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Abstract
Gold nanoparticles (GNPs) are non-toxic, can be functionalized with ligands, and preferentially
accumulate in tumors. We have developed a 13.56 MHz radiofrequency-electromagnetic field
(RF-EM) delivery system capable of generating high electric field strengths required for non-
invasive, non-contact heating of GNPs.

The bulk heating and specific heating rates were measured as a function of NP size and
concentration. It was found that heating is both size and concentration dependent, with 5 nm
particles producing a 50.6±0.2°C temperature rise in 30 s for 25 μg/mL gold (125 W input). The
specific heating rate was also size and concentration dependent, with 5 nm particles producing a
specific heating rate of 356±78 kW/g gold at 16 μg/mL (125 W input).

Furthermore, we demonstrate that cancer cells incubated with GNPs are killed when exposed to
13.56 MHz RFEM fields. Compared to cells that were not incubated with GNPs, 3 out of 4 RF-
treated groups showed a significant enhancement of cell death with GNPs (p<0.05). GNP-
enhanced cell killing appears to require temperatures above 50°C for the experimental parameters
used in this study. Transmission electron micrographs show extensive vacuolization with the
combination of GNPs and RF treatment.

*Both authors contributed significantly and equally to the work presented here.
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I. Introduction
Although radiofrequency and microwave electromagnetic (EM) fields have been used for
tissue heating for many years [1-8], renewed attention has been given to the EM field
approach following developments by John Kanzius, who invented a method combining a
non-contact, capacitively-coupled electric field arrangement with electrically-conductive
particles to heat tissue [9-13]. It is well known that systemic chemotherapy has serious,
debilitating side effects, frequently without producing a substantial increase in survival [14,
15]. In accordance with Kanzius’ fundamental motivation to kill cancer without
chemotherapy [16], a growing body of work based on his method has shown promise for
cancer treatment [16-25].

In Kanzius’ method, radiofrequency (RF) current passes through a medium without physical
contact between the medium and the transmitter-receiver pair [9-13], thus avoiding the need
for contact electrodes. The non-contact approach is appealing for treating small animals and
for whole body treatment of various systemic cancers, which would preclude the use of
contact electrodes. Additionally, RF-EM fields can penetrate deeply within tissue, thus
making the method promising for treating a wide range of cancers, potentially anywhere
within the human body. The concept goes a step further from traditional RF-hyperthermia
by incorporating metal ions or metal particles to enhance heating in localized regions as
compared to surrounding regions where enhancers are not present. Initial studies
demonstrated that low concentrations of conductive nanoparticles consisting of gold
nanospheres [21] or carbon nanotubes [17] cause dramatically increased absorption of RF-
EM energy which is then dissipated in the form of heat. It has also been demonstrated that
metal ion solutions produce a similar effect [18]. Gold nanoparticles have been the primary
catalyst for the technique, likely due to their biocompatibility [26] and potential for creating
functionalized bioactive chemistries [27].

Mechanistic studies have primarily been performed in suspensions of gold nanoparticles in
distilled and deionized water (ddH2O) and normal saline. Results obtained by Gannon et al.
[22] indicate that RF-EM heating applied to solutions containing a suspension of 5 nm
diameter gold nanoparticles experience significant heating in ddH2O. Using the RF therapy
device provided by Kanzius-founded Therm Med LLC (Erie, PA), the heating of ddH2O
solutions containing Au concentrations ranged from 1.1 μM up to 67 μM (0.217 μg/mL to
13.2 μg/mL), with concentration-dependent temperature increases in 1 mL solutions of up to
80°C (heating from 20°C to 100°C) using 800 W of 13.56 MHz RF exposure after 60 s of
heating. Thus, the specific absorption rate (SAR) per gram of Au is calculated to be greater
than 400 kW/g Au. For comparison, the highest SAR per gram of Fe obtained for
ferromagnetic nanoparticles in alternating magnetic fields (AMF) is on the order of 1 kW/g
Fe [28, 29]. To achieve therapeutic heating using ferromagnetic nanoparticles,
concentrations on the order of 0.1-10 mg/cm3 (corresponding to a SAR range of 10-1000 W/
g) of tissue are required based on a rule of thumb power deposition of 100 mW/cm3 [30],
which may not be clinically-acceptable concentrations.

Kanzius’ method has been demonstrated both in vitro in cancer cells [17], [18], [20] and in
vivo in mice [17], [18], [20-25]. Gannon et al. demonstrated cytotoxic effects of 5 nm gold
nanoparticles absorbed within cancer cells, specifically Panc-1 and Hep3B cell lines

Kruse et al. Page 2

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



incubated in 67 μM nanogold and treated at 800 W of RF-EM power [22]. Over 98% of the
cells with nanoparticles were killed vs. less than 18% without nanoparticles after only 1
minute exposure, with no significant increase in bulk temperature observed with or without
the nanoparticles.

