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Carbon nanotubes have attracted interest as contrast agents for biomedical imaging because they strongly absorb electromagnetic
radiation in the optical and microwave regions. This study applies thermoacoustic (TA) imaging and spectroscopy to measure the
frequency-dependent absorption profile of single-walled carbon nanotubes (SWNT) in the ranges of 2.7–3.1 GHz and 7–9GHz
using two tunable microwave sources. Between 7 and 9GHz, the peak TA signal for solutions containing semiconducting and
metallic SWNTs increasedmonotonically with a slope of 1.75 AU/GHz (R2 = 0.95) and 2.8 AU/GHz (R2 = 0.93), respectively, relative
to a water baseline. However, after compensating for the background signal from water, it was revealed that the TA signal from
metallic SWNTs increased exponentially within this frequency band. Results suggest that TA imaging and spectroscopy could be a
powerful tool for quantifying the absorption properties of SWNTs and optimizing their performance as contrast agents for imaging
or heat sources for thermal therapy.

1. Introduction

The extraordinary electrical, optical, and mechanical proper-
ties of single-walled carbon nanotubes (SWNTs) make them
attractive for a variety of applications. For example, they
have demonstrated unique capabilities in fields ranging from
nanoelectronics for creating highly functional integrated cir-
cuits to biomedicine as sensors of in vivo disease biomarkers
[1, 2].Their low toxicity, large surface area, and ability to pen-
etrate the cell membrane indicate that functionalized SWNTs
can be effective agents to deliver exogenous biomolecules
like proteins, DNA, and RNA directly into cells [3–7].
These nanoagents can be molecularly conjugated to specific
ligands, such as folic acid, antibodies, and peptides, enabling
targeted delivery of anticancer or antibacterial agents [8–13].
Additionally, SWNTs have been used in mouse models to
deliver therapeutics passively via the enhanced permeability
and retention effect (EPR) [14]. In the biomedical arena, these
nanoparticles have also been employed as contrast agents for
medical imaging and heat sources for thermal ablation due to
their strong electromagnetic absorption [1, 15, 16].

Their large microwave absorption makes SWNTs excel-
lent candidates in contrast to agents for thermoacoustic imag-
ing (TAI) [17–19]. In TAI a short microwave pulse (∼1 𝜇s) is
absorbed by a sample, producing transient heating, ther-
moelastic expansion, and generation of an ultrasound (US)
pressure field with a magnitude proportional to the local
microwave absorption. In recent work, we demonstrated that
thermoacoustic spectroscopy (TAS) can be used to enhance
the specificity of TAI by detecting and identifying materials
based on the frequency dependence of their microwave
absorption [20]. This study expands our previous findings by
utilizing TAS to characterize the spectral dependence of the
TA signal generated by SWNTs. The generated TA pressure
(𝑝) is given by
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of the microwave pulse, 𝑟 is the position from the trans-
ducer, ] is the microwave excitation frequency, and 𝛼 is the
microwave absorption coefficient, which is represented by the
cumulative contribution from all absorbers:
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where 𝑐
𝑚
is the concentration of the 𝑚th absorber and 𝛼

𝑚
is

the absorption coefficient of the𝑚th absorber. Equation (2) is
useful for separating contributions from different colocalized
absorbers to the cumulative microwave absorption. The
microwave absorption coefficient is defined as
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where 𝜇 is the permeability, 𝜀 is the permittivity, and 𝜎 is
the conductivity. Thus, the microwave absorption coefficient
and TA signal produced by an absorber are ultimately derived
from the underlying dielectric properties of the sample.

Single-walled carbon nanotubes are constructed out of
graphene, a two-dimensional sheet of individual carbon
atoms arranged in a hexagonal pattern and conceptualized
to be rolled into a tube. These nanoparticles typically have
a diameter of about one nanometer and can be up to sev-
eral millimeters in length. Their electromagnetic properties
depend on the geometrical orientation of the carbon atoms in
the nanotube [21]. For example, carbon nanotubes with a zig-
zag atomic structure behave as a semiconductor, while carbon
nanotubes with an armchair atomic structure behave like a
metal.

The spectral absorption properties of SWNTs are largely
unexplored. However, previous studies have revealed that
their electromagnetic properties, such as permittivity and
permeability, can have large frequency dependence in the 1–
10GHz range [22, 23]. Carbon nanotubes exhibit both linear
and nonlinear dielectric properties, so their resulting absorp-
tion spectra, as measured by TAS, may be complex in nature
[24]. Furthermore, by manipulating the permittivity, perme-
ability, and/or thickness of the nanoparticles, their properties
can be frequency-tuned [24–27]. This study employs TAS to
ascertain the microwave absorption properties of SWNTs.
If these nanoparticles exhibit a distinct spectral signature,
this feature could be exploited to enable highly sensitive
in vivo discrimination from endogenous background signal
generated by tissue (e.g., muscle and blood) [20].

