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Abstract. Photoacoustic imaging, using targeted plasmonic metallic nanoparticles, is a promising noninvasive
molecular imaging method. Analysis of the photoacoustic signal generated by plasmonic metallic nanoparticles
is complex because of the dependence upon physical properties of both the nanoparticle and the surrounding
environment. We studied the effect of the aggregation of gold nanoparticles on the photoacoustic signal amplitude.
We found that the photoacoustic signal from aggregated silica-coated gold nanoparticles is greatly enhanced in
comparison to disperse silica-coated gold nanoparticles. Because cellular uptake and endocytosis of nanoparticles
results in their aggregation, these results have important implications for the application of plasmonic metallic nano-
particles towards quantitative molecular imaging. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO

.18.1.016001]
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1 Introduction
Photoacoustic (PA) imaging of plasmonic metallic nanoparticle
contrast agents is a powerful noninvasive imaging method with
high contrast and micron-scale resolution, but the precise nature
of the PA signal generated from assembled plasmonic nanopar-
ticles has yet to be fully characterized. In this work, we dem-
onstrate that aggregation, or clustering, of gold nanoparticles
causes an increase in PA signal in comparison to the PA signal
generated by disperse nanoparticles at identical concentrations.
We used a silica coating to spatially separate the gold nano-
particles, reducing the surface plasmon resonance coupling, and
thereby minimizing changes to the optical absorption spectra
upon aggregation, in order to study the thermodynamics of the
system.

During PA imaging, a pulsed laser light source is used to
excite optically absorbing materials, creating transient, localized
heating. The increase in temperature leads to thermal expansion,
generating pressure waves which can be analyzed to provide
spatial and compositional information about the imaged
region.1–5 This technique combines advantageous features of
ultrasound imaging, including good spatial resolution at exten-
sive depth within tissue, with the enhanced contrast and multi-
plexing capabilities possible with optical imaging techniques.
Plasmonic nanoparticles (NPs),having tunable optical extinction
cross-sections many orders of magnitude above endogeneous
materials, are promising contrast agents for PA imaging.6–8

Functionalizing the nanoparticles, e.g., by conjugating a cell-
receptor specific monoclonal antibody9,10 to their surface, can
result in molecular information within a PA image.11–13

The theoretical principles surrounding the generation of pres-
sure waves from the thermal expansion of a heterogeneous

sample of nanoparticles differ from the theoretical principles
of PA signal generation from larger endogenous tissue
objects.14–16 The thermal and stress confinement conditions,
commonly imposed upon models of the photoacoustic effect,17

are reasonable assumptions for millimeter-sized objects; how-
ever, nanometer-sized materials often do not meet either con-
finement condition when using a nanosecond pulsed laser
source. Because of their small size and high thermal conduc-
tivity, the heat generated within metallic nanoparticles will be
equalized throughout the volume of the nanoparticle within
picoseconds, and therefore a nanosecond laser pulse is
“long” in comparison to the time of heat conduction within
the nanoparticle. Additionally, the PA signal is primarily gener-
ated within the solution surrounding the nanoparticles, rather
than within the nanoparticle itself.18 Therefore, the generation
of PA signal from nanoparticles occurs in three stages: 1) the
nanoparticles absorb the pulsed laser energy, generating heat
which is quickly equalized within the nanoparticle, 2) the
heat is transferred from the nanoparticles to the surrounding
environment, and 3) the environment undergoes thermal expan-
sion, generating the pressure wave. The optical absorption prop-
erties leading to the nonradiative heating of the gold nanopar-
ticles such as nanospheres and nanorods (step 1), and the
thermoelastic properties of typical nanoparticle materials and
solvents (step 3), are well characterized. The dependence of
the PA signal amplitude on the rate of thermal conduction
between the nanoparticle and the surrounding environment
(step 2) has been predicted theoretically16 and demonstrated
experimentally,19 but the importance of heat transfer from the
nanoparticle to the surrounding environment is less understood.

Here, we demonstrate an increase in PA signal from nano-
particle contrast agents which are aggregated, in comparison
to disperse nanoparticles. The source of this increased PA signal
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resonance coupling, but is instead most likely related to the ther-
mal properties and thermodynamics of the system.