To date, the majority of the work demonstrating cancer-therapy effects related to Kanzius’
method has been accomplished using the RF device provided by Kanzius (Therm Med LLC,
Erie, PA), and the results published in [17, 18, 20-25, 31] and through popular media
channels, including the CBS News program 60 Minutes [16, 32]. A primary objective of this
work is to provide a framework for researchers to explore the method. We present and
explore the RF-EM therapy method, from the circuit design and characterization, to the
experimental application of the method for heating GNP suspensions, characterization of
GNP heating, and exploration of the potential for cancer therapy in vitro.

II. Background
A. RF-EM circuit design considerations

The original design by Kanzius [10] utilizes a cascaded LC matching network to transmit
13.56 MHz electrical energy from a standard 50 Ohm source across an air gap to a receiving
circuit that steps down the impedance to a 50 Ohm load. Since an air gap presents a large
reactive load impedance, several LC sections are necessary to match to the load (3 sections
for transmission matching and 3 for reception matching) while maintaining reasonable
component values and dimensions; hence, this mode is referred to as a transmission-mode
design. Tissue-like samples placed within the gap modify the load impedance, and
consequently tuning of both the transmission and receiving circuits is necessary to minimize
power reflected back into the generator and maximize power transmitted across the air gap.
A modest amount of energy is absorbed from the applied electrical field by samples placed
within the gap.

Our updated design presented here is based on the following key requirements:

1. a 50 Ohm real input to satisfy the source generator requirement of low reflected
power;

2. an ease of tuning with various loads;

3. a high intensity electrical field strength sufficient to permit non-contact power
delivery to the sample to create the intended heating requirement.

B. Resonant mode design
A practical resonant-mode schematic shown in Fig. 1 includes three LC stages to produce an
easily adjusted circuit which provides a real 50 Ohm input through the use of multiple, non-
identical s-plane poles. The voltage is increased at the output of each stage which culminates
in a very large voltage available as the E-field source for non-contact heating. In Fig. 1, a
high capacity voltage source (Vs) operating at 13.56 MHz (f0) with an output impedance
(Rs) of 50 Ohms drives the passive circuit. All three inductors, L1, L2, and L3 are custom
made from soft copper refrigerator tubing. L1 and L3 are wound using 6.35 mm diameter
copper tubing and L2 is wound using 4.76 mm diameter copper tubing. The capacitors C1
and C2 are adjustable. C1 consists of a 500±20% pF fixed door knob capacitor (model
HT57, High Energy Corp., Parkesburg, PA) in parallel with a 20-450 pF air-variable
capacitor (model (CAV) 125-27, Surplus Sales of Nebraska, Omaha, NE). C2 is a 10-110 pF
vacuum variable capacitor (model CVUN-100AC/20-BAJA, COMET Holding AG, Flamatt,
Switzerland). The C3 component is a lumped equivalent capacitance created from a ground
shield around the L3 inductor; the C4 capacitor is a parasitic component, and the two Ccp
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capacitances are the air coupling capacitances to the sample shown as a simple RC element.
Refer to Table I for actual values and their derivations. Very important loss components for
the three inductors as well as for the variable capacitor C2 are considered, but omitted in the
figures for brevity. The loss resistances are all in series with their respective L or C
component. The real part of the input power delivered to the RF-EM circuit will be divided
unequally among these loss components and the Rt in the intended load, as will be shown in
the following sections.

C. Power delivery to a sample in a non-contact RF-EM field
A theoretical model for the operation of the RF-EM circuit may be developed by examining
the heating (or electrical power delivery and dissipation) in a small electrically conductive
liquid sample suspended in an electric field without direct electrical contact to the field
electrodes. A rigorous theoretical model incorporating the cylindrical geometry of the
sample is presented in the Supplement. In effect, the heating of a sample involves
determining the equivalent resistance and capacitance of the sample in addition to the
coupling capacitances as shown in Fig. 2. Here, it is assumed that Ccp is the same on either
side of a sample of saline, with dependent sample model components of resistance Rsal(σsal),
where σsal is the saline conductivity, and capacitance Csal(T), where T is the temperature.
The peak heating of the medium in this idealized example should occur with f = f0 at a
conductivity of about 0.06 S m-1 [33]. An analysis with more accurate parameter values and
effects such as the variation of medium capacitance with temperature is given in the
Supplement.

III. Methods
A. RF-EM circuit modeling, estimation, and measurement of component values

Several modeling approaches were utilized in the analysis of the circuit design. Based on the
earlier references for this design [10] a circuit mesh equation analysis using MathCad (v14,
Parametric Technology Corp., Needham, MA) was first performed, followed by a two-port
model with a two variable solver routine to find the best values of C1 and C2 to use for
tuning. Analysis was also performed with a SPICE circuit modeling package (ICAP4,
IntuSoft, Carson, CA) to make additional verifications against lab and mesh model data.

