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Contrast agents are attracting a great deal of attention in photoacoustic imaging. Here we
introduce an exogenous contrast agent that provides high photoacoustic signal amplitude at the
near-infrared wavelength. Our agents consist of Indocyanine green (ICG) and phospholi-
pid�polyethylene glycol (PL�PEG), entitled ICG�PL�PEG nanoparticles. These nanoparticles
have overcome numerous limitations of ICG, such as poor aqueous stability, concentration-
dependent aggregation and lack of target speci¯city. ICG�PL�PEG nanoparticles are bio-
compatible and relatively nontoxic. All the components of ICG�PL�PEG nanoparticles have
been approved for human use. Upon pulsed laser irradiation, the nanoparticles are more e±cient in
producing photoacoustic waves than ICG alone. The results showed that ICG�PL�PEG nano-
particles act as good contrast agents for photoacoustic imaging. These unique ICG�PL�PEG
nanoparticles have great potential in clinical applications.

Keywords: Photoacoustic imaging; nanoparticle; indocyanine green; phospholipid�polyethylene
glycol.

1. Introduction

Photoacoustic imaging is a noninvasive imaging
method with good resolution and high contrast in a
su±cient depth range.1�3 In photoacoustic imaging,
when the absorbers are irradiated by pulsed lasers,
some of the light is absorbed and result in a rapid
thermoelastic expansion. Then the photoacoustic
waves will be generated. The photoacoustic waves
can be detected by a highly sensitive ultrasound

transducer, and thus used to spatially resolve the
location of absorbers.4 Photoacoustic imaging ap-
plications range from microscopy to whole organ
imaging. It has been successfully applied in early
detection of breast tumor,5 brain functional imag-
ing,6 noninvasive monitoring of cerebrovascular
activities and blood oxygenation7 and monitoring
of vascular damage during tumor photodynamic
therapy.8
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Indocyanine green (ICG) is popular in photo-
acoustic methods, since it is currently the only
Federal Drug Administration (FDA) approved near-
infrared (NIR) clinical imaging agent that exhibits
extraordinarily high optical adsorption.9 However,
applications of ICG remain limited by its poor
aqueous stability, concentration-dependent aggre-
gation, lack of target speci¯city and quick clear-
ance from the body with a short half-life about
2�4min.10�18 To overcome these limitations, ICG�
PL�PEG nanoparticles consisting of ICG and
phospholipids�polyethylene glycol (PL�PEG) was
developed as photoacoustic contrast agents. The
nanoparticles provide multiple advantages. ICG�
PL�PEG nanoparticles are biocompatible and re-
latively nontoxic. ICG�PL�PEG nanoparticles can
improve the molecular stability of ICG and prolong
its plasma half-life. ICG�PL�PEG nanoparticles
are also small enough to avoid clearance by the
reticuloendothelial system and permeation into
tumor tissue. The hydrophilic PEG surrounding the
nanoparticles surface renders them sterically stable,
protecting them from mononuclear phagocytic
system uptake.17�19 The absorption cross section of
myriad nanoparticles can be multiples to orders of
magnitude higher than the surrounding native tissue
at NIR wavelengths. They are ideally suited as
photoacoustic contrast agents.

In this work, ICG�PL�PEG nanoparticles were
developed utilizing the noncovalent self-assembly
chemistry between PL�PEG and ICG. The prop-
erties of ICG�PL�PEG nanoparticles, such as
absorption spectra, stability, morphology and size
distribution, were investigated. The feasibility of
using these nanoparticles as photoacoustic imaging
contrast agents was evaluated. Preliminary results
showed that a high contrast in mice could be
achieved.

2. Materials and Methods

2.1. Materials

ICG for injection was purchased from Dan Dong
Yi Chuang Company (Dandong, Liaoning, China).
1,2-distearoyl-sn-glycero-3-phosphoethanol-amine-
N-[amino/carboxy(PEG)2000] was purchased from
Avanti Polar Lipids Inc. (AL, USA) and other
chemicals used in this work were all of analytical
grade. All of the reagents were used without further
puri¯cation.

2.2. Preparation of ICG�PL�PEG
nanoparticles

Preparation of ICG�PL�PEG nanoparticles was
performed following the procedures according to
Zheng et al.17

2.3. Characterization experiments

The absorption spectra of ICG solution and
ICG�PL�PEG nanoparticles were investigated by
a UV/Vis spectrometer (Lambda 35, Perkin-Elmer,
MA, USA). The morphology and size of the
ICG�PL�PEG nanoparticles were investigated by
A JEM-100CXII (Jeol Inc., Tokyo, Japan) trans-
mission electron microscope (TEM) with par-
ameters of 100 kV voltage and 70 pA current.

