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ABSTRACT

Poly(ethylene glycol)-coated Au nanocages have been evaluated as a potential near-infrared (NIR) contrast agent for photoacoustic tomography
(PAT). Previously, Au nanoshells were found to be an effective NIR contrast agent for PAT; however, Au nanocages with their more compact
sizes (<50 nm compared to >100 nm for Au nanoshells) and larger optical absorption cross sections should be better suited for in vivo
applications. We sequentially injected Au nanocages into the circulatory system of a rat in three administrations and in vivo PAT was conducted
immediately prior to the first injection and continued unti l 5 h after the final injection. A gradual enhancement of the optical absorption in the
cerebral cortex, by up to 81%, was observed over the course of the experiment.

Introduction. Photoacoustic tomography (PAT) is a novel,
hybrid, and nonionizing imaging modality that combines the
merits of both optical and ultrasonic imaging methods. It is
highly sensitive to the optical absorption of biological tissue.
PAT provides greater spatial resolution than purely optical
imaging in deep regions while simultaneously overcoming
the disadvantages of ultrasonic imaging regarding both
biochemical contrast and speckle artifact; it can provide high
spatial resolution images with optical contrast in a region
up to 5.2 cm deep in biological tissue.1,2

PAT has been successfully applied to the visualization of
different structures in biological tissues and has been
especially useful in imaging the cerebral cortex of small
animals.3-7 PAT is also suitable for monitoring the circulation
of exogenous optical contrast agents.8,9 Such contrast agents
have been shown to improve the sensitivity and specificity
of optical imaging techniques such as optical coherence
tomography (OCT) and fluorescence imaging.10 Still, purely
optical imaging techniques cannot provide high spatial

resolution in regions beyond the quasiballistic regime11 (1
mm deep) because of the strong scattering in biological
tissues.

Long-circulating, optically tunable nanoparticles have
recently been applied to PAT as contrast agents, allowing
for their uptake, delivery, and excretion from a body to be
monitored. The results from such monitoring could aid in
the diagnosis of cancer. For example, these small (typically
60-400 nm diameter) particles tend to extravasate and
accumulate in tumor regions via a passive mechanism
referred to as the enhanced permeability and retention
effect,12 which has been attributed to dysfunctional anatomi-
cal conditions such as localized leaky circulatory and
lymphatic systems. This feature is especially helpful in brain
tumor detection because healthy vessels in the brain dissuade
the extravasation of such particles because of the blood-
brain barrier. As a result, nanoparticles can accumulate in
the vicinity of tumor vasculature and enhance optical
contrast. In a previous study, Au nanoshells were tested as
an near-infrared (NIR) optical contrast agent in PAT. In this
study, we have sought to evaluate a new class of optically
tunable nanoparticles, Au nanocages, as a potential contrast
agent for PAT in the NIR region where the attenuation of
light by blood and soft tissue is relatively low.
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Gold nanocages represent a novel class of optically tunable
nanoparticles.13-15 They are prepared by the remarkably
simple galvanic replacement reaction between Ag nanocubes
and HAuCl4 as shown below16,17

Owing to the template effect and reaction stoichiometry,
hollow and porous Au-Ag alloyed particles, commonly
referred to as Au nanocages due to its predominance, are
produced. By adjusting the amount of HAuCl4 added, the
position of the localized surface plasmon resonance (LSPR)
peaks of the resultant Au nanocages can be precisely tuned
throughout the visible and into the NIR region. Owing to
the biocompatibility and well-established surface chemistry
of Au, we have started to explore the optical properties of
Au nanocages for a number of biomedical applications.18,19

For example, it has recently been demonstrated that Au
nanocages provide enhanced image contrast when integrated
with OCT, an imaging modality capable of resolving tissue
microanatomy in vivo using predominantly scattering con-
trast.20,21 Additionally, Au nanocages functionalized with
targeting moieties have been shown to preferentially ac-
cumulate on the surface of cancer cells.21 The subsequent
absorption of NIR light by the immuno-targeted Au nano-
cages resulted in the selective photothermal destruction of
cancer cells in vitro.22

This work aims to tailor the optical properties of the Au
nanocages for use with PAT. To this end, we have prepared
Au nanocages with an average edge length of∼50 nm.
Discrete dipole approximation (DDA) calculations indicate
that these small, hollow Au nanostructures have a particularly
large optical absorption cross section, nearly 5 orders of
magnitude greater than that of conventional organic dyes.23

This feature is attractive to absorption-based imaging tech-
niques such as PAT. Specifically, we show the feasibility
of Au nanocages as an intravascular contrast agent for PAT
of small animals in vivo. The vasculature of a rat’s cerebral
cortex was imaged, and an enhanced optical contrast was
observed with the use of Au nanocages.

