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Purpose: The primary feasibility steps of demonstrating the ability of microwave-induced thermoa-
coustic �TA� in phantoms have been previously reported. However, none were shown to target a
diseased site in living subjects in thermoacoustic tomography �TAT� field so far. To determine the
expressions of oncogenic surface molecules, it is quite necessary to image tumor lesions and
acquire pathogenic status on them via TAT.
Methods: Compared to biological tissues, iron oxide nanoparticles have a much higher microwave
absorbance. Fe3O4/polyaniline �PANI� nanoparticles were prepared via polymerization of aniline in
the Fe3O4 superparamagnetic fluids. Then Fe3O4/PANI was conjugated to folic acid �FA�, which
can bind specifically to the surface of the folate receptor used as a tumor marker. FA-Fe3O4/PANI
targeted tumor was irradiated by pulsed microwave at 6 GHz for thermoacoustic detection and
imaging.
Results: The effect of the Fe3O4/PANI superparamagnetic nanoparticles for enhancing TAT images
was successfully investigated in ex vivo human blood and in vivo mouse tail. Intravenous admin-
istration of the targeted nanoparticles to mice bearing tumors showed fivefold greater thermoacous-
tic signal and much longer elimination time than that of mice injected with nontargeted nanopar-
ticles in the tumor. The specific targeting ability of FA-Fe3O4/PANI to tumor was also verified on
fluorescence microscopy.
Conclusions: Fabricated iron oxide nanoparticles conjugated with tumor ligands for targeted TAT
tumor detection at the molecular level was reported for the first time. The results indicate that
thermoacoustic molecular imaging with functionalized iron oxide nanoparticles may contribute to
targeted and functional early cancer imaging. Also, the modified iron oxide nanoparticles combined
with suitable tumor markers may also be used as novel nanomaterials for targeted and guided
cancer thermal therapy. © 2010 American Association of Physicists in Medicine.
�DOI: 10.1118/1.3466696�
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I. INTRODUCTION

Microwave-induced thermoacoustic tomography �TAT�,
which is a hybrid of microwave imaging and ultrasound im-
aging, integrates rich microwave contrast and good ultra-
sound resolution in one imaging modality. Thermoacoustic
�TA� effect is based on the thermoelastic expansion mecha-
nism after pulsed microwave absorption. Submicrosecond
microwave pulse is usually employed to irradiate the tissue;
the local heat absorbed by the irradiated tissue depends on
the tissue absorption coefficient. Then the absorbed heat
would be converted into thermoacoustic waves; thermoa-
coustic signals can be efficiently generated under the condi-
tions of thermal and stress confinement.1–3 Within the vapor-
ization threshold of the microwave energy employed, the
signal amplitude is in linear relationship with the microwave
energy absorption.4 Moreover, the Grüneisen parameter de-

termines the conversion efficiency of microwave energy
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deposition to thermoacoustic pressure.2 These thermoacous-
tic signals can be acquired by ultrasound transducer and pro-
cessed for TAT imaging reconstruction.

The recent surge of interest has significantly expanded the
depth of photoacoustic �PA� and TAT techniques in biomedi-
cal imaging application, such as breast cancer imaging, brain
structural and functional imaging, foreign body detection,
deep tumor imaging, and recently for molecular imaging.5–10

The main difference between these two techniques is the
contrast mechanism. Hemoglobin and melanin contribute to
the main optical absorption in photoacoustic tomography,
while ion and water concentration is responsible for TAT
contrast. Currently, substantial attention in many imaging
methods has been devoted to developing contrast agents not
only for improving the contrast of the acquired images but
also for molecular imaging, targeting specific biomolecules,
gene expression, etc.11,12
Superparamagnetic nanoparticles like iron oxides possess
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unique magnetic properties such as high relaxivity, making
them an attractive platform for magnetic resonance imaging.
They have been used as contrast agents and drug carriers for
detection, diagnosis, and treatment of illnesses such as can-
cer, cardiovascular disease, and neurological disease.13–15