2 Materials and Methods

2.1 Nanoparticle Synthesis and Characterization

Gold nanorods were synthesized using seed-mediated growth
with a micelle template to direct nanoparticle shape, as
described in previously reported methods.20,21 Gold seeds
were synthesized by adding 5.7 ml of 0.5 mM gold(III)chloride
hydrate (HAuCl4) in ultrafiltered deionized water to 5 ml of
0.2 M cetyltrimethyl-ammonium bromide (CTAB).Under stir-
ring, 0.6 ml of ice cold 0.01 M sodium borohydride was
added, allowed to react for 2 min, then allowed to stand for
5 min. A growth solution was prepared by combining 76 ml of
0.2 M CTAB with 1.6 ml of 0.01 M silver nitrate and 8 ml of
0.01 M HAuCl4. The growth solution was heated to 30°C before
0.88 ml of 0.1 M ascorbic acid was added. To the growth sol-
ution, 0.192 ml of the gold nanoseed solution was added, stir-
ring for 3 min. The particles were allowed to stand overnight
at 30°C, and then centrifuged at 18,000 g and resuspended in
ultrafiltered deionized water. During the nanorod synthesis,
the aspect ratio of the nanorods can be controlled via the amount
of silver in the reaction.

The prepared gold nanorods were coated with methoxy-poly
(ethylene glycol)-thiol (mPEG-SH) through ligand exchange
with the surface-stabilizing ligands, followed by growth of an
amorphous silica coating from a solution of tetraethyl orthosi-
licate (TEOS) as previously described.22 The synthesized gold
nanorods were added to 80 ml of 1 mg∕ml of 5000 MWmPEG-
SH, sonicated for 1 min, allowed to sit overnight, then concen-
trated to an optical density of 15 using a 50 kDa centrifugal filter
centrifuged at 2000 × g for 10 min. To silica-coat the nanorods,

a 2-ml volume of the PEGylated nanorods was added to 3 ml of
isopropanol and stirred. Next, 1.2 ml of 3% TEOS and 1.2 ml of
28% ammonium hydroxide were added under stirring. After 5 h,
the reaction was transferred into a 50 kDa centrifugal filter,
centrifuged at 2000 × g for 10 min, and then resuspended in
ultrapurified deionized water.

Gold nanospheres were synthesized via citrate reduction of
HAuCl4 under reflux and stirring followed established proce-
dures.23 A 0.5-ml volume of a 10 mg∕ml HAuCl4 solution
was added to 49 ml of boiling ultrapurified water under reflux
and vigorous stirring. A 0.75 ml volume of 11.4 mg∕ml triso-
dium citrate was then quickly added. The sizes of the resulting
nanospheres are controlled by the amount of trisodium citrate
solution added to the reaction. The spheres were incubated
with 5 μg of mPEG-SH (5000 MW), and then the silica-coating
was performed as described for the nanorods, allowing the reac-
tion to occur for 12 h to obtain a thicker coating.

The silica-coated nanoparticles were aggregated using a
combination of electrostatic and mechanical forces. Silica-
coated nanoparticles were incubated in a strong salt solution
(10x phosphate buffered saline) for over 24 h to induce floccu-
lation. The flocculated solutions were then centrifuged (5810 R,
Eppendorf) at 20;000 × g for 1 h, and resuspended in deionized
water, at equal volume to the original disperse solution,
to maintain similar concentrations of particles. Disperse and
aggregated solutions of silica-coated gold nanorods and nano-
spheres were characterized by acquiring UV-Vis absorption
spectra (Synergy HT microplate reader, Biotek Instruments,
Inc.) and by imaging with transmission electron microscopy
(TEM) (S-5500, Hitachi Corp.).The molar extinction coeffi-
cient, used to calculate the silica-coated gold nanorod concen-
tration, was calculated from the absorbance of as-synthesized
gold nanorods, using the amount of gold initially in the reaction.

Fig. 1 UV-Vis absorption of disperse and aggregated silica-coated gold (a) nanorods and (b) nanospheres, demonstrating minimal surface plasmon
resonance coupling effects occur upon aggregation of the particles. Transmission electron microscopy (TEM) images of the aggregated and disperse
silica-coated gold nanorods (c), and aggregated and disperse silica-coated gold nanospheres (d).

Journal of Biomedical Optics 016001-2 January 2013 • Vol. 18(1)

Bayer et al.: Photoacoustic signal amplification through plasmonic nanoparticle aggregation



The UV-Vis absorption at the peak plasmon resonance wave-
length and the calculated molar extinction coefficient were
used to provide an estimate of the concentration of nanoparticles
in solution.