Methods. Au nanocages with an edge length of∼50 nm
were prepared in a two-step process. First, Ag nanocubes
(Figure 1A) were prepared by a rapid, sulfide-mediated
polyol process in which Ag(I) is reduced to Ag(0) in the
presence of ethylene glycol, poly(vinyl pyrrolidone), and a
trace amount of sodium sulfide.24 The isolated Ag nanocubes
were converted into Au nanocages (Figure 1B) via the
galvanic replacement reaction. To a heated suspension of
Ag nanocubes, HAuCl4 solution was added until the reaction
media appeared dark blue, indicating a red-shift of the SPR.
The resulting Au nanocages had a peak optical absorption
at ∼820 nm (Figure 1C), a wavelength that overlaps with
the optical extinction window of biological tissues. The
nanocage surfaces were then functionalized with poly-
(ethylene glycol) (PEG, MW) 5000), which has been shown
to suppress immunogenic responses and thus increase the
blood circulation time.25,26

The setup for noninvasive PAT of rat brains is similar to
that in the previous work8 and has been described in detail
in the Supporting Information. In the in vivo test, Au
nanocages were injected into the circulatory system of a rat
through the tail or saphenous vein. Similar to the previous
work,8 three successive injections of nanocages were ad-
ministrated, each with a dose of∼0.8 × 109 nanocages/g
body weight. PAT scanning started immediately following
each administration. After three administrations, PAT scan-
ning was continuously performed for over 5 h. With another
animal, a single injection with a dose of∼0.8 × 109

nanocages/g body weight was also performed, and PAT
scanning immediately followed the injection and continued
for about 3 h. The laser wavelength used was 804 nm. In
every in vivo experiment, after data acquisition the rat was
sacrificed with an overdose injection of pentobarbital. Open
skull surgery was performed to photograph the cerebral
cortex.

To further understand the contrast enhancement, we
measured the photoacoustic signal generated by Au nano-
cages mixed with rat blood ex vivo while a single dose of
∼0.8 × 109 nanocages/g body was used. First, nanocages
were mixed with rat blood at a ratio equivalent to∼0.8 ×
109 nanocages/g body weight and injected into a small Tygon
tube (940 µm OD, 510 µm ID). The tube was then
illuminated by the laser while the generated photoacoustic
signals were detected by an ultrasonic transducer. The laser
wavelength was tuned from 764 to 824 nm, and the
photoacoustic signals were collected at different wavelengths.
As a reference, the photoacoustic signals generated by pure
rat blood were also measured.

3Ag(s)+ AuCl4
-(aq)f

Au(s) + 3Ag+(aq)+ 4Cl-(aq) (1)

Figure 1. (A) SEM image of the as-synthesized silver nanocubes
with edge lengths of∼40 nm. (B) SEM image of gold nanocages
(edge length of∼50 nm) prepared by the galvanic replacement
reaction between Ag nanocubes and HAuCl4 solution. (C) Absorp-
tion spectra of Ag nanocubes and Au nanocages. The insets in
panels A and B show TEM images of the nanocubes and nanocages,
respectively (scale bars: 25 nm).
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Results and Discussion.PAT images of the cerebral
cortex of a rat of the three successive injections are presented
in Figure 2. Figure 2A,B were taken before and after the
injection of Au nanocages, respectively. Compared with
Figure 2A, which only shows the intrinsic optical contrast,
Figure 2B reveals the brain vasculature with greater clarity.
This enhanced clarity was due to the injected Au nanocages.
With Au nanocages, the optical absorption of the blood was
increased and hence the contrast between blood in vessels
and the background brain tissues was enhanced. A differential
image shown in Figure 2C was obtained by subtracting
pixelwise the amplitude of the preinjection image (Figure
2A) from that of the postinjection image (Figure 2B). This
image displays the distribution of differential optical absorp-
tion in the rat brain as induced by Au nanocages. All the
PAT images of the rat brain match well with the open-skull
anatomical photograph in Figure 2D.