Magnetic fluid hyperthermia is another important application
for cancer therapy. The superparamagnetic particles can
transform the energy of the electromagnetic field into heat
due to the hysteresis loss. After conjugating the particles
with specific molecules such as antibodies, specific ligands,
thiol functional groups, or therapeutic drugs, the functional-
ized Fe3O4 �thermoseeds� can increase the temperature in
tumors and therefore kill tumor cells without damaging the
surrounding healthy tissues.16,17

Initial feasibility steps of contrast agents for TAT have
been suggested previously such as single-walled nanotubes
or microbubbles used in simulated phantom.18–20 However,
none were shown to target a diseased site in living subjects
using TAT so far. The aim of targeting tumor site is to deter-
mine the expressions of oncogenic surface molecules, and it
is quite necessary to image tumor lesions and acquire patho-
genic status on them. Here, we report on fabricated iron ox-
ide nanoparticles conjugated with tumor ligand for targeted
TAT tumor detection at the molecular level for the first time.
Magnetic Fe3O4/polyaniline �PANI� nanoparticles were pre-
pared via polymerization of aniline and then the water-
soluble Fe3O4/PANI was conjugated to folic acid �FA�. The
thermoacoustic enhancement effects of the contrast agents
were investigated on phantoms and living mouse. Most im-
portantly, the high affinity and specificity of the contrast
agents as molecular probe to tumor cells were observed on
TAT results and validated on fluorescence microscopy.
Therefore, thermoacoustic molecular and functional imaging
with folate-functionalized magnetic iron oxide nanoparticles
may contribute to early cancer diagnostics and guided hyper-
thermia in living subjects.

II. MATERIALS AND METHODS

II.A. Chemicals and reagents

The major agents and fluorescent probes used in our re-
search are Fe3O4/PANI magnetic composite nanoparticles
supplied by State Key Laboratory of Chemical Resource En-
gineering in Beijing University of Chemical Technology;
folic acid, fluorescein isothiocyanate �FITC�, dimethyl sul-
foxide �DMSO�, N -hydroxysulfonosuccinimide �NHS�, and
1-ethyl-3-�3-�dimethylamino�-propyl� carbodiimide �EDC�
were purchased from Sigma-Aldrich �St. Louis, MO�. Since
all the reagents were of analytical grade, they were used
without further purification.

II.B. FA-Fe3O4/PANI synthesis

Briefly, the synthesis of Fe3O4 cores follows a precipita-
tion method.21,22 FeCl2 ·4H2O and FeCl3 ·6H2O were used as
iron sources and NaOH was used as a precipitator. Dodecyl-
benzene sulfonic acid sodium salt �NaDS� was used as a

surfactant to prevent agglomeration between the nanopar-
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ticles. The precipitates were separated by magnetic decanta-
tion with acetone and pure water after cooling the suspension
at room temperature. Coating of metallic oxide nanoparticles
with PANIs has mostly been studied by several
approaches.23–25 The Fe3O4/PANI nanoparticles with core-
shell structure were synthesized via an in situ polymerization
of aniline monomer in an aqueous solution, which contains
well-dispersed Fe3O4 nanoparticles and NaDS as surfactant
and dopant. Fe3O4 is the magnetic core, these particles are
polydisperse and some of them agglomerated due to magne-
todipole interactions between particles; the Fe3O4 particles
are almost spherical with diameters ranging from 10 to 30
nm. Also PANI is the aqueous and conducting shell and can
be easily conjugated to biomarkers, the Fe3O4/PANI particles
are almost spherical with diameters ranging from 30 to 50
nm.23–26

