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Abstract

Gold nanoparticles can be used as efficient nanotransducers of radiofrequency (RF) electromagnetic
energy into heat, rendering them as excellent candidates for noninvasive hyperthermia treatment of
cancer with minimal side effects. Here we report on experimental heating profiles of gold nanoparticles
of various sizes (5 nm, 10 nm, 20 nm, and 30 nm) exposed to a capacitively coupled RF field at various
frequencies (6.5 MHz, 8.2 MHz, 10 MHz, 13.56 MHz, 15 MHz, and 17 MHz). We find that the heating rates
depend on the size of the gold nanoparticles and the frequency of RF irradiation. We use the energy

balance equations to numerically simulate the heating profiles of the gold colloidal solutions.
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Introduction
Cancer remains the number one cause of mortality around the globe and it is the major roadblock to
increasing lifespan in developed countries.! Traditional cancer therapies such as surgery resection,

radiation and chemotherapy are invasive and lead to severe side effects.? Moreover, prolonged



chemotherapy may lead to drug resistance and decrease its efficiency.? Novel nanotechnology enhanced
methods to treat cancer are desirable to improve the efficiency of currently available cancer treatments.!

Photothermal ablation of cancer cells has proven to be an effective treatment of cancer with minimal
side effects.® Gold nanoparticles of different shapes are efficient light absorbers with a large absorption
cross section and can be used to improve laser ablation of cancer. #>57 For example, gold nano-shells with
a silica core absorb light efficiently in the near infrared spectral region where human tissue has two
transparency windows and can therefore be used to enhance the absorption of a laser beam and
effectively destroy a tumor.>® Gold nanorods have also been extensively studied for use as efficient
absorbers of infrared light in the near infrared spectral region.® However, the penetration depth of
infrared light in the body of a patient is limited and thus, only a limited number of cancers can be treated
with this method, such as melanoma or prostate.

Electromagnetic waves in the radiofrequency (RF) domain can penetrate deep into the human body
allowing for broader use of the hyperthermia treatment of cancer. 4 RF hyperthermia mediated with gold
nanoparticles as heat nanotransducers is a promising minimally invasive method for the targeted
treatment of cancer.' Gold nanoparticles have been recently shown to be effective heat nanotransducers
under RF excitation at 13.56 MHz.*!! The first demonstration of the heating of gold nanoparticles was
introduced by John Kanzius in 2010.#! The RF system he designed is known as a “Kanzius Machine” and
is used by many groups to study hyperthermia with gold nanoparticles.*1%1314

Since the first publications on heat production by gold nanoparticles, the heating mechanism during
exposure of colloidal gold to RF electromagnetic waves has been the subject of debate in the
literature.t>1617:18 Careful calculations of the Joule heat resulting from induced currents within the gold
nanoparticles was shown to be insufficient to account for the temperature increase by the gold colloids
under RF exposure. 81920 The contribution of the heat produced by the ionic background was later studied
as a possible mechanism. Recently, the electrophoretic motion of the ions induced by the applied RF field
was proven to be a major source of the heat produced by the gold colloidal solutions.'®*?! The heat
generated by the gold nanoparticles was then separated from the heat produced by the ionic buffer
solution through the use of careful purification protocols designed for the gold colloids.?

Although there have been a number of papers on the heating of gold nanoparticles, most of the
experimental studies were conducted at the single frequency 13.56 MHz and for a limited number of
nanoparticle sizes.® Practical clinical application of RF hyperthermia requires flexibility in E-field

frequency and nanoparticle size. Therefore, a systematic study of the heat generation of gold



nanoparticles of various sizes exposed to RF waves at various frequencies is highly desirable in order to
facilitate the clinical translation of RF hyperthermia with gold nanoparticles.

Here we report an experimental study on the heat production and heating rates for gold nanoparticles
of diameters 5, 10, 20, and 30 nm exposed to an RF E-field at frequencies 6.5, 8.2, 10, 13.56, 15, and 17
MHz each with a peak-to-peak potential maintained in the region of 950-980 V. The heating of gold
nanoparticles was registered with an optical fiber inserted into a cuvette with gold colloid. A signal
generator with an amplifier and impedance matching unit was used to deliver the RF waves to a
capacitively coupled unit with the cuvette holder placed inside the capacitor. We used the energy balance

equation to calculate the theoretical heating profile of gold colloid as a function of time.