2.4. Photoacoustic system

The photoacoustic device was designed according to
Cheng et al.20 An optical parametric oscillator
(OPO) (VIBRANT B 532I, OPOTEK, USA) with a
full-width at a high magnitude of 10 ns and a rep-
etition of 10Hz was used as the light source. For all
studies, the maximum laser energy per pulse was
10mJ/cm2. A focused ultrasound transducer with
center frequency of 15MHz and �6 dB bandwidth
of 100% was used to receive the photoacoustic sig-
nals generated by the tested sample on the three-
dimensional (3D) scanning stage driven by compu-
ter-controlled stepper motors. The photoacoustic
signals were recorded by the computer through the
signal ampli¯er and a dual-channel data acquisition
card. The sampling rate of the data acquisition card
was 100M samples s�1.

3. Results

3.1. Characterization of the
ICG�PL�PEG nanoparticles

The PEG-coated, amine-functionalized base ICG�
PL�PEG nanoparticles are designed to utilize the
noncovalent self-assembly chemistry between ICG
and PL�PEG. The absorption spectrum of freely
dissolved ICG (5�g/ml) and ICG�PL�PEG solu-
tion (containing 5�g/ml ICG) are shown in Fig. 1(a).
The main peaks of the absorption of ICG�PL�PEG
shift approximately 20 nm toward the higher wave-
lengths compared with freely dissolved ICG. A TEM
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image of the ICG�PL�PEG nanoparticles [see
Fig. 1(b)] showed that the nanoparticles were
spherical and well dispersed, with a core size of
approximately 18 nm. The photoacoustic signal
generated by ICG and ICG�PL�PEG nanoparticles
at various concentrations was detected using a pulsed
laser as the irradiation source. The choice of laser
wavelength was based on the absorbance spectra of
ICG and ICG�PL�PEG nanoparticles. The photo-
acoustic signals generated by the ICG�PL�PEG
nanoparticles are summarized in Fig. 2. The intensity
of the photoacoustic signal produced by ICG�
PL�PEG and ICG was observed to be linearly
dependent on the concentrations. The intensity
of the photoacoustic signal produced by ICG�
PL�PEG was much stronger than ICG at the same
concentration.

3.2. Stability of freely dissolved ICG

and ICG�PL�PEG nanoparticles

We measured absorption spectra of the ICG (5�g/
ml) and ICG�PL�PEG nanoparticles (containing
5�g/ml ICG) at di®erent times. The samples were
maintained at room temperature without light ex-
posure. The absorbance of the ICG was almost
completely degraded after 40 days [see Fig. 3(a)].
However, the ICG�PL�PEG nanoparticles only
experienced a slight reduction of absorbance after
40 days [see Fig. 3(b)]. These experiments demon-
strated that the nanoparticles had a higher stability
than freely dissolved ICG.

3.3. Photoacoustic imaging of the

ICG�PL�PEG nanoparticles

Four identical plastic tubes with a diameter of
3.2mm that ¯lled with di®erent concentrations of
ICG�PL�PEG solution were imaged by photo-
acoustic imaging. Four tubes were ¯lled with
ICG�PL�PEG containing 10, 20, 40, 80�g/ml ICG
respectively. A high-contrast photoacoustic imaging
can be reconstructed with high signal-noise-ratio
(SNR) photoacoustic signals. As shown in Fig. 4(a),
when the concentration of ICG�PL�PEG in-
creased, the SNR of the absorber imaging increased
accordingly, which clearly demonstrated the advan-
tage of ICG�PL�PEG enhancement. Photoacoustic
imaging of the samples resulted in a visible increase in
signal as the concentration of ICG�PL�PEG
nanoparticles increased, as shown in Fig. 4(b). The
result indicated that ICG�PL�PEG nanoparticles

Fig. 2. Photoacoustic signals of ICG and ICG�PL�PEG
nanoparticles at various concentrations.

(a) (b)

Fig. 1. (a) Absorption spectra of ICG and ICG�PL�PEG nanoparticles, respectively. (b) TEM imaging of ICG�PL�PEG
nanoparticles.
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have a potential to improve tissue contrast in pho-
toacoustic imaging.

One of the advantages of photoacoustic imaging is
its ability to detect nanoparticles in tissue. This

capability was tested by performing photoacoustic
imaging on mice. Approximately 50�l ICG�
PL�PEG solution (containing 0.1mg/ml ICG) and
0.1mg/ml ICG solution were injected into the °ank

(a) (b)

Fig. 3. Absorption of ICG (a) and ICG�PL�PEG nanoparticles (b) at di®erent times.

(a) (b)

Fig. 4. (a) Photoacoustic imaging of ICG�PL�PEG nanoparticles at four di®erent concentrations in plastic tubes with a diameter
of 3.2mm. (b) Photoacoustic signals of the ICG�PL�PEG nanoparticles at di®erent concentrations correspond to Fig. 4(a).

