition to prolonged circulation times, a primary reason for its 

approval was its reduced normal tissue toxicity. Doxil® has demonstrated reduced cardiotoxicity 
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compared to free doxorubicin in all settings tested [290]. While improved toxicity profiles have 

been observed with the use of Doxil®, its efficacy is similar to that of free doxorubicin [290]. 

Thus, based on decreased normal tissue toxicity profiles, the cisplatin-LTSL formulation may 

have potential in the clinical setting.  

 Our study design did not take advantage of the slower release of cisplatin from the 

liposomes and allow for liposome accumulation via the EPR effect, which may have precluded 

observation of differences between LTSL and free cisplatin groups. It may be more appropriate 

to heat the tumor 24 hours post-treatment, allowing for release of the liposomes that have 

accumulated in the tumor tissue. This treatment strategy could potentially result in increased 

cisplatin delivery, release, and efficacy.  

4.4.5 Summary 

We have developed an improved method for encapsulating cisplatin into a LTSL, using a 

transition temperature loading method and a newly optimized liposome formulation consisting 

of increased DSPE-PEG2000. Cisplatin loading efficiency of the new formulation was improved 

by ~65% compared to the conventional LTSL described by Needham et al. [128]. Cisplatin 

release was assessed in human plasma and approximately 80% of the cisplatin was released 

from the liposome within the first 30 minutes of heating (41.3°C), compared to only 20% leakage 

at normal body temperature (37°C).  

This novel cisplatin-LTSL was stable in plasma and successfully released at the mild 

hyperthermic temperatures 41-42°C. We observed extended plasma half-lives relative to free 

drug and increased cisplatin accumulation in tumor tissue, with similar efficacy to that of free 

cisplatin. Our results suggest that this LTSL formulation may show considerable anti-tumor 
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effect when using the correct heat and drug administration timing. These results warrant further 

exploration of heating and dosing schedules to preload tumors with liposomes via the EPR 

effect, enhance the EPR effect by preheating, induce intravascular release of drug in the tumor, 

or a combination of these effects.  

  



 

 156 

 

5.1 Introduction 

As with many other types of cancer, bladder cancer patients have shown therapeutic 

benefit from hyperthermia treatment when combined with chemotherapy. In the past, because 

of their accessibility, only superficial lesions seemed to be an ideal target for hyperthermia 

adjuvant treatment. However, improvements in heating devices now allow for targeting of 

deep-seated tumors. Several heating devices have been developed to accommodate these types 

of cancer, such as the HYPERcollar for head and neck cancer [61], superficial devices for breast 

cancer (Duke Breast Applicator System) [223], microwave devices for brain cancer [63], and 

systems such as the BSD-2000 (BSD Medical Corporation, Salt Lake City, UT, USA) for deep-

seated lesions (cervical, gastrointestinal, bladder, etc) [64]. With respect to the bladder, several 

approaches have been investigated, including radiowave and microwave devices.  

The BSD-2000 provides deep tissue heating by applying radiofrequency energy with a 

power source and multiple antennae that surround the patient’s body. The equipment is 

comprised of annular phased array applicators which function to minimize reflection of the 

radiofrequency signal, focusing the heating to only the targeted area. A multicenter randomized 

trial conducted by van der Zee et al. compared the treatment of locally advanced pelvic tumors 

with radiotherapy alone vs. the combination of radiotherapy and hyperthermia using the BSD-

2000 device [291]. Bladder, cervical, and rectal cancer patients were enrolled. Complete 

response rates were significantly higher in patients receiving radiotherapy with hyperthermia 

compared to radiotherapy alone (55% versus 39%, respectively). Additionally, local control was 

significantly longer in patients given the combined treatment. In this study, cervical cancer 
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patients fared the best with the combined treatment, with a complete response rate of 83% 

versus 57% treated with radiotherapy alone. Importantly, it should be noted that one 

disadvantage of the BSD-2000 heating system is that the heating is not localized, but regional. 

This means that the entire pelvic region is heated with these systems, not just the target organ, 

which could potentially result in off-target effects.  

A more localized system for heating the bladder, the Synergo® System (Synergo SB-

TS:101-1 (Medical Enterprises, Amsterdam, the Netherlands)), has been developed and is 

currently used in the clinic. Using this technology, hyperthermia is delivered via an intravesical 

microwave applicator. A miniature antenna (heating source) is inserted through a catheter into 

the bladder. Using the Synergo® system, Colombo et al. [248] treated patients with primary or 

recurrent superficial transitional cell carcinoma of the bladder with intravesical mitomycin C 

with or without hyperthermia. Over a period of 24 months, significantly fewer recurrences were 

observed in patients treated with the combination of mitomycin C and hyperthermia compared 

to mitomycin C alone (17.1% versus 57.5%, respectively). This result of improved recurrence-

free survival was replicated in a similar study of bladder cancer patients with multiple or 

recurrent transitional cell carcinoma, using mitomycin C and hyperthermia induced by the 

Synergo® system [67]. A separate trial, treating high-grade superficial bladder cancer with the 

Synergo® system and mitomycin C was also shown to be beneficial, with 62.5% of patients being 

recurrence free after a mean follow-up time of 35.3 months [68]. The benefit of the Synergo® 

System used in combination with chemotherapy is well-established; however, one frequent and 

important side effect of the system is damage to the bladder wall, specifically localized 

superficial necrosis on the posterior bladder wall [65]. This necrosis is caused by the intense 
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heat output coming from the antennae tip, and in rare cases resulted in a burn or ulceration on 

the bladder wall.             

Additional studies have investigated the use of radiofrequency capacitive electrodes 

[292, 293] and radiofrequency phased array applicators [294] to locally heat the bladder. Recent 

preclinical studies have also considered heating the bladder with water-cooled external 

microwave applicators [295-297]. However, due to the limited penetration depth of effective 

microwave energy, this approach would be limited to animals or relatively thin patients. 

The use of magnetic materials in hyperthermia was first discussed by Gilchrist et al. in 

1957 [298], but magnetic nanoparticles have gained recent attention in the clinical setting for 

their potential use as imaging agents and as a heating source. These magnetic fluids have also 

been used in the context of high-speed rotating shafts, inertial dampers, and coolants in heat 

exchangers [299]. Heating occurs as a result of the magnetic fluid (nanoparticles) absorbing 

energy from an alternating magnetic field and converting this energy to heat by eddy current 

losses, hysteresis, resonance,  and relaxation losses [299, 300]. Neel and Brownian relaxation 

losses are the main source of power dissipation. Neel relaxation is the result of magnetic 

moments in the particles changing direction by overcoming an energy barrier. Brownian 

relaxation is caused by the particles moving freely in suspension and generates heat due to 

viscous friction between the particles and surrounding medium [299, 300].  

In the context of cancer treatment, magnetic nanoparticle thermotherapy involves 

administering the magnetic fluid at the tumor site and heating the fluid via an external 

alternating magnetic field [301]. This treatment strategy has been assessed in multiple 

preclinical tumor studies [302, 303] and has also been assessed in human trials for glioblastoma 
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multiforme [304], prostate carcinoma [305], and other non-resectable, pre-treated solitary 

tumors [306].  

One of the major obstacles with nanoparticle-mediated heating in tumors has been 

delivering a uniform distribution of the fluid within the tumor tissue. However, instilling the fluid 

in the bladder would allow for a uniform distribution and therefore heating. Due to heat-

induced convective stirring of fluids inside the bladder, this nanoparticle approach would 

potentially reduce hotspots associated with other heating techniques. Additionally, heating 

would be confined to the bladder tissue as would any of the potential toxic side effects of the 

magnetic fluid. Thus, the use magnetic nanoparticles in the treatment of bladder cancer is 

potentially ideal. 

Intravesical bladder chemotherapy has been used for many years for many types of 

chemotherapeutic agents. As described by Torti and Lum [307], this mode of treatment allows 

for (1) a high concentration of drug to come into contact with the urothelium for a relatively 

long period of time, (2) it may reduce the likelihood of tumor recurrence by destroying viable 

tumor cells following transurethral resection, preventing tumor implantation, (3) it minimizes 

systemic toxicity, and (4) it may delay or remove the need for cystectomy [307].  

The many layers of the bladder probably add to its ability to withstand toxic substances. 

These layers include the mucosa (urothelium, lamina propria, discontinuous muscularis 

mucosa), muscularis propria, adventitia, and the serosa. With systemic treatment or direct 

instillation of a chemotherapeutic agent into the tissue, the elimination time from the body is a 

concern with regards to normal tissue toxicity. Intravesical treatment, however, is ideal with 

bladder cancer patients, as treatment will be eliminated from the body once the patient 

urinates (with the exception of the uptake in the bladder tissue), and the remainder of the body 
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is not subjected to exposure, limiting/reducing normal tissue toxicity and potential systemic 

side-effects. 