The circuit tuning technique involves the measurement of the reflected power at the input
node which can be accomplished with a vector network analyzer (VNA, model 4395A,
Agilent Technologies, Inc., Santa Clara, CA). Correct circuit operation occurs when the
reflected power is low and can be assessed with the voltage reflection coefficient at the input
node, or the S11 metric, which is a function of frequency in terms of decibels as

(4)

where Zin(f) is the spectral input impedance of the circuit and Zgen is the output impedance
of the source generator which is nominally 50 Ohms. An S11 of less than -26 dB is desirable,
with less than 0.25% of the power being reflected.

The three custom inductors and the two adjustable capacitors were directly measured for use
in the circuit modeling. The modeling of the effective series loss resistance for each of the
three custom built inductors was found to be critically important to a reasonable estimation
of circuit operation. The loss resistances have the undesirable effect of power consumption
(especially L2), but otherwise provide easier circuit tuning since absolutely zero resistive
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loss would create very high Q elements resulting in difficult tuning adjustments as
component values change with temperature and thermal expansion.

Since capacitances C4 and Ccp are very small, the direct measurement of these components
is extremely challenging. To arrive at reasonable estimates of these values, a Finite Element
Analysis (FEA) model (COMSOL Multiphysics, COMSOL, Inc., Burlington, MA) was
assembled for their estimation using a charge integration (ΣQ) technique on the metal
surface of the electrodes at unity voltage with the application of ΣQ = CV. Both C4 and Ccp
were estimated by dividing the electrode surface into regions contributing to one or the other
capacitance.

B. RF-EM power delivery to saline solutions
To refine estimates of critical circuit model component values, a comparison was made of
the a) power required to heat a sample by a forward calculation using the circuit model and
sample component values, and b) the power required in a finite element analysis (FEA) of
heating the same sample.

A laboratory study was conducted to find the peak heating for a sample heated with the RF-
EM system. A series of 0.5 mL samples were prepared in a serial dilution range of ten
concentrations from standard 0.9% normal saline (0.154 M) to a dilution of 1/512 in
concentration. Each of three samples at each dilution was heated for 30 s with 125 W of
input power to the RF-EM system. A 0.5 mm fluoroptic temperature probe (Luxtron m3300,
LumaSense Technologies, Inc., Santa Clara, CA) was placed in the heating tube before and
immediately after E-field exposure.

The relationship between electrical conductivity and saline concentration at 13.56 MHz was
established with our own laboratory measurements prompted by the appearance of nonlinear
behavior in the saline concentration range from 0.01 M to 0.09 M [34]. Further elaboration
on the conductivity tester and methods are provided in the Supplement.

C. RF-EM power delivery to gold nanoparticle solutions
Colloidal suspensions of citrate-coated GNPs were obtained from Ted Pella, Inc. (Redding,
CA) in nominal diameters of 5 nm, 10 nm, 20 nm, and 50 nm in nominal concentrations of
0.01% Au (w/w). Diameters and concentrations were measured using a 1 mm path length
UV-Vis absorption on a NanoDrop spectrophotometer (Thermo Fisher Scientific, Inc.,
Wilmington, DE) following the method detailed in [35]. In brief, using the stock solutions,
the absorption at 450 nm was measured to determine the concentration based on extinction
coefficients and equations provided in [35]. Due to the high variance in the optical
estimation of the particle diameter, the nominal diameters provided by the manufacturer
were used to estimate the concentration.

A series of 0.5 mL samples of GNP suspensions with varying concentration was placed in 2
mL Eppendorf tubes. The region of the tube containing the fluid sample was centered
between two 17 mm diameter copper electrodes spaced apart by 17 mm, allowing
approximately a 4 mm air gap on either side of the tube (Fig. S1 of Supplement). With a
sample in place, the circuit was tuned using the VNA to minimize reflected power (S11) to
better than -30 dB at 13.56 MHz. After tuning, the circuit was connected to a 1000 W
capacity 13.56 MHz RF generator (model ACG-10B, ENI, Rochester, NY). Prior to RF-EM
exposure, the initial temperature of each sample was measured using the fluoroptic
temperature probe. The fluoroptic probe was removed, and each sample was exposed to 125
W of input power to the RF-EM system for 30 s. Following exposure, the peak temperature
in the center of the sample was measured.
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Heating efficiency was quantified as power per unit mass of Au, i.e. kW/g Au, which allows
for the comparison of heating efficacy of various sizes and concentrations for a given RF
delivery system. Throughout this work this quantity is referred to as the specific heating
rate.

