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ABSTRACT

The development of a contrast agent for a laser optoacoustic imaging system (LOIS) can significantly widen preclinical and clinical applications
of this imaging modality for early detection of cancerous tumors. Gold nanorods were engineered to enhance the contrast for optoacoustic
imaging. Under in vivo conditions , 25 µL of gold nanorods solution at a concentration of 1.25 pM were injected into nude mice and detected
using a single-channel acoustic transducer. LOIS was used to visualize the distribution of gold nanoparticles at a concentration of 125 pM in
vivo when 100 µL of solution of gold nanoparticles was delivered subcutaneously. Our results suggest that LOIS can be used for in vivo
detection of gold nanorods at low concentrations and the nanoparticles can be engineered to enhance the diagnostic power of optoacoustic
imaging.

Molecular targeting of nanoparticles to cancer cells and the
tracking of these targeted particles in vivo is suggested for
the detection of tumors in their early stages.1,2 Currently,
fluorescent and superparamagnetic nanoparticles are under
clinical investigation to aid in the diagnosis of cancer;
however, light scattering within tissue limits the spatial
resolution of conventional optical methods in locating
fluorescent nanoparticles deep within tissue.1,3 The tracking
of superparamagnetic nanoparticles requires very sophisti-
cated, complex, and expensive devices. Thus, the develop-
ment of a new imaging technique that enables the tracking
of targeted nanoparticles in vivo could significantly expand
the applications of nanotechnology in modern medicine.

Laser optoacoustic imaging system is a novel modality
that combines the spectral selectivity of molecular excitation
by laser light with the high resolution of ultrasound detection,
thereby overcoming the limitations of pure optical and
ultrasound-based methods.4 In optoacoustic imaging, tissue
is irradiated with a short laser pulse that can be selected at

the near-infrared (NIR) region of the spectrum to enhance
light penetration and probing of tissue.5 Within most tissue,
light-absorbing components such as hemoglobin of blood
absorb photons, transfer energy in the form of heat to sur-
rounding tissue, which then undergoes thermoelastic expan-
sion, resulting in generation of acoustic waves that can be
detected on the surface of the tissue using acoustic transduc-
ers operating in a wide ultrasonic frequency band. By using
an array of acoustic transducers and applying filtered back
projection algorithms to the time-resolved optoacoustic
signals, LOIS renders an image.4,6 Like the contrast of
conventional optical methods, optoacoustic contrast is de-
pendent on the difference in the optical absorption of objects
to render an image, but unlike conventional optical methods,
it uses ultrasound waves to locate objects. Because ultrasound
waves can travel through tissue with minimal scattering and
attenuation, LOIS is capable of locating optically absorbing
objects deep within tissue. Thus, the main advantage of LOIS
over conventional optical methods is its ability to detect
objects deep within biological tissue. The optoacoustic
method is also superior to pure ultrasound because it uses
optical absorption as a source of contrast, which leads to far
greater contrast between diseased and healthy tissue than that
based upon acoustic impedance.

Gold nanoparticles possess a tunable and exceptionally
strong optical absorption due to their plasmon resonance.7,8
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Strong optical absorption results in the generation of detect-
able acoustic waves upon pulse laser irradiation. In the past,
we have demonstrated the use of spherical gold nanoparticles
for the molecular-specific detection of cancer cells in vitro
using optoacoustic methods.9 Considering the peak absorp-
tion of spherical gold nanoparticles that are located at the
visible region of the spectrum and the fact that visible light
cannot penetrate deep within tissue, one would conclude that
spherical gold nanoparticles are not suitable for in vivo
optoacoustic detection. Unlike visible light, NIR light
penetrates deep within tissue.10 Spherical gold nanoshells
absorbing in the NIR have been applied as an optoacoustic
contrast agent in vivo, however, without specific targeting
to cellular receptors.11 Previously, we proposed to employ
gold nanorods as a contrast agent for optoacoustic imaging12

due to their advantages relative to gold nanospheres and
nanoshells: (a) resonance optical absorption of gold nanorods
is substantially stronger than that of nanoshells13 and (b)
nanorods can be made much smaller than nanoshells, which
increases their efficiency in targeting specific cellular recep-
tors.14 These properties of gold nanorods attracted attention
of research groups developing pure optical methods.15

