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Abstract

Hyperthermia is a form of cancer treatment in which affected human tissue is exposed to >40°C temperature. In this paper, our goal is to assess

the efficacy of fullerene agents to reduce heating time for cancer treatment. Such agents can accelerate heating of cancer cells and improve

hyperthermia treatment efficacy. Typically, in vitro testing involves cancer cell culturing, heating cell cultures in accordance to specifications, and

recording cancer cell viability after hyperthermia. To heat cell cultures, we design and evaluate a 2.4-GHz microwave cavity with controllable

temperature. The cavity is comprised of a polystyrene cell culture dish (diameter = 54 mm, height = 13.5 mm) and a printed monopole antenna

placed within the cavity for microwave heating. The culture temperature can be controlled through the intensity and duration of the antenna’s

microwave radiation. Heating experiments were carried out to validate the cavity’s performance for F-12K culture medium (Kaighn’s F-12K

medium, ATCC). Importantly, fullerene agents were shown to reduce heating time and improve hyperthermia treatment efficacy. The culture
medium temperature increased, on average, from 24.0C to 50.9C (without fullerene) and from 24.0C to 56.8°C (with 3 mg/mL fullerene)

within 15 minutes.

Key Words: Cell Culture, Controllable Temperature, Fullerene, Hyperthermia, In Vitro, ISM Band, Microwave Cavity.

I. INTRODUCTION

Hyperthermia is a promising form of cancer treatment in
which the affected human tissue is exposed to >40C temperature
for treatment [1]. Such high temperatures are intended to damage
proteins and structures within the cells and to kill cancer cells. It is
important that heating is localized and, of course, it must cause
minimal trauma to the surrounding healthy biological tissues. To
raise the temperature of the affected region, different types of
energy may be used, including microwave radiation [2, 3]. Ty-
pically, external or implanted microwave applicators are placed
close to the body or organ to be treated. Subsequently, energy is

focused on the aftected tissue area to raise its temperature.

A key challenge prior to employing hyperthermia is to carry
out in witro assessment of the procedure’s efficacy [4-7]. For our
case, the goal is to assess fullerene agents to reduce heating time
and improve hyperthermia efficacy. Typically, in wvitro testing
involves cancer cell culturing, heating of cell cultures to speci-
fications, and recording cancer cell viability after hyperthermia. As
an example, the potential of single-walled carbon nanotubes
(SWCNTs) was recently assessed in vitro for microwave detection
and treatment of breast cancer [4]. In [4], an $-band rectangular
waveguide was employed for microwave heating. Specifically, ti-
ssue-mimicking mixtures were poured into glass capillary tubes
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and placed at the center of the waveguide. By exciting the wa-
veguide, temperatures up to 37 C were achieved using 3 GHz
illumination.

In this paper, we instead propose a cavity fixture to heat the
culture with and without fullerene. Because of their resonant
properties, cavities with metallic enclosures can achieve tem-
peratures up to approximately 50C (viz. much higher than a
direct waveguide illumination). Even more importantly, the
temperature of the enclosed cell culture can be controlled based
on the heating time and intensity. Herewith, we will adapt 2.4
GHz (Industrial Scientific and Medical [ISM] applications [8])
frequency for microwave radiation. The chosen cavity is com-
prised of a polystyrene cell culture dish shielded with copper,
and a 2.4-GHz printed monopole antenna placed within the
cavity for radiation [9]. Because of the surrounding metal shield,
when the antenna is excited at 2.4 GHz, cavity resonance is
achieved, giving constant rise in temperature as radiation con-
tinues. The temperature of the medium is controlled through
the intensity and duration of microwave illumination. Therefore,
as compared to previous works [4, 10, 11], the proposed set-up
provides for consistent temperature increase even beyond 50C
in a controllable manner.

This paper is organized as follows. Section II presents the
design of the microwave cavity. Then, Section III gives the
heating performance for different cell cultures.