To synthesize Fe3O4/PANI with the ability to recognize
tumor cells, we chose the folate receptor �FR� as a tumor
marker. FR is a highly selective tumor receptor overex-
pressed in cancer cell membranes and shows considerable
promise as a monitoring and therapeutic target for a large
number of important human pathologies.27,28 FA is served as
a tumor-homing molecule in this study that can guide
Fe3O4/PANI into FR-overexpressed tumor cells, which could
be applied in the diagnosis for positioning the tumor cells
and further treatment. FA �1 mg/ml� was dissolved in DMSO
and activated by EDC/NHS to afford FA-NHS �molar ratio,
FA:EDC:NHS=1:1:1�. Fe3O4/PANI was mixed with
FA-NHS and incubated avoiding light exposure for 12 h. The
resulting product, FA-Fe3O4/PANI, was dialyzed against
phosphate-buffered saline �PBS� by using 1000 Da filter
�Millipore� to remove free FA, EDC/NHS, and FA-NHS.

II.C. Cell lines and the animal model

S180 mouse sarcoma tumor cell lines �from Guangzhou
Medical College� were cultured under standard conditions.
The S180 tumor models were generated by subcutaneous
injection of 5�107 cells in 50 �l PBS into the flank region
of the female Balb/c mice �35–45 g bodyweight�. In vivo
tumor experiments were performed 2 weeks after tumor in-
oculation on the mice back. The Fe3O4/PANI was intrave-
nously injected into the tumor-free mice tail for the TAT
molecular imaging experiments at a dose of 150 �l with a
concentration of 0.1 mg/ml. For the targeted molecular TAT
imaging, two groups of mice bearing S180 sarcoma tumor
xenografts with similar morphology were used in the experi-
ment. Each group contains three mice, the two groups were
successively injected through the tail vein with either 300 �l
of Fe3O4/PANI or FA-Fe3O4/PANI at a concentration of 0.2
mg/ml. Thermoacoustic images of the tumors and their sur-
rounding tissues were acquired before and up to 5 h after
injection. All the mice survived the 2-month observation pe-
riod after thermoacoustic imaging experiments.

II.D. Fluorescence microscopy of targeted Fe3O4/PANI

Fe3O4/PANI conjugation was labeled with FITC for
29,30
the fluorescence microscopy assay. To take
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FA-Fe3O4/PANI-FITC as an example, FITC was first dis-
solved in DMSO �1 mg/ml�. FITC and FA-NHS were
mixed with Fe3O4/PANI �volume ratio,
FITC:FA-NHS:Fe3O4 /PANI=1:1 :1� and incubated for 12
h in the dark. The resulting products were dialyzed against
PBS by using 1000 Da filter �Millipore� to remove free FITC
and FA-NHS. The preparation of Fe3O4/PANI-FITC was
similar to the synthesis of FA-Fe3O4/PANI-FITC mentioned
above.

FITC fluorescence from the tumor was in vivo measured
on the stage of a stereomicroscope �Lumar V12, Zeiss, Jena,
Germany� with a hydrargyrum lamp �HBO100� as the light
source. 300 �l PBS, 300 �l Fe3O4/PANI-FITC, or
FA-Fe3O4/PANI-FITC at a concentration of 0.2 mg/ml was
directly injected into the tumors; 6 h later, the mice were
anesthetized with pentobarbital sodium and were restrained
in a specially designed holder for imaging analysis. The
magnification is adjusted eightfold for the stereomicroscope
observation. The light beam through a 470/40 nm bandpass
filter, whose light exposure time could be adjusted automati-
cally for fluorescent images, was used to excite the fluores-
cent probes. The fluorescent emission was recorded through
the 525/50 nm bandpass channel. In addition, the laser beam
was blocked by a computer-controlled shutter during the
translation of excitation laser wavelength to reduce laser
bleaching of FITC and laser exposure of the tissue.