The increases in optical absorption after nanocage injection
were calculated for all PAT images. The signals were
integrated over each image and then normalized to the signal
integration of the reference image. The results are shown in
Figure 3. The enhancements in the blood absorption have a
peak value of 81%, which occurs about 2 h after the final
injection. This enhancement is comparable but greater than
the previously reported 63% enhancement when Au nanoshells
were used as a contrast agent at a similar dose.8 After the

maximum enhancement was achieved, the absorption gradu-
ally decreased, presumably due to clearance of the nanocages
from the blood.27

Figure 4 shows the enhancement result for a single
injection, whereas Figure 5 shows the ex vivo results. In
Figure 4, the enhancements have a peak value of 35%, which
occurs about 2 h after the injection. Figure 5 shows the
measured photoacoustic signal amplitude generated by Au
nanocages in rat blood at several wavelengths. With blood
only, the amplitudes of measured photoacoustic signals are
considerably lower. After adding the Au nanocages into the
blood, the amplitudes increase by 85-106% over this
wavelength range.

According to Figure 5, the blood absorption should be
improved by 95% at a single injection of∼0.8 × 109 ex
vitro, but we observed only a 35% enhancement in vivo in
Figure 4. In the previous work with Au nanoshells,8 ∼30%
enhancement in absorption was reported in vivo while
∼100% enhancement was expected according to the calcula-
tion, which is probably due to biological effects.

In both Figures 3 and 4, the results showed the peak
enhancement came about 2 h after the injection (or the final

Figure 2. Noninvasive PAT imaging of a rat’s cerebral cortex (A)
before the injection of nanocages and (B) about 2 h after the final
injection of nanocages, which is the peak enhancement point. (C)
A pixelwise differential image (image B-image A). (D) An open-
skull photograph of the rat’s cerebral cortex. Three successive
injections were administrated in these results.

Figure 3. The integrated absorption calculated from the experi-
mental images for the three-successive-injection experiment. The
presented values are normalized by the integrated absorption of
the image obtained before the injection. The error bars are the
standard errors for each integration.

Figure 4. The integrated absorption calculated from the experi-
mental images for the single-injection experiment. The presented
values are normalized by the integrated absorption of the image
obtained before the injection. The error bars are the standard errors
for each integration.
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injection in Figure 3). The delay may relate to the circulation
mechanism of these nanoparticles in the blood stream, which
is being studied independent of this study.

To further compare Au nanoshells and Au nanocages, we
simulated the extinction spectra for both nanoparticles in
water. The parameters used in the simulations were 145 nm
outer diameter and 125 nm inner diameter with a shell
thickness of 10 nm for the Au nanoshells and 50 nm outer
edge and 42 nm inner edge with a wall thickness of 4 nm
for the Au nanocages (alloy composition 70% Au and 30%
Ag). Mie theory and DDA were employed for the calculation
of nanoshell and nanocage particles, respectively. These
dimensions are similar to those materials used in the
previous8 and current work. The calculation results are shown
in Figure 6. Overall, Au nanoshells have a much greater
extinction value than Au nanocages. However, the extinction
of Au nanoshells is dominated by scattering. In contrast, the
extinction of Au nanocages is dominated by absorption.
Around 800 nm, Au nanocages have a greater absorption
cross-section than Au nanoshells (0.036 versus 0.027µm2).
Since PAT is an absorption-based technique, the greater
absorption of the Au nanocages makes them more suitable
than Au nanoshells for use as a contrast agent, as demon-
strated in this study.

Conclusion. We have demonstrated that Au nanocages
can be used in PAT to enhance the contrast between blood
and the surrounding tissues. The enhanced contrast could
allow more detailed vascular structures to be imaged at
greater depths. Our results indicate that Au nanocages are
promising contrast agents for imaging techniques based on
optical absorption and in particular for PAT. Compared with
Au nanoshells, Au nanocages seem to have slightl advantages
in PAT due to their absorption-dominant extinction. In
addition, it may also benefit thermal therapy based on these
nanoparticles. The smaller sizes of nanocages should be
advantageous for in vivo delivery. We envision that PAT
with Au nanocages bioconjugated to target cancer cells could
provide a powerful tool for cancer detection.
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