D. RF-EM treatment of cancer cells in vitro
Materials—GNPs were purchased from TedPella (Redding, CA). Met-1fvb2 mammary
carcinoma cells [36] were obtained from the Alexander Borowsky Laboratory (Center for
Comparative Medicine, UC Davis, Davis, CA). PC-3 cells were obtained from ATCC
(Manassas, VA). TrypLE Express trypsin replacement, propidium iodide (PI), PBS, and
Dulbecco's Modified Eagle's Medium (DMEM) high glucose media were purchased from
Invitrogen (Carlsbad, CA). Phenol red-free powdered DMEM was purchased from Sigma-
Aldrich (St. Louis, MO) and was made according to the manufacturer's directions.
Fluorescence was measured using the Tecan (San Jose, CA) Infinite® M1000 microplate
reader. Microscopy was performed using an Olympus (Center Valley, PA) IX71 inverted
microscope.

Cell culture—Cells were grown to 85-95% (Met-1) or 70-75% (PC-3) confluency in 75
cm2 flasks in DMEM high glucose media (Met-1) or phenol red-free DMEM (PC-3)
supplemented with 1% penstrep and 10% FBS.

Experimental treatments—Experimental sample sizes range from four to seven samples
per RF-EM treatment protocol. Cells receiving gold treatments were incubated in media
containing 3 μM, 10nm GNPs (1% volume) for 3 hours at 37°C in 5% CO2. No-gold control
samples were incubated in media with 1% water. After incubation, media was removed,
cells were detached using TrypLE Express, and were resuspended in phenol-red free media
at approximately 2.5 × 106 cells/mL. A volume of 500 μL of cell suspension was pipetted
into 2 mL centrifuge tubes. Cells were centrifuged at 300 × g, media was aspirated from cell
pellet, and the pellet was resuspended in 30 μL phenol red-free DMEM prior to treatment.
The resuspended pellets were treated with one of three RF-EM protocols, including 60 s or
30 s exposure at 100 W input power or no RF (control). After treatment, the volume of each
sample was increased to 500 μL, and cells were incubated 3 hours post-treatment at 37°C in
5% CO2. Cell death was quantified by staining with 0.5 mg/mL propidium iodide (PI). Each
sample was assayed in triplicate (100 μL/assay) in a 96-well microtiter plate. Fluorescence
values were converted to number of cells by use of a standard curve obtained from serial
dilutions of known concentrations of dead cells. Cells used for the standard curve were
killed by heating at 58°C for 3 hours. Complete cell death was verified by microscopy after
PI staining.

Transmission electron microscopy—Following RF exposure or control conditions,
cells were fixed in 2.3% glutaraldehyde and 3.6% paraformaldehyde in phosphate-buffered
saline (PBS) for 72 hours at 4°C. Cells were rinsed for 30 minutes in four changes of PBS,
pH 7.4, followed by a 1 hour postfix in phosphate-buffered 1% OsO4. After washing with
distilled water four times for 10 minutes, the tissue was en-bloc stained with 0.2% uranyl
acetate overnight at 4°C. The cells were rinsed in three changes of distilled water,
dehydrated in progressively higher concentrations of ethanol and embedded in Spurr's resin
(Ted Pella, Redding, CA). Thin sections (80-100 nm) were cut on a LKB Nova
ultramicrotome (LKB, Bromma, Sweden), mounted on 300 mesh copper grids, and stained
with 2% uranyl acetate followed by 0.5% lead citrate. Transmission electron micrographs
were taken at the UC Davis Materials Science Central Facility on a Philips CM12 electron
microscope operating at 80kV (Philips, Eindhoven, Netherlands).
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Acid-digestion of gold nanoparticles—Ten nanometer GNPs (Ted Pella, Redding,
CA) were incubated overnight in PBS, pH 4.8, at 37°C. Transmission electron microscopy
(TEM) was done after drop coating the GNPs on formvar-carbon coated copper grids (Ted
Pella, Redding, CA).

Data analysis—One sided Student's t-tests assuming unequal variances were performed
on the samples to test the null hypothesis represented by the controls. A 95% confidence
interval was used to test significance.

IV. Results
A. Characteristics of the circuit

The circuit with its estimated component values given in Table I has been extensively
modeled. For good power transfer at each node, the output and input impedances should be
matched as complex conjugates; this circuit functions well in that regard. The circuit node
terminus (cone at L3) produces an output impedance magnitude that is over 3100 Ohms and
an output voltage peak above 8800V (for 125 W input). This high impedance and voltage
make a direct sampling method challenging even with a very high impedance probe (we
used a 40 MOhm sampling probe) which has resulted in a noticeable loading effect in the
spectral plot in Fig. 3. A special E-field probe similar to an earlier design [37] has been
constructed and tested to calibrate the high E-field generation, but even this carefully
designed miniature probe has shown field loading effects. Alternative measurement methods
are in development to enable easy and accurate monitoring of the field generated.

Table II shows the power budget analysis for the circuit operating with a 125 W input power
from the generator, and a 0.5 mL sample load supported in a 2 mL Eppendorf tube
containing a 1/32 dilution of 0.9% normal saline solution. Most importantly, we estimate the
fraction of the total input power dissipated in this load to be ~3%.