II.E. Data acquisition system and imaging
reconstruction

The data acquisition system for TAT molecular imaging
mainly composes of B-mode digital ultrasound diagnostic
equipment �model CTS-5000B, SIUI, China� with a multi-
element transducer �L2L50A� and a high speed digital card
�PCI-6541, NI, USA�. The 128-element linear transducer
with a scanning width of 53 mm was used for thermoacous-
tic signal acquisition. The multielement transducer has a cen-
ter frequency of 2.5 MHz with a nominal bandwidth of 70%.
The transducer array with a computed tomography capability
selects and receives the thermoacoustic signals, which are
parallel to its center cross section in a limited view.31 The
digital data acquisition �DAQ� card featured a 12-bit analog-
to-digital �D/A� converter with a sampling rate of 25 MHz
was employed for collecting digital signals. A microwave
generator at 6 GHz �BW-6000HPT, China� transmitted out
short microwave pulses adjustable from 0.3 to 1.2 �s,
whose maximum trigger repetition rate can reach 500 Hz.
The microwave pulses were coupled into a rectangular wave-
guide in the TE10 mode with a cross section of 34.8
�15.8 mm2. For 6 GHz microwaves, the penetration depths
of fat and muscle are 5.2 and 0.7 cm, respectively.32 Other
soft tissues have a penetration depth between those of fat and
muscle. The energy density per volume of the microwave
pulse is about 0.25 mJ /cm3, and the temperature rise is ap-
proximately 0.04 mK, according to the previous calculation,6

which is within the safety standard for animal and human
33,34
use.
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A custom-built control circuit provided a synchronized
clock signal to trigger the DAQ card and the microwave
generator simultaneously. The TA signals received by the
transducer array, after preamplification and phase adjust-
ment, were acquired with the DAQ card and then transferred
into a personal computer for subsequent data processing. The
mouse in the animal holder can be rotated at several scan-
ning positions for acquisition of multiple image signals with
comprehensive tissue information. Generally, the signals at
20 circular scanning positions around the object were suffi-
cient to recover a clear and accurate image. More technical
information about the fast signal acquisition system can be
found in the previous literature.31,33,35 Due to the directivity
properties of the linear transducer array, an improved
limited-field-filtered backprojection algorithm is employed
for the TAT image formation.6,36

III. RESULTS

III.A. Functionalized iron oxide nanoparticles for TAT
molecular imaging

A stable water-soluble Fe3O4/PANI suspension was ob-
tained after the final centrifugation of the solution. In a phan-
tom study, TA signals of Fe3O4/PANIs at different concentra-
tions, as shown in the Eppendorf tubes from left to right in
the actual inset picture, are detected under the same micro-
wave energy density. It can be seen that the TA signal pro-
duced by Fe3O4/PANI solution is in linear relationship with
their concentrations �R2=0.9961� in Fig. 1. These data sug-
gest that the TA signal of the contrast agent is much higher
than that of water, and Fe3O4/PANI solution at a concentra-
tion of 0.1 mg/ml can achieve effective signal increase.

Different concentrations of Fe3O4/PANI solution mixed
with human blood were also investigated to estimate the ap-
propriate concentration for TAT molecular imaging. Three
identical plastic tubes with a diameter of 0.8 mm filled with
human blood and Fe3O4/PANI solution were embedded at a
depth of 10 mm in porky fat tissue, the cross section of the

FIG. 1. Linear fitting of thermoacoustic signals of the contrast agents at
different concentrations; the solid line is a linear fit with standard deviations
�n=3�. Fe3O4/PANIs at different concentrations are shown in the Eppendorf
tubes from left to right in the actual inset picture of Fig. 1. The thermoa-
coustic signal produced by Fe3O4/PANIs was observed to be linearly depen-
dent on the concentration �R2=0.9961�.
three tubes’ placement is shown in the inset picture of Fig.
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2�a�. The tube marked “A” was filled with 300 �l pure
blood, another one marked “B” was filled with 150 �l
Fe3O4/PANI solution of 0.05 mg/ml mixed with 150 �l
blood; and the other one was filled with 150 �l
Fe3O4/PANIs of 0.1 mg/ml with 150 �l blood.