The goal of this study was to investigate the use of magnetic nanoparticles combined 

with a custom-made magnetic field chamber, developed by Actium Biosystems, in a rat model of 

bladder heating. This project established the appropriate volume of nanoparticles to insert in 

the bladder to prevent reflux into the kidneys. This was accomplished by inserting various 

volumes of contrast agent into the bladder and using MR imaging to determine the maximum 

bladder capacity. Catheterization, instillation, and heating procedures to successfully heat the 

rat bladder to the prescribed temperature of 42°C for 1 hour were also optimized. This work 

provides the foundation for developing a novel bladder heating device for potential use in 

bladder cancer models can facilitate combined intravesical hyperthermia and chemotherapy 

treatment. 

5.2 Materials and Methods 

5.2.1 Nanoparticles 

Ferromagnetic nanoparticles were developed and provided by Actium Biosystems 

(Boulder, CO, USA). These were provided as a dispersion of 15 nm diameter Fe3O4 nanoparticles 

coated with proprietary surfactants and suspended at a concentration of 100 mg/mL in water. 

The nanoparticles had a 15 nm core diameter. When lower concentrations were necessary for in 

vivo experiments, dilutions were made in water containing 20% sterile glycerol.   

5.2.2 Animals 

Female Fisher 344 rats were purchased from Charles River Labs (Wilmington, MA, USA) 

and used when 8-15 weeks of age at an average weight of 161.7 ± 16.8 g. Rats were allowed to 
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acclimate for one week, before being used in the study. All studies were conducted in 

accordance with guidelines set forth by and with approval from the Duke University Institutional 

Animal Care and Use Committee. 

5.2.3 Nanoparticle Instillation 

Prior to treatment, the bedding in the rat cages was changed to alpha dri bedding to 

monitor urine output, and the rats were placed on overnight water restriction. Rats were 

anaesthetized with intraperitoneal (i.p.) injections of ketamine (40 mg/kg; Ketaset®, Fort Dodge 

Animal Health, Fort Dodge, IA, USA) and xylazine (4 mg/kg; Akorn, Inc., Lake Forest, IL, USA). 

Their body temperature was maintained with a homeothermic blanket or heated wax pad (38°C; 

Braintree Scientific Inc., Braintree, MA, USA) during the experiment. Eye ointment (Artificial 

Tears Ointment; Rugby Laboratories, Inc., Duluth, GA, USA) was used to prevent dryness during 

the procedure. Rat bladders were catheterized using a sterile 18-gauge plastic intravenous 

cannula (BD Medical, Franklin Lakes, NJ, USA), with aseptic technique, which included cleansing 

the urogenital region with a series of washes with 70% ethanol and chlorohexidine (2% wt/wt) 

(Boehringer Ingelheim Vetmedica, Inc., St. Joesph, MO, USA). A guide wire (Boston Scientific, 

Natick, MA, USA) was used to aid with the catheterization. Following successful catheterization, 

urine was collected prior to nanoparticle instillation by gently massaging the rat abdomen to 

push urine from the bladder through the catheter. A volume of 0.2-0.4 mL of magnetic fluid or 

saline control was inserted into the bladder and the catheter was then closed to facilitate fluid 

retention. Heat treatment was carried out under anesthesia, using a customized magnetic field 

applicator system provided by Actium Biosystems, with a prescribed therapy of 42°C for 1 hour. 

Animals were continuously monitored during treatment. After the procedure, the nanoparticle 
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solution was removed by reopening the catheter and gently massaging the rat abdomen. 

Bladders were then flushed with 0.3 mL sterile saline three times. Following each wash, the 

abdomens were gently massaged to remove the wash. The catheters were then removed, and 

animals were given 3 mL of saline (subcutaneous injection) to prevent dehydration and finally 

placed on a warm blanket, until they recovered completely. 

5.2.4 MR Imaging 

During MR scanning, rats were anesthetized by 1-2% isoflurane (Piramal Healthcare 

Limited, Andhra Pradesh, India) and were catheterized, as described above. Urine was drained 

and the bladder filled with successively larger volumes of iron oxide nanoparticle solution, for 

repetitive MR scans. Rats were euthanized immediately after imaging studies. Images were 

acquired on a 7T small animal MRI system (Bruker ClinScan, Bruker BioSpin MRI GmbH, 

Ettlingen, Germany) at the Duke University Center for In Vivo Microscopy, with the help of John 

Nouls, Ph.D. The bladder MR contrast was enhanced with an injection of Gd-DTPA (gadolinium-

diethylenetriaminepentacetate; Magnevist; Bayer HealthCare Pharmaceuticals, Wayne, NJ, 

USA). MR images were acquired using three-dimensional spoiled gradient-recalled sequence, 

with the following parameters: repetition time = 86 ms, echo time = 0.02 ms, field of view = 8 

mm, and matrix = 256x256 pixels. 

5.2.5 Heating Device 

Heat treatments were carried out in a custom-made magnetic field chamber developed 

and provided by Actium Biosystems (Figure 28). The Actium animal magnetic field applicator 

system operated at a frequency of 40 kHz, with variable field strength up to 6 kA/m. The system 

allowed for two modes of operation. One mode allows the user to manually set the desired 
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radiofrequency magnetic field strength. The other mode automatically adjusts field amplitude 

by using temperature-sensitive sensor-mediated feedback control to help maintain steady-state 

temperature (e.g., 42°C) in the target region. Hyperthermia treatments were performed without 

any additional cooling system. 
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Figure 28. Radiofrequency magnetic field applicator system (Actium Biosystems, Boulder, CO, 
USA). 
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5.2.6 Thermometry 

Thermometry was performed with seven single fiberoptic temperature probes, with a 

diameter of 0.42 mm (OpSens, Quebec City, Quebec, Canada). Temperature probes were 

inserted into the vagina, rectum, and subcutaneously above the right side of the abdomen, 

through 18-gauge catheters. An additional probe was inserted in the oral cavity. Two 

temperature probes were inserted through an adjustable Port Seal (UPS-A, GYRUS Medical Ltd, 

Southborough, MA, USA) into the catheter placed in the bladder and carefully positioned, one 

inside the bladder and one in the urethra, 8 mm proximal to the bladder. For this monitoring 

configuration, core body temperature was assessed as the average temperature of the rectal, 

oral, and subcutaneous probe measurements. An additional superficial temperature 

measurement was performed on the skin surface above the bladder. The Actium heating system 

and computer program monitored the temperatures throughout the procedure.  

5.2.7 In Vitro Heating 

In vitro verification of the ability to heat the nanoparticle solution was done prior to 

conducting in vivo experiments. Briefly, 0.4 mL of 0-100 mg/mL of the magnetic fluid was placed 

in 1.5 mL Eppendorf tubes. The tubes were then placed in the magnetic heating device, at a 

fixed magnetic field amplitude of 5.5 kAm. The temperature was monitored with a probe placed 

in the center of the heated tube. In a control experiment, heating of the temperature probe in 

the same field and experimental configuration without iron oxide nanoparticles was found to be 

negligible. 
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5.2.8 In Vivo Bladder Heating  

Once the nanoparticles (0.2-0.4 mL) and temperature probes were inserted, rats were 

placed in the heating device. Baseline temperatures were monitored, using the equipment field 

mode for 5 minutes. Next, heating was initiated by using the temperature mode set at a steady 

temperature of 42 C for 60 minutes. After heating, rats were cooled back to normal 

temperature using the field mode for 10 minutes. 

5.2.9 Toxicity Assessment 

Animals were euthanized with a lethal dose of Euthasol® (200 µL; Virbac Animal Health, 

Fort Worth, TX, USA) either directly after heat treatment, 24 hour post-treatment, or at the first 

signs of toxicity (lethargy or temperature loss). Morbid animals were anesthetized. Once they 

were non-responsive to toe-pinch, a cardiac puncture was done to acquire blood for bacterial 

culture. Additionally, urine was removed directly from the bladder using a 27-gauge needle for 

bacterial culture, and tissues/organs, including kidneys, ureters, and bladder were removed for 

histologic analysis. 