B. Power delivery to a serial dilution of 0.9% saline
In order to report results of saline heating in the RF-EM field, it is first necessary to report
the concentration-dependent conductivity of saline at 13.56 MHz. Using a custom fluid
impedance tester, a conductance value for 0.9% (0.154 M) saline was measured to be 1.44 S
m-1 at 22°C (see Supplement).

Measurements of saline heating in the RF-EM field as a function of concentration are
summarized in Fig. 4. Across the tested dilutions starting with 0.9% saline, the peak heating
is located at a concentration near 0.019% saline, which corresponds to an electrical
conductivity of 0.040 S m-1 (close to the value of 0.06 S m-1 quoted in the literature [33]
however this cited effort did not, for example, take into account the temperature dependence
of the dielectric constant of water). Details of the thermal and electrical model used to
generate the theoretical curve are presented in the Supplement. The agreement between
theory and experiment is well within 10% in the vicinity of the peak. The absorbed power at
a concentration producing the peak temperature rise is estimated to be 3.8 W for 125 W of
input power, which corresponds to a sample E-field of 10.7 kV/m.

C. Gold nanoparticle heating
The concentrations of the stock GNP solutions estimated using the method described above
for 5, 10, 20, and 50 nm were found to be 59, 54, 59, and 75 μg/mL, respectively.
Temperature increases measured in 0.5 mL samples of 5, 10, 20, and 50 nm GNP solutions
following 30 s exposures in the RF-EM field using 125 W of transmitted power are
summarized in Fig. 5. Heating is inversely dependent on particle size and directly dependent
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on concentration up to approximately 25, 40, 45, and 55 μg/mL for 5, 10, 20, and 50 nm
GNPs, respectively. Beyond these concentrations, heating does not increase with further
increases in concentration. At the highest concentrations, the heating rate ranged from
1.5-1.7 °C/s across all particle sizes.

Additionally, specific heating rate estimates in units of kW/g Au are shown in Fig. 6 and
were generated using the data in Fig. 5. The specific heating rate is inversely dependent on
particle size. Exposure of particles with a diameter of 5 nm resulted in the greatest efficiency
with a specific heating rate of 356±78 kW/g Au at a concentration of approximately 16 μg/
mL. Beyond 50 μg/mL, the specific heating rates for all particle sizes appear to follow a
common decreasing trend line. For concentrations below approximately 4 μg/mL, the
heating of water begins to dominate, thus explaining the asymptotically increasing specific
heating rate as zero Au concentration is approached (divide by zero condition).

D. Cancer cell treatment
Preliminary in vitro results are summarized in Fig. 7. Percent cell death relative to the 100%
kill control is presented for Met-1 and PC-3 cancer cell lines for three RF treatment
protocols consisting of 60 s of RF at 100 W, 30 s of RF at 100 W, and no RF. Each
treatment group consisted of cells not incubated with 10 nm GNPs and cells that were
incubated with 10 nm GNPs so as to test if the presence of GNPs influences cell death. For
the cells that were incubated with GNPs, the results shown include all of the cells regardless
of GNP uptake.

Upon testing the influence of GNPs for the 3 treatment groups, a statistically significant
(p<0.05) increase in cell death with the addition of 10 nm GNPs occurred for Met-1 cells
treated with RF for 60 s (p=0.02, n=7) and for PC-3 cells incubated with 10 nm GNPs and
treated with RF for both 60 (p=0.02, n=4) and 30 s (p=0.04, n=5). Met-1 cells treated for 30
s and incubated with GNPs did not show a significant increase in cell death (p=0.1, n=7).
The no RF controls did not show a significant difference in death for either Met-1 cells
(p=0.2, n=8) or PC-3 cells (p=0.3, n=5). For both cell lines, treatment with RF alone did
produce a significant increase in cell death relative to the no Au, no RF controls (p<0.01).

The maximum temperatures were recorded for the RF-treated cells, and no statistical
difference was found between the temperature rise with and without cells incubated with
GNPs. Average maximum temperatures for the 30 s and 60 s treatments ranged from 53.5 to
55.7°C and 64.8 to 67.2°C, respectively. The starting temperatures averaged across all
replicates (n=50) was 22.6±0.6°C.

Representative TEM images of PC-3 cells shown in Fig. 8 illustrate a differential effect
between RF-treated samples without GNPs (C and D) and with GNPs (E and F), where the
latter exhibit extensive vacuolization. Cells incubated with GNPs but not RF-treated (A and
B) exhibit similar morphology to cells treated with RF without GNPs (C and D).

