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Abstract
The experimental results reported in this letter suggest that single-walled carbon nanotubes
(SWCNTs) have the potential to enhance dielectric contrast between malignant and normal tissue
for microwave detection of breast cancer and facilitate selective heating of malignant tissue for
microwave hyperthermia treatment of breast cancer. In this study, we constructed tissue-
mimicking materials with varying concentrations of SWCNTs and characterized their dielectric
properties and heating response. At SWCNT concentrations of less than 0.5% by weight, we
observed significant increases in the relative permittivity and effective conductivity. In microwave
heating experiments, we observed significantly greater temperature increases in mixtures
containing SWCNTs. These temperature increases scaled linearly with the effective conductivity
of the mixtures. This work is a first step towards the development of functionalized, tumor-
targeting SWCNTs as theranostic (integrated therapeutic and diagnostic) agents for microwave
breast cancer detection and treatment.
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I. Introduction
Microwave-frequency dielectric contrast between malignant and normal tissue in the breast
serves as the physical basis for emerging microwave methods of detecting and treating
breast cancer. Dielectric contrast leads to scattering of an illuminating microwave signal,
which is exploited for breast cancer detection, and selective absorption of incident
microwave power, which is exploited for localized hyperthermia treatment. The effective
dielectric properties of breast tissue are influenced at microwave frequencies by endogenous
polar molecules, such as free and bound water, peptides, and proteins. Consequently, the
dielectric properties depend on the type and physiological state of the tissue. A recent study
conducted by the University of Wisconsin-Madison and the University of Calgary showed
that the endogenous dielectric contrast between malignant and normal adipose-dominated
tissues in the breast is as large as 10:1, while the contrast between malignant and normal
glandular/fibroconnective tissues is no more than about 10% [1].

The effective dielectric properties – both the dielectric constant and effective conductivity –
can also be influenced by exogenous molecules introduced as contrast agents. For example,
another recent study found that tissue-mimicking (TM) mixtures containing encapsulated
microbubbles at clinically relevant concentrations, similar to those used in ultrasound
imaging, exhibit significantly lower dielectric properties than pure TM materials [2]. Here,
we propose the use of single-walled carbon nanotubes (SWCNTs) as a diagnostic and
therapeutic agent – an integrated “theranostic” nanoplatform [3] – for both microwave
detection and treatment of breast cancer. The size and unique physiochemical properties of
SWCNTs make them ideal candidates for tumor targeting applications [4]. SWCNT-based
contrast agents have already shown promise for molecular imaging by MR, PET, nuclear,
and photoacoustic imaging modalities [5]–[7].

Our present investigation is motivated by the hypothesis that the accumulation of
biocompatible carbon nanotubes in tumors will significantly increase the microwave-
frequency dielectric properties of the tumor. Exogenous particles passively accumulate via
an enhanced permeability and retention effect in tumor vasculature [8]. Functionalization of
these particles with tumor targeting biomarkers may amplify their accumulation properties
in tumors [9]. The presence of carbon nanotubes in or near a malignant lesion will result in
changes to the dielectric properties of malignant tissue. If these changes are significant, they
can be used to enhance the sensitivity of low-power microwave imaging of breast cancer via
differential imaging [10], [11] and to enhance the selectivity of higher-power microwave
thermal therapy.

In this paper, we report the results of wideband (0.6-20 GHz) dielectric spectroscopy
measurements and heating efficiency experiments (at 3 GHz) using TM materials mixed
with various concentrations of SWCNTs that have been identified to be non-toxic in mice
[12]. Our study addresses the dielectric and thermal effect of SWCNTs over the frequency
range that is of interest for microwave imaging and hyperthermia treatment of breast cancer.
Frequencies between 0.5 and 3 GHz are commonly employed in microwave imaging via
inverse scattering [13] while the ultrawideband range of 3.1 to 10.6 GHz is of interest in
tissue-penetrating radar imaging [14]. Microwave-induced thermoacoustic imaging has been
explored using 434 MHz [15] and 3 GHz [16]. Microwave hyperthermia treatment of breast
cancer has been conducted at 915 MHz [17], although slightly higher frequencies (1.5-4.0
GHz) have been shown recently to be optimal for tightly focusing microwave energy in the
breast [18]. We choose 3 GHz for our heating experiments because of its relevance to both
microwave-induced thermoacoustic imaging and hyperthermia treatment. Our work
complements previous radiofrequency heating studies [19] as well as previous microwave-
frequency characterizations of the dielectric properties of mixtures of SWCNTs or multi-
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walled carbon nanotubes in various host media of interest for electromagnetic shielding and
radar absorption [20]–[26].