II. MicrRoOwAVE CAvITY DESIGN

The proposed microwave cavity is shown in Fig. 1 [9]. It is
comprised of a polystyrene (g, = 2.4-2.7) culture dish (diameter
= 54 mm, height = 13.5 mm) covered with copper tape and a
2.4-GHz printed monopole antenna placed within the cavity
for microwave heating. The latter is fed by a 50-Q coaxial cable
that penetrates into the cavity through a small hole drilled on its
upper surface. The antenna is designed so that it resonates when
approximately 2.75 mL of cell culture medium is placed within
the cavity. Because of the surrounding metal shield, when the
antenna is excited at this frequency, modes are formed to
enhance heating and raise the temperature. We remark that the
temperature of the culture can be controlled through the in-
tensity and duration of the antenna’s microwave radiation.

The printed monopole antenna prototype is shown in Fig. 2.
It occupies 33 X30X1.524 mm® and is fabricated on Rogers
TMM4 (g,= 4.5, tand = 0.02) ceramic substrate. The design is
inspired from the one presented in [12]. As designed, when this
antenna is placed inside the proposed microwave cavity, filled
with approximately 2.75 mL of cell culture medium, it resonates
at 2.4 GHz. Measured versus simulated data of the antenna’s
reflection coefficient, | S|, are given in Fig. 3, indicating good
agreement. Of course, any antenna may be used, as long as it has
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Fig. 1. Proposed microwave cavity for in witro hyperthermia inve-

stigations: (a) cavity cross-section with radiating antenna and

(b) photos of the fabricated prototype.
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Fig. 2. Printed monopole antenna to be enclosed within the proposed
microwave cavity.

been specifically designed to resonate at 2.4 GHz when em-
ployed within the configuration of Fig. 1.

In designing the cavity and antenna, the dielectric properties
(permittivity & and conductivity 6) of the enclosed culture
medium must be taken into account. The latter were measured
for F-12K medium (ATCC, Manassas, VA, USA) using the
Agilent 85070E Dielectric Probe Kit and the Agilent E8362B
PNA Network Analyzer. Measured data are shown in Fig. 4
(‘culture medium)). Specifically, the 85070E high-temperature
probe (operation frequency range, 200 MHz-20 GHz) was
employed, and measurements were taken by immersing the
latter inside the cell culture medium. As depicted in Fig. 4, the
dielectric properties of F-12K medium at 2.4 GHz were mea-
sured to be & =755 and ¢ = 3.04 S/m. For comparison, the
measured dielectric properties of distilled water are also given in

Fig. 4 (distilled water’).
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Fig. 3. Measured vs. simulated reflection coefficient, |Su|, of the
antenna. Antenna is placed within the cylindrical cavity filled
with approximately 2.75 mL of cell culture medium.
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Fig. 4. Measured dielectric properties of the F-12K cell culture medium
and distilled water: (a) permittivity & and (b) conductivity o.

III. THERMAL RESPONSE OF THE MICROWAVE CAVITY

1. Measurement Set-Up

The performance of the proposed microwave cavity is eva-
luated by carrying out heating experiments for the F-12K cul-
ture medium (ATCC). The measurement set-up is shown in
Fig. 5. A 2.4-GHz signal generator (Anritsu 68369A/NV) with
a power amplifier (Mini-Circuits ZHL-42) generate 31 dBm
(1.26 W) of power into the cavity. The DC power to the power
amplifier is provided by a 15-V DC power supply. Also, a 2.4-
GHz sleeve balun is employed between the power amplifier
output and the antenna input. In doing so, a balanced operation
is achieved to minimize cable radiation. The cavity contains
approximately 2.75 mL of the cell culture medium (e,=75.5, ¢
=3.04 S/m, see Fig. 4).