No apparent differences are observed in TEM images of bare 10 nm GNPs suspended in
ddH2O (Fig. 9, A) versus samples heated to 86°C with 75 W RF for 4 min (Fig. 9, B). GNP
aggregates observed in PC-3 cells following RF treatment at 100 W for 60 s (Fig. 9, C and
D) show a similar morphology to GNP aggregates formed following overnight acid-
digestion (Fig. 9, E and F).
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V. Discussion
A. The circuit

The electric circuit design proved to be challenging to build and tune due to its high Q
nature. The “resonance mode” design is functionally equivalent to Kanzius’ original
“transmission mode” design and easier to tune. Ease of tuning is an important design
consideration as the load impedance may change due to physical movement of the load (e.g.
breathing motion), and the high Q nature of the circuit is sensitive to small changes in the
load impedance. Furthermore, automated tuning will require tuning 2 variable capacitors
compared to 4 in the original design, which will assure more stable control of the RF
exposure. One disadvantage of the “resonance mode” design is the elevated power
dissipation in L2 from high reactive current, however considerable reduction in this inductor
resistance is possible (e.g. with silvered coil surfaces). A small brushless fan is used to cool
L2, which is effective up to approximately 200 W of input power in our design.

It was not possible to accurately measure C3 and C4 due to their high impedance and
physically distributed nature. Although the tuning condition is met in simulation with
reasonable measured and estimated component values, absolute confirmation is not easily
possible. Nonetheless, the circuit model developed is a very functional representation of the
physical circuit.

In the original design, Kanzius referred to the transmission and reception coils as end-fired
antennas. It is not clear if there is a benefit to this design as the RF exposure takes place in
the reactive near field region of the coils. More investigation is needed to determine if the
electric field shape and time dependence is important for heating GNPs.

B. Gold nanoparticle heating
Using our system, the GNP suspensions produced a heating response in a manner consistent
with the results using similar concentrations and particles sizes used in the system provided
by Therm Med, LLC (Erie, PA) and published previously by Gannon et al. [22] and Moran
et al. [31]. As Gannon noted boiling of GNP suspensions in ddH2O, we also achieved
boiling of similar suspensions within 1 min at 125 W of input power. Similar to Moran et
al., we demonstrated concentration-dependent and size-dependent heating characteristics of
GNP suspensions. Using 125 W of input power and heating the solutions for 30 s (to avoid
boiling), we measured a peak specific heating rate of 356±78 kW/g for 5 nm GNPs at a
concentration of 16 μg/mL (16 ppm or 82 μM). Moran et al. reported a specific heating rate
of 380 kW/g for GNPs at 1 ppm (size not specified but assumed to be 5 nm). The difficulty
with quantifying specific heating rate at such a low concentration is the fact that ddH2O also
absorbs RF, thus making it difficult to separate the contribution of GNPs to the overall
heating. Based on measurements made by Gannon et al. on 5 nm GNPs, we calculated
specific heating rate of ~420 kW/g at 67 μM Au; however, since our experimental system is
different than that used by Gannon et al. and Moran et al., it is not possible to directly
compare our results to theirs. More work is needed to standardize RF exposure levels
between instruments as direct measurement of the electric field is not trivial. Nonetheless,
the specific heating rate observed for GNPs in RF electric fields is considerable, especially
given that the best magnetically-reactive nanoparticles have absorptions below 1 kW/g Fe
when suspended in water.

Interestingly, for 5, 10, and 20 nm GNPs, a prominent peak in the specific heating rate was
observed as a function of concentration, and the peak shifts to higher concentrations and a
lower value as the particle size increases. At 50 nm, the peak is smoothed to the point where
it is barely apparent. The reason for the peak in the specific heating rate for GNPs in
suspension is not fully understood, though it follows a similar behavior to that of saline as a
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function of concentration. It is well known that a stable colloidal suspension of GNPs is
possible due to charge on the surface of the particles due to the coating [38, 39], e.g. the
anion citrate, and that this surface charge facilitates electrophoresis of GNPs [39].

C. Cancer cell treatment in vitro
The in vitro results presented demonstrate that the combination of cells incubated with
GNPs and exposed to RF cause statistically significant increases in cell death for both Met-1
and PC-3 cancer cell lines. We did not observe significant differences in cell death as a
function of GNP presence unless the samples were heated to above 50°C. This finding
appears to be consistent with the results of Curley et al. [21] who show similar cell death
percentages to ours for cells not incubated with GNPs yet exposed to RF, though the
temperatures were not reported. It is not clear why high temperatures are a prerequisite for
the GNP-induced cell death; however, this will be a focus of our future work. Concentrating
the cells into a smaller fluid volume may have also played a role in minimizing the shunting
of the RF current around the cells and more closely models tissue. Our in vitro tests were
performed in 2 mL Eppendorf tubes using a pellet of ~1.25 × 106 cells resuspended in 30 uL
of cell culture media; other groups used larger diameter Pyrex dishes with a monolayer of
cells [21, 22].