II. Materials and methods
A. Construction of samples

The TM materials were constructed from oil-in-gelatin dispersions following the procedure
outlined in [27]. The dielectric properties of these materials can be customized to mimic the
properties of a variety of human soft tissues by controlling the concentrations of gelatin,
safflower oil, kerosene, and preservatives. The results reported in [1] show that a 10%-oil
mixture adequately replicates the microwave properties of malignant breast tissue over our
frequency range of interest (0.6 GHz to 20 GHz). Furthermore, these materials are relatively
inexpensive to fabricate and possess long term stability.

For this study we constructed 10%-oil TM materials with various concentrations of
SWCNTs. The SWCNTs were synthesized by a commercial vendor (Cheap Tubes Inc.,
Brattleboro, VT) using a chemical vapor deposition technique and acid treated for
purification. According to the manufacturer's specifications, the nanotubes were 1-2 nm in
diameter and 5-30 μm in length, and were composed of mainly SWCNTs (>90% by weight)
with trace amounts of multi-walled carbon nanotubes and metal catalyst (e.g. cobalt, 1% by
weight). We mixed various concentrations (1 mg/mL, 2 mg/mL, and 3 mg/mL) of SWCNTs
into a 1% by weight mixture of Pluronic (F127) and deionized water using a probe sonicator
for 25 minutes at a 120 W power level. Then we substituted these mixtures for the pure
deionized water in the TM recipe described in [27]. The resulting percent-by-weight
concentrations of SWCNTs in the samples were 0.07%, 0.15%, and 0.22%, respectively. For
reference, we also constructed a pure TM mixture with the same amount of Pluronic as the
other samples, but with no SWCNTs.

B. Characterization of the dielectric properties
The dielectric properties of the TM samples were characterized using a well established
open-ended coaxial probe technique described in [28]. The measurement uncertainty of this
technique is no more than approximately 10% [28]. We poured the liquid oil-gelatin
mixtures, described in Section II-A, into small covered glass jars and allowed the mixture to
gel unperturbed. We positioned the tip of the precision coaxial probe against the surface of
the sample [27]. We conducted these measurements at room temperature (approximately
22°C) on three TM samples of each SWCNT concentration.

C. Characterization of the heating response
The configuration for the heating experiment is shown in Figure 1. We prepared the samples
for the heating experiments by pouring the liquid TM mixture, as described in Section II-A,
into a 1.1-mm-inner-diameter glass capillary tube. The mixture was allowed to gel around a
fiber-optic temperature probe connected to a calibrated fluoroptic thermometer (Luxtron,
3100). The capillary tube was inserted through a small hole drilled into the center of the
broad wall of an S-band (WR-284) rectangular waveguide with cross-sectional dimensions
of 72 mm × 34 mm. The vertical extent of the sample in capillary tube spanned the entire
height of the waveguide. A microwave synthesizer (Agilent, 83623B) and amplifier (Mini-
Circuits, ZHL-42W) generated 1 W of continuous microwave power at 3 GHz that was
delivered to the sample via the waveguide. The waveguide was terminated with a matched
load to suppress standing waves and ensure single-pass electromagnetic wave illumination.
Network analyzer measurements verified that the small hole drilled in the waveguide and the
presence of the sample did not significantly perturb the fields inside the waveguide; namely,
these waveguide alterations increased |S11| by approximately 0.6 dB. The fluoroptic
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thermometer recorded the time-varying temperature of each sample as it was heated. We
heated each sample for three minutes, then turned off the microwave source and allowed it
to cool for five minutes.

III. Results and discussion
A. Dielectric properties

Figures 2(a) and 2(b) show the relative permittivity and effective conductivity of the TM
materials with various concentrations of SWCNTs over a frequency range of 0.6-20 GHz.
Each wideband curve represents the average properties (relative permittivity or effective
conductivity) of the three samples with the same SWCNT concentration. The vertical bars
span the maximum and minimum values at specific frequencies. Table I summarizes the
dielectric properties of the different TM mixtures at 3 GHz. This particular frequency is of
interest for microwave inverse scattering [10], [11], microwave-induced thermoacoustic
imaging [16], and microwave hyperthermia [18]. Both Figure 2 and Table I show that the
permittivity and conductivity increase with small increases in the concentration of
SWCNTs.

These substantial changes in the dielectric properties caused by the carbon nanotubes will
have a significant impact on microwave scattering and absorption. The results reported here
were used in a microwave imaging computational test bed in order to determine the impact
of these changes in microwave breast cancer detection [10], [11]. Briefly, microwave
inverse scattering techniques were used to reconstruct images of anatomically realistic
numerical breast phantoms with a compact malignant lesion. Two images were
reconstructed: an image of a phantom with the endogenous dielectric properties of the tumor
and another with elevated dielectric properties values due to the carbon nanotubes. A
differential image was formed by subtracting the two images obtaining from pre- and post-
contrast measurements. Using this differential imaging technique, Shea et al. ([10], [11])
reported detection of previously undetectable tumors in four different classes of numerical
phantoms that ranged from “mostly fatty” to “extremely dense” in radiographic density.
These results suggest that the changes in dielectric properties shown in Figure 2 are
significant enough to dramatically improve the sensitivity of microwave imaging.