5.2.10 Histologic Analysis and Necropsy 

Control (saline-treated) and nanoparticle treated rats were assessed immediately 

following nanoparticle treatment and at 24 hour post-treatment for gross anatomy 

abnormalities. Mary-Keara Boss, D.V.M. conducted necropsies on these rats at the same time 

for proper comparisons.  Tissues were fixed in 10% formalin, and sections were cut and stained 

with hematoxylin and eosin by the Duke Department of Pathology. All tissue analysis was done 

by the Duke Animal Pathology Core Facility Animal Pathologist Anne F. Buckley, M.D., Ph.D. 
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5.2.11 Bacterial Culture 

Bacterial cultures were performed in Miller’s LB Broth (Cellgro, Manassas, VA, USA). All 

cultures were maintained at 37°C and were either in liquid culture, under continuous shaking, or 

on agar plates. Agar plates were made by adding 5 g BactoTM tryptone (BD, Sparks, MD, USA), 

2.5 g BactoTM yeast extract (BD, Sparks, MD, USA), 7.5 g DifoTM agar (BD, Sparks, MD, USA), and 5 

g NaCl (Mallinckrodt Inc., Raleigh, NC, USA) to 500 mL of deionized water. The solution was 

autoclaved in a large bottle on the liquid cycle and allowed to cool, prior to pouring into 100 mm 

dishes. The plates were allowed to cool and solidify at room temperature overnight. Rat urine 

and blood were cultured overnight to determine bacterial presence or absence. The subsequent 

bacterial cultures were then used to determine the effect of nanoparticle treatment on bacterial 

growth. In addition to the nanoparticle treatment, two different iron salts were used as controls 

at the same 100 mg/mL concentration as the nanoparticle treatment. Iron (II) chloride (98%) 

(Sigma Aldrich, St. Louis, MO, USA) and ferrous sulfate (Fe2(SO4)3) (J.T. Baker Chemical Co., 

Phillipsburg, NJ, USA) were diluted in water prior to treatment. Bacteria cultured from the urine 

of a nanoparticle-treated rat were used to determine the toxicity of nanoparticles on bacteria. 

Bacteria were added to 10 mL of LB Broth and treated with 0.4 mL nanoparticles or water as a 

positive control. All bacterial solutions were incubated and shaken at 37°C for 3 hours. To 

quantitate the number of bacteria grown on the culture plates, 5 µL of a 1:20,000 dilution taken 

from the bacterial cultures were plated on the agar dishes and incubated overnight at 37°C. 

Bacterial colonies were counted the following day.     
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5.2.12 Statistical Analysis 

A Fisher’s exact test was used to compare survival outcomes, and an independent 

samples t-test was used to evaluate mean differences between groups. For all tests, p<0.05 was 

determined to be the threshold for meeting statistical significance.   

5.3 Results 

The following work was done in collaboration with Actium Biosystems and all of the 

experiments were accomplished as a team effort. Specifically, Kelly Lee, Ph.D. and Tiago R. 

Oliveira should be acknowledged for their work with this project.  

5.3.1 MR Imaging  

The ability to homogenously deliver the nanoparticle solution to the entire bladder wall 

was assessed with a 7T small animal MRI system (Bruker ClinScan, Bruker BioSpin MRI GmBH, 

Ettlingen, Germany). The bladder was catheterized and a known volume of nanoparticle solution 

ranging from 0.2 to 0.7 mL was inserted into the bladder. A visual check for leakage from the 

bladder was carried out at each injected volume. Due to the excessive MR signal artifacts in the 

surrounding tissue when highly concentrated nanoparticle solutions were used, a lower 

concentration of magnetite solution (0.5 mg/mL) was prepared for bladder imaging. 

Additionally, a control imaging experiment was conducted with standard gadolinium (Gd-DTPA) 

MR contrast agent. Figure 29A is a representative MR image of a rat bladder containing 0.25 mL 

saline/Gd-DTPA, showing complete filling of the bladder (arrow) around the inserted catheter. 

Figure 29B depicts the bladder filled with 0.5mL of the nanoparticle solution. The images in 

Figure 29 are shown in a different field of view, because the acquisition was made with distinct 

pulse sequences for each contrast agent. The large dark areas apparent in Figure 29B are due to 



 

 169 

the fat compensation acquisition. The nanoparticles greatly decrease the local voxel intensity as 

a consequence of shortening the transverse relaxation times of the protons (Figure 29B). The 

nanoparticle-filled bladder appears gray in the image, whereas the bladder filled with 

gadolinium contrast agent has a much brighter intensity. Using detailed image analyses, it was 

possible to quantify the total volume in the bladder, and the correlation between injected 

volume and measured volume was quite good (Figure 31), showing only minor dilution of the 

contrast agent from the urine during the time period of a typical heat treatment. Overall, we 

were able to demonstrate that: 1) the catheterization procedure and the instillation of the 

nanoparticle solution were feasible in the rat bladder, and 2) a homogeneous spatial distribution 

of concentrated nanoparticles in the bladder could be achieved. Additionally, we were able to 

successfully differentiate between contrast agent in the bladder, ureters, and kidneys. We next 

determined the maximum volume of the rat bladder in order to determine the appropriate 

volume for nanoparticle instillation. 
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Figure 29: MR images of the rat bladder. 

(A) Rat bladder with 0.25 mL saline/gadolinium contrast agent, and (B) 0.5 mL of magnetic 
nanoparticle solution (0.5 mg/mL). Catheter placement in the bladder can be visualized in both 
images (red arrows).  
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To maximize the effect of nanoparticle therapy, we determined the maximum volume of 

nanoparticle instillation that could be given, without causing reflux into the ureters and kidneys. 

Various volumes of contrast agent (0.2-0.7 mL) were inserted into the bladder via a catheter. 

MR images were taken to assess bladder volume and reflux into the ureters and kidneys. The 

range of volumes is provided in Figure 30. As the volume increased in the bladder, reflux began 

to occur, as shown by the presence of contrast agent in the kidneys.   
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Figure 30: MR images of contrast agent reflux in rat kidneys. 

Increasing volumes of contrast agent (0.2 to 0.7 mL) were inserted in the rat bladder via a 
catheter. These images show that with increasing volume in the bladder, there is an increase in 
reflux of the contrast agent that can be visualized in the kidneys. Representative images are 
shown from one rat. The experiment was conducted 3 times. 
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Signal intensity of the bladder and kidneys was quantified to determine the volume, 

which resulted in minimal reflux. As shown in Figure 31 and based on our analyses, reflux of the 

contrast agent begins at a volume between 0.2 and 0.4 mL, but there is a drastic increase in 

reflux above 0.4 mL.  
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Figure 31: Quantification of kidney reflux versus infused bladder volume. 

Signal intensity of the contrast agent was quantified in each rat kidney for each volume inserted 
in the bladder. Increased reflux is observed as the inserted volume increases. The dashed line at 
0.4 mL indicates the volume used in further in vivo experiments. Representative analysis from 
one rat. The experiment was conducted 3 times. 
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5.3.2 In Vitro Heating 

To characterize heat generation as a function of different magnetite concentrations, a 

series of nanoparticle dilutions were made, ranging from 10 to 100 mg/mL. This range was used 

to determine the necessary iron content to reach the therapeutic temperature in a feasible time 

with a volume of 0.4 mL and a magnetic field strength of 5.5 kA/m. The temperature curves are 

provided in Figure 32. Rate of temperature change was strongly correlated with magnetite 

concentration. The average heating rate per 10 minutes (or up to 50°C maximum) was 

calculated to estimate the appropriate concentration for in vivo experiments. Based on these 

data, we estimated that the minimum concentration required for a 1°C/minute heating rate 

would be approximately 50 mg/mL. At this concentration, a volume of 0.4 mL generated a 

heating rate of 1.6°C/minute in vitro. The highest concentration (100 mg/mL) resulted in a 

heating rate of 7.2°C/min. 
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Figure 32: Temperature profiles in phantom bladders for varying concentrations of 
nanoparticles. 

Temperature profiles for five different concentrations of 0.4 mL of magnetic nanoparticle fluid 
at a fixed magnetic field frequency of 40 kHz and amplitude of 5.5 kA/m. 
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5.3.3 In Vivo Heating 

Following in vitro heat profile characterization, we investigated the feasibility of 

magnetic fluid hyperthermia of the rat bladder in vivo. From the MRI study above, we 

determined that 0.4 mL of the nanoparticle solution was sufficient to fill the bladder. We were 

able to efficiently heat the bladder, using a range of nanoparticle concentrations based on our in 

vitro data.  

Potential advantages of magnetic fluid hyperthermia over other hyperthermia devices 

include improved heating homogeneity of the entire bladder wall and improved control of heat 

deposition. However, the control of temperature rise during hyperthermia treatment is a major 

concern for any heating approach because power deposition patterns are poorly known and 

difficult to measure. Therefore, we investigated the quality and safety of the magnetic field 

control algorithm developed by Actium Biosystems and included in their induction heating 

system. During each heating experiment, the magnetic field amplitude was automatically 

controlled by a feedback control algorithm, which used the temperature measured inside the 

bladder as a control signal. The goal was to consistently maintain the desired treatment 

temperature (42°C) consistently for 1 hour. Rapid high resolution control is extremely important 

to deposit the desired thermal dose throughout the bladder target while avoiding damage to 

healthy tissue that could result from large temperature variations. The time-dependent 

magnetic field amplitude during a typical rat bladder treatment performed in constant 

temperature control mode is shown in Figure 33. The goal temperature of 42°C was achieved in 

all animals treated with a nanoparticle volume of 0.4 mL and concentration of 100 mg/mL. For 

most treatments, the steady-state temperature was maintained with magnetic field amplitudes 

between 3.5 and 4.5 kA/m. Figure 33 shows that the temperature inside the bladder was easily 
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maintained at 42°C by the control system during the entire period of magnetic fluid 

hyperthermia treatment.  
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Figure 33: Control of magnetic field amplitude by the Actium device was able to maintain rat 
bladder temperature at a steady state of 42°C. 

