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Abstract

Various types of nanoparticles efficiently heat in radiofrequency fields, which can potentially be

used to produce cancer cell cytotoxicity within minutes. Multifunctional and targeted

nanoparticles have demonstrated effective cancer control in vivo without significant toxicity

associated with radiofrequency field exposure. Importantly, animals treated systemically with

targeted nanoparticles smaller than 50 nm demonstrate tumor necrosis after radiofrequency field

exposure without acute or chronic toxicity to normal tissues. Likewise, the future holds great

promise for multifunctional imaging as well as multimodality therapy with chemotherapeutic

molecules and ionizing radiation sensitizing agents attached to nanoparticle constructs. However,

the appropriate balance of safety and efficacy for diagnosis, therapy, and therapeutic monitoring

with these nanoparticles remains to be fully elucidated.

With few notable exceptions, treatment for solid-organ malignancies consists of surgical

resection, radiotherapy and chemotherapy. For some cancers, such as hepatocellular

carcinoma, hyperthermic therapy is an option when resection is not feasible [1]. Thermal

ablation is produced with probes that release non-ionizing radiation such as microwaves or

radiofrequency (RF) fields. Unlike cryoablation where freeze–thaw cycles produce cancer

cell death, hyperthermic therapy raises the temperature to well above 55°C, often 100°C,

which induces not only protein denaturation but also vaporization at higher temperatures [2].

Obviously, these probes produce extracellular heat and destroy any tissue, malignant or

normal, within a specified volume that is usually 1–3 cm in diameter. Of course, for

oncologically sound operations, it is beneficial to have cancer-free margins. However, the

destruction of normal tissue, creation of scar tissue and eventual fibrosis may result in

adverse effects that negatively effect patient care.

In general, thermal ablation of malignancies is an adjunct treatment when resection is not

possible. For example, long-term survival of colorectal hepatic metastases is highest after

resection and less so after thermal ablation [3]. Furthermore, RF ablation has been utilized in
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the multi disciplinary treatment of renal-cell carcinoma and lung cancers [4,5]. The success

of RF ablation in nonhepatic organ sites (lung, kidneys and breast) has not been nearly as

successful as that seen for unresectable hepatic lesions. Part of this is due to the success and

safety of resection at these organ sites (i.e, breast lesions) or the complications associated

with thermal injury (i.e., pancreatic duct injury during pancreatic cancer ablation). Finally,

while the focus of this review is on cancer therapy, it should be noted that in the future it

may be possible to utilize these techniques for the treatment of infections and benign

growths, two topics that will not be discussed herein.

Unlike invasive clinical RF ablation, RF field therapy is a non-invasive method to expose

cancers to nonionizing radiation that is relatively nontoxic in and of itself. Patients receiving

standard of care RF ablation undergo therapy with invasive probes that create a

hyperthermic region of 2–4 cm around the probe's tip. However, nanoparticle-mediated RF

field hyperthermia induces heating on the scale of approximately 100 μm. Fortunately, non-

invasive RF fields easily penetrate human tissues and pass through the entire body with

minimal perturbations until the RF fields interact with metal [6,7]. The size of the field can

be scaled from small, animal-sized devices (Figure 1), up to very large volumes that could

theoretically treat small (local tumor) or large regions of the human body. Samples (cells,

animals or, theoretically, patients) are placed in an RF field created by a parallel plate

capacitor (Figure 1). This establishes a directional electromagnetic field that passes through

tissues and organs without significant absorbance. Metal, however, absorbs RF energy and

quickly releases heat to the surrounding region. Nanoparticles in general, and metal

nanoparticles specifically, are utilized because of this general principle, as well as their

unique qualities that absorb even more energy (and release even more heat), due to their

very small size and quantum characteristics.

Recent advancements in nanotechnology have resulted in multiple types of nanoparticles

that can be targeted with antibodies, peptides/proteins and sugar residues to cancer cells

[8,9]. Thermal therapy is induced with either focused laser irradiation, manipulation of

magnetic fields or RF field exposure [8,10,11]. While these nanoparticles may be more

selective than specific, animal studies have demonstrated promising results without major

toxicity [10,12,13]. Unlike the previously described forms of ablation, nanoparticles induce

intracellular hyper-thermia. Unique physicochemical properties of metallic and non-metallic

nanoparticles result in different heating rates for various types of non-ionizing radiation

exposure.