2. Materials and Methods

Stock solutions of nanoparticles were obtained from Buckeye
Composites containing SWNTs exhibiting semiconducting
(MC1138-1) and metallic (MC1138-2) properties. These sam-
ples were tested for their frequency-dependent absorption
properties using TAS. The nanotubes in the semiconducting
solution had an average diameter of 1 nm and a base concen-
tration of 300mg/L water (i.e., 300 ppm). The nanotubes in

the metallic solution had an average diameter of 2 nm and a
concentration of 100mg/L water (i.e., 100 ppm).

Twomicrowave sources were employed for TAIwith exci-
tation frequencies between 2.7 and 9GHz. The first source
was a high-energy microwave oscillator (PG5KB, Epsco,
𝑃peak = 4 kW, Figure 1(a)) tunable between 2.7 and 3.1 GHz.
The second source was a high-frequency microwave power
amplifier provided by Raytheon Company (see Figure 1(b)).
This source exploited a helix traveling wave tube (TWT)
amplifier to generate microwave pulses with a peak power of
1 kW between 7 and 9GHz.

For TAI, a custom tank was designed and fabricated on
a rapid prototype 3D printer (Connex350, Objet). A single-
element, spherically focused 2.25MHz US transducer (V395,
Olympus) detected theTA signals, whichwere generatedwith
a 300 ns square microwave excitation pulse. The radiating
antenna, aWR-187waveguide for the 3GHz system,was filled
with mineral oil and sealed with a thin layer of Mylar. A
ceramicmatching layer (EccostockHiK, Emerson&Cuming,
𝜀

𝑟
= 6.0, loss tangent < 0.002) was positioned on top of

the waveguide to optimize microwave transmission into the
sample. A calibrated spectrum analyzer (Hewlett-Packard,
8560A) measured the frequency-dependent power of the
microwave source. The imaging tank was filled with deion-
ized water (diH

2
O) for acoustic coupling to the US trans-

ducer. The setup for the 3GHz system, including imaging
tank, overhead transducer, and arm of the motorized 3D
translation stage (Velmex Inc.), is displayed in Figure 1(c).

For the 9GHz system, the imaging tank was fitted with
a WR-90 waveguide. Both the waveguide and imaging tank
were filled with mineral oil and separated by a thin layer of
Mylar. The microwave output was sampled with a directional
coupler. The attenuated output of the coupler was connected
to a crystal detector (432A, Hewlett Packard) to convert the
microwave power to a voltage. The crystal detector was cali-
brated at each microwave frequency and used to record the
frequency-dependent fluctuations in the output microwave
power. It also enabled accurate tuning of the microwave
pulse width.

For both systems, US signals were recorded on a fast data
acquisition board (PDA12, Signatec), which sampled signals
at 32MHz.DuringTAI, the envelope of the outputmicrowave
pulse was also recorded. The lateral position of the trans-
ducer was placed at the center of the waveguide where the
microwave power was highest. The acoustic focus was then
positioned at the depth of the sample. The motorized trans-
lation stage was attached to the sample, which was scanned
across the waveguide aperture to ensure uniform and consis-
tent microwave exposure for each sample. Next, the sample
was scanned at different microwave excitation frequencies to
produce spectroscopic cross-sectional (B-mode) TA images.
The sample consisted of three polyolefin tubes (NTE Elec-
tronics, dia. = 3mm) with solutions of semiconduct-
ing SWNTs, metallic SWNTs, and deionized water (see
Figure 1(c)). The sample was suspended 2mm above the
waveguide aperture with a center-to-center spacing of 5mm
between each tube. The typical scan time for a single B-
mode acquisition was less than 1 minute with lateral steps of
500𝜇m. The US signal at each lateral position was bandpass
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Figure 1: (a) Photograph of the 2.7–3.1 GHz tunable microwave source. (b) Photograph of the 7–9GHz tunable microwave source (traveling
wave tube oscillator).The amplifiedmicrowave output was connected to a waveguide (WR-90 for 7–9GHz), which was secured to the bottom
of the imaging tank. (c) Photograph of imaging tank and single-element focused US transducer. Highlighted region: photograph of sample
consisting of solutions of (1) semiconducting SWNTs, (2) metallic SWNTs, and (3) a baseline of deionized water. All solutions were imaged
in 3mm diameter polyolefin tubes. The solution of semiconducting SWNTs is darker than the solution of metallic SWNTs partly due to the
higher nanoparticle concentration (300 ppm versus 100 ppm).

filtered (1–3MHz) and demodulated by taking themagnitude
of the Hilbert transform. For display purposes, the envelope
was linearly interpolated and log-compressed. Images were
filtered laterally with a low-order median filter followed by a
Gaussian smoothing filter (1.5mm). Thermoacoustic images
were normalized to the power of the microwave pulse, which
varied slightly with frequency.