Typical magnetic field amplitude (red line, right axis) applied during magnetic fluid hyperthermia 
(0.4 mL of 100 mg/mL nanoparticle solution) to control temperature inside the rat bladder 
(black line, left axis). Representative heating curve is shown from one rat. The experiment was 
conducted >5 times. 
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The MRI data suggested that reflux might occur at an infusion volume of 0.4 mL. Thus, 

we investigated the efficiency of heating for 0.2, 0.3, and 0.4 mL, using the 100 mg/mL 

nanoparticle solution. Although using the smaller volume would have been ideal, we were 

unable to heat to 42°C with a volume of 0.2 mL, and a volume of 0.3 mL required approximately 

25 minutes to achieve 42°C (Figure 34). The target 42°C was achieved within ~10 minutes with 

the larger 0.4 mL volume, so all other experiments were conducted with this volume.   
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Figure 34: Bladder heating profiles for various nanoparticle volumes. 

Temperature and heating rat profiles achieved in the rat bladder following exposure to the 
magnetic field for three different volumes of 100 mg/mL nanoparticle solutions. Representative 
heating curves are shown from one rat per treatment. The experiment was conducted at least 
once per treatment group. 
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Following instillation of the nanoparticle solution into the bladder, rats were placed 

inside the induction coil and exposed to a 40 kHz alternating magnetic field at up to 6000 A/m 

for approximately 70 minutes. During the initial investigation of nanoparticle heating in vitro, we 

found that 50 mg/mL was the minimum concentration necessary to achieve the desired heating 

rate of 1°C/min when using a volume of 0.4 mL. However, those measurements did not account 

for the effect of heat losses in the tissues of the bladder wall. Thus, additional tests were 

performed in vivo to determine the nanoparticle concentration to generate a 1°C/min heating 

rate in vivo. For all experiments, rats were positioned on a preheated wax pad with a 

temperature of approximately 37-38°C, requiring an increase of 5°C to reach 42°C. The goal was 

to reach 42°C within 5 minutes of treatment. Figure 35A shows the representative temperature 

rise curves for the first 20 minutes of heating with 0.4 mL of magnetite nanoparticles in the rat 

bladder at various concentrations (25-100 mg/mL). The minimum and maximum temperatures 

achieved after 15 minutes of heating as a function of mass of injected nanoparticles is provided 

in Figure 35B, with an average of at least 3 rats for each data point. These data clearly 

demonstrate the ability of this system to rapidly and reliably heat to the desired 42°C in the 

bladder when using the 100 mg/mL concentration of nanoparticles.   
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Figure 35: Bladder heating profiles for various nanoparticle concentrations. 

Temperatures achieved in the rat bladder following 15 minutes of exposure to the magnetic 
field for 0.4 mL of various nanoparticle concentrations. A) Representative heating rate profiles 
for four different rat bladders with various magnetite concentrations. B) Bladder temperatures 
achieved after 15 minutes of heating with the 5.5 kA/m field. The bars represent the maximum 
and minimum values obtained for at least 3 different rats per data point.  
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 The primary objective of this study was to determine if magnetic fluid hyperthermia can 

be used to locally heat the rat bladder to therapeutically beneficial chemosensitizing 

temperatures without overheating surrounding normal tissues or significantly raising core body 

temperature. To confirm this, 0.4 mL of nanoparticle solution was inserted into the rat bladder, 

and the rat was placed in the coil for 70 minutes. The control system was placed on temperature 

mode, which provided automatic variation of magnetic field amplitude as necessary to maintain 

constant temperature in the bladder at 42°C. Figure 36 shows the average temperature curve 

(average of 5 separate rat experiments) during the magnetic fluid hyperthermia treatment for a 

single fiberoptic sensor inserted in the bladder (red line), vagina (blue line), and multi-site core 

body temperature (black line). The standard deviation of the mean temperature is represented 

by the vertical error bars. As depicted in Figure 36, the vaginal temperatures exhibited a larger 

range in variability than other sites. This may be due to the uncertainty in probe position for the 

five rats. Because of the close proximity to the bladder, the vaginal probe may be more sensitive 

to temperature variations when placement was inconsistent for all rats. Regardless, the vaginal 

probe temperatures were clearly separated from the temperatures measured in the bladder, 

demonstrating effective localization of heat in the bladder.  
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Figure 36: Average heating profiles for rat bladder, vagina, and body temperature. 

Average temperatures obtained in five rats during 1 hour of magnetic fluid hyperthermia 
treatment using 0.4 mL of 100 mg/mL nanoparticle solution. Note the excellent localization of 
heat in the desired bladder target (red) and lower temperatures in the surrounding normal 
tissues, such as the vagina (blue) and other core body sites (black). The body temperature is an 
average of the subcutaneous, rectal, and oral temperatures (± standard deviation). 
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The average power-on time required to achieve the therapeutic bladder temperature 

(42°C) was less than 10 minutes when using 0.4 mL of the 100 mg/mL nanoparticle solution. The 

60 minute hyperthermia treatment resulted in an increase in body temperature of 

approximately 1.0-1.5°C. The feedback control algorithm maintained the temperature variation 

within the bladder to less than 0.2°C. Once the magnetic field was switched off, the temperature 

dropped sharply (Figure 33). 

5.3.4 Necropsy 

 Necropsies were performed at 24 hours post-treatment with 0.4 mL of saline or 100 

mg/mL nanoparticle-induced hyperthermia for 1 hour (gross assessment images are provided in 

the Appendix; Supplemental Figure 2). A saline-treated rat presented with hematuria, but this 

was the only abnormality noted. Nanoparticle treatment resulted in enlarged and firm kidneys. 

The ureters contain dark fluid, indicative of nanoparticles. The bladder was grossly discolored 

black/blue, as was the urine, and the urethra appeared thickened. The gastrointestinal tract was 

very firm, with impacted and dessicated fecal material present from the distal ileum through 

colon (including cecum), indicating dehydration. The vasculature throughout the mesentery was 

a dark purple/black, suggestive of nanoparticles as this is same appearance as contents of 

ureters. 

5.3.5 Histology 

Bladder tissues were assessed immediately following nanoparticle treatment with and 

without heating. As shown in Figure 37 (C - F), the urothelial lining is absent or mechanically 

stripped in places, but normal when intact. Inflammatory responses were not detected in these 

tissue sections.   
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Figure 37: Histology of rat bladder wall immediately following nanoparticle treatment. 

Images provide a comparison between saline- and nanoparticle-treated rat bladders. The saline-
treated images ((A) and (B)) are from a rat bladder at 24 hours post-treatment. The 
nanoparticle-treated rats shown in images (C) through (F) were euthanized and the tissues were 
processed immediately following treatment with 0.4 mL of 100 mg/mL nanoparticle solution. 
Some mechanical damage is observed in the saline-treated bladder, but the urothelial lining is 
intact. Nanoparticles were observed in the bladder lumen and along the bladder wall in the 
nanoparticle-treated rats. Inflammatory responses were not detected in the nanoparticle-
treated sections, but the urothelial lining is absent or mechanically stripped along the bladder 
wall. 
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In addition to assessment immediately post-treatment, tissue sections from 24 hours 

post-nanoparticle treatment were also examined. The PBS control appeared to have some 

mechanical damage, most likely due to the catheter placement, but the tissue seemed normal 

and similar to the non-treated control tissue (Figure 38 and Figure 39). However, rats treated 

with the nanoparticle solution presented with severe infections with bacterial cocci that were 

apparent in the bladder and in the kidneys. Acute inflammation with massive neutrophil 

infiltration was present in the urothelial and muscle layers of the bladder. Additionally, partial to 

severe denudation of the urothelium was observed. Brown material (most likely nanoparticles) 

was observed in the bladder lumen and wall, in the urothelium, and in macrophages. Damage 

resulting in bleeding was also observed. Necrosis and edema were noted in the bladder wall, as 

well as partial to complete loss of the urothelium. Similar damage and infection in the bladder 

was observed with or without hyperthermia, indicating that nanoparticles were the cause and 

not heating.   
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Figure 38: Comparison of normal and nanoparticle-treated rat bladder wall. 

These images provide a comparison for a normal rat bladder (A) and a nanoparticle-treated rat 
bladder 24 hours post-treatment (B). The control rat (A) did not undergo catheterization or 
treatment. The layers of the bladder are well defined and labeled accordingly. The bladder 
shown in (B) was treated with 0.4 mL of 100 mg/mL nanoparticles and euthanized 24 hours 
post-treatment. There is a notable bacterial presence and an influx of inflammatory cells along 
the bladder wall.  
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Figure 39: Comparison of saline- vs. nanoparticle-treated rat bladders at 24 hours post-

treatment. 