The safety of nanoparticles has been a controversial topic in recent years [14]. We have

found that solid gold nanoparticles less than 50 nm in diameter are safely taken up by

macrophages in the liver and spleen without major toxicity [10,13]. Since gold is a fairly

inert material, gold nanoparticles do not interact chemically with most biologic substances.

Furthermore, the very small sizes may prevent cellular injury or inflammatory response as

gold nanoparticles may be excreted unmodified. However, large nanoparticles with a large

aspect ratio (i.e., rods or tubes) have been associated with fibrosis and cellular injury [14].

Short single-walled carbon nanotubes (SWNTs) with long axes <200 nm are likely to pass

through pulmonary and renal filtering systems without injury, but this remains to be fully
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evaluated. Finally, it remains unclear which nanoparticles, if any, will pass the blood–brain

barrier and what the consequences will be if so.

This review will primarily focus on RF field heating of gold nanoparticles as these particles

appear to be the safest and are similarly effective compared with other nanoparticles.

Likewise, SWNTs and quantum dots will also be discussed as these nanoparticles have

interesting physical properties that may make them more effective theranostic nanoparticles

in the future. The focus will be on those applications that are most likely to have favorable

risk:benefit ratios and those that are most likely to result in improved patient care.

Nanoparticles heat in radiofrequency fields

Nanoparticle heating in RF fields is a very complex phenomenon. The end result is that RF

fields induce nanoparticle heating rates of 1–3°C/s in various solutions and at various power

levels [10,15]. Most RF field devices are based on shortwave RF fields (13.56 MHz) as

licensing agencies permit this frequency for ‘medical use’ (Figure 1). The power of these

devices is typically from 100–800 W. The energy transfer efficiency from the field generator

to actual field strength varies amongst the devices; determining the exact field strength is

problematic [10,12,16]. The RF electrical field strength in general, however, is

approximately 5–15 kV/m [15].

In a nanoparticle concentration and field strength-dependent manner, nanoparticles in

aqueous solutions can reach boiling temperatures in 2–3 min. Interestingly, deionized water

negligibly heats in RF fields, while antibody solutions (e.g., with ions or proteins) typically

heat around five- to ten-times less than nanoparticle solutions [17]. In the RF field, SWNTs

heat in the range of 2–6°C/s, slighter faster than gold nanoparticles [18]. Quantum dots heat

in a similar manner to gold nanoparticles, but they do not demonstrate significant

differences when antibodies or proteins are bound to the quantum dots [17].

There remains some controversy regarding the mechanism in which nanoparticles heat in an

RF field. Our group has demonstrated that gold nanoparticles heat primarily via Joule

heating [15,17]. Temperatures were measured with an infrared camera in such a way as to

not interfere with the RF field. This work has demonstrated that gold nanoparticles behave

as ‘mini-resistors’, where free electrons on the surface have limitations to their movement.

In this way, friction is created at the individual nanoparticle level, which release heat into

the surrounding aqueous solution. Furthermore, based on these findings, one would predict

less heating for larger nanoparticles as well as much less for aggregates where there are far

fewer limitations placed on the movement of electrons. However, a single manuscript has

shown that RF induced heating of gold nanoparticles is less than as previously described

[19]. Issues with their research methodology include temperature measurements with a

device inside the RF field itself (and, hence, may change the local field) and their use of

aggregated gold nanoparticles. As described previously, aggregated gold nanoparticles are

not expected to heat well in RF fields due to changes in electron mean free path on the

surface of the aggregates compared with the surface of an individual gold nanoparticle.

Furthermore, it is well known that aggregates of gold nanoparticles have different physio-

optic properties than individual gold nanoparticles [20].
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Animal cancer models utilizing RF-induced, nanoparticle-mediated

hyperthermic therapy

Unlike external hyperthermia utilized clinically in humans, nanoparticle-mediated ablation

of cancer cells offers numerous benefits. First, destruction is limited to regions around the

nanoparticle (i.e., the cell). Second, RF fields are safely used clinically in MRI and for long-

range communication such as in cellular phones and by the aviation community. Third, there

are no clinical contra-indications to RF field exposure with the exception of metal implants

in patients (e.g., joint replacements and pacemakers).