(a) (b)

Fig. 5. Photoacoustic imaging (a) and corresponding signals (b) of ICG�PL�PEG nanoparticles. Photoacoustic imaging (c) and
corresponding signals (d) of ICG. The ICG�PL�PEG nanoparticles and ICG were injected directly into the °ank region of female
Balb/c mice.
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region of female Balb/c mice, respectively. Then,
photoacoustic imaging was performed. The contrast
results for imaging experiments between the dissolved
ICG and ICG�PL�PEG particles in the biological
tissues show the performance of the ICG�PL�PEG
particles [see Figs. 5(a) and 5(b)] is better than that
of pure ICG [see Figs. 5(c) and 5(d)]. The 3D
photoacoustic image [see Fig. 6(a)] shows the sig-
nal received primarily from the ICG�PL�PEG
nanoparticles interrogated by the pulse of laser light.
Figures 6(a)�6(d) clearly depict the location of the
ICG�PL�PEG nanoparticles against the back-
ground tissue. These images demonstrate the ability
of photoacoustic imaging to locate accumulated

nanoparticles inside the tissue. Thus, if the ICG�
PL�PEG nanoparticles were injected in the blood-
stream systematically and accumulated in tumor,
then photoacoustic imaging could be used to locate
the nanoparticles inside the tissue, helping clinicians
to better de¯ne and characterize diseased areas.

4. Discussion

The photoacoustic technique has a broad range of
applications,21�23 including nondestructive biome-
dical imaging, chemical analysis and ecology. The
acoustic waves are excited when pulsed light is
absorbed by a target. There are four mechanisms of

(c) (d)

Fig. 5. (Continued)

Fig. 6. (a) 3D photoacoustic imaging of ICG�PL�PEG nanoparticles injected directly into the °ank region of female Balb/c mice,
(b) Three slices of two-dimensional photoacoustic images correspond to Fig. 6(a).
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laser-generated acoustic waves, including thermo-
elastic expansion, vaporization, photochemical
processes and optical breakdown.24,25

The amplitude of the photoacoustic wave
depends on both the optical absorption and the
properties of the target. Contrast agents with strong
optical absorption could signi¯cantly enhance the
photoacoustic e®ect.26 As an FDA-approved NIR
dye, ICG has been used for photoacoustic imaging.
However, numerous disadvantageous physicochem-
ical characteristics, such as poor aqueous stability,
concentration-dependent aggregation and lack of
target speci¯city, limit the application of ICG.16

Furthermore, ICG binds almost completely (98%) to
plasma albumin, leading to its low vascular or tissue
permeability.27 ICG�PL�PEG nanoparticles over-
come these limitations. All of the components of the
nanoparticles are biocompatible and relatively non-
toxic. PEG is also FDA approved for biomedical
imaging and therapy. The addition of PEG provides
several advantages. It can render the nanoparticles
stable and compatible with biological media. It also
can reduce uptake by the reticuloendothelial system
and to provide the nanoparticles with stealth prop-
erties for longer circulation times in vivo.28�32

ICG�PL�PEG nanoparticles provide three
mechanisms of contrast enhancement than ICG.
Firstly high concentration of ICG loaded in the
nanoparticles. Secondly encapsulation in nano-
particles stabilizes ICG against an aqueous media
and other destabilizing e®ects from the biological
environment. Lastly ICG�PL�PEG nanoparticles
have more e±cient light absorption than ICG at the
maximum absorption (with the same ICG concen-
tration). ICG�PL�PEG nanoparticles have been
demonstrated to produce high levels of contrast
enhancement both in phantom and live animal
experiments, con¯rming the feasibility of the ICG�
PL�PEG nanoparticles as contrast agents for
clinical photoacoustic imaging. As such, the ICG�
PL�PEG nanoparticles are naturally applicable for
photoacoustic imaging.

The ICG�PL�PEG nanoparticles provide pho-
toacoustic contrast enhancement. ICG�PL�PEG
nanoparticles are speci¯cally designed to be used in
biological contrast-enhancing applications. Beyond
the use as contrast agents, ICG�PL�PEG nano-
particles are adaptable for a variety of ap-
plications ranging from fundamental biomedical
studies to medical diagnostic and therapeutic
applications.17�19

5. Conclusion

In summary, the ability of ICG�PL�PEG nano-
particles for photoacoustic imaging was demon-
strated. ICG�PL�PEG nanoparticles have a
highly stable structure and functionality in light
absorption. ICG�PL�PEG nanoparticles have
high optical extinction at NIR wavelengths. All the
components of ICG�PL�PEG nanoparticles are
nontoxic. The experiment results turned out that
ICG�PL�PEG nanoparticles can be used as con-
trast agents for photoacoustic imaging, which
would be suitable for delineation of tumor.
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