In this work, gold nanorods (Au-NRs) with an average
size of 50 nm× 15 nm were fabricated using a seed-
mediated method.16 This method allows the creation of gold
nanorods with desirable dimensions and to tune their plasmon
resonance wavelength to 760 nm. This wavelength was
selected because the light absorption of tissue is minimal,
while hemoglobin has a local absorption peak, and thus deep
irradiation of tissue is possible by using a commercially
available alexandrite laser at 757 nm. The absorption
spectrum of Au-NRs was measured using a Cary 50
spectrophotometer. An “as synthesized” solution of Au-NRs
was estimated to contain 7.5× 109 NRs per mL.16 Figure 1
shows the absorption spectrum of fabricated Au-NRs and
the emission wavelength of the alexandrite laser at 757 nm.

Raw Au-NRs were suspended in a solution that was satu-
rated with cetyl trimethyl ammonium bromide (CTAB),
which is a toxic surfactant.17 The removal of CTAB from
solution causes particle aggregation, which means that raw
Au-NRs cannot be used in vivo. To address this issue, Au-
NRs were stabilized by covalent attachment of poly(ethylene

glycol), which allows the removal of free CTAB from the
nanoparticle solution without causing aggregation.18 Au-NRs
(10 mL) was incubated overnight with 1 mL of 2 mM potas-
sium carbonate and 0.1 mL of 1 mM methoxy-polyethylene
glycol thiol (mPEG-thiol) with a molecular weight of 5000
Da (Nektar, Huntsville, AL) at room temperature. Extra
mPEG-thiol was removed from solution by two rounds of
centrifugation, and then Au-NRs were resuspended in
phosphate buffered saline (PBS). Unlike raw Au-NRs,
PEGylated Au-NRs were stable when suspended in PBS in
the absence of free CTAB. Optical spectroscopy showed that
the shift of the peak absorption wavelength of Au-NRs after
PEGylation was negligible (data not shown). Alternatively,
Au-NRs were coated with poly(sodium-4-styrenesulfonate)
(PSS, Sigma) as described in the literature.19 Like PEGylated
particles, PSS-coated Au-NRs could be used in vivo.

The first optoacoustic experiment was aimed at the
detection of Au-NRs at low concentrations through a thick
scattering media. To do this, a disk-shaped phantom was
made of a 10% gelatin and 1% whole milk solution to
simulate the scattering properties of the tissue. The thickness
of the phantom was approximately 4 cm. The phantom was
placed on top of a single-channel acoustic transducer that
was made of a 10 mm× 10 mm square shape polyvinylidene
difluoride (PVDF) piezoelectric film with 110µm thickness.
The transducer was then mounted on acoustic impedance
matching material with strong ultrasound absorption property.
The transducer was interfaced with a Tektronix oscilloscope
(TDS 3012B, Richardson, TX) through a low-noise wide-
band amplifier with high input impedance and a gain of 60
dB (LAT-06AB-0700, Fairway Medical Technologies, Hous-
ton, TX). The transducer sensitivity was∼30 µV/Pa within
the ultrasonic frequency band from 50 kHz to 5 MHz.
Ultrasound gel was applied to ensure impedance matching
between the transducer and the phantom. An alexandrite laser
operating at 757 nm with a pulse duration of 75 ns was used
to illuminate the sample with a relatively homogeneous beam
distribution, delivering an average fluence of 6 mJ/cm2. For
each measurement, the optoacoustic signal was averaged over
16 laser pulses. The optoacoustic signal was recorded when
100µL of water (control), Au-NRs at a concentration of 7.5
× 108 NRs per mL (1.25 pM), and Au-NRs at a concentration
of 7.5 × 109 NRs per mL (12.5 pM) was applied dropwise
on the top surface of the phantom using a pipet. Recorded
optoacoustic signals are shown in Figure 2.