Selective delivery of nanoparticles is important to prevent off-target RF-induced injury.

Thus far, small animal studies have not demonstrated off-target clinical toxicity. This is due

to [21]:

■ Selective delivery of nanoparticles [11,22];

■ Minimal absorption in nontargeted tissues [23];

■ Rapid excretion of nanoparticles not taken up by cells [13,24];

■ Theoretically, organ macrophage repopulation from activated circulating

macrophages if Kupffer cells are destroyed after RF exposure.

An intact blood–brain barrier may protect the brain from nanoparticle exposure to neuronal

cells while high blood flow organs such as lungs and the heart dissipate heat quickly. The

exact protective mechanism is unknown since no injury has been seen in these organs.

Targeting with antibodies or proteins usually can result in selective delivery and hence,

selective hyperthermia. That is, not only are nanoparticles delivered to the tumor, but also to

scavenger cells in the liver, spleen, kidneys and lungs. RF-induced heating would then occur

in all of those sites. Fortunately, small gold nanoparticles less than 50 nm in diameter have

negligible delivery to the brain, heart, kidneys or lungs [10,13]. Furthermore, in the liver and

spleen, the gold nanoparticles are endo cytosed into macrophage-family cells (i.e., Kupffer

cells in the liver) that are efficiently replaced by circulating macrophages without clinical

sequela or acute toxicity in animals [13]. Large nanoparticle constructs (>500 nm) are not

expected to behave in a completely benign fashion. Specifically, these much larger nano

particles and microparticles may interact in the human pulmonary and renal capillary

vasculature in a different, and perhaps more inflammatory fashion, than the small gold

nanoparticles described herein.

Gold nanoparticles have been used to ablate pancreatic xenografts non-invasively in a

murine model [17]. Interestingly, the pattern of internalization is quite different when gold

nanoparticles are conjugated to antibodies compared with free antibodies in vitro (Figure 2).
In the in vivo study, mildly sedated mice tolerated 10 min weekly of whole-body RF field

exposure without any evidence of complications over a 6-week time period. Importantly,

weekly whole-body RF treatments resulted in significant pancreatic cancer xenograft control

(p < 0.05) without any evidence of chronic injury to the nontargeted gold nanoparticle
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containing organs (liver and spleen) in murine models [10]. Gold was injected

intraperitoneally 36 h prior to application of an RF field at a dose of 10 mg/kg.

Carbon SWNTs have also been demonstrated effective in inducing acute tumor necrosis

after RF field exposure in vivo as well [18]. The model utilized was Vx2 tumors implanted

in rabbit livers. Intratumoral injection of SWNTs induced necrosis of all tumors within 5

min of RF field exposure. Regions of necrosis were identified with 2–5 mm of margins.

Importantly, SWNTs alone or RF field exposure alone did not induce any measurable tumor

necrosis or liver injury. While this model did not utilize long-term treatment or measured

survival, it did demonstrate proof-of-principle that RF-induced necrosis can be mediated by

direct nanoparticle injection.

Multifunctional nanoparticles & theranostic approaches

Multifunctional nanoparticles offer the potential to provide diagnosis, therapy and

monitoring in a compact and measurable construct. Gold nanoparticles, for example, can be

functionalized with MRI contrast agents while other iron-based nanoparticles are MRI

contrast agents by definition [25,26]. Depending on the size of the nanoparticle, conjugation

with multiple targeting antibodies and chemotherapeutic agents can be done with relative

ease. The challenge remains doing so in a safe, efficient and effective manner.

Quantum dots are quickly becoming useful research options for theranostics approaches to

cancer therapy with the potential clinical applications. Quantum dots are small (<7 nm)

semiconducting nanoparticles that are ‘tunable’ to fluoresce at very specific wavelengths

[27]. In addition, quantum dots heat nearly as well as gold in RF fields suggesting that they

may be used in the future for optical identification of cancer and monitoring of RF-induced

thermal therapy [17]. Other groups have demonstrated that quantum dots conjugated to

trastuzumab, the HER-2 antibody used for certain breast cancers, can be used for diagnosis

and localization in vivo [28]. While there was some toxicity seen with free quantum dots

injected intravenously, the toxicity was significantly less when conjugated to the antibody.