The images shown in (A) and (B) are taken from the same bladder; (B) and (C) are higher 
magnifications of (A). The same is true for images (D), (E), and (F); (E) and (F) are higher 
magnifications of (D). The nanoparticle-treated rat (images (D), (E), and (F)) were treated with 
0.4 mL of 100 mg/mL nanoparticles. Bacteria were not observed in the saline-treated bladder, 
whereas bacterial colonies were present in the nanoparticle-treated rat, as well as nanoparticles 
and inflammatory cells. Damage to the bladder wall was observed in the saline-treated rat, but 
this was most likely mechanical damage caused by catheterization.   
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Nanoparticles were observed in the ureters and kidneys (Figure 40), indicative of reflux. 

Acute inflammation was observed in the urothelium and muscle of the ureter with partial 

denudation and removal of the urothelial layer. The presence of macrophages taking up 

nanoparticles was also noted.  
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Figure 40: Kidney of nanoparticle-treated rat 24 hours post-treatment. 

Following bladder instillation of 100 mg/mL nanoparticle solution, histology was used to assess 
kidney tissue. These images show the presence of nanoparticles, bacteria, and inflammation in 
the kidney.   
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In the spleen, there were widespread foci of micronecrosis in the white and red pulp 

and a noted increase in reactive follicles. Diffuse microvesicular change was noted in the liver, in 

addition to widespread hepatocyte cell death and granular pink material in the blood vessels. 

There was extensive sloughing of intestinal epithelium and abnormal bacterial colonization in 

the small intestine. Brown material was observed in the lumen of the small intestine.  

The pathologist summarized that death of the nanoparticle-treated rat was likely due to 

severe urinary infection leading to shock with systemic hypotension, causing findings in the 

intestine, liver, and spleen. No reliable conclusions could be drawn regarding the effect or 

uptake of the nanoparticles in the intact urothelium due to extensive tissue damage and 

inflammation caused by the bacterial infection. Additionally, although the brown material 

observed in the lumen of the tissues was largely nanoparticles, the presence of hemosiderin 

from bleeding in the damaged tissues could not be ruled out in the urothelial and muscle layers 

of the bladder wall. 

5.3.6 Acute Toxicity 

Rats were treated with nanoparticles with or without heat to assess toxicity (Table 7). 

All nine nanoparticle-treated rats were either found dead or considered moribund and were 

euthanized by 72 hours. Rat survival did not seem to be associated with heating, as rats treated 

with and without heat showed signs of toxicity beginning at 24 hours. Saline-treated rats 

survived with no apparent signs of toxicity. The nanoparticle instillation was significantly more 

toxic than the saline control treatment (p=0.0005). 
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Table 7: Survival at 72 hours following 100 mg/mL nanoparticle treatment compared to saline 
controls. 

Treatment 
Number of Animals 

Treated 
Number of Animals Surviving at 

72 hours 

Saline 5 5 

Nanoparticles (100 mg/mL) 9 0 
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5.3.7 Bacterial Growth 

We discovered bacterial infections in the first several rats following catheterization and 

intravesical instillation of the nanoparticle solution. In an attempt to prevent the infection, rats 

received the prophylactic antibiotics sulfamethoxazole and trimethoprim (Hi-Tech Pharmacal 

Co., Inc., Amityville, NY, USA) via their drinking water one day prior to removing the water for 

overnight water restriction. After the nanoparticle procedure, the rats were again provided with 

the water containing the antibiotics. However, based on histologic analyses, the antibiotic 

treatment was unsuccessful at preventing the lethal bacterial infection.  

We next wanted to determine the source of the bacterial contamination, so we sterilely 

(using a 27-gauge syringe) removed urine from the bladder of non-treated, saline-treated, and 

nanoparticle-treated rats. We detected bacteria in the urine of all catheterized rats, but bacteria 

were not detectable in the urine of the non-catheterized control rats, confirming that 

catheterization is a non-sterile technique. Due to the lethality of the bacterial infection observed 

in the nanoparticle-treated rats, we assessed whether or not the infection was systemic. We 

removed blood via cardiac punctures and cultured the blood to confirm bacterial presence or 

absence. As shown in Table 8, bacteria were detected in the blood of all nanoparticle-treated 

mice examined, but not in the saline-treated rats.  
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Table 8: Bacterial presence in urine and circulation for nanoparticle-treated vs. control (non-
catheterized or saline-treated) rats. 

Treatment 
Number of Animals 

Treated 

Number of Animals 
with Bacteria in 

Urine 

Number of Animals 
with Bacteria in 

Circulation 

Non-catheterized 2 0 NA 

Saline 3 3 0 

Nanoparticles (100 mg/mL) 2 2 2 
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We next wanted to determine the effect of the nanoparticle solution on bacterial 

growth in vitro. For these experiments, we used bacteria cultured from the urine of a 

nanoparticle-treated rat. We treated these bacteria with 0.4 mL of 100 mg/mL nanoparticles, 

water, 100 mg/mL iron (II) chloride (98%), or 100 mg/mL Fe2(SO4)3 (diluted in 10 mL LB Broth) 

for 3 hours and plated the solutions on agar plates to allow for overnight growth. The positive 

control (water only) and nanoparticle-treated bacteria resulted in uncountable bacterial growth, 

covering the entire plate. In contrast, the iron salts were quite toxic to the bacteria. Treatment 

with Fe2(SO4)3 resulted in no bacterial growth, and few bacterial colonies grew following iron (II) 

chloride treatment (an average of 25 colonies; data not shown; n=2). We repeated this 

experiment to compare water versus nanoparticles, with a 1:20,000 dilution of the bacteria, and 

were able to count the colonies. A statistically significant increase in bacterial growth was 

observed following nanoparticle treatment versus the water control (p≤0.05) (Figure 41), 

indicating that nanoparticle treatment does enhance bacterial growth.  
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Figure 41: The effect of nanoparticle exposure on bacterial growth. 

Bacteria cultured from a nanoparticle-treated rat was exposed to 0.4 mL of water or 100 mg/mL 
nanoparticles for 3 hours and plated on agar plates. Colonies were counted the next day. Data 
shown are average ± SEM. * indicates statistical significance (p≤0.05).  
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5.4 Discussion 

This study investigated for the first time the feasibility of magnetic fluid hyperthermia 

for bladder heating. The ability to localize heat in the rat bladder with a 40 kHz induction heating 

system following intravesical instillation of coated iron oxide nanoparticles was assessed. The 

system included an effective automatic feedback control algorithm that varied field strength 

during treatment to maintain a constant temperature in the bladder. Bladder temperature could 

be reliably raised to the desired 42°C in ≤ 10 minutes when using 0.4 mL of the 100 mg/mL 

nanoparticle solution. This generated successful bladder-localized heating with minimal heating 

to the surrounding tissues.  

Although this system allowed local heating of the bladder, nanoparticles were observed 

in the kidneys by histological analysis, indicative of reflux. MRI showed that rats were prone to 

kidney reflux, even when only a small volume of fluid was injected in the bladder. Reflux is 

strain-specific in mice [308], but data from rats are not available. In order to inject a volume of 

nanoparticle fluid that results in heating but not reflux, a different animal model may be more 

appropriate, particularly one with a larger bladder and less prone to reflux.  

The presence of bacteria was a major issue for this project. Catheterization is known to 

be a non-aseptic technique [309]. We confirmed this by sterilely removing urine from the 

bladder with a needle; bacterial growth was not observed in these samples. In contrast, urine 

collected from mice 24 hours post-catheterization was positive for bacterial presence for all rats, 

regardless of treatment. Blood cultures performed 24 hours post-treatment indicated bacterial 

presence following nanoparticle treatment but not control saline-treatment. This bacterial 

presence in the circulation is indicative of bacterial sepsis and is thought to be the cause of 

death.  
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Another potentially significant difference between the treatment groups is the lack of 

urination observed by the nanoparticle-treated rats (both with and without heat), whereas 

urination was observed in control rats. We were able to detect urination in the bedding and 

when handling the rats post-treatment. This observation indicates that, although bacteria were 

present in the control bladders, these rats were able to void the bacteria from their system. 

Conversely, rats treated with nanoparticles were unable to flush the bacteria from their system, 

resulting in bacterial sepsis. Urinary tract infections are a common lesion that lead to bacterial 

sepsis; in fact, the infectious focus of approximately 20-30% of septic patients is localized to the 

urogenital tract [310, 311]. Interestingly, the cause of approximately 78% of uroseptic shock in 

urologic patients is urinary obstruction and the remaining 22% is accounted for by uropathies 

with significant impact on urodynamics [310]. Although these reviews are in reference to 

humans and human conditions, we feel that this information is quite relevant for our studies in 

the rat model. With the instillation of bacteria originating from the urethra during 

catheterization and the inability to void these bacteria, it is logical that the urinary tract 

infection progressed to sepsis and eventually death. In support of this hypothesis, the rats 

treated with antibiotics in their drinking water, survived out to 72 hours post-treatment, 

whereas rats treated without antibiotics only survived 24 hours.  