3. Results and Discussion

Solutions of SWNTs were initially imaged with the tunable
3GHz microwave source. A test sample consisting of solu-
tions of semiconducting SWNTs and metallic SWNTs and
a reference solution of deionized water was imaged with
excitation frequencies of 2.7, 2.9, and 3.1 GHz. A schematic
cross-section of the samples is shown in Figure 2(a), dis-
playing the order of each solution. A TA image acquired
with 3.1 GHz radiation is presented in Figure 2(b). The tube
of semiconducting SWNTs generated the largest TA signal
of the three samples. This is consistent with expectations,
because its nanoparticle concentration was higher than that
of the metallic nanoparticles. For example, at 3.1 GHz, this

sample generated 48% and 90% larger signal than themetallic
and water samples, respectively. Additionally, the normalized
spectral profiles of the SWNTs between 2.7 and 3.1 GHz are
depicted in Figure 2(c). Both SWNT solutions generated sig-
nificantly larger signal (20%–100%) than the water reference.
Over this narrow frequency range, the spectrum of each
sample increased linearly (𝑅2 ≥ 0.99) but with different
frequency-dependent slopes. Referenced to the unit normal-
ized slope of deionized water, the metallic SWNT solution
had a spectral slope of 0.95AU/GHz, which was slightly
less than that of water, whereas the semiconducting SWNT
solution had a slope significantly greater than the water
baseline (2.32 AU/GHz).

To further explore the spectral absorption properties of
the SWNTs, the nanoparticle solutions were imaged with
the broadband TWT oscillator. Thermoacoustic images, dis-
played in Figure 3, were acquired with excitation frequencies
between 7 and 9GHz in 0.25GHz intervals. These images
indicate that the solutions of SWNTs generated stronger TA
signals than deionized water, especially above 8GHz. This
is particularly significant because water itself has substantial
absorption in this frequency range.
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Figure 2: (a) Schematic cross-section of sample imaged in Figure 1(c) comprised of semiconducting SWNTs (s.c. SWNT, 300 ppm), metallic
SWNTs (met. SWNT, 100 ppm), and a baseline control of deionized water (diH

2
O). (b) TA image acquired with 3.1 GHzmicrowave radiation

(8 dB dynamic range). Tubes are outlined by gray circles. Scale bar = 2mm. (c) Average TA signal, over 4 × 4mm2 regions for semiconducting
SWNTs (𝑚 = 2.32AU/GHz, 𝑅2 = 0.99) and metallic SWNTs (𝑚 = 0.95AU/GHz, 𝑅2 = 0.99) relative to the normalized slope of deionized
water (𝑚 = 1.0AU/GHz, 𝑅2 = 0.80) as a function of incident microwave frequency.

X

Z � = 7.0GHz

� = 9.0GHz

Figure 3: Spectroscopic TA cross-sectional images of semiconduct-
ing SWNTs (left tube), metallic SWNTs (middle tube), and deion-
izedwater (right tube), acquiredwith excitation frequencies between
7 and 9GHz (Δ] = 0.5GHz). Tube walls are outlined by gray circles
in bottom image. A strong spectral dependence is observed for each
sample. Dynamic range is 30 dB for all, scale bar = 2mm.

The TA signal’s amplitude at each microwave frequency,
averaged over the cross-section of each tube, is displayed in
Figure 4(a). Both solutions of SWNTsmanifested a TA signal
that increased linearly as a function of microwave frequency.

The stock solutions of semiconducting and metallic SWNTs
had respective slopes of 1.75 AU/GHz (𝑅2 = 0.95, 𝑝 < 0.01)
and 2.8 AU/GHz (𝑅2 = 0.93, 𝑝 < 0.01) compared to the unit
normalized slope of deionized water. Figure 4(b) presents an
image of the sample cross-section based on the slope of the
best-fit line at each pixel. The three samples have distinct
spectral signatures, allowing each to be uniquely identified
from their frequency-dependent TA signal without relying on
the magnitude of the signal at any particular frequency.