2.2 Photoacoustic Imaging and Analysis

To compare PA signals of the aggregated and disperse nanopar-
ticles, gelatin phantoms containing inclusions of the silica-
coated gold nanoparticles were prepared. The phantom was
composed of 8 wt% gelatin with 0.2 wt% silica scatterers
(included for optical and ultrasound scattering). Sample inclu-
sions, each 20 μL in volume, were prepared which contained
varying concentrations of nanoparticles, both disperse and
aggregated. Typical inclusions were 5 mmwide × 4 mm tall.
The phantoms were imaged using a previously described
custom-built imaging system which acquires both ultrasound
and PA signals.24 A 25 MHz single element focused ultrasound
transducer (Panametrics, Inc., focal depth ¼ 25 mm, f∕4) was
used to acquire PA transients generated by a 7 ns pulsed
laser beam from a tunable OPO (Premiscan, GWU, Inc.)
pumped by a Nd∶YAG laser (Quanta-Ray, Spectra Physics,
Inc.), focused to a beam diameter of 0.6 cm to match the
focal diameter of the ultrasound transducer. Laser wavelengths,
matching the peak optical absorption wavelength of the nano-
particles, were used to image the phantoms (e.g., 830 nm was
used to image silica-coated gold nanorods, and 532 nm was used
to image silica-coated gold nanospheres). A mechanical axis
(Zaber, Inc.) was used to scan the transducer over the phantom
in steps of 100 μm, acquiring 10 averages at each step. Data was
acquired using an 8-bit 500 MHz digitizer (Gage Applied
Technologies, Inc.). Ultrasound images, acquired concurrently,
were used to select each inclusion region of interest. Inclusions
did not contain silica scatters to provide hypoechoic contrast to
aid ROI definition. The means and standard deviations of the
amplitude of the band-pass filtered (5–45 MHz) PA signals
within each ROI were calculated (8 × 8 pixels per kernel) for
analysis.

3 Results and Discussion

3.1 Nanoparticle Synthesis and Characterization

The UV-Vis optical absorption spectra of the aggregated and
disperse silica-coated nanoparticles are compared in Fig. 1(a)
and 1(b). Despite significant aggregation, the UV-Vis spectra
of both the nanorods and nanospheres changed minimally, dem-
onstrating successful blocking of surface plasmon coupling by
using a thick silica coating to isolate the individual gold cores.
TEM of the resulting nanoparticles shows a silica coating meas-
uring 25 nm surrounding gold nanorods which were on average
65 × 12 nm in size [Fig. 1(c)]. Silica-coated gold nanospheres
had a silica coating which was measured to be 40 nm thick, sur-
rounding 20 nm diameter gold spheres [Fig. 1(d)]. This chemi-
cal and mechanical aggregation process created aggregates of
various sizes, as seen in the TEM images in Fig. 1(c) and 1(d).

3.2 Photoacoustic Imaging and Analysis

PA images of the phantoms show an increase in signal amplitude
when the silica-coated gold nanorods are aggregated, in com-
parison to disperse silica-coated gold nanorods [Fig. 2(a)].
The average PA signal dependence upon nanorod concentration
is plotted in Fig 2(b).

The impact of the laser fluence upon the PA signal amplitude
is presented in Fig. 3. As would be expected, increasing the laser
fluence increases the PA signal for both silica-coated gold nano-
rods and nanospheres, both when aggregated and when disperse
[Fig. 3(a) and 3(b)]. Figure 3(c) shows an increase in the average
PA signal of the aggregated, in comparison to the disperse,
silica-coated gold nanorods with increasing fluence, which is
confirmed using aggregated and disperse silica-coated gold
nanospheres in Fig. 3(d). In these experiments, the PA signal
increased up to 7 times upon aggregation, in comparison to
the PA signal from disperse nanoparticles.

The amplitude of the PA signal is related to the optical
absorption, the heat transfer from the nano-sized absorber to
the surrounding fluid, and the thermoelastic properties of the
fluid. In comparing our samples with disperse nanoparticles to
our samples with aggregated nanoparticles, since the UV-Vis
spectra of the clustered nanoparticles is similar, both in ampli-
tude and in peak shape, we do not believe that clustering leads to
an increase in light absorption. Additionally, it is not expected
that an increase in optical scattering would greatly influence the
PA signal amplitude, since calculations have indicated the
increased scattering cross-sectional area caused by the silica
coating will be two orders of magnitude below the absorption
cross-sectional area.19

An increase in PA signal due to the temperature dependence
of the thermal expansion coefficient, which is predicted and has