Although these data are not included in this document, preliminary in vitro studies 

suggested that these nanoparticles were extremely toxic to human cancer and normal cells 

(data not shown). This is not surprising based on the surfactant coating the nanoparticles. 

Although we were unable to differentiate between tissue damage caused by the nanoparticles 

and damage induced by the bacterial infection, damage was apparent in the H&E sections of the 

bladder tissue harvested immediately post-nanoparticle treatment. These observations 
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combined with the lack of urination from these rats suggest that there may be damage to the 

urinary tract, preventing urination. Future studies should focus on developing a nanoparticle 

with a more biocompatible coating.   

A potential way to prevent sepsis and death in this model would be to improve the 

antibiotic treatment regime. We were only able to supply antibiotics in the drinking water 48 

hours prior to treatment and following treatment. It may be more beneficial to administer 

antibiotics either intravescially with the nanoparticle treatment or as an intraperitoneal 

injection. Additionally, suturing in a temporary catheter may aid in removing the bacteria from 

the system.   

As indicated by the necropsy results, dehydration seemed to be a problem in the 

nanoparticle treated rats. Even though rats were given subcutaneous fluids following the 

procedure, the rats were subjected to overnight water restriction to avoid nanoparticle dilution 

in the bladder, and they may not have been active enough to drink fluids following treatment. It 

may be necessary in the future to administer more fluids throughout the 24 hours post-

treatment to prevent continued dehydration. 

Properties, such as nanoparticle size, structure, coating, concentration, local viscosity, 

magnetic field amplitude, and frequency, play a key role in determining the power deposition 

into the magnetic fluids. Heating of tissue is further dependent on tissue properties and 

coupling of the magnetic nanoparticle into the target tissue. Hergt et al. [312] indicated that the 

specific heating power needed to achieve a defined temperature elevation increases 

dramatically with decreasing tumor size. This analysis is particularly relevant for a rat bladder 

heating system due to the extremely small bladder volume (~0.4 mL), which requires a higher 

concentration of nanoparticles to produce a sufficient mass of iron for coupling to the magnetic 
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field. Once the volume of injected nanoparticles is increased to the amount typically used for 

treatment the human bladder (~40 mL), the required concentration of magnetite will decrease 

significantly. Future assessment of nanoparticle heating and toxicity should be performed in 

animal models with bladder volumes closer to the volume used in the human bladder to enable 

the use of clinically practical nanoparticle concentrations. 
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6.1 Summary 

In this project, I have demonstrated enhanced cisplatin delivery using hyperthermia at 

the cellular level, via the cisplatin transporter Ctr1, and at the tissue level, through triggered 

release of cisplatin-loaded temperature-sensitive liposomes. As a final aim to this work, a rat 

bladder heating device developed by Actium Biosystems was assessed and found to successfully 

induce local heating of the bladder.  

At the cellular level, this work showed that hyperthermia increased cisplatin uptake and 

efficacy, in part, by increasing the activity of the copper transporter Ctr1. Specifically, 

hyperthermia enhances Ctr1 multimerization, resulting in increased cisplatin sensitivity. In 

comparing WT and Ctr1-/- cell lines, hyperthermia increases cisplatin accumulation and 

cytotoxicity to a greater extent in the WT cells than in the Ctr1-/-, suggesting that heat effects the 

transport of cisplatin, in part, through its effect on Ctr1.  

At the tissue level, preclinical studies were conducted with a cisplatin-loaded 

temperature-sensitive liposome. Liposome treatment resulted in enhanced plasma 

pharmacokinetic profiles, extending both the distribution and elimination half-lives compared to 

free drug. The combination of liposomes and heat treatment resulted in significantly higher 

tumor drug delivery compared to all other treatment approaches. Due to encouraging 

pharmacokinetic data, a tumor growth delay study was conducted using the same treatment 

design. Significant growth delays were observed in the groups treated with free cisplatin and 

liposomal cisplatin relative to the saline controls. This enhancement was the same for the mice 

treated with free drug and with the liposome, indicating similar anti-tumor activity for both the 
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free and liposomal form of cisplatin. However, based on the initial toxicity study and the 

platinum levels measured in the kidney tissue, the cisplatin-loaded liposomes showed decreased 

toxicity compared to free drug. Due to observations of equivalent efficacy and decreased 

toxicity, variations in the treatment strategy warrant further investigation and will be discussed 

in detail in the Future Directions section.  

In addition to assessing cisplatin delivery, a novel bladder heating device using the 

combination of intravesical iron oxide nanoparticles and a full body alternating magnetic field 

was tested. This device allowed effective heating of the rat bladder while achieving minimal 

heating of surrounding tissues and core temperatures. Despite effective heating, the intravesical 

instilment of this nanoparticle solution was toxic, resulting in sepsis and death. Additional in 

vitro work revealed that, unlike other iron salts, these nanoparticles were not toxic to bacteria.        

6.2 Implications 

Cisplatin use in the treatment of multiple cancer types is quite common; however, its 

use is limited by normal tissue toxicity and the development of cisplatin resistance. Adjuvant 

therapies to enhance cisplatin targeting to the tumor tissue, reduce normal tissue toxicity, or 

increase cancer cell killing specifically would be greatly beneficial in a clinical setting. Our work 

using adjuvant hyperthermia treatment showed that heat enhances cisplatin delivery in part 

due to the effect of Ctr1. Strategies to increase Ctr1 exposure, and therefore increase cisplatin 

uptake, may be valuable in the treatment of multiple cancer types and are discussed in more 

detail in the Future Directions section. Encapsulating cisplatin in temperature-sensitive 

liposomes and using hyperthermia to trigger drug release at the site of the tumor would be a 

means to increase tumor drug delivery and decrease normal tissue toxicity. In our study, we 
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observed increased drug delivery and decreased toxicity; however, anti-tumor efficacy was 

equivalent to free drug. There may be ways to improve liposome drug delivery and, in turn, anti-

tumor efficacy by modifying the timing of the heat and drug administration. Treatment 

modifications will be discussed in more detail in the Future Directions section.       

Studies in Chapter 3 established that Ctr1 is expressed in bladder cancer and that these 

expression levels are variable across individual patients and cancer types. Several studies have 

shown that Ctr1 expression is associated with treatment outcome in ovarian cancer patients 

treated with platinum-based therapy [85-87]. To date, the association between Ctr1 expression 

levels and outcome for bladder cancer patients has not been tested, but based on the common 

use of cisplatin in the treatment of bladder and the variation of Ctr1 expression in bladder 

cancer patients, these treatment and outcome associations should be examined. Our treatment 

strategies in combining cisplatin (free or liposomal) and hyperthermia could be beneficial in the 

clinical setting for the treatment of bladder cancer, specifically muscle-invasive disease.  

Based on the preclinical and clinical success of the doxorubicin-loaded temperature-

sensitive liposomes, there has been much interest in the development of temperature-sensitive 

liposomes loaded with additional chemotherapeutic agents. A bladder cancer tumor model was 

used for these studies. Cisplatin is commonly used in the treatment of bladder cancer. 

Chemotherapy treatment typically involves intravesical drug instillment for superficial disease 

and systemic chemotherapy for muscle-invasive disease. Muscle-invasive bladder cancer is a 

highly metastatic disease and current data support the use of neo-adjuvant chemotherapy 

followed by radical cystectomy with adequate complete pelvic lymph node dissection as the 

optimal curative strategy for muscle-invasive disease [14]. This surgery is regarded as the most 

extensive urologic operation, involving simultaneous surgery on the urinary tract, 
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gastrointestinal tract, and lymph nodes, with recent mortality rates varying between 0.8 to 8.3%  

and a high rate of complications [31]. In addition to the dangers during and following surgery, 

bladder removal is a major quality of life issue, commonly causing morbidities such as sexual 

dysfunction in both men and women and rectal dysfunction [31]. Thus, a more effective 

treatment for muscle-invasive disease is needed.  

A major benefit to this neo-adjuvant chemotherapy over adjuvant chemotherapy is that 

it offers the possibility of bladder preservation, an option that may greatly increase patient 

quality of life. If a clinical response to the treatment is observed, a complete cystectomy may 

not be necessary. Our proposed work was intended to test the effectiveness of cisplatin-loaded 

temperature-sensitive liposomes in a pre-clinical bladder cancer model with the intention of 

moving towards a treatment strategy for muscle-invasive disease.  A potential treatment 

method could involve intravesical free drug combined with systemic cisplatin-loaded 

temperature-sensitive liposomes and hyperthermia. This would allow for deeper drug 

penetration from both the inside and outside of the bladder. Due to the high recurrence rates 

and need for improved local control for bladder cancer in general, the combination of 

temperature-sensitive liposomes and hyperthermia may be worth investigating to achieve 

improve drug delivery and drug permeability across the bladder wall.  

Although improvements could be made, current hyperthermia devices are able to 

specifically or locally heat the bladder. Hyperthermia increases drug delivery and is known to 

interact synergistically with many chemotherapeutic agents such as cisplatin. Several studies 

have shown improvements in recurrence-free survival in bladder cancer patients treated with 

the combination of hyperthermia and mitomycin C [67, 68, 248]. However, the combination of 
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cisplatin and hyperthermia in the treatment of bladder cancer has not been assessed clinically to 

date. 