The TAT image in Fig. 2�a� obtained by circular scanning
at 20 scanning positions agrees well with the actual phantom
shown in the inset of Fig. 2�a�.31,3 Signal-noise-ratio �SNR�
is defined as the ratio of TAT signal amplitude from the im-
aging object to the background noise amplitude corrupting
the signal; a high-contrast TAT image can be reconstructed
using signals with high SNR. The thermoacoustic map of
tube “C” containing Fe3O4/PANIs and blood has a much
higher SNR than that of tube A containing blood only due to
high microwave absorption of the exogenous contrast agent.
Reconstructed profiles of the three tubes were chosen verti-
cally across the tube midpoint. According to quantitative
analysis, as shown in Fig. 2�b�, the TA signal SNR can be
increased roughly four times using a Fe3O4/PANI enhanced
sample compared to pure blood.

III.B. In vivo TA imaging of Fe3O4/PANIs in mouse tail

The phantom experiment was initially tested as a precur-
sor to warrant the potential in vivo experiments. First, the
great enhancement effect of the contrast agents on the ther-
moacoustic signal was corroborated by tissue mimicking
phantom imaging studies. Second, the pilot reference con-
centration at the level of 0.1 mg/ml needs further corrobora-
tion on the in vivo study. In living subjects, the contrast
agents may be diluted by the blood circulation system.
Medical Physics, Vol. 37, No. 8, August 2010
Therefore, the enhancement of the contrast agents on living
subject may be smaller than that on phantom with identical
concentration. In order to investigate the enhancement effect
of the contrast agents on living subjects, the microwave en-
ergy used for generating ultrasound signals was quite mod-
erate at 0.2 mJ /cm3. The microwave generator works syn-
chronously with the sampling card at a frequency of 10 Hz
�10 pulses/s�. Image acquisition of the mouse tail began ap-
proximately 120 min following administration. The signals at
one scanning position were employed to reconstruct TAT im-
age.

Two thermoacoustic angiographs of the mouse tail are
presented in Figs. 3�a� and 3�b�. The experiments were per-
formed in a vertical data acquisition mode, as depicted in
Fig. 3�c�; the signal receiving plane of the linear transducer
array is vertical to the microwave illumination direction. The
anesthetized mouse was placed in an animal holder and then
protruded into the tank under a piece of clear thin membrane.
The tank was filled with mineral oil to couple the induced
thermoacoustic waves to the transducer array. The brightly
visible thermoacoustic image of the mouse tail after injection
of Fe3O4/PANI contrast agent �Fig. 3�b�� shows three times
greater contrast enhancement than the control image without
any contrast agent �Fig. 3�a��. The contrast agent nanopar-
ticles left in animal subject also contribute a lot to TAT signal
enhancement despite the blood stream circulation. This ex-
periment successfully demonstrated the feasibility of using
our TA molecular imaging system to image Fe3O4/PANIs in
vivo.

FIG. 2. �a� Thermoacoustic imaging of thermoacoustic
contrast agents mixed with human blood at three differ-
ent concentrations in plastic tubes. �b� The correspond-
ing profiles of the thermoacoustic signals through the
center of the three tubes for quantitative analysis.

FIG. 3. In vivo thermoacoustic imaging of the mouse
tail before and after intravenous injection of the contrast
agent suspension. �a� Control TA image of the mouse
tail without Fe3O4/PANI injection. �b� TA image of the
mouse tail after Fe3O4/PANI injection. �c� Schematic of
TA molecular tomography system.
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III.C. TAT molecular imaging with selective targeting
on tumor model

To give quantitative analysis to the image enhancement
by the contrast agents, a region of interest in the white
dashed line around the tumor was selected in all the thermoa-
coustic images. Thermoacoustic signals were calculated in
the tumors whose boundaries were clearly visualized in the
ellipses. Specifically, thermoacoustic images of one mouse
from each group before and 4 h after injection were dis-
played in Fig. 4. The images in the first row represent the
control mice group injected with nontargeted contrast agents,
while the second row represents another mice group injected
with targeted contrast agents. In the mice without any con-
trast agents, the thermoacoustic signal, likely produced by
the tumor absorption, was seen in the preinjection images
�Figs. 4�a� and 4�d�� with its actual picture shown in Figs.
4�c� and 4�f�. The mouse sarcoma tumor, which highly ex-
presses FR biomarkers, was clearly exhibited by thermoa-
coustic molecular image, as shown in Fig. 4�e�.