While the free quantum dot did not localize to HER-2 positive cancer cells, the antibody-

conjugated quantum dots did so quite well. This is indicative of a synergistic risk:benefit

ratio where targeting decreased toxicity, increased diagnostic yield and potentially served a

therapeutic benefit by having any toxicity due to quantum dots focused primarily on the

cancer cells. Finally, multifunctional nanoparticles have been used to overcome cellular

defenses to chemotherapy and increase ionizing radiation sensitivity [29,30].

Future perspective

Multifunctional nanoparticles clearly offer many potential benefits in the early diagnosis of

cancer and monitoring of therapeutic effects. By utilizing RF-sensitive nanoparticles (i.e.,

gold) as the basis for the multifunctional platforms, a non-invasive and thus far safer therapy

can be added to a diagnostic nanoparticle construct. Likewise, targeted chemotherapeutic

agents offer the potential for simultaneous multimodality treatment at the individual cell

level. Multifunctional nanoparticles in early preclinical models have demonstrated the

potential selective delivery of chemotherapeutics that previously have only been given

nonselectively via intravenous infusions [29].
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Obviously, this would be the best-case scenario over the next 5–10 years. A major

advantage of multifunctional platforms is to provide synergistic and simultaneous cytotoxic

insults such as intracellular thermal ablation combined with chemotherapeutics that prevent

hyperthermic cellular repair mechanisms. The major disadvantage of ‘multifunctional

nanoparticles’ is the toxicity associated with the diagnostic portions, as well as the

therapeutic adverse effects. Furthermore, identifying the appropriate balance of imaging

agents, therapeutic agents and overall nanoparticle size remains a logistical, functional and

chemical problem. However, we believe the relative safety of RF fields coupled with the

biosafety of gold nanoparticles minimizes toxicity and enhances therapy compared with

other combinations of ionizing radiation and heavy metal-based nanoparticles. Selective and

specific multi-functional cancer treatments primarily work by minimizing normal cell

toxicity, not necessarily enhancing cancer cell death. Minimizing risks and enhancing

benefits applies to nanoparticle-based translational research, just as it does in clinical care.
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Key Terms

Nanoparticle: Homogenous particle with width less than 1 μm, usually less than 500 nm

in diameter for a sphere.

Gold nanoparticles: Solid spheres of gold with diameters of 2–100 nm.

Carbon nanotubes: Hollow tubes of carbon with a length much longer than its width.

Quantum dot: Fluorescent nanoparticle (semiconducting nanoparticle) with a shell

composed of various metals.
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Executive summary

■ Gold nanoparticles, quantum dots and carbon nanotubes quickly heat in otherwise

nontoxic radiofrequency fields.

■ Small gold nanoparticles (<50 nm) delivered systemically control human

pancreatic cancer xenografts in murine models without injury to other organs such as

the liver, kidney or spleen after weekly radiofrequency field exposure.

■ Quantum dots, carbon nanotubes and multifunctional nanoparticles have the

potential to allow pretherapeutic MRI imaging coupled with radiofrequency

hyperthermic treatment monitoring.

■ By conjugating active medications to gold nanoparticles, we predict that in the

future multimodality therapy will take place at cellular level with chemotherapy,

ionizing radiation sensitization and radiofrequency-induced hyperthermia all

occurring nearly simultaneously.
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Figure 1. A radiofrequency field is created between the source plate (top) and the ground plate
(bottom) when connected to an RF generator (not imaged)
The sample holder can hold nanoparticle solutions or cells by changing out the Teflon

holder. Likewise, animals are placed directly on the ground plate for in vivo radiofrequency

field exposure.

RF: Radiofreqeuncy.
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Figure 2.
After 1 h of treatment, (A) Panc-1 cells in vitro have the majority of free cetuximab located

on the cellular membrane; while (B), the same molar concentration of cetuximab–gold

nanoparticles is internalized with a distinct punctate morphology.
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