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Introduction 
Nanoparticular contrast agents can help to increase the 
specificity and the sensitivity of optical imaging methods. A 
drawback of optical imaging relies on the strong scattering 
of visible and near-infrared light in biological media, which 
only allows imaging in a thin tissue layer. Optoacoustic 
imaging is a new hybrid technique which overcomes this 
problem by merging the benefits of optics with ultrasound’s 
high resolution and penetration depth resulting of low 
scattering of acoustic waves. In this modality, acoustical 
signal detection hardware is used to image biological 
structures with optical contrast and acoustical resolution. 
This technique has already shown to have very high 
potential for high resolution imaging of microvasculature 
[1], investigation of skin [2] or early breast-cancer detection 
[3]. Since signal generation is based on absorption of light in 
this modality, nanoparticles with high absorption cross-
sections are needed for contrast enhancement. Gold 
nanoparticles have extremely high absorption cross sections 
due to their strong plasmon resonance [4]. Depending on 
their size and shape, the absorption can be tuned in a wide 
domain from visible to near-infrared light [5, 6]. For 
molecular imaging purposes, the nanoparticles have to be 
bound to a biological marker such as peptides or antibodies 
[7, 8]. Different types of Polyethylenglycol molecules (PEG) 
can be used as crosslinker in order to establish the 
connection between the targeting agent and the nanoparticle. 
Alternatively, thiolated antibodies can directly be bound to 
gold nanoparticles using the strong chemical affinity 
between thiol-groups and gold.   In order to investigate how 
optoacoustic techniques can be used for molecular imaging, 
we evaluated gold nanoshells for their use as contrast agent. 
The particles were tested in terms of their detectability with 
different hardware platforms and regarding the possibility of 
binding biomarker molecules to their surface. Further, we 
also developed two different hardware platforms for high 
resolution optoacoustic microscopy and real-time 
optoacoustic imaging based on a scanning single element 
transducer and linear arrays respectively.  Experimental tests 
for optoacoustic detection of nanoparticles were conducted 
on phantoms, ex-vivo and in-vivo with the different systems.  

Materials and Methods 
Macroscopic and Microscopic Imaging 
In order to evaluate the potentials of different particle types 
as optoacoustic contrast agents, two systems for acquisition 
of laser-induced ultrasound signals were used. Optoacoustic 
signals of nanoparticles in cell cultures were acquired with a 
high resolution microscopy platform based on the SASAM 
acoustic microscope (Kibero GmbH, Germany). The system 
consists of a sub-nanosecond 1064nm Q-switched 

MicroChip laser (Teem Photonics), an inverted optical 
microscope (Olympus IX 81, Tokyo, Japan) and an in-house 
developed focused high frequency transducer. In this 
microscopic set-up, our high-frequency focused transducer is 
moved over a sample by means of a scanning stage and an 
optoacoustic a-scan is acquired at each position. 2D and 3D 
microscopic optoacoustic data sets can be acquired this way.  

 
 

Figure 1: scheme of the microscopic optoacoustic imaging 
set-up based on an inverted optical microscope 

The laser focus is aligned to the acoustical focus of the 
transducer since a maximum sensitivity can be achieved in 
such a confocal scanning mode. Using 1µm particles as 
optoacoustic sources, the resolution of the system has been 
characterized as 5µm (-6dB lateral FWHM of the PSF). 
When high imaging depth and fast image acquisition are 
more relevant than extremely high resolution, a second 
system based on a high-energy Q-switched Nd:YAG laser 
(H7000, Quanta System) and our real-time multichannel 
imaging platform DiPhAS (Digital Phased Array System, 
Fraunhofer IBMT) is available. In this case, different linear 
array transducers up to a frequency of 20 MHz can be used 
for acquisition of optoacoustic signals. The laser pulse is 
delivered to the target using an 8 mm fibre bundle with beam 
profile converters being placed on both sides of the 
transducer for ideal illumination of the investigated tissue.  
By using a beamforming algorithm, an image of the local 
amount of absorbed light in the tissue can be reconstructed 
since this is directly proportional to the thermoacoustically 
generated pressure. While signals are acquired in 
transmission mode in the microscopic setup, the acoustical 
detection and the laser fibre used for signal generation are 
located on the same side of the sample (reflection mode 
imaging) in the real-time set-up.  

Contrast agents 
Gold nanoparticles show absorption and scattering cross 
sections which are far larger than their actual geometric 
dimensions. They high absorption makes of them ideal 
candidates for contrast agents in molecular optoacoustic 
imaging. Using different geometries and sizes, their 
absorption can be tuned to almost any wavelength in the 
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visible and near-infrared domain of the light spectrum. 
Particle types known as nanorods (asymmetric gold 
nanoparticles) and nanoshells (silica core surrounded by a 
thin gold shell) are particularly promising since their 
absorption and scattering can be tuned to a desired 
wavelength by changing the aspect ratio and the ratio of core 
radius to shell thickness respectively. Experiments were 
conducted with nanoshells consisting of a 200nm silica sore 
surrounded by a 10nm gold shell of 10nm (Nanocomposix).  