In the reconstructed thermoacoustic images �Figs. 4�a�,
4�b�, 4�d�, and 4�e�� of the tumor model, outer bright rings in
the thermoacoustic images represent the boundary between
the tumor and the normal tissue corresponding to the cancer
invasion front with rapid cell proliferation and robust angio-
genesis in the tumor.37,38 A small increase in ionic conduc-
tivity or water content can produce a significant increase in
microwave absorption at the margin of the tumor. Ring pat-
terns have also been reported in photoacoustic imaging with
rim enhancement correlating well with ratios of tumor
periphery-core microvessel densities.39 The TAT modality is
generally better suited at delineating tumor edges at the lo-
cation of the contrast and may supply complementary infor-
mation for other existing imaging modalities.40,41

A subtraction image was calculated in the ellipses be-
tween the thermoacoustic image acquired postinjection and

FIG. 4. In vivo thermoacoustic imaging of tumors with contrast agent bear-
ing in mouse. ��a� and �d�� TAT images of control sample injected with PBS.
��b� and �e�� TAT images of tumor injected with Fe3O4/PANI and
Fe3O4/PANI-FA, respectively. ��c� and �f�� Photographs of tumor’s area on
the mouse back.
the thermoacoustic image acquired before injection. Each
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thermoacoustic signal increment was a statistical result of
three mice; standard deviations are shown as symbol in Fig.
5. The thermoacoustic increment was quantified as a function
of time. The above plot represents the subtraction of the
thermoacoustic signals obtained on mice injected with tar-
geted contrast agents, whereas the below plot represents the
subtraction traction of the thermoacoustic signals obtained
on mice injected with nontargeted contrast agents. It can be
seen in Fig. 5 that plain Fe3O4/PANIs led only to a temporary
increase in the thermoacoustic signal of the tumor with a
sharp decreasing trend after several hours, while
FA-Fe3O4/PANI led to a consistently higher thermoacoustic
signal. On average, the targeted nanoparticles can lead to
fivefold greater thermoacoustic signal than mice injected
with nontargeted nanoparticles in the tumor.

III.D. Fluorescence verification of FA-Fe3O4/PANI
targeting ability

The targeting ability of the functionalized magnetic nano-
particles to tumor was validated on a fluorescence micros-
copy as an independent method in Fig. 6. The images in the
first row correspond to control tumor tissue injected with
PBS, the middle row corresponds to another tumor model
injected with Fe3O4/PANI-FITC, while the bottom row cor-
responds to the other tumor model injected with
FA-Fe3O4/PANI-FITC. Similarly, the images in the left col-
umn correspond to fluorescent images under white light the
middle column corresponds to fluorescent emission, and the
right column corresponds to the overlaid fluorescent image
by combining the left and middle images.

The mouse fur surrounding the tumor was shaved and
chemically depilated before experiments, and the skin above
the tumor xenograft was very thin and a little transparent.
Although the fluorescence cannot penetrate very deeply into
the tumor, the shallow layer of the tumor stuck to the skin
can be imaged. The bright fluorescent image in the second
row compared to the dark fluorescent image in the first row

FIG. 5. Thermoacoustic signals of tumor injected with contrast agents at
different times. Thermoacoustic signals were calculated in the tumors whose
boundaries were clearly visualized in the dashed ellipses, the thermoacoustic
enhancement can be steadily strengthened by the targeted contrast agents
compared to nontargeted contrast agents. The mean TA signal in the tumor
region of interest was calculated for each TAT image �n=3�; the error bars
represent standard error.
can verify the penetration ability of fluorescence. The tumors
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contained much more contrast agents than the vasculature
because of the direct injection of contrast agents into the
tumors and the bloodstream clear. Therefore,
FA-Fe3O4/PANI-FITC specifically bound to the tumor recep-
tors would lead to a brilliant fluorescent signal, whereas vas-
culature containing less FITC conjugates would result in
dark shadow appearance, as shown in the fluorescent images.