Results and Discussion
Gold nanoparticles exhibit collective oscillations of free electrons known as Localized Surface Plasmon
Resonance (SPR) when exposed to visible light as shown in Fig. 1.2%?4?° For all of the gold nanoparticle

sizes studied here, SPR occurred at nearly
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Figure 1. UV-visible extinction spectra of spherical gold
nanoparticles in RF E-field heat generation experiments. nanoparticles have been calculated to be
The SPR peak in the extinction spectra is around 520 nm
for all nanoparticles sizes used in this study.

gold as the induced currents inside the

insufficient at explaining the temperature
increase. Rather, the heating is primarily
the result of the electrophoretic motion of ions around the gold nanoparticles. However, the SPR provides
information on the stability of the colloidal solution during the heating experiments.

Most of the studies on the RF heating of gold nanoparticles reported so far have used the RF frequency
13.56 MHz following the first report by Kanzius,  with the frequency choice dictated primarily by the
equipment available for the study. Here we report the heating profiles of gold nanoparticles of a few

different diameters at several frequencies.



Fig. 2 below shows the experimental heating profiles of gold nanoparticles at the frequencies 10 MHz
(a), 13.56 MHz (b), and 15 MHz (c). The change in temperature is measured relative to the ambient
laboratory temperature as measured using the same fiber optic probe used in the experiment. The applied
capacitively coupled RF E-field is turned on at the time t = 0 s and then the system is turned off at the
time t = 3200 s once the temperature of the colloidal solution is plateaued indicating temperature
equilibrium with the ambient atmosphere. The temperature data acquired prior to the system being
turned on is used to determine the ambient laboratory temperature. The voltage across the capacitor was
kept in the range of 950-980 V during all heating experiments. The voltage was verified with an

oscilloscope at the beginning of the experiment.
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Figure 2. Heating profiles of gold nanoparticles of different sizes exposed to RF E-fields in the
range of 950-980 V. The E-field is turned on initially and is turned off after the temperate
saturates at the equilibrium temperatures defined by the plateau. The frequency of the
applied RF E-field is: (a) 10 MHz, (b) 13.56 MHz, (c) 15 MHz. The heating profiles are shown
for 5, 10, 20, and 30 nm gold nanoparticles as well as for DI water.

The plots reveal that the heating due to RF exposure is significantly higher for gold colloids than for
deionized (DI) water. The equilibrium (plateau) temperature shows some frequency dependence with
nanoparticles of all sizes plateauing at ~18 °C when exposed to 10 MHz RF waves and plateauing at
~23 °C when exposed to 15 MHz RF waves. At each of the frequencies shown, the heating curve of DI
water did not exceed 3 °C. Heating curves at 13.56 MHz were obtained in quadruplicate for each size and
are consistent with previously published results. The heating of gold nanoparticles at the frequency 10
MHz is similar but with generally lower heating rates.

In Fig. 3 below, the same heating and cooling curves of colloidal gold suspensions are presented for
all frequencies but are grouped according to nanoparticle diameter. Here it is even more apparent that
an increase in the frequency leads, in general, to a higher saturation temperature. The highest saturation

equilibrium temperature observed was ~28 °C for 10 nm gold nanoparticles exposed to RF waves at 17

MHz (Fig. 3 (b)). For all other sizes of gold nanoparticles (AuNPs), the highest saturation



temperature observed occurred at 15 MHz and was ~23.5 °C for 5 nm AuNPs, ~22.4 °C for 20 nm
AuNPs, and ~23 °C for 30 nm AuNPs. The 5 and 10 nm AuNPs were exposed to frequencies as

high as 17 MHz, while the 20 and 30 nm AuNPs were exposed to frequencies as high as 15 MHz.
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Figure 3. Heating profiles of gold nanoparticles of different sizes exposed to RF E-
fields in the range of 950-980 V. (a) 5 nm gold nanoparticles. (b) 10 nm gold
nanoparticles, (c) 20 nm gold nanoparticles, (d) 30 nm gold nanoparticles. The E-field
is turned on initially and is turned off after the temperate saturates at the equilibrium
temperatures defined by the plateau.

