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We report tumor detection using a photoacoustic technique for the imaging of angiogenesis and monitoring
of agent pharmacokinetics on an animal model. We take 532-nm laser pulses to excite photoacoustic signals
of blood vessels with acquisition by a broadband hydrophone, and the morphological characteristics of tumor
angiogenesis are successfully image depicted. Furthermore, tumor pharmacokinetics is preformed and analyzed
with fast multielement photoacoustic imaging of the intravenous-injected indocyanine green (ICG). Photoacoustic
signals of ICG are excited with 805 nm laser pulses and recorded by transducer array as a function of time. The
difference between the photoacoustic signal from the tumor side and that from the normal side is observed, and
the ICG clearance velocity in the tumor area is found to lag behind that in the normal area. Experimental results
demonstrate that photoacoustic imaging of morphological parameter and pharmacokinetics with specific agent
may provide high sensitive approach for tumor detection and localization.
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Diagnosis of tumor is an important process of tu-
mor therapy. In contrast to the normal region, tumor
vasculature has an abnormal structure and function,
such as the disorder of vascular and pharmacokinetic
abnormal in the tumor. Different parameters in tumor
growth are important for clinical diagnosis of tumor.
There are many imaging modalities employed nowa-
days for tumor assess, including x-ray/CT, magnetic
resonance imaging (MRI), positron emission tomog-
raphy (PET) and near-infrared optical imaging. In
comparison to the above imaging techniques, photoa-
coustic imaging (PAI) offers new approach for clini-
cal diagnosis, and is noninvasive, relatively fast, eco-
nomical and overcomes the high optical scattering of
biological tissues. Photoacoustic imaging is a poten-
tially powerful technique with excellent spatial resolu-
tion and satisfactory imaging depth, which combines
high optical contrast and high ultrasound resolution
into a single modality.[1,2] Absorption coefficients in
tissues facilitate the discrimination of the malignant
tissue from the normal tissue. PAI technique has
been used for imaging tumor, brain and other diseases
of blood vessels.[3−7] Our early work has achieved to
high-resolution imaging of the developing vasculature
during early tumor growth.[8,9]

Indocyanine green (ICG), a compound with FDA
(food and drug administration), is of approval for sys-
temic administration. ICG has been widely used in
studies of cardiac defects, liver functions and oph-
thalmic diseases. When dissolved in blood, ICG binds

to proteins such as albumin and lipoproteins, and
the absorption maximum will from 780 nm shifts up
to 805 nm. Some research has suggested that the
angiogenesis process plays an important role in tu-
mor growth, which implies that any further increase
in tumor mass must be preceded by an increase of
new capillary blood vessels which converge upon the
tumor.[10−12] Since the ICG molecules are in the
blood, the greater number of capillary blood vessels
around tumors provides more ICG molecules around
tumors and tends to collect in regions of dense vascu-
larity through the enhanced permeation and retention
(EPR) effect. In this case more PA signal is expected
from the tumor tissue than from the healthy tissue.

The schematic of the experimental setup is shown
in Fig. 1. Laser pluses with 532 nm and 805 nm are
provided by a frequency doubled Nd:YAG laser and
an optical parametric oscillator (VIBRANT B 532 I,
OPOTEK, USA), which are used for exciting PA sig-
nals. A concave lens and a piece of ground glass
are used to expend and homogenize the laser beam,
so that the incident energy density is controlled be-
low 20mJ/cm2. The incident laser beam on to the
sample has a diameter of about 15 mm. Before ex-
periment, general anesthesia was administered to the
mouse by an intraperitoneal injection of pentobarbi-
tal, and the mouse is allowed to protrude into the
water tank through a hole at the bottom of the tank
and is insulated from the water by a piece of clear
polyethylene membrane covering the hole. A sufficient

*Supported by the National Basic Research Program of China (2010CB732602), the Program for Changjiang Scholars and
Innovative Research Team in University (IRT0829), the National Natural Science Foundation of China under Grant Nos 30627003
and 30870676, and the Natural Science Foundation of Guangdong Province (7117865).

**Email: xingda@scnu.edu.cn
c○ 2010 Chinese Physical Society and IOP Publishing Ltd

094302-1

http://cpl.iphy.ac.cn
http://www.cps-net.org.cn
http://www.iop.org


CHIN. PHYS. LETT. Vol. 27,No. 9 (2010) 094302

amount of ultrasound gel was applied on the imaging
area as an acoustic coupling medium for photoacous-
tic signals.

In the experiment of PA morphological imaging
of tumor, a broadband needle hydrophone (Precision
Acoustics Ltd, Dorchester, UK; diameter: 1mm; sen-
sitivity: 850 mV/Pa; bandwidth: 200 kHz–15 MHz)
was used to capture the PA signals. The hydrophone
is driven by a computer controlled stepper motor to
scan around the mouse with 200 steps (1.8∘ per step)
for high-precision scanning imaging. The received PA
signals were amplified and recorded by a digital oscil-
loscope (TDS3032, Tektronix, USA), and then trans-
mitted to a personal computer for subsequent data
processing. In the experiment of PA pharmacokinetic
monitoring, a 64-channel linear transducer array with
effective length of 49 mm was used to receive PA sig-
nal. Each element of the array has a width of 0.3mm,
a pitch of 4mm, and a center frequency of 2.5 MHz
with a 70% bandwidth. PA signal from the array is
captured by the home-made 64-channel parallel data-
acquisition (PDA) equipment, which is employed to
acquire, pretreat and transmit the measured raw PA
signals. The linear transducer array is driven by a
computer controlled stepper motor to scan around the
mouse with 4 steps (90∘ per step) for the fast PA imag-
ing. The signal acquisition time for one PA image
with four-position collection including of the scanning
time is about 2 s. PA signals after recorded in the
PC, software of Matlab with the limited-view filtered
back-projected algorithm was used to reconstruct the
PA images.
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Fig. 1. Schematic diagram of the photoacoustic imaging
system.