For quantitative analysis, the arrow marked A refers to the
fluorescence on the normal tissue with a fixed distance out-
side the tumor center, while the arrowhead marked B refers
to the fluorescence at the tumor center. The ratio of B to A
can be used as an indicator for the contrast agent targeting
ability. The fluorescence of FA-Fe3O4/PANI was detected in-
side the tumor, but almost not in the normal tissue around the
tumors in Fig. 6. �The specific fluorescence values of B and
A are 122 and 13, respectively, in the central fluorescence
image of the third row.� However, the fluorescence of
Fe3O4/PANI was detected in both the injected tumor and
surrounding normal tissue. �The specific fluorescence values
of B and A are 100 and 52, respectively, in the central fluo-
rescent image of the second row.� The normal tissue sur-
rounding the tumor injected with Fe3O4/PANI-FITC shows a
much more intense fluorescent emission than that surround-
ing the tumor injected with FA-Fe3O4/PANI-FITC �fluores-
cence value at 52 compared to fluorescence value at 13�. The
control sample was injected with PBS, no fluorescence was
detected on it �the fluorescent values are below 11�.

Two more cohorts of mice have been used in the experi-
ment to acquire statistical data. In Fig. 6, the ratio of B to A
in the mouse injected with FA-Fe3O4/PANI is 9.38 and is
much greater than that of B to A in the mouse injected with
Fe3O4/PANI at 1.92. In another cohort of mice, the corre-
sponding ratios are 16.2 and 1.83, respectively. In the third

FIG. 6. Fluorescence histological imaging of tumor and normal tissue 6 h
after injection of contrast agents, observed with a fluorescence stereomicro-
scope. The first row corresponds to control tumor tissue injected with PBS,
the middle row corresponds to another tumor model injected with
Fe3O4/PANI-FITC, while the bottom row corresponds to tumor model in-
jected with FA-Fe3O4/PANI-FITC. The left column corresponds to fluores-
cent images under white light, the middle column corresponds to fluorescent
emission under laser excitation on 470/40 nm, and the right column corre-
sponds to the overlaid fluorescent image by combining the left and middle
images.
cohort of mice, the ratios are 22.1 and 1.82, respectively.

Medical Physics, Vol. 37, No. 8, August 2010
These statistical numbers �n=3� can prove that
FA-Fe3O4/PANI has a higher selectivity and greater affinity
with tumor cells than Fe3O4/PANI due to the tumor-specific
ligands. This study also shows that the FA-Fe3O4/PANI
would not accumulate in the tissue surrounding the tumor
and Fe3O4/PANI alone could easily reach the surrounding
tissue through intracellular diffusion.

IV. CONCLUSION AND DISCUSSION

Intravenous injection of targeted Fe3O4/PANIs in mice led
to almost fivefold higher thermoacoustic signal in the tumor
compared to mice injected with nontargeted Fe3O4/PANIs on
S180 mouse tumor model in vivo. The temporary and de-
creasing thermoacoustic signal observed for plain
Fe3O4/PANI is likely caused by the clearing of the blood
circulation system. In contrast, FA-Fe3O4/PANI binds to the
tumor angiogenesis receptors,42 creating a consistent ther-
moacoustic signal from the tumor. The specificity and selec-
tivity of the targeted magnetic nanoparticles to tumor were
verified using florescence microscopy as an independent
method. Thus, the contrast between the experimental groups
�targeted FA-Fe3O4/PANI injection and the control group
Fe3O4/PANI injection� indicates specific targeting of
FA-Fe3O4/PANI probe targeted with tumor cells. This study
suggests that thermoacoustic molecular imaging with ligand-
functionalized Fe3O4/PANIs can achieve good contrast en-
hancement and may be used as specific antibody shuttle for
thermoacoustic molecular imaging.