In Figure 2, they-axis is the amplitude of the recorded
signal in volts and thex-axis is the time of arrival of the
signal to the transducer following pulsed laser irradiation.
The distance between the target and transducer can be
calculated by multiplying the time of arrival by the speed of
sound in the phantom (∼1.5 mm/µs); in our case,∼37 mm.
This experiment shows that: (1) Au-NRs are detectable in
vitro using an optoacoustic method at a concentration of
7.5 × 108 NPs/mL (1.25 pM) and (2) the amplitude of
optoacoustic signal is proportional to the concentration of
Au-NRs.

Detection of nanoparticles through a biological tissue is
important because the ultimate goal of our project is to detect

Figure 1. Absorption spectrum of raw Au-NRs with an ap-
proximate size of 50 nm× 15 nm. The peak absorption is close to
the emission wavelength of the alexandrite laser at 757 nm.
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Au-NRs that targeted tumors located deep within tissue. An
in vivo experiment was conducted to determine if opto-
acoustic method could be used for single-point detection of
subcutaneously injected Au-NRs in nude mice. Figure 3
shows the schematics of this experiment in which optoa-
coustic detection was performed in the forward mode. A nude
mouse (Hsd:Athymic Nude-Foxn1nu, Harlan Bioproducts for
Science, Indianapolis, Indiana) was anesthetized by intra-
peritoneal injection of a mixture of xylazine/ketamine and
was placed in a supine position (face up) on top of a single-
channel optoacoustic transducer that was used in the in vitro
studies. The same laser source was used to illuminate the
abdomen of the mouse at a fluence of 6 mJ/cm2.

Initially, optoacoustic signals were recorded before and
after subcutaneous injection of 25µL of PBS as control. The
results indicated that the injection of PBS did not change
the profile of optoacoustic signal. Then, stock solution of
PSS-coated Au-NRs at concentrations of 125, 12.5, and 1.25
pM was prepared by centrifugation and serial dilution in PBS.
Then 25µL of each solution was injected subcutaneously at
several sites within the lower abdominal region of the mouse.

An optoacoustic signal from each site corresponding to
various concentrations of gold particles was recorded. This
procedure was repeated several times to measure the
minimum detectable concentration of injected Au-NRs. The
results were consistent and reproducible. Figure 4 is a typical
optoacoustic signal that was recorded in these series of
experiments.

In Figure 4, thex-axis is the time of arrival of the signal
in microseconds with zero being the time of arrival of signal
from the surface of transducer. Note that, in this scale, laser
pulse was delivered at-2.5 µs. The first peak represents
the generation of acoustic waves as the laser light interacts
with the surface of transducer. By assigning zero to this time
point, one would be able to determine the distance of other
objects from the surface of transducer by multiplying the
time of arrival of signal by the speed of sound in tissue (∼1.5
mm/µs). For instance, the thickness of the lower mouse
abdomen in this experiment was measured as∼13 mm. In
other words, the skin over the mouse abdomen was 13 mm
away from the surface of transducer that was placed in the
back of animal. Because of this, the signal generated in the
skin of the mouse reached the transducer after approximately
9 µs (9µs× 1.5 mm/µs ) 13.5 mm). Au-NRs were injected
∼1 mm underneath the skin (SQ); thus, their optoacoustic
signal was expected to arrive less than 1µs earlier than that
of skin. Figure 4 shows that the optoacoustic profile
following PBS and Au-NRs injection were almost identical
except for the area around 8µs, where injected Au-NRs
increased the amplitude of optoacoustic signal by enhancing
local light absorption in subcutaneous area (SQ). As ex-
pected, the amplitude of optoacoustic signal at this time point

Figure 2. Optoacoustic signal generated by Au-NRs detected
through a 4 cmthick scattering media. Thex-axis represents the
time following triggering of laser pulse. Au-NRs were detectable
at a concentration of 7.5× 108 NRs per mL (1.25 pM).