Because most of the solutions were composed of water
(>99% by weight) with significant background absorption,
we also estimated the individual contribution of the nanopar-
ticles to the cumulative TA signal. Equation (2) was used
to decompose the contributions of the total TA signal into
two discrete sources of microwave absorption (i.e., water and
SWNTs) using the known nanoparticle concentration of each
solution (𝑐s.c. SWNT = 300 ppm, 𝑐met. SWNT = 100 ppm) and the
measured TA spectrum of deionized water. This approach
also compensates for different nanoparticle concentrations
and, thereby, enables better quantification of the nanoparti-
cle’s true absorption profile. The expected TA signals from
samples of pure SWNTs are displayed in Figure 5 on the
same scale as Figure 4. The semiconducting SWNTs exhib-
ited a strong absorption profile that increased linearly with
frequency. The metallic SWNTs, on the other hand, revealed
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Figure 4: (a) Average TA signal from semiconducting SWNTs,
metallic SWNTs, and deionized water. The semiconducting and
metallic SWNT solutions had respective slopes of 1.75 AU/GHz
(𝑅2 = 0.95) and 2.8 AU/GHz (𝑅2 = 0.93), with respect to the water
baseline (i.e., 𝑚water = 1.0AU/GHz, 𝑅2diH2O = 0.91); 𝑝 < 0.01 for
all three samples. (b) Cross-sectional image of the slope of the TA
signal, as a function ofmicrowave excitation frequency, as calculated
from the pixel-wise least-squares best-fit line. Tube cross-sections
are outlined by dashed gray circles.

a much stronger signal than both deionized water and semi-
conducting SWNTs between 7 and 9GHz with the TA signal
increasing exponentially within this frequency range.

Although the TA signal is directly proportional to the
absorption coefficient of each sample, it is not a direct
measure of microwave absorption due to other factors that
affect the TA signal, such as the thermoelastic expansion and
specific heat (see (1)). However, we expected the frequency-
dependence of the microwave absorption between 1 and
10GHz to be dominated by changes in its absorption prop-
erties. The linear absorption spectrum of semiconducting
nanoparticles near 3GHz and between 7 and 9GHz is con-
sistentwith previous reports describing slowly varying dielec-
tric properties for SWNTs in this frequency range [24].
Conversely, TAI and spectroscopy revealed an exponentially
increasing signal for the metallic SWNTs between 7 and
9GHz. Other studies have reported spectrally varying dielec-
tric properties of SWNTs near this frequency range using
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Figure 5: Expected TA spectra of SWNTs calculated by compen-
sating for contributions from the background water in each SWNT
solution. The water and semiconducting SWNTs have a linear
spectra (𝑚water = 0.145AU/GHz, 𝑅2 = 0.91) and (𝑚s.c. SWNT =

366AU/GHz, 𝑅2 = 0.84), respectively. The frequency-dependent
signal frommetallic SWNTs followed an exponential function (half-
life = 0.49GHz, 𝑅2adj = 0.84).

other methods, such as field emission scanning electron
microscopy [24, 25, 27, 28]. The exact mechanism of the
increase could be explained by a plasmon resonance, spe-
cific to the size and distribution of the metallic SWNTs,
modulating the attenuation coefficient of the nanoparticles
[29]. The sharp spectral signature and large signal enhance-
ment of metallic SWNTs may facilitate clinical application
of contrast-enhanced TAS for diagnostic cancer imaging.
Exploiting their frequency-dependent absorption may also
improve their heating efficiency for deeper imaging and
therapy in soft tissue using high-frequency microwaves.

4. Conclusions

This study employed spectroscopic thermoacoustic imaging
to characterize the spectral dependence of semiconduct-
ing and metallic single-walled carbon nanotubes (SWNTs)
between 2.7 and 9GHz. These nanoparticles were found to
have distinct and differentiable absorption spectra in this
frequency range. In particular, after compensating for effects
of the background water signal, metallic SWNTs displayed
an exponentially increasing thermoacoustic signal between
7 and 9GHz. In tissue, the strong and distinct microwave
absorption properties of metallic SWNTs could be separated
from endogenous background absorbers (e.g., blood, muscle,
and fat) using spectral decomposition to facilitate in vivo
detection of small tumors. Molecularly targeted SWNTs
combined with thermoacoustic spectroscopy could lead to
highly sensitive and specific detection and imaging of cancer
cells followed by delivery of therapeutics. These agents could
also be usedwithmicrowave heating for targeted ablation and
cancer therapy.
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