It is necessary to include a temperature sensor, pierced
through the cavity side, to sense the temperature of the enclosed
medium. The temperature sensor is a custom-made ungrounded
probe (diameter = 0.062", length = 2") with a type-K thermo-
couple at its tip (W. H. Cooke & Co. Inc., Hanover, PA, USA).
Network analyzer measurements verified that the presence of
this temperature sensor does not perturb the cavity’s resonance.
The temperature sensor data are displayed using a digital ther-
mometer with a resolution of 0.1°C and an accuracy of +0.3%
(Extech TM100). We remark that for thermal insulation pur-

poses, the microwave cavity is enclosed inside styrofoam.

2. Heating Response Results

Heating experiments were carried out using the measurement
set-up of Fig. 5. The cavity was filled with cell culture medium
(F-12K, ATCC), that was measured and then dispensed with an
adjustable pipette. The initial temperature of the culture
medium was 24.0C prior to hyperthermia. To induce hyper-
thermia, we turned ‘ON’ the 2.4 GHz signal generator and
power amplifier to deliver 31 dBm of power at the antenna
terminals. The RF generator remained ‘ON’for 15 minutes, and
the heating response was recorded as a function of time (heating
cycle). The microwave source was then turned ‘OFF’ to allow
the medium to cool. The exhibited cooling response was re-
corded for another 15 minutes (cooling cycle). We note that
during the cooling cycle, the cavity was still encased with
Styrofoam. All measurements were conducted at room tem-
perature of approximately 24 C.

To assess the repeatability of the experiments, three sets of
measurements were performed, each for different F-12K sam-
ples. The heating and cooling cycle data were then recorded and
compared in Fig. 6(a). Fig. 6(b) shows the average thermal
(heating/cooling) response along with error bars as a measure of
the associated standard deviation (SD). We note that the SD is
seen to be always less than 1.9 C, confirming the repeatability of
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Fig. 5. Experimental set-up for measuring the thermal response of

cell culture samples using the proposed microwave cavity.
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Fig. 6. Measured heating/cooling response of three F-12K samples using the

proposed microwave cavity: (a) individual measurements and (b)

average thermal response with SD error bars.

the proposed microwave cavity set-up. On average, hyper-
thermia temperatures (>40C) are reached in less than 8
minutes. Also, temperature increase from 24.0C to 50.9C is
achieved within a 15 minutes heating cycle. Further, it was
found that the temperature drops by about 13.1°C (from 50.9
C to 37.87C) after the 15 minutes cooling cycle. Of importance
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Fig. 7. Measured heating/cooling response of F-12K samples with (3
mg/mL) and without fullerene.

is that the temperature of the enclosed cell culture medium can
be controlled. To do so, the intensity (radiated power) and
heating (exposure time) should be varied.

An example temperature profile of the F-12K culture me-
dium with (3 mg/mL) and without fullerene is given in Fig. 7.
Average temperature increase by 32.8°C and 26.9C is achieved
within the 15 minutes heating cycle, respectively. As such, fu-
llerene agents can accelerate heating of cancer cells and improve
hyperthermia treatment efficacy.

IV. CoNCLUSION

Hyperthermia is a form of cancer therapy in which the
affected tissue is exposed to >40C temperature for treatment.
Typically, the effectiveness of various hyperthermia methods can
be assessed by cancer cell culturing, heating cell cultures in
accordance to specifications, and recording cancer cell viability
after hyperthermia. For iz vitro hyperthermia assessment, we
designed and validated a resonant cavity to achieve a tem-
perature rise via microwave heating. The cavity is comprised of a
polystyrene cell culture dish shielded with copper and a 2.4-
GHz printed monopole antenna placed within the cavity for
microwave heating. Of interest was temperature control by
adjusting the microwave power and exposure time.

Heating efficacy was validated with experiments using F-12K
medium (AT'CC). Three sets of measurements were carried out
for three separate, yet identical, samples. These measurements
indicated an average temperature increase of 26.9°C within a
15-minute heating cycle and an average temperature decrease of
13.1°C within a follow-up 15-minute cooling cycle. Fullerene
agents were shown to accelerate heating of cancer cells and
improve hyperthermia treatment efficacy. Average temperature
increase by 32.8°C was achieved for F-12K medium with 3
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mg/mL of fullerene. As compared to previous works [4, 10, 11],
the proposed set-up provides for consistent temperature increase
beyond 50C. SD errors of less than 1.9°C were recorded,
indicating the repeatability of the set-up.