The heating rate (initial slope of the heating curve) of gold colloids depends on the size of the gold
nanoparticles and the frequency of the RF field as shown in Fig. 4. The heating rate was interpolated for
each experiment by applying a linear fit to 50 of the first several hundred data points in the heating curves.
Interpolation of the heating rates observed at varying frequencies reveals that the maximum heating rate
for 5, 10 and 20 nm AuNPs is observed at 13.56 MHz, see Fig. 4 (a, b and c). However, 30 nm AuNPs exhibit
a maximum heating rate at 12 MHz, Fig. 4 (d).

A polynomial fit of the data reveals a maximum heating rate for the 5 and 30 nm gold colloids
near 14 and 13 MHz respectively. The maximum heating rate for the 10 nm gold colloid as determined
from the polynomial fit falls above 17 MHz. 17 MHz was the highest frequency with which both the 5 and
10 nm colloids were RF heated while 15 MHz was the highest frequency used to heat the 20 and 30 nm

colloids. The polynomial fit of the 20 nm data does not show a maximum rate in the 6.5 to 17 MHz range



and is quite linear. These patterns deserve further theoretical investigations to explain the size and

frequency dependance of the experimentally observed heating rates.
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Figure 4. Heating rates of gold colloidal solutions as a function of the applied RF E-
field frequency for 5 nm (a), 10 nm (b), 20 nm (c), and 30 nm gold nanoparticles (d).

Concentration dependent measurements were also performed and show that heating is dependent on
the mass of gold present in the solution. As the concentration decreases, the rise in temperature also
decreases, as shown in Fig. 5. Each stock solution was diluted by a factor of 2.5, 5, and 10 with ultrapure
water (UPH,0, 18.1 MQ resistivity) to understand the dependence on the mass of gold on heating. As
expected, the subsequent dilutions of the 5 nm AuNPs heated more significantly than those of the 20 and

30 nm AuNP solutions. Ultrapure water (UPH20) was used to dilute the stock solutions and background

heating from water was subtracted from all diluted samples.
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Figure 5. Temperature change for different concentrations of a)
5nm, b) 10 nm A, ¢) 20 nm and d) 30 nm gold nanoparticles.

We want to emphasize that the goal of this paper is not to specifically examine the heat produced by the
gold nanoparticles versus the heat produced by the ionic buffer. Rather, the aim was to study the effects
of nanoparticle size and RF field frequency on heat generation. However, to prove that the heat generated
by aqueous colloidal gold can be separated into heat produced by the gold nanoparticles and heat
produced by the buffer, we centrifuged the colloids to demonstrate the contribution to the heat produced
by the ionic background without the gold nanoparticles. When comparing the heating of the gold colloid
to the supernatant of those solutions, we found the presence of gold contributed to a 42% increase in
overall heating as shown in Fig. 6. The supernatants were centrifuged a total of three times and the
temperature was measured after each subsequent centrifugation. Fig. 6 shows that the resulting
supernatants heat much less and at a slower rate than their stock solution counterparts. Furthermore, gold
nanoparticles of size 20 nm suspended in DI water were also purchased from another vendor (Nanopartz,

Colorado) and further confirmed the heat generated by the gold nanoparticles, see Fig. S2.
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Figure 6. Stock solution and supernatant heating of a) 20 nm AuNPs and b) 30 nm AuNPs.
The supernatant heats about 7 and 5.5 °C less than the corresponding stock solution of
the 20 nm and 30 nm AuNPs, respectively. The authors would like to note here that the
size of the 5 nm AuNPs make it especially challenging to remove the particles and the
yellow color of the resulting supernatant indicates that gold particles or atoms remained.