 Hyperthermia systems such as the BSD-2000 are designed to heat deep-seated lesions 

(e.g., bladder). When heating the bladder, this device also delivers heat to the regions 

surrounding the bladder. Unlike the more localized heating of an intravesical microwave 

applicator (i.e., Synergo® system), the BSD-2000 device delivers a more regional heating. Target 

temperatures in the range of 41-43°C have been achieved routinely in bladder and surrounding 

pelvic tissue without normal tissue injury. This is extremely important for the treatment of a 

highly metastatic disease, because heat will be delivered to the bladder, as well as to the 

surrounding sites to which muscle-invasive disease is prone to metastasize (e.g., pelvic lymph 

nodes) [313]. In the context of systemic temperature-sensitive liposome administration, drug 

release will occur specifically in the heated volume, allowing for drug delivery to potential 

metastatic sites, as well as to the bladder, while limiting the normal tissue toxicity often caused 

by systemic free drug administration. Treatment strategies using cisplatin-loaded temperature-

sensitive liposomes over free cisplatin would result in improved and more targeted drug 

delivery, reducing systemic toxicity issues. We hypothesize that deep regional hyperthermia 

combined with systemic cisplatin-loaded temperature-sensitive liposomes may be an efficacious 

treatment for muscle-invasive disease. However, even if the efficacy of this combined treatment 

was equivalent to standard of care, our treatment strategy would potentially allow for bladder 

preservation, which would significantly improve patient quality of life.       
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6.3 Future Directions 

6.3.1 Targeting Ctr1  

 A recent review by Gupte and Mumper [101] examined studies assessing copper levels 

in cancer patients. Interestingly, elevated copper levels have been reported in a variety of 

cancer types including breast, cervical, ovarian, lung, prostate, stomach, reticulo-endothelial 

system, and leukemia. Additionally, they have been shown to correlate with cancer stage and/or 

progression. Copper endogenously stimulates angiogenesis by promoting the motility of 

endothelial cells and inducing the synthesis of fibronectin (a matrix glycoprotein associated with 

angiogenesis) [101].   

Due to observations of elevated copper levels in cancer patients and involvement of 

copper in promoting angiogenesis, there has been interest in using copper chelators as anti-

angiogenic agents. Several animal studies using copper chelators alone or in combination with 

anticancer drugs or radiotherapy have shown encouraging anti-tumor and anti-angiogenic 

results [265-269]. Based on these results, clinical trials using copper chelators such as 

penicillamine and tetrathiomolybdate for anti-angiogenic purposes have been completed, but 

have shown mixed results [101]. Brewer et al. [270] conducted a phase I clinical trial attempting 

to reduce angiogenesis with tetrathiomolybdate in patients with metastatic solid tumors. They 

successfully induced and maintained copper deficiency in a nontoxic manner and observed 

stable disease in several of the patients. In a phase II trial treating patients with advanced renal 

cancer with tetrathiomolybdate, the drug was well tolerated and successfully reduced serum 

copper levels, but the clinical activity was limited to stable disease [271]. A phase II trial for 

patients with hormone-refractory prostate cancer concluded that tetrathiomolybdate was not 

an effective treatment strategy [272]. Brem et al. [273] used penicillamine in a phase II clinical 
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trial in combination with radiation therapy in patients with glioblastoma multiforme. Serum 

copper levels were reduced and tolerated for months, but patient survival was not improved. 

Although survival benefits were not observed in these clinical trials, copper chelators were able 

to effectively reduce copper levels without added toxicity and result in disease stabilization in 

several studies.               

Recently, a study conducted by Ishida et al. reported that the combination of cisplatin 

and the copper chelator tetrathiomolybdate enhanced cisplatin efficacy in a HPV cervical cancer 

mouse model [314], but the underlying mechanism was not defined. Additionally, adduct 

formation levels observed in the kidneys were similar to levels in the diseased cervix, indicating 

normal tissue toxicity with this treatment regimen.    

 Nose et al. conducted a nutritional copper study and showed that mice fed a copper-

deficient diet have increased membrane Ctr1 expression levels compared to mice fed the 

control diet [315]. The cell surface (apical surface) of the intestines of mice that were fed either 

a copper-adequate or -deficient diet was labeled via biotinylation, and the whole cell vs. cell 

surface extracts were probed for Ctr1 expression. Nutritional copper deficiency resulted in 

increased Ctr1 expression in the total cell extract and, more importantly, on the cell surface 

extract. 

One future goal and potentially beneficial treatment strategy is to use copper chelators 

to create a copper-deficient environment around the tumor to facilitate increased Ctr1 

expression levels on the cell surface. In the presence of cisplatin, this will lead to increased drug 

uptake, accumulation, and tumor cell death. Increasing Ctr1 via copper chelation to enhance 

cisplatin uptake and efficacy has yet to be studied and could prove to be an effective treatment 

modality with clinical applicability and potential.  Increasing Ctr1 via copper chelation to 
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enhance cisplatin uptake and efficacy has yet to be assessed in the clinic and could prove to be 

an effective treatment modality with clinical applicability and potential.  

Since cisplatin and copper chelators are currently both FDA-approved drugs, the 

transition to clinical trials should be quite straightforward. In fact, copper chelation is commonly 

used in patients with mutations in the copper transporters (e.g., Wilson’s disease caused by 

mutated copper export pump ATP7B), which result in copper accumulation in the tissues and 

copper toxicity in several major organ systems [316]. Copper chelation is necessary in patients 

with these diseases to effectively reduce copper levels and toxicity and is tolerated quite well.  

Additionally, our Ctr1 work has shown that mild hyperthermia treatment results 

increased Ctr1 multimerization and increased cisplatin uptake. Our treatment strategy with the 

combination of systemic copper chelation, cisplatin, and local hyperthermia is provided in Figure 

42. When cancer cells are exposed to cisplatin, Ctr1 multimerization occurs and cisplatin is taken 

up by Ctr1 into the cells, inducing the formation of platinum-DNA adducts. These adducts can 

result in cytotoxicity, or they can be repaired by DNA repair mechanisms. We hypothesize that 

systemic copper chelation will result in increased Ctr1 expression, specifically on the cell surface, 

and in the presence of cisplatin, increased Ctr1 expression would result in increased cisplatin 

uptake and cytotoxicity. However, combining hyperthermia with cisplatin and copper chelation 

would cause increased Ctr1 multimerization of the copper chelation-induced Ctr1 expression 

levels, allowing for significantly higher cisplatin uptake and cytotoxicity.  



 

 211 

 

Figure 42: Proposed hypotheses for the combination treatment of cisplatin, hyperthermia, and 
copper chelation. 

Under normal conditions, cisplatin exposure results in Ctr1 multimerization and is transported 
into the cell via Ctr1. The addition of hyperthermia to cisplatin treatment results in increased 
Ctr1 multimerization and increased cisplatin uptake, enhancing cytotoxicity. We propose that 
copper chelation will cause increased Ctr1 expression levels, specifically on the cell surface. The 
trimodal treatment of cisplatin, hyperthermia, and copper chelation may induce a further 
increase in cisplatin accumulation and cytotoxicity.  
 
  



 

 212 

Because the copper chelation treatment would be given systemically, local 

hyperthermia would need to be administered, and tumor-targeted cisplatin delivery would be 

ideal. One potential method for targeting drug delivery with the addition of heat is with 

temperature-sensitive liposomes.  

6.3.2 Cisplatin-Loaded Temperature-Sensitive Liposome Improvements 

The development of temperature-sensitive liposomes has progressed significantly since 

the 1970s, but by no means has the work in this field reached its potential.  Again, only one 

formulation [128], with only one drug, doxorubicin, has made it to clinical trials. If these 

liposomes prove to be as effective in humans as in preclinical settings, a push for their use in the 

treatment of human disease should be made. The beauty of encapsulating FDA-approved drugs 

is the smoother transition into the clinic. There are many chemotherapeutic drugs currently 

approved for human use meaning that there are many types of drugs waiting to be 

encapsulated in temperature-sensitive liposomes. Since one drug type cannot treat all cancers, 

variations in the chemotherapeutic drugs contained in these liposomes are needed.   

Future work should assess an additional tumor growth delay study with variations in the 

heat and drug administration. In our experiments described in Chapter 4 and as studied in Ponce 

et al. [127], flank tumors were preheated in a water bath for 10 minutes prior to liposome (or 

free drug) administration. Based on our pharmacokinetic data, we hypothesize that a second 

hyperthermia treatment 24 hours post-drug administration will increase drug release in the 

tumor and anti-tumor efficacy.  