Results 
Nanoparticle biofunctionalization 
For usage as molecular contrast agents, a targeting molecule 
has to be bound to the particle surface. For this purpose the 
strong affinity between gold and thiol groups can be used. 
The suitability of the particles as molecular optoacoustic 
contrast agents has been evaluated by binding a monoclonal 
antibody (Herceptin®) to the particle. The antibody has been 
thiolated using Traut´s reagent (Imminothiolane, Sigma 
Aldrich) in 50 fold molar excess. The resulting thiol group 
has been used for direct binding to gold nanoshells by 
incubating the particles with the thiolated antibody overnight 
at 20°C under constant shaking (600rpm). The 
bioconjugation of the particles was verified by marking the 
antibodies by a secondary human IgG specific fluorescent 
antibody.  

 
Figure 2: Fluorescence spectra of unbound nanoshells and 

nanoshells having reacted with Herceptin®. Photon counts are 
plotted against wavelength.  

The secondary antibody was known to show strong 
fluorescence at about 520nm when excited with a 
wavelength of 488nm. In order to guarantee that the 
fluorescence is actually due to secondary antibodies bound 
to the Herceptin® antibodies attached on the particle surface, 
the spectrums were measured after several washing steps of 
the particle suspension. Figure 2 shows the fluorescence 
spectrums where a strong difference in photon counts can be 
seen between the unbound particles (brown line) and the 
particles having reacted with Herceptin®. Based on the 
volume concentration of particles, the amount of fluorescent 
secondary antibodies in the reaction mixture and the 
comparison of photon counts in the fluorescence spectrums 

of the supernatant and the particle pellet obtained after 
centrifugation, the number of Herceptin® antibodies could 
be derived to about 60 per particle. This clearly shows that 
this kind of nanoparticles can easily be bound to biologically 
targeting molecules such as antibodies by making use of the 
strong chemical affinity between gold and thiol groups. 

Microscopic Imaging 
For evaluation of our optoacoustic microscope’s ability to 
detect nanoparticular contrast agents, nanoshells were 
incubated with Vero cells (African green kidney monkey 
cells, DSMZ, Braunschweig, Germany). The cells were 
plated out in a two chamber culture slide (BD Bioscience, 
Bedford, USA) at a density of 5x103 cells per chamber and 
left over night to adhere. The cell lines were then treated 
with 50 µg/ml gold nanoshells and photoacoustic images 
were taken after an exposure time of 24h.  

 

 
Figure 3: optical, photoacoustical image and superposition 
image of Vero cells incubated for 24h with gold 
nanoparticles 

 

Although the laser pulses hitting the samples have only an 
energy in the order of ~ 500 nJ, signals of the nanoshells 
could be acquired with an SNR as high as 35dB. Obviously, 
the sample is imaged with much higher resolution in the pure 
optical image than in the optoacoustic one since the latter 
one has a FWHM of the point-spread-function of 5µm. 
Nevertheless, a clear correlation can be recognized between 
both images.   

Macroscopic Imaging 
In order to evaluate the sensitivity of our macroscopic 
imaging platform regarding the detection of gold 
nanoparticles, polyacrylamide spheres (PAA) with different 
particle concentrations were synthesized. For this reason, 
nanoshells (220nm, Nanocomposix) were embedded in 
spherical phantoms at concentrations of 2.5, 5 and 10 pmol. 
For signal detection, a 7.5 MHz linear array transducer 
(Vermon S.A., France) was used and the signals were 
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generated with Nd:YAG laser pulses of 10ns in duration and 
a pulse energy in the range of 14 mJ. At a low nanoshell 
concentration of 2.5 pmol, signals were acquired with a SNR 
in the range of 3-4 without having to fall back on averaging. 
When the concentration went up to 10pmol, the SNR could 
be increased to about 20.  

 
Figure 4: Optoacoustic signals of PAA spheres with different 

concentrations of nanoshells acquired with DiPhAS and a 7.5 MHz 
linear array transducer and Nd:YAG laser (14mJ pulse)  for signal 

generation  

In order to take into account the strong scattering of light in 
tissue which strongly influences the achievable signal 
amplitudes, similar experiments were repeated ex-vivo where 
a PAA-nanoshell sphere of a volume of 50µl and 
approximately 5e9 nanoshells/ml (~ 10 pmol) was implanted 
subcutaneously in a mouse.  