B. Heating response
Figure 3 shows the time-dependent temperature rise of the various TM mixtures under
continuous microwave illumination. The individual temperature value on each curve was a
rolling average of five different temperature measurements of a single sample that was
recorded every 0.25 seconds. For each TM mixture concentration, measurements were
performed on three different samples of each TM mixture. Figure 3 demonstrates the
measurement repeatability for each concentration, as well as the statistical significance of
the differences observed across concentrations. Table II summarizes the principal
characteristics of the results shown in Figure 3. These data show that as the concentration of
SWCNTs in the TM material increases, the maximum temperature of that sample also
increases. This increase in temperature for each TM mixture scales roughly linearly with the
increase in conductivity reported in Table I, as expected for a configuration in which various
samples are exposed to approximately the same electric field intensity. In other experiments,
we have observed that microwave-heated capillary tubes of liquids and SWCNT-containing
liquids similarly exhibit a temperature rise proportional to their effective conductivity.
Therefore, this heating response scaling appears to be a general trend, not restricted to just
TM material mixtures.
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The enhanced heating shown in Figure 3 due to the carbon nanotubes is of interest to
microwave-induced thermoacoustic imaging and microwave hyperthermia of breast cancer.
Our results suggest that the increase in heating response will lead to a larger thermoacoustic
response for a malignant tumor that is infused with carbon nanotubes in comparison to a
tumor in a pre-contrast stage. In addition, the results of Figure 3 suggest that malignant
tissue that has preferentially accumulated carbon nanotubes will heat more efficiently; this
selective heating is a desired property for microwave hyperthermia of breast cancer. As seen
in Figure 2(b), various samples exhibit a large spread in effective conductivity over the
range of 0.6 to 20 GHz. Therefore, we expect a similar heating response to those seen in
Figure 3 for these samples over the 0.6 to 20 GHz frequency range.

IV. Conclusion
We characterized the dielectric properties of TM materials with several different
concentrations of SWCNTs. Our results indicate that low concentrations of SWCNTs
significantly impact the dielectric properties and heating response of the TM materials. For
example, at 3 GHz, SWCNTs concentrations as small as 0.22% by weight increased the
relative permittivity of the TM material by 37% and the effective conductivity by 81%. In
our heating experiments, this concentration of SWCNTs led to an average steady-state
temperature rise that was 6°C higher than the rise observed in the TM material without
SWCNTs. These results suggest that SWCNTs may enhance contrast for microwave
imaging and facilitate selective microwave heating for treatment of breast cancer.
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Fig. 1.
Experimental setup for characterizing the heating response of a TM sample.
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Fig. 2.
(a) Relative permittivity and (b) effective conductivity of TM materials with varying
concentrations of SWCNTs, measured over the frequency range from 0.6 to 20 GHz. Each
curve represents the average properties of three different samples of the same concentration.
The bars span the maximum and minimum values at specific frequencies. Both the
permittivity and effective conductivity of the TM materials increase with increasing
concentration of SWCNTs.
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Fig. 3.
Microwave heating response of TM materials with various concentrations of SWCNTs.
Each curve shows the temperature profile of a sample that was heated via 3-GHz microwave
illumination for 3 minutes and allowed to cool for 5 minutes. The maximum temperature of
the TM mixtures increases with increasing concentration of SWCNTs.

Mashal et al. Page 9

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mashal et al. Page 10

TABLE I
Summary of data presented in Figure 2 at 3 GHz

Percent by weight concentration
of SWCNTs

Average εr (3 GHz) Average σ (3 GHz) Average percent change
εr (3 GHz)

Average percent change σ
(3 GHz)

None 53.3 2.3 S/m - -

0.07 % 57.9 2.7 S/m 9% 16 %

0.15 % 63.7 3.2 S/m 19 % 38 %

0.22 % 73.0 4.2 S/m 37 % 81 %
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TABLE II
Summary of data presented in Figure 3

Percent by weight concentration
of SWCNTs

Average steady-state temperature Average temperature rise ΔT increase compared to
SWCNT-free sample

None 30.9°C 6.9°C -

0.07 % 33.0°C 9.0°C 2.1°C

0.15 % 34.5°C 10.5°C 3.6°C

0.22 % 36.9°C 12.9°C 6.0°C

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2010 August 1.