A recent review by Koning et al. discussed several ways to use hyperthermia to increase 

liposome extravasation and tumor drug delivery [289]. As shown in Figure 43A and discussed 
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previously, tumor vasculature is more permeable than normal vasculature, and the long 

circulation time of current PEGylated liposomes will facilitate liposome extravasation and 

accumulation within the tumor tissue via the EPR effect. Mild hyperthermia (39-42°C for 1 hour) 

treatment increases vascular permeability in the tumor for up to 4 hours after treatment [37]; 

therefore, heating prior to liposome administration could result in increased extravasation and 

accumulation in the tumor tissue (Figure 43B). For temperature-sensitive liposomes, this initial 

heating would result in ‘pre-loading’ the tumor with drug-encapsulated liposomes. This concept 

of ‘pre-loading’ the tumor tissue would require a second heating at the peak of drug delivery to 

trigger drug release from the liposomes (Figure 43C). In contrast, Figure 43D depicts concurrent 

hyperthermia and liposome administration, resulting in intravascular release. As described by 

Manzoor et al., intravascular release of doxorubicin-loaded temperature-sensitive liposomes 

creates a drug concentration gradient, driving the drug deeper into the tumor tissue [133].          
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Figure 43: Strategies to improve liposome delivery with hyperthermia. 

(A) Due to increased vascular permeability and extended circulation times of liposomes, 
liposomes may accumulate in tumor tissue as a result of the EPR effect. (B) Mild hyperthermia 
increases vascular permeability, allowing for increased extravasation and liposome 
accumulation in the tumor tissue. (C) Pre-loading the tumor with liposomes by pre-heating the 
tumor prior to liposome administration to increase extravastion followed by a second heating to 
release the drug from the interstitial liposomes may result in significantly higher drug levels and 
tumor coverage. The interstitial drug release approach is in contrast to the intravascular release 
approach (D), which is the result of concurrent liposome and heat administration. This approach 
requires rapid drug release from the liposomes and affects both the endothelial cells 
(vasculature) and the tumor tissue. Reproduced with permission from Koning et al. (2010) [289]. 

 

  



 

 215 

Work done in the laboratory of David Needham showed that doxorubicin-loaded 

temperature-sensitive liposomes rapidly release the drug, releasing 80-100% of its contents 

within the first 20-40 seconds of heating at the transition temperature of 41.3°C [171]. Our 

cisplatin-loaded liposome formulation, however, required approximately 5 minutes to release 

~80% of its contents. Additionally, the plasma elimination half-lives for our cisplatin-loaded 

formulation was 1.8-2.8 hours in mice, which is much longer than those reported for the 

doxorubicin-loaded formulation (0.84 ± 0.08 hours) [317]. This shorter value also agrees with 

human data; Poon and Borys demonstrated that ThermoDox® showed a similar plasma 

clearance (t1/2 = ~0.75 hours) following a 30-minute infusion given 15 minutes prior to ablation 

[229]. Based on the slower release and extended half-life of our cisplatin-loaded formulation, 

other treatment strategies may be more effective than concurrent heating and drug 

administration. These strategies may include, but are not limited to: pre-heating the tumor prior 

to liposome administration to allow for increased extravasation and accumulation followed by 

re-heating the tumor following peak accumulation to allow for drug release or administering 

liposomes during heat treatment to take advantage of the intravascular release followed by a 

second heating at a later time point to release drug from liposomes that have accumulated in 

the tumor tissue via the EPR effect. 

These potential variations of timing for heating and drug administration are provided in 

Figure 44. One treatment group would require pre-heating the flank tumors for 1 hour, allowing 

the tumor to cool, administering drug (saline control, free cisplatin, or cisplatin-loaded 

temperature-sensitive liposomes), and re-heating the tumors for 1 hour at 24 hours post-drug 

administration (Figure 44A). This treatment group would be compared to a treatment similar to 

the one described in Chapter 4 by pre-heating tumors for 10 minutes, administering drug, 
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continued heating for 50 minutes, and a re-heating for 1 hour at 24 hours post-drug 

administration (Figure 44B). A third treatment group would then take advantage of the EPR 

effect by essentially ‘pre-loading’ the tumor with liposomes. This treatment would involve drug 

administration and a 1 hour heating at 24 hours post-administration (Figure 44C).  
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Figure 44: Experimental design for modified tumor growth delay study. 

A modified tumor growth delay study testing 7.5 mg/kg free cisplatin to cisplatin-loaded 
temperature-sensitive liposomes will compare three different treatment designs with and 
without heat. Treatment 1 (A) will involve heating the tumor for an hour at 41.5°C (or 34°C 
normothermia control). The tumor will then be allowed to cool at room temperature (RT), and 
the drug (free or liposome) will be administered. The tumor will be heated again (or treated 
with normothermia) 24 hours post-treatment. Treatment 2 (B) is similar, but instead of allowing 
the tumor to cool prior to drug administration, drug treatment will take place during heating (10 
minutes of pre-heating followed by 50 minutes of additional heating). The tumor will be re-
heated 24 hours post-treatment. In the third treatment (C), drug will be administered and heat 
will be administered 24 hours post-treatment.  
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A potential problem with our initial liposome studies is that the tumor temperatures 

were too high for optimal cisplatin release. The water bath temperature was set at 43.5°C for 

the hyperthermia treatment; previous work in our laboratory indicated that this temperature 

would result in tumor temperatures of approximately 42°C. However, with the doxorubicin-

loaded temperature-sensitive liposomes, Mills et al. showed that optimal drug release occurred 

at the transition temperature (41.3°C) but release declined above this temperature (≥42°C) 

[171]. Reducing the tumor temperature to 41°C, may be more effective in releasing higher levels 

of drug. The cisplatin liposome releases 80% of its contents within ~5 minutes, but the release 

seems to plateau at 80% out to 30 minutes. Thus, we need to be sure to treat the tumor at the 

appropriate temperature for optimal drug release.   

Prior to starting an additional tumor growth delay study, future studies should monitor 

tumor temperatures in mouse flanks during hyperthermia treatment to confirm that the 

appropriate tumor temperature is being achieved. Two temperature probes should be placed in 

the tumor (center and between tumor and leg muscle). The goal intra-tumor temperatures will 

be between 41 and 41.5°C for the hyperthermia treatment and 34°C for the normothermia 

treatment.  

6.3.3 Combined Treatment 

Our proposed future work seeks to assess a unique combination of treatments that will 

overcome three barriers to drug efficacy: drug delivery, cellular drug resistance, and normal 

tissue toxicity. Many treatment strategies attempt to target at least one of these efficacy 

barriers, but rarely is a system developed to target all three. We plan to use the novel cisplatin-

loaded temperature-sensitive liposome combined with hyperthermia to increase tumor drug 
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delivery and decrease normal tissue toxicity and copper chelation and hyperthermia to 

manipulate the cellular cisplatin transporter Ctr1 to increase cellular cisplatin accumulation and 

cytotoxicity.  

We hypothesize that utilizing the combination of a temperature-sensitive liposome-

based system paired with Ctr1 manipulation will increase cisplatin delivery and uptake in tumor 

cells and will prove to be an effective anti-cancer strategy, specifically for muscle-invasive 

bladder cancer. In vitro, we have established that Ctr1 plays a role in the synergistic interaction 

between cisplatin and hyperthermia. In vivo, we assessed the cisplatin-loaded temperature-

sensitive liposome and found that although the anti-tumor efficacy was equivalent to free 

cisplatin, toxicity was significantly reduced. The circulation half-life was greatly extended for the 

liposomes compared to free drug, and increased tumor drug delivery was confirmed in tumors 

treated with liposomes combined with hyperthermia. Future work should examine the anti-

tumor efficacy of cisplatin-loaded temperature-sensitive liposomes and hyperthermia and apply 

the information derived from the Ctr1 studies to improve this combined treatment to increase 

the overall anti-cancer effect.  
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Supplemental Figure 1: Clonogenic survival of cisplatin sensitive (A2780) and resistant 
(A2780cis) ovarian cancer cell lines treated with concurrent hyperthermia (43°C) and cisplatin. 

Cisplatin sensitivity was determined with clonogenic survival assays. Ovarian cancer cells were 
treated with concurrent cisplatin (0-100 µM) and normothermia (37°C) or hyperthermia (43°C). 
Cells were treated with hyperthermia for 1 hour and cisplatin for 1 additional hour (cisplatin 
treatment was a total of 2 hours). The cell lines showed differential sensitivity to cisplatin under 
normothermic conditions, and both the sensitive (A2780) and resistant (A2780cis) cell lines 
were sensitized by hyperthermia to the cytotoxic effects of hyperthermia. This experiment was 
done independently three times. 
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Supplemental Figure 2: Gross anatomy of rats following nanoparticle-induced 
hyperthermia. 

Rats were treated with either 75 mg/mL (A) or 100 mg/mL (B) of nanoparticles and heated to 
42°C for 1 hour. Rats were euthanized at 24 hours post-treatment. Discoloration is apparent in 
the rat treated with 100 mg/mL nanoparticles in the bladder and other organs, indicative of 
nanoparticles. 
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