TEM images of PC-3 cells indicate that the combination of GNPs and RF creates vacuoles
within cells, possibly explaining the significantly higher cell death for RF-treated groups
with GNPs. Vacuolization was not observed in RF-treated cells without GNPs present,
similar to that observed by Gannon et al [22]. Additionally, degraded GNP aggregates were
consistently observed in RF-treated cells (Fig. 8, C and D). It may be that as these cells die
(via apoptosis or other mechanism), lysosomes break down and release their digestive
enzymes and acidic contents into the cytoplasm, which may lead to degradation of the
GNPs. The morphology of the aggregates observed in RF-treated PC-3 cells is very similar
to aggregates observed in acid-digested GNPs.

The RF-field induced GNP heating in physiologic saline and culture media raises valid
questions about the clinical application of the method in vitro and in vivo. The
characterization of GNP heating in this work was performed in ddH2O, which is an ideal
medium for maintaining a colloidal suspension of citrate-coated GNPs with minimal
aggregation. In experiments not reported here, we obtained much lower heating of GNPs in
saline and culture media solutions, possibly due to the well known effect of GNP
aggregation in ionic solutions. TEM of the cells fixed 4 hours and 8 hours after incubation
with GNPs indicates that cells accumulate and aggregate GNPs into organelles including
lysosomes (data not shown). Consequently, it may be possible to improve the method by
preventing aggregation of GNPs in carrier solutions and intracellularly. More work is
needed to understand the mechanism of GNP heating in RF fields.

Selective killing of cancer cells in vivo requires targeting of GNPs directly to cancer cells by
means of passive and/or active targeting. Fortunately, GNPs are readily functionalized and
have been shown to target a wide range of cancers in vitro [40]. Additionally, GNPs have
been shown to target specific organelles within cells such as the nucleus [41]. One study
[42] evaluated in vivo tumor uptake of tumor necrosis factor (TNF) bound to GNPs with and
without a protective layer of PEG-THIOL. Following intravenous injection in mice, they
found significant accumulation of the PEG-THIOL-protected TNF-GNPs in MC-38 colon
carcinoma tumors with little observable accumulation in the liver and spleen. In a more
recent study [43], epidermal growth factor receptor targeted GNPs were used to target and
detect tumors using surface-enhanced Raman scattering in vivo.
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VI. Conclusion
A method for heating gold nanoparticles using radiofrequency electromagnetic radiation has
been investigated. The electrical circuit was constructed according to a design similar to that
detailed by John Kanzius [10], with improvements to reduce the number of components, and
particularly, the number of variable components for easier tuning. The circuit demonstrated
heating of saline solutions in good agreement with the model predictions. Such a model is
useful for scaling the device up to larger treatment volumes. Heating of gold nanoparticle
suspensions was demonstrated in ddH2O, and heating and specific heating rates similar to
previously published values were obtained. Identification of gold nanoparticle
concentrations to produce maximum specific heating rates was shown, which may be useful
knowledge for cancer therapy. In vitro experiments yielded preliminary results confirming
that radiofrequency electromagnetic radiation combined with gold nanoparticles has
statistically significant cytotoxic effect on cancer cells. More work is needed to further
elucidate the mechanisms of action.
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Fig. 1.
(a) “Resonant mode” RF-EM circuit with the major circuit components labeled and (b)
corresponding physical circuit. In (a), the lossy resistances associated with the inductors and
the C2 capacitor are omitted for brevity. Rt and Ct are the resistance and capacitance,
respectively, of the sample placed in the gap. In (b), individual components are labeled. C3
is the parasitic capacitance formed between a sheet of copper clad and the grounded shield
labeled to the left (and the ground plane). L3 is hidden from view inside the grounded shield,
and C4 is the distributed parasitic capacitance between L3 and the shield (including the
ground plane). The sample placed in the gap consists of a 2 mL Eppendorf tube containing a
green neon lamp, which is illuminated in the RF-EM field. The circuit is tuned by adjusting
C1 and C2 via the control knobs shown in order to minimize reflected power.
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Fig. 2.
The electrical model of a sample of saline suspended in the E-field.
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Fig. 3.
Normalized transfer response magnitude in decibles vs. frequency in MHz for VNA
measured (solid), Mathcad model (dotted), and SPICE model (dashed). All results are
normalized to the peak response at 13.56 MHz for the same input magnitude. The Mathcad
and SPICE models are equivalent as indicated by the near exact agreement between their
respective curves. Agreement between the model and experiment is reasonable considering
many parasitic capacitances distributed throughout the circuit that were not modeled. The
influence of parasitic capacitance due to the measurement is apparent near 13.56 MHz,
where the measured response is approximately 6 dB below the prediction.
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Fig. 4.
The comparison of the laboratory and model heating for a 0.5 mL saline sample dilution
series and the resonant mode RF-EM non-contact heating system. Samples were exposed to
3.83W at the sample delivered from the 125 W input power to the RF system for 30 s. A
correction for the non-linear relationship between saline concentration and conductivity has
been made (see Supplement). The peak heating predicted by the model occurs at 0.040 S
m-1.
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Fig. 5.
Temperature rise of GNP suspensions in ddH2O following 30 s exposure to transmitted
power of 125 W. Square, circle, diamond, and triangle data point labels denote 5, 10, 20, and
50 nm GNPs. Data point locations are based on fixed dilutions from stock solutions obtained
commercially (Ted Pella, Inc., Redding, CA). Standard deviations for 3 trials are shown.
The heating is inversely dependent on particle size and directly dependent on concentration
up to approximately 25, 40, 45, and 55 μg/mL for 5, 10, 20, and 50 nm GNPs, respectively.
Beyond these concentrations, heating appears to be unchanged with further increases in
concentration.
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Fig. 6.
Specific heating rate in kW/g Au characteristic of GNP suspensions in ddH2O following 30
s exposure to transmitted power of 125 W. Square, circle, diamond, and triangle data point
labels denote 5, 10, 20, and 50 nm GNPs. Data point locations are based on fixed dilutions
from stock solutions obtained commercially (Ted Pella, Inc., Redding, CA). Standard
deviations for 3 trials are shown. The specific heating rate is inversely dependent on particle
size, with 5 nm being the most efficient particle size for heating with a specific heating rate
of 356±78 kW/g Au at a concentration of approximately 16 μg/mL. Beyond 50 μg/mL, the
specific heating rates for all particle sizes appear to follow a common decreasing trend line.
For concentrations below approximately 4 μg/mL, the specific heating rate of water begins
to dominate the heating, thus explaining the asymptotically increasing specific heating rate
as zero Au concentration is approached (divide by zero condition).
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Fig. 7.
In vitro cell killing relative to 100% cell death control for cells not incubated with GNPs
(dark gray) and cells incubated with 10 nm GNPs (light gray). Results from two cancer cell
lines, Met-1 and PC-3 are shown. For each cell line, the treatment groups included 60 s and
30 s RF exposure at 100 W. The corresponding no RF controls (Cont) are also shown. With
better than 95% confidence (p<0.05), the combination of GNPs and RF exposure
demonstrated statistically significant greater cell death compared to the no GNPs for groups
labeled with an asterisk (*). In all cases with GNPs, the cells were incubated with 3 μM 10
nm GNPs.
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Fig. 8.
Representative TEM images of PC-3 cells. (A, B) incubated with GNPs and not treated with
RF; (C, D) not incubated with 10 nm GNPs and treated with RF (100W, 60s); (E, F)
incubated with 10 nm GNPs and treated with RF (100W, 60s). Arrows point to locations of
GNP clusters. Note extensive vacuolization in E and F. Scale bars are indicated.
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Fig. 9.
Representative TEM images of (A) GNPs in ddH2O, (B) GNPs in ddH2O following 75 W
RF for 4 min (heated to 86°C), (C, D) GNPs in PC-3 cells following 100 W RF for 60 s, and
(E, F) GNPs following overnight incubation in PBS, pH 4.8, at 37°C. Comparing A and B,
there is no observable effect of RF and high temperature on GNPs alone. The morphology of
GNP degradation in lysosomes (C, D) is similar to acid-digestion (E, F). All GNPs are 10
nm, citrate-coated. Scale bars are indicated.
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Table I