Figure 3. Schematics of in vivo experiment to detect subcutane-
ously (SQ) injected gold nanorods (Au-NRs) using a single-channel
acoustic transducer. Au-NRs were injected subcutaneously to lower
abdomen and optoacoustic signal was detected from back. The
animal was sedated to minimize motion artifact.

Figure 4. In vivo detection of injected gold nanorods (Au-NRs)
in nude mouse using a single optoacoustic transducer. Suspension
of gold nanorods (25µL at a concentration of 1.25 pM) or PBS
(25 µL) was injected subcutaneously (SQ) into the abdominal area
of mouse to enhance optoacoustic signal where the signal was
detected via a transducer placed on the back of the mouse. The
x-axis represents the time of arrival of signal in microseconds with
zero representing the time of arrival of signal generated at the
surface of transducer. The time of arrival of the signal originated
from injected Au-NRs was 8µs, which corresponds to a distance
of 12 mm from the surface of transducer. As compared to PBS
injection, subcutaneously injected Au-NRs increased the amplitude
of optoacoustic signal by enhancing local light absorption. A graph
depicting the difference between PBS and Au-NRs traces is
available as Supporting Information.
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increased proportionally when higher concentrations of Au-
NRs were injected (data not shown). This experiment shows
that the optoacoustic method can be used for the single-point
detection of Au-NRs when a minimum of 25µL of Au-NRs
at a concentration of 1.25 pM was injected subcutaneously.
Note that by using several acoustic transducers and applying
time-resolved algorithms, one would be able to locate the
exact location of Au-NRs within the tissue.

To further demonstrate the capability of LOIS to generate
an image of the distribution of Au-NRs in vivo, another
experiment was designed to image a nude mouse before and
after subcutaneous injection of Au-NRs. To perform this
experiment, a custom optoacoustic imaging system was
designed and assembled at Fairway Medical Technologies,
Houston, TX. The transducer that was used in this experiment
was composed of two parallel linear arrays of 32 acoustic
transducers equipped with a real-time multichannel signal
processor that provided a gain of over 30 dB and a noise
level less than 2 mV for acoustic detection. A nude mouse
was anesthetized as described before, was placed between
two linear probes (transducer arrays), and the laser irradiation
was delivered orthogonally to the image plane. To perform
this experiment, we had to expand the laser beam more to
illuminate the whole body of mouse. Because of additional
expansion of the laser beam, the fluence dropped to 2 mJ/
cm2, as compared to previous experiments where the fluence
was 6 mJ/cm2. Lower fluence resulted in a diminished
optoacoustic signal. Also, the gain of multichannel transducer
array used in this experiment was less than that of the
previously used single-channel transducer due to its size and
its electronic design (gain of 30 dB vs 60 dB). To minimize
the effects of these limitations, more Au-NRs had to be
injected in this experiment as compared to what was used
for single-point measurements. After acquiring a control
image, 100µL of a solution of PEGylated Au-NRs at a
concentration of 7.5× 1010 NRs per mL was injected
subcutaneously into the abdominal area of a nude mouse and
optoacoustic images were acquired. Figure 5 depicts the
result of this experiment.