Future work will assess the effects of fullerene on cancer cell
viability as a function of heating time and/or transmitted power.

REFERENCES

[1] P. Wust, B. Hildebrandt, G. Sreenivasa, B. Rau, J. Geler-
mann, H. Riess, R. Felix, and P. M. Schlag, "Hyperthermia
in combined treatment of cancer," Lancet Oncology, vol. 3,
no. 8, pp. 487-497, Aug. 2002.

[2] X. He, S. McGee, J. E. Coad, F. Schmidlin, P. A. Iaizzo,
D. J. Swanlund, S. Kluge, E. Rudie, and J. C. Bischof,
"Investigation of the thermal and tissue injury behavior in
microwave thermal therapy using a porcine kidney model,"
International Journal of Hyperthermia, vol. 20, no. 6, pp.
567-593, Sep. 2004.

[3] M. G. Skinner, M. N. Iizuka, M. C. Kolios, and M. D.
Sherar, "A theoretical comparison of energy sources-mi-
crowave, ultrasound and laser-for interstitial thermal the-
rapy," Physics in Medicine and Biology, vol. 43, no. 12, pp.
3535-3547, Dec. 1998.

[4] A. Mashal, B. Sitharaman, X. Li, P. K. Avti, A. V.
Sahakian, J. H. Booske, and S. C. Hagness, "Toward car-
bon-nanotube-based theranostic agents for microwave de-
tection and treatment of breast cancer: enhanced dielectric
and heating response of tissue-mimicking materials," IEEE
Transactions on Biomedical Engineering, vol. 57, no. 8, pp.
1831-1834, Aug. 2010.

[5] W. Rao, W. Zhang, 1. Poventud-Fuentes, Y. Wang, Y.
Lei, P. Agarwal, B. Weekes, C. Li, X. Lu, J. Yu, and X. He,

"Thermally responsive nanoparticle-encapsulated curcumin

and its combination with mild hyperthermia for enhanced
cancer cell destruction," Acta Biomaterialia, vol. 10, no. 2,
pp- 831-842, Feb. 2014.

[6] H. H. Kampinga, "Cell biological effects of hyperthermia
alone or combined with radiation or drugs: a short
introduction to newcomers in the field," International
Journal of Hyperthermia, vol. 22, no. 3, pp. 191-196, May
2006.

[7] M. Kakehi, K. Ueda, T. Mukojima, M. Hiraoka, O. Seto,
A. Akanuma, and S. Nakatsugawa, "Multi-institutional cli-
nical studies on hyperthermia combined with radiotherapy
or chemotherapy in advanced cancer of deep-seated or-
gans," International Journal of Hyperthermia, vol. 6, no. 4, pp.
719-740, 1990.

[8] International Telecommunications Union, "ITU-R radio
regulations section 5.138 and 5.150," http://itu.int/home.

[9] A. Kiourti, S. Luther, and J. L. Volakis, "Microwave cavity
with controllable temperature for hyperthermia treatment
investigations," presented at the IEEE International Sym-

posium on Antennas and Propagation, Memphis, TN, Jul.
2014.

[10] M. Kim and K. Kim, "Development of a compact cy-
lindrical reaction cavity for a microwave dielectric heating
system," Review of Scientific Instruments, vol. 83, no. 3,
article no. 034703, Mar. 2012.

[11] F. Irin, B. Shrestha, J. E. Canas, M. A. Saed, and M. ]J.
Green, "Detection of carbon nanotubes in biological sam-
ples through microwave-induced heating," Carbon, vol. 50,
no. 12, pp. 4441-4449, Oct. 2012.