NOTATION AND SELECTED NOMINAL VALUES IN RF-EM CIRCUIT AT f0=13.56 MHz

Symbol Description Values/Units Derivation Method

Rs generator source resistance 50 Ω manufacturer

C1 parallel combination of air variable capacitor and fixed door knob capacitor 1011 pF measured

C2 vacuum variable capacitor 108.2 pF measured

C3 parasitic housing capacitance 18.1 pF measured

C4 parasitic (radiation) capacitance 3.65 pF FEA

Ccp air coupling capacitance 0.251 pF FEA

L1 custom copper tubing inductor 3.33 μH measured

L2 custom copper tubing inductor 8.3 μH measured

L3 custom copper tubing inductor 3.6 μH measured

Rt electrical “resistance” of tissue 2333 Ω est., peak heating

Ct electrical “capacitance” of tissue 6.5 pF est., peak heating

RL1 skin effect resistance, at f0 0.26 Ω analytical est.

RL2 skin effect resistance, at f0 0.92 Ω analytical est.

RL3 skin effect resistance, at f0 0.20 Ω analytical est.

RC2 dielectric effective series resistance 0.005 Ω manufacturer
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Table II

Predicted power distribution with 125W input and sample characteristic of Rt = 2333 Ω, Ct = 6.5 pF.

Circuit Element Real Power Dissipated (W) Fraction of Total Power (%)

RL1 13.09 10.47

RL2 105.67 84.53

RL3 0.82 0.66

RC2 1.59 1.27

Rt (sample) 3.83 3.06

Total 125.00 100.00
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