The S180 tumor model was generated by the sub-
cutaneous injection of 4 × 107 cells in 50µL PBS
into the right hindlimb region of the female Balb/c
mouse (about 26 g body weight). PA scanning was
performed after tumor-cell inculcation for two weeks.
The healthy region of the left hindlimb and tumor
region of right hindlimb was PA scanned with the hy-
drophone respectively. Then ICG solution was intra-

venously injected into the tumor-bearing mouse tail
for the PA pharmacokinetic imaging and monitoring.
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Fig. 2. In vivo photoacoustic images of vasculature in
healthy region and tumor region on mouse hindlimb. (a)
Photograph of the healthy left hindlimb. (b) Photograph
of the tumor nodule on the right left hindlimb. (c) PA
image of vasculature in healthy region. (d) PA image of
angiogenesis in the tumor region.
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Fig. 3. Absorption spectra of ICG (200µM), mouse blood
and their mixture.

Figure 2 shows the in vivo microvascular network
imaging by high-precision PA scanning imaging with
532-nm laser. Figures 2(a) and 2(b) are the pho-
tographs of the healthy and tumor region on the
hindlimbs of a mouse two weeks after the tumor inoc-
ulation. The visual appearance of the tumor nodule
is in oval shape, protruding over the skin surface by
about 3 mm. Subcutaneous vasculature of the healthy
region is clearly shown in Fig. 2(c), and obvious vessel
branches are revealed by the PA image while they are
invisible to the naked eyes in Fig. 2(a). Compared to
Fig. 2(c), the morphological characteristics of tumor
vasculature from Fig. 2(d) are different from those in
healthy tissue. As can be seen, vascular networks in
the tumor region are clearly resolved. Tumor blood
vessels look highly disorganized, tortuous, dilated and
excessive branching. The brighter colors indicate the
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higher strength of PA signals, i.e. stronger absorbed
optical energy density. Therefore, the morphologi-
cal characteristics of the tumor side displayed in the
PA image can conclude to high vessel density, high
optical absorption, and ring-trend growth to the tu-
mor mass, which are in agreement with those of tu-
mor angiogenesis.[13,14] It can be concluded that the
PAI technique is capable of imaging tumor angiogen-
esis in vivo and differentiate tumor tissue with high-
resolution morphological characteristics.

To make PA detection of tumor more convincing,
the pharmacokinetics of ICG was introduced to be ex-
plored with fast photoacoustic monitoring. Figure 3

shows the optical absorption spectral of mouse blood,
ICG solution and the mixture of blood and ICG. The
spectral distinctly validate that the absorption peak is
shifted up to 805 nm when ICG binding to blood pro-
teins, and great higher absorption of ICG than that
of blood in the near-infrared region is clearly revealed.
Therefore, 805 nm laser pluses were choose to stare
the PA signal of ICG. We injected 100µL ICG solu-
tion (200µM) to the mouse body through the tail vein
before the experiment. Continuous PA monitoring of
tumor region and healthy region with the transducer
array were performed, respectively.
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Fig. 4. In vivo PA imaging of ICG pharmacokinetics on the tumor and healthy region of the mouse hindlimbs.
Reconstructed images are collected after injection of ICG with 60 s, 120 s, 180 s, 240 s, 300 s.

Photoacoustic monitoring of ICG clearance in tu-
mor and normal region was achieved with reconstruc-
tion by 4 rotated scanning positions and shown in
Fig. 4. The PA image slices with interval of 60 s indi-
cate different uptake of ICG in the tumor and normal
tissue. For the sake of giving intuitionistic contrast
of dynamic of ICG, the strength of PA signals are
displayed. Strength of photoacoustic signal, which re-
flected the optical absorption in vessel at 805 nm wave-
length, can also reflect the concentration of ICG in
tissue. Figure 5 shows the typical PA signal curve as
a function of time, and the line of square and the line
of rotundity represent the PA signal from the normal
region and tumor region, respectively. It is noted that
the PA signal reaches the maximum of about 20 s af-
ter injection of ICG, and that the PA signal from the
tumor side is higher than that from the normal side,
which suggests more ICG molecules are around the
tumor than in the surrounding normal tissue. The
PA signal decreases after reaching maximum since the
ICG are cleared up by the liver cells through the blood
circulation. Most important, different dynamical fea-
ture was observed for the physiological state. There
are about 100 s intervals of the characteristic decay
time between the normal and the tumor side. The tu-
mor cases exhibited slower rate of ICG clearance com-
pared to the healthy tissue. The results show that the

PAI can continuously monitor the dynamics of ICG
in vivo, and has potential to distinguish tumor and
healthy tissue with pharmacokinetic characteristics.
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Fig. 5. PA signal curve as a function of time. The upper
curve is the PA signal from tumor side and the lower curve
is the PA signal from the healthy side.

In summary, morphological features and pharma-
cokinetics of ICG for inoculated tumor on the mouse
model have been clearly revealed with single and
multielement photoacoustic imaging systems, respec-
tively. These results demonstrate that photoacoustic
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imaging has the potential to become a useful tool in
detecting tumor and monitoring the process of anti-
angiogenic therapy.
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