[12] S. M. Abbas, B. Aftab, E. Qamar, F. Muzahir, S. Shahid,
and H. Zahra, "High gain broadband monopole antenna
for wireless communications," in Proceedings of the IEEE
International Conference on Emerging Technologies, Islama-

bad, Pakistan, pp. 1-6,2012.

271



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 14, NO. 3, SEP. 2014

Asimina Kiourti

received the Diploma in Electrical and Computer
Engineering from University of Patras, Greece (2008),
the M.Sc. in Technologies for Broadband Commu-
nications from University College London, UK (2009),
and the Ph.D. degree in Electrical and Computer
Y Engineering from the National Technical University
| of Athens, Greece (2013). Currently, she is a Post-
doctoral Researcher at the ElectroScience Laboratory
of The Ohio State University. She has (co-) authored more than 45 journal
and conference papers and 6 book chapters. She has received various awards
and scholarships, among which, the “Best NTUA PhD Thesis Award” by
the D. Chorafas Foundation (2013), the IEEE MTT-S “Graduate Fe-
llowship for Medical Applications” (2012), and the IEEE AP-S “Doctoral
” (2011). Dr Kiourti’s research interests include: antennas for
medical applications, medical sensing, bioelectromagnetics, and flexible textile
and polymer-based antennas and RF circuits.

Research Awar

Mingrui Sun

obtained his B.S. in Microelectronics in 2012. Cu-
rrently, he is a Ph.D. student in Biomedical En-
gineering at The Ohio State University. His interest
focuses on microfluidics and dielectrophoresis device
design and cancer treatment using nanoparticles and
microwave.

272

Xiaoming He

obtained his Ph.D. in Mechanical Engineering in
2004 with research focused on thermal therapy and
cryosurgery for cancer treatment. Currently, he is an
associate professor of biomedical engineering at The
Ohio State University. He is interested in developing
micro and nanoscale biomaterials and stem cell te-

chnology for cancer treatment, tissue regeneration, and
assisted reproduction.

John L. Volakis

was born in Chios, Greece in 1956 and immigrated to
the USA in 1973. He is the Chope Chair Professor at
The Ohio State University, Electrical and Computer
Engineering Dept. He also serves as the Director of
the ElectroScience Laboratory with over $10M in
external research funding. He was on the faculty of the
University of Michigan-Ann Arbor from 1984 to 2003,
serving as the Director of the Radiation Laboratory
from 1998-2000. Over the years, he carried out research in antennas, wireless
communications and propagation, radar scattering and diffraction, computa-
tional methods, electromagnetic compatibility and interference, design opti-
mization, REF materials, multi-physics engineering, bioelectromagnetics, and
medical sensing. His publications include 8 books (among them: Approxi-
mate Boundary Conditions in Electromagnetics, 1995; Finite Element Me-
thods for Electromagnetics, 1998; the classic 4th ed. Antenna Engineering
Handbook, 2007; Small Antennas, 2010; and Integral Equation Methods for
Electromagnetics, 2011), over 350 journal papers, nearly 650 conference
papers and 23 book chapters. He has graduated/mentored nearly 80 doctoral
students/post-docs with 26 of them receiving best paper awards at confe-
rences. His service to Professional Societies include: 2004 President of the
IEEE Antennas and Propagation Society, twice the general Chair of the
IEEE Antennas and Propagation Symposium, Vice Chair of USNC/URSI
Commission B, IEEE APS Distinguished Lecturer, IEEE APS Fellows
Committee Chair, IEEE-wide Fellows committee member & Associate
Editor of several journals. Volakis is a Fellow of IEEE and ACES, and in
2004 he was listed by ISI among the top 250 most referenced authors.
Among his previous awards are: The Univ. of Michigan College of Engi-
neering Research Excellence award (1993), Scott award from The Ohio State
Univ. College of Engineering for Outstanding Academic Achievement
(2011), IEEE Tai Teaching Excellence award (2011), the IEEE Henning
Mentoring award (2013), and the IEEE Antennas & Propagation Dis-
tinguished Achievement award (2014).