Compared to hydrophobic nanoparticles above 100 nm,
the FA-Fe3O4/PANI nanoparticles have an increased affinity
for molecular targets because of longer retention time.43,44

Long retention time of FA-conjugated Fe3O4/PANI in the
tumor markers has major implications for monitoring diag-
nosis and drug delivery process. Biocompatibility has been
an important issue for in vivo applications of functionalized
iron oxide nanoparticles; the mice in the experiments all sur-
vived the 2-month observation period with satisfactory re-
sults. Furthermore, TAT overcomes the resolution drawback
of pure optics imaging while retaining the most compelling
features of both microwave and ultrasound, namely, high mi-
crowave absorption contrast and submillimeter ultrasound
resolution—up to an imaging depth of several centimeters.45

Significant folate uptake would also be seen at sites of in-
flammation because of the FR overexpression on activated
macrophages.46 Therefore, sarcoma cancer cells receptor
binding as well as tumor uptake by activated macrophage
can contribute to the accumulation of folate conjugates.

Targeting efficiency of the targeted contrast agents to the
tumor receptors is affected by several factors and may not be
as high as expected. Using higher concentration of contrast
agents and higher microwave energy density would result in
greater image enhancement and more obvious result. FA-
conjugated iron oxide nanoparticles may have better target-
ing efficiency and signal enhancement on tumors with small
size because the nanoparticles could accumulate in a limited
volume �smaller tumor size� with a much higher distribution

density. Tumor at good physiological condition such as at
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early angiogenesis stage usually has fast metabolism speed,
thus more nanoparticles would be taken up and contribute to
greater enhancement effect in the tumor. The extravasation
ability of the particles exiting vasculature would also influ-
ence the targeting efficiency to the cancer cells.10 Different
animal and different tumors may cause change in the TAT
signal; the targeting mechanism needs more future further
studies. We also expect this work to stimulate further studies
of biologically relevant problems in thermoacoustic molecu-
lar imaging.

The sensitivity of our TAT molecular imaging system to
the iron oxide nanoparticles is not very high. The detection
sensitivity can be improved by increasing the incident micro-
wave energy density toward the maximum permissible expo-
sure, choosing optimal detection bandwidth, detection elec-
tronics, and so on. Small sample size in the experiments may
lead to measurement error because of individual differences,
and experimental results on a bigger sample size would be
more compelling and make the experimental results more
accurate. This study demonstrated a pilot feasibility study for
targeted cancer imaging on TAT, which is suggestive and
indicative for TAT field and targeted molecular imaging.
However, in vivo demonstration of targeting needs to be veri-
fied more accurately and maybe through standard methods
such as histology, mass spectroscopy, etc., which is our next
work in the near future.

The microwave generator employed in our laboratory has
a maximum repetition frequency of 500 Hz, which is high
enough for the magnetic particles to elevate the temperature
of the irradiated tumors in a short time. The functionalized
particles can specifically target the corresponding tumor and
effectively enhance the thermal destruction of tumor cells
without damaging the nontargeted normal tissue. On the
other hand, the TA signal amplitude of the irradiated tissue is
in linear correlation with its temperature, according to recent
literature.4,47 When the microwave pulse heats up the tumor
tissue, it would also trigger out thermoacoustic signals. Thus,
TAT can monitor and guide the hyperthermia effect at the
same time of thermal treatment using one microwave gen-
erator. Therefore, functionalized iron oxide combined with
suitable tumor markers may be used as novel nanomaterials
for targeted cancer thermal therapy.
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