Fig. 7 (a) shows the experimental and theoretical heating profiles of gold colloids of size 20 nm. The
theoretical calculations were carried out by using the energy balance equations as outlined in the next
section. The dissipation constant B was obtained by fitting the cooling portion of the heating experiment
as shown in Fig. 7 (b). Comparison of the experimental and theoretical temperature profiles was done for
13.56 MHz RF waves. For the theoretical calculation, it was assumed that Q;,, = 0.54 J. The experimental
data show in Fig. 7 (a) was obtained using nanoparticles purchased from Nanopartz (Colorado, USA). All

other experimental curves plateaued below the one shown above. Excellent agreement is seen between

the theoretical numerical calculations and the experimental results.
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Figure 7. Comparison of the experimental and theoretical temperature profiles of 20
nm gold colloids heated at a frequency of 13.56 MHz (a). Determination of the
dissipation constant B by a linear fit of the first 2500 s of the cooling curve (b).

Conclusion

Nanoparticles of various materials, sizes, and morphologies continue to be of interest for cancer therapy
based on hyperthermia. The current technologies, including chemotherapy and ablation, are uncomfortable
for the patient as well as costly and new technologies are needed to alleviate costs and effectively treat
patients with minimal side effects. Gold nanoparticles are ideal for these types of applications because they
are cost-effective and are relatively easy to make and surface-modify.

Using electromagnetic waves to heat metal nanoparticles is promising as a treatment for metastatic
cancers since metal particles have the potential to heat in both electric fields and magnetic fields.
Radiofrequencies, in particular, are an ideal candidate for this as they penetrate through non-conductive
materials like human tissue. Gold nanoparticles exposed to a capacitively coupled electric field in the MHz
frequency range generate heat that might be used in the hyperthermia treatment of cancer. Here we
experimentally demonstrated RF-induced heat generated by spherical gold nanoparticle colloids in the
size rage of 5 nm to 30 nm that is sufficient for hyperthermia applications. We also show experimentally
that gold nanoparticle colloids exhibit significant heating rates in the frequency range 6.5 MHz to 17 MHz.
Finally, using the energy balance equations we demonstrated that the experimental heating profiles can
be modeled numerically with the calculated dissipation rate B. This work demonstrates that the heating
of gold solutions is not necessarily limited by size or frequency but depends more on the concentration of
gold and the electric field applied. The results of the study may be helpful in the development of safe,

non-invasive efficient hyperthermia treatments for various cancers including metastatic cancers.



Experimental and Theoretical Methods

Materials and equipment. Gold nanoparticles of various sizes were purchased from Ted Pella (Redding,
CA). Each size of nanoparticle (5, 10, 20, and 30 nm) was citrate capped and suspended in a buffer solution
maintaining the colloidal suspension. A Hewlett Packard 9 kHz-3200 MHz signal generator (8648C) was
purchased from Liberty Test Equipment (Roseville, CA) and used to provide the RF signal to the rest of the
setup. An AR 10 kHz-250 MHz, 125 W continuous wave power amplifier (125A260M6) was purchased from
TMS Sales (Greenwood Village, CO) to amplify the signal from the signal generator. An MFJ rolling inductor
antenna tuner (MFJ-989D) was purchased from R & L Electronics (Hamilton, OH) and used to tune the RF
input to provide impedance matching to the system. All cables and connections used in the setup were
purchased from Pasternack (Irvine, CA). The fiber optic temperature sensor and conditioning box
(TempSens) were purchased from OpSens (Quebec City, Quebec, Canada) and were used with the OpSens
SoftSens software to collect data. The capacitor was designed and built in-house with materials purchased
from local hardware stores.

The capacitor was designed to achieve a high electric field across the plates, so space between the plates
was minimized. The plates of the capacitor are made from copper sheets and measure 25 cm x 25 cm. They
are fixed to plexiglass to make the plates easier to move when changing samples. A schematic of the
capacitor and overall set up is shown in Fig. 8. Pictures of the setup can be seen in Figs. S3 and S4 in the
supporting information.