 
Figure 5: ex-vivo acoustic (left) and optoacoustic (right) images of 
a PAA-nanoshells sphere implanted subcutaneously in the dorsum 

of a mouse 

The data was again acquired without averaging using our 
multichannel platform DiPhAS, a 7.5 MHz linear array 
transducer and an Nd:YAG laser with a wavelength of 
1064nm and a pulse energy of 30mJ. In addition to the 
optoacoustic image, an ultrasound image was acquired for 
easy geometrical interpretation of the data. In the 
optoacoustic image, signals with very low amplitude are 
obtained from the skin surface while the PAA sphere can 
clearly be recognized.  

In the last step, the systems´s ability for detection of 
nanoshells in-vivo was evaluated. For this purpose, 50µl of a 
particle suspension at a concentration of about 1e9 
nanoshells/ml were injected subcutaneously in a xenograft 
tumor in a nude mouse. In the left image of figure 6, the skin 

surface can be recognized as red arc in a depth of ~ 17mm. 
No optoacoustic signal is produced by the tissue below the 
skin at this position. After injection of the nanoparticles, the 
measurement was repeated with the same settings.  In this 
case, optoacoustic signals were detected just below the skin 
surface at the position were the particles are injected (lateral 
position~ 10mm, depth ~17mm).  

 

 
Figure 6: in-vivo optoacoustic images of a subcutaneous xenograft 
tumor in a mouse before (left) and after (right) injection of 50µl of 

nanoshells. In-vivo experiments were conducted by our clinical 
partner Institute of Cancer Research, Sutton, UK.  

 

Conclusion 
Different hardware platforms allowing optoacoustic imaging 
with resolutions down to several µm were developed. For in-
vitro measurements, an optoacoustic imaging system based 
on an inverted optical microscope having a resolution of 
5µm was set-up. Its ability for detecting small amounts of 
nanoparticles was shown with gold nanoshells having been 
incubated with Vero cells. Further, a second system for real-
time optoacoustic imaging based on a linear array transducer 
and multichannel electronics was set-up. The system’s 
suitability for contrast enhanced optoacoustics was 
investigated on phantoms and ex-vivo and first tests were 
conducted in-vivo. In phantom experiments, gold nanoshells 
could be detected down to a concentration of 2.5 pmol with a 
reasonable signal to noise ratio. In ex-vivo and in-vivo tests, 
nanoshells were detected with satisfying contrast against the 
background tissue which showed to hardly emit optoacoustic 
signals when illuminated at a wavelength of 1064nm. 
Further, the coupling between a monoclonal antibody 
(Herceptin®) and gold nanoshells was established and could 
be verified by means of a reaction with a secondary 
fluorescent antibody and subsequent fluorescence 
spectrometry. The focus of on-going research is to combine 
the successful particle bioconjugation with the first 
promising in-vivo optoacoustic experiments in order to prove 
the high potential of our detection platform and our particle 
system for selective molecular imaging based on contrast 
enhanced optoacoustic techniques.   

NAG/DAGA 2009 - Rotterdam

311



 

Acknowledgment 
The work  presented  here  was  partly  funded  by  the  EU 
under  the 6th Framework Programme  in  the  context of  
the Specific  Targeted  Research  Project ADONIS,  contract 
N° NMP4-CT-2005-016880.  

References 
[1] Zhang H.F. et al., (2006) In vivo volumetric imaging of 

subcutaneous microvasculature by photoacoustic 
microscopy, Vol. 14,  No. 20, Optics Express,   9317 

[2] Oh, J. T. et al., (2006) Three-dimensional imaging of 
skin melanoma in vivo by dual-wavelength 
photoacoustic microscopy. J. Biomed. Opt. Vol. 11, 
34032  

[3] Manohar, S. et al., (2007) Initial results of in vivo non-
invasive cancer imaging in the human breast using near-
infrared photoacoustics. Opt. Express Vol. 15, 12277–
12285  

[4] Kreibig U., Vollmer M. , Optical Properties of metal 
clusters, Springer; 1 edition (July 7, 1995), ISBN-10: 
3540578366 

[5] Oldenburg S.J. et al (1998) Nanoengeneering of optical 
resonance, Chem. Phys. Lett., 288, 243 

[6] Yu Y.Y. et al (1997), Gold nanorods: electrochemical 
synthesis and optical properties, J. Phys. Chem. B, 101, 
6661 

[7] De la Zerda A. et al., (2008) Carbon nanotubes as 
photoacoustic molecular imaging agents in living mice, 
Nature Nanotech., Vol. 3   

[8] Li, P. C. et al., (2007) Photoacoustic imaging of 
multiple targets using gold nanorods. IEEE Trans. 
Ultrason.Ferroelectr. Freq. Control 54, pp1642–1647  

 
 

NAG/DAGA 2009 - Rotterdam

312