Fig. 2 Photoacoustic (PA) signal from aggregated silica-coated gold
nanoparticles is higher than the PA signal from disperse silica-coated
gold nanoparticles. The PA images (a) correspond to varying concen-
tration of silica-coated gold nanorods acquired using a laser fluence of
22 mJ∕cm2. Scale bar is 1 mm, and the PA signal is displayed using a
linear scale. The average PA signal from each inclusion is plotted versus
the varying nanoparticle concentration in panel (b) Error bars represent
one standard deviation of the signal within the corresponding
inclusions.
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been observed in suspensions of gold nanoparticles,14,15 is also
not an obvious feature of the experimental data presented here.
We expect that the increase in temperature within the fluid, upon
clustering of the nanoparticles, would be minimal, based on
models which have demonstrated that the environmental tem-
perature increase surrounding gold nanoparticles upon cluster-
ing is very small (0.1°C, using incident light intensity of
200 W∕cm2).25 Second, the temperature-dependent thermal
expansion coefficient would result in a nonlinear dependence
of the PA signal with laser fluence, while our data appears to
have a linear dependence with laser fluence.

Effects not adequately described by current models of PA
imaging could also lead to a signal enhancement with clustering.
For example, previous studies have looked at the effects of nano-
particle clustering at higher energies and found increased PA
signal due to increased bubble nucleation and cavitation.26

The generation of laser-induced cavitation would not be
expected at the laser fluences used here,27 and is also not indi-
cated by our data, since cavitation would likely exhibit a thresh-
old, followed by a nonlinear signal increase. It is generally
understood that the frequency spectrum of the PA signal
decreases for smaller particles in comparison to larger particles,
and it is possible that this could be an explanation for the
increase in the PA signal detected by a 25 MHz frequency trans-
ducer. However, since nano-sized and micron-sized particles do
not meet stress confinement, the frequency content of the PA
signal is actually related to the time profile of the heat release
from the particle into the environment;16,18 thus, size would not
be expected to shift the PA signal frequency in the same way as
it would under the stress confinement condition. Our aggregates
are approximately 1 μm in size, as assessed by TEM, and our
nanoparticles are approximately 100 nm; both sizes which

would be too small to adequately satisfy stress confinement con-
ditions, and therefore the PA pulse profile will follow that of the
heat transfer rate to the environment.

Because the PA signal, using a pulsed nanosecond laser with
nanoparticle absorbers, is primarily generated in the fluid sur-
rounding the nanoparticle, the model of the PA signal generated
by an incompressible sphere16 provides insight into the proper-
ties of the PA effect for our nanoparticles. In this model, the PA
pressure is proportional to the time derivative of the heat flux
transferred to the fluid. It is possible that overlapping thermal
profiles within the solvent layer surrounding each individual
nanoparticle collectively add when the nanoparticles are clus-
tered, which could have the effect of increasing the rate of
heat flux. Because the PA signal is sensitive to the heat transfer
properties of nanoparticle relative to the surrounding environ-
ment, it is proposed that changes to the temporal and spatial
characteristics of heat transfer, due to the aggregation of the par-
ticles, are leading to the increase in PA signal. Considering that
the PA signal generated by nanoparticles is proportional to the
first time derivative of temperature, very small changes in the
rate of interfacial heat transfer could result in a very large change
in the signal amplitude.

4 Conclusions
The results shown here demonstrate that aggregation of gold
nanoparticles enhances PA signal. It is likely that this signal
enhancement occurs because of an increase in the rate of
heat transfer in aggregates in comparison to disperse nanopar-
ticles. Given that bioconjugated gold nanoparticles targeted to
cell receptors form clusters, or aggregates, when endocytosed,28

this demonstrated enhancement of PA signal could provide a
potential method for determining whether gold nanoparticles

Fig. 3 Photoacoustic (PA) signal in samples with aggregated and disperse nanoparticles increases with increasing fluence. The images correspond to
varying laser fluence while acquiring PA signals from (a) silica-coated gold nanorods at 3.7 × 1011 nanoparticles∕ml, and (b) silica-coated gold nano-
spheres at 3.5 × 1012 nanoparticles∕ml. Scale bar is 1 mm, and PA signal is displayed with a linear scale. The average PA signal from each inclusion is
plotted versus varying laser fluence (c) and (d). Error bars represent one standard deviation within the corresponding inclusions.
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have been endocytosed or remain external to cells when imaged
in vivo. With the knowledge that simple aggregation of
plasmonic NPs leads to a significant increase in PA signal,
additional molecular-scale applications can be conceived.
Aggregation-sensitive PA contrast agents can function as “sen-
sors” to monitor assembly and biomolecular interactions in liv-
ing cells and tissues.29 Concurrently increasing the PA signal
while reducing the confounding optical absorption shift due
to surface plasmon coupling could also lead to improvements
in the sensitivity and accuracy of multispectral molecular PA
imaging.
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