For each experiment, 3.5 mL of the solution of interest was placed into a standard plastic cuvette. A cap
with a hole punched through the top—large enough for the fiber optic temperature sensor—was used to
prevent evaporation as well as hold the sensor in place during measurements. The signal generator was set
to 190.001 mV emf and the gain on the power amplifier was adjusted to either maximize the voltage across
the plates (in the case of the temperature profiles, supernatant comparisons, and concentration dependence
experiments) or to adjust the power in the case of the power dependence experiments. The tuning box was
used as a resonance circuit and the capacitance and inductance were tuned accordingly. A Keysight
InfiniiVision oscilloscope (DSO-x-2014A, Keysight Technologies, Santa Rosa, CA) was used to measure the
voltage across the plates at the beginning to each experiment. Voltage measurements were obtained using
a 100:1 probe. For the gain/power dependent measurements, the voltage was recorded for each solution
at predetermined gain percentages.

For the concentration dependent experiments, the stock solutions of the 5, 20, and 30 nm solutions were

diluted by a factor of 2.5, 5, or 10 using ultrapure water (UPH20) with a measured resistivity of 18.1 MQ. 3.5

10



mL of the corresponding diluted sample was placed into a standard plastic cuvette and measured as
described above.

For the supernatant experiments, the 20 and 30 nm particles were spun in a Spectrafuge 16M Brushless
Laboratory Microcentrifuge at 10,000 and 6,000 rpm, respectively, for 30 minutes. The supernatant was then
collected, measured, and spun again. This was repeated for a total of three times to ensure thorough
washing of the particles and to remove any residual gold in the supernatant. The 5 nm particles require

higher centrifuge speeds and were spun in a Thermo Sorvall MX120+ ultracentrifuge at 100,000 rcf for 30

minutes.
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Figure 8. a) Side view and b) top view of the parallel plate capacitor set up. The red rectangle
indicates the gold nanoparticle solution contained within a plastic cuvette. This cuvette is placed
within a plastic stand that is fixed between the two plates to minimize samples movement between
measurements. A BNC connection is soldered to a PCB which is connected to the copper plates to
deliver the signal. (c) Schematic diagram of the heating experimental setup. The RF E-field in the
capacitor was produced by an RF signal generator connected to an amplifier and an impedance
matching unit. The two plates of the capacitor were attached to an oscilloscope to verify frequency
and measure peak-to-peak potential. A temperature probe placed in the sample was connected to a
temperature sensor monitored by a computer.
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Theory. The change in thermal energy of gold colloidal solution exposed to an external electromagnetic

field satisfies the energy balance equation >

dar
2imCi— = Qin — Qour » (1)

where m; and C; are the mass and specific heat capacity of the solution, T is the temperature of the
solution, and t is time during which the input heat from RF power (Q;,) is absorbed by the gold
nanoparticles and the output heat (Q,,¢) is dissipated to the environment. The mass and specific heat

capacity of gold colloids are much smaller than that of water. Hence Eq. (1) can be simplified as

dT
mWCWE = Qin — Qout (2)

where m; and C; are the mass and specific heat capacity of the water, respectively.

The input heat that is absorbed by gold nanoparticles is given as

Qin = (o = Ity)n, (3)
where [, is the incident power, I;, is the power transmitted through the solution, and 1 is the RF
conversion efficiency.

The heat dissipated by the system is given as

Qout = hS(T () —Tp), (4)
where h is the heat transfer efficiency, S is the surface area of the cuvette, T(t) is the temperature at
time t, and T, is the room temperature.

Using Eq. (3)-(4), Eqg. (2) can be rewritten as

dAT _ (o=Ier)
dt myyCy N

BAT, (5)

We define AT = T(t) — T, as the change in temperature and B = as the constant rate of heat

mwCw

dissipation from the gold nanoparticles to the environment. B can be determined by tracing the

12



temperature decay back to the ambient temperature after the RF field is turned off. In this regime the

temperature trace is given by
T(t) =Ty + (Tmax - To)exp(—Bt) ’ (6)

where Ty, 4, is the maximum temperature when RF power is off.
At the thermal equilibrium (Q;;, equals to Q,,;), the temperature is constant. Therefore, by setting Eq.

(5) equal to zero, we can get

AT — (IO_ItT) n (7)

my,Cy B ’
Finally, using limit T(0) = T, and the expression for AT (Eq. (7)), we can solve the differential equation

(Eq. (5)) for T (t) when the RF power is turned on

_ (Io—Itr) _ _
T =To+, —-"n(1 —exp(~Bt)) (8)
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