Figure 5a shows the optoacoustic imaging of the nude
mouse before injection of Au-NRs. The body of the mouse
was hardly visible in the optoacoustic image due to the low
ultrasound frequency cutoff in our imaging system, and thus

an overlay drawing is added to Figure 5a to illustrate the
approximate position of the animal during this experiment.
Figure 5b, which was captured after subcutaneous injection
of Au-NRs, shows the enhancement of optoacoustic signal
in the area that Au-NRs were injected. The injected Au-
NRs were brightly visible in the optoacoustic image while
the body of the mouse was almost invisible. This is due to
the presence of the high contrast between normal tissue and
Au-NRs under optoacoustic imaging. This experiment suc-
cessfully demonstrated the feasibility of using LOIS to image
gold nanorods in vivo.

The National Cancer Institute has recognized nanotech-
nology as an extraordinary opportunity to detect and/or treat
cancer.20 Gold nanoparticles are attractive because they
appear to be biocompatible17,18,21,22and can be produced with
the desired physical and chemical properties. Gold nano-
particles can be made in various shapes and dimensions,23

among which Au-NRs are especially interesting as contrast
agents for optoacoustic imaging because they provide the
strongest absorption relative to their size.24 Gold nanopar-
ticles can be functionalized by conjugating them to other
molecules such as tumor ligands, DNA, or monoclonal
antibodies to perform a biological task.20

It would be useful to compare the sensitivity of the
optoacoustic method for the detection of Au-NRs to the
sensitivity of alternate methods such as MRI for the detection
of ferrimagnetic nanoparticles. According to the data pre-
sented in Figure 2, the minimum concentration of Au-NRs
with an average dimension of 50 nm× 15 nm that is
detectable within gelatin phantoms using the optoacoustic
method is less than 7.5× 108 NRs/mL (1.25 pM); this
concentration of Au-NRs corresponds to 0.13µg Au per mL
(i.e., multiply the total volume of particles in each mL of
solution by the specific weight of gold, 19.3 g/mL). In
comparison, Pardoe et al. used similar gelatin phantoms in
their experiment and reported that the minimum concentra-
tion of ferrimagnetic nanoparticles that is detectable using
MRI is 10 µg Fe per mL.25 This means that the sensitivity
of optoacoustic method to detect Au-NRs in vitro is 75 times
better than that of MRI to detect ferrimagnetic nanoparticles.
MRI is supposed to maintain its sensitivity in vivo; however,
the in vivo sensitivity of the optoacoustic method to detect
Au-NRs would be affected by the light absorption of

Figure 5. A typical optoacoustic image of a nude mouse before (a) and after (b) subcutaneous injection of 100µL of Au-NRs at a
concentration of 7.5× 1010 NRs per mL in the abdominal area. Injected nanoparticles were brightly visible in the optoacoustic image (b).
Drawing in (a) depicts the approximate position of the nude mouse during experiment.
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surrounding tissue. Data presented in Figure 4 shows that,
at least for mouse skin, which has a modest light absorption
in NIR, 25 µL of Au-NRs at a concentration of 1.25 pM
(∼0.13µg Au per mL) yields detectable optoacoustic signal.

In this work, we have demonstrated that: (1) Au-NRs can
be engineered with the desired optical properties that are
optimized for in vivo imaging; this includes engineering Au-
NRs that absorb strongly at the NIR region of the spectrum
where the light absorption of background tissues is minimal
to allow deep imaging. (2) Au-NRs can be modified
chemically to enhance their biocompatibility and stability;
this is particularly important for in vivo applications. (3) The
laser optoacoustic method can be used to detect and localize
Au-NRs at a very low concentration deep within tissue where
other methods such as diffuse optical tomography fail to
detect their targets.25 The high sensitivity of the optoacoustic
method is due to the high contrast between light absorption
of normal tissues and Au-NRs in the NIR.

The ability to detect Au-NRs at a very low concentration
deep within a tissue using optoacoustic methods, along with
the fact that Au-NRs can be attached to vehicles such as
monoclonal antibodies to target cancer cells,26 is promising
in the development of new diagnostic modalities that employ
optoacoustic methods targeting Au-NRs as molecular-specific
contrast agents for the early detection of cancer.
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