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Purpose: To investigate whether multispectral optoacoustic tomog-
raphy (MSOT) can reveal the heterogeneous distributions of  
exogenous agents of interest and vascular characteristics 
through tumors of several millimeters in diameter in vivo.

Materials and 
Methods:

Procedures involving animals were approved by the gov-
ernment of Upper Bavaria. Imaging of subcutaneous tu-
mors in mice was performed by using an experimental 
MSOT setup that produces transverse images at 10 frames 
per second with an in-plane resolution of approximately 
150 mm. To study dynamic contrast enhancement, three 
mice with 4T1 tumors were imaged before and immedi-
ately, 20 minutes, 4 hours, and 24 hours after systemic 
injection of indocyanine green (ICG). Epifluorescence im-
aging was used for comparison. MSOT of a targeted fluo-
rescent agent (6 hours after injection) and hemoglobin ox-
ygenation was performed simultaneously (4T1 tumors: n 
= 3). Epifluorescence of cryosections served as validation. 
The accumulation owing to enhanced permeability and 
retention in tumors (4T1 tumors: n = 4, HT29 tumors: 
n = 3, A2780 tumors: n = 2) was evaluated with use of 
long-circulating gold nanorods (before and immediately, 
1 hour, 5 hours, and 24 hours after injection). Dark-field 
microscopy was used for validation.

Results: Dynamic contrast enhancement with ICG was possible. 
MSOT, in contrast to epifluorescence imaging, showed a 
heterogeneous intratumoral agent distribution. Simulta-
neous imaging of a targeted fluorescent agent and oxy- 
and deoxyhemoglobin gave functional information about 
tumor vasculature in addition to the related agent uptake. 
The accumulation of gold nanorods in tumors seen at 
MSOT over time also showed heterogeneous uptake.

Conclusion: MSOT enables live high-spatial-resolution  observations 
through tumors, producing images of distributions of fluoro-
chromes and nanoparticles as well as tumor vasculature.
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(Opotek, Carlsbad, Calif). A fiber bun-
dle with 10 output arms illuminated 
the mouse from multiple angles. A cus-
tom-made ultrasonic transducer array 
(Imasonic SAS, Voray, France) with 
64 elements and a central frequency 
of 5 MHz was used for detection. The 
time-resolved signals were digitized by 
means of a custom-built acquisition 
system at 40 million samples per sec-
ond and 12-bit digital resolution. The 
transducer array was submerged in a 
water bath for acoustic coupling to the 
mouse, which was placed in a horizon-
tal position in a holder with a thin poly-
ethylene membrane so that there was 
no direct contact with the water. The 
mouse could be translated by using a 
linear stage to image multiple trans-
verse sections.

Image Reconstruction
We reconstructed the MSOT images for 
each wavelength by using a backprojec-
tion algorithm (16). Subsequently, lin-
ear spectral unmixing was applied to 
each set of multiwavelength images to 
resolve signals specific to each absorber 
(contrast agents and hemoglobin) (8). 
For each pixel, the method fits (with 
least-squares analysis) the measured 
overall optoacoustic spectrum to the 
known absorption spectra of oxy- and 
deoxyhemoglobin, the spectrum of the 
injected agent, and a flat (constant) 
spectrum. Each equation used for 

several millimeters up to centimeters 
of tissue, at resolutions limited by the 
scattering of ultrasound waves—which 
is orders of magnitude less than that 
of light (3).

To date, imaging based on the opto-
acoustic phenomenon has been applied 
in a limited manner to the detection of 
light-absorbing particles in tumors (10), 
to the evaluation of vascular structures 
(11) and blood oxygenation (12), to im-
aging of fluorescent proteins in model 
organisms (8), and to initial studies at-
tempting to detect breast cancer in pa-
tients (13,14).

We hypothesized that MSOT could 
be used for real-time high-spatial-
resolution imaging in cross sections 
through whole tumors. We investi-
gated the ability to image dynamic 
contrast enhancement of tumor vas-
culature with use of a fluorescent dye 
and the visualization of targeted fluo-
rescent probe distribution. In addition, 
we investigated the accumulation over 
time of long-circulating gold nanorods 
as well as intratumoral patterns of he-
moglobin oxygenation to demonstrate 
imaging of the enhanced permeability 
and retention effect (15), which pro-
vides an opportunity for selective drug 
delivery to tumors. We performed 
this study to investigate whether 
MSOT could reveal heterogeneous 
distributions of exogenous agents of 
interest and vascular characteristics 
through tumors of several millimeters 
in diameter in vivo.

Materials and Methods

MSOT Setup
The experimental MSOT system we 
used (Fig 1) (6,11) is capable of ac-
quiring, reconstructing, and displaying 
transverse images through mice at a 
rate of 10 frames per second. The ac-
quisition time was 33 msec per frame 
for a 2-cm field of view; image recon-
struction for the live display took less 
than 100 msec. The in-plane resolution 
was approximately 150 mm. Near-infra-
red excitation was provided by a tun-
able (700–950 nm) optical parametric 
oscillator pumped by an Nd:YAG laser 

F luorescence intravital micros-
copy is essential for understand-
ing the cancer microenvironment 

and treatment mechanisms (1,2). 
Such imaging of tumors has allowed 
substantial insights into tumor vascu-
lature and the micropharmacokinetic 
properties of therapeutics by means 
of fluorescence. Despite the impor-
tant benefits of fluorescence micros-
copy, it suffers from superficial pen-
etration: Imaging depths rarely reach 
beyond a few hundred micrometers 
(3). Macroscopic imaging of entire tu-
mors could reveal the spatial hetero-
geneity not captured with microscopy, 
for example, the overall distribution 
of drug delivery. However, optical 
macroscopic methods are limited by 
photon diffusion and are today mainly 
applied as qualitative two-dimensional 
approaches that capture fluorescence 
photons that reach the skin surface, 
concealing information about intratu-
moral biodistribution (3). The emer-
gence of optoacoustic imaging brings 
a new ability to study tumors by pro-
viding high-spatial-resolution deep-
tissue optical contrast and real-time 
operation (4–6).

Optoacoustic imaging illuminates 
the tissue with short photon pulses 
(nanosecond range) and depicts ultra-
sonic waves generated in response to 
the absorption of light by the various 
tissue absorbers (7). By applying multi-
ple-wavelength illumination, multispec-
tral optoacoustic tomography (MSOT) 
in particular (8,9) can help differenti-
ate common fluorochromes, light-ab-
sorbing nanoparticles, or hemoglobin 
by their spectral signatures, potentially 
offering the advantages of fluorescence 
microscopy, with penetration depths of 

Advance in Knowledge

 n It is possible, with use of multi-
spectral optoacoustic tomogra-
phy, to specifically image optical 
contrast—including hemoglobin 
oxygenation, fluorescent dyes, 
and light-absorbing nanoparti-
cles—with the resolution of ultra-
sonography and in real time 
through entire tumor volumes.
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mice were imaged 4, 6, 10, and 13 days 
after tumor cell inoculation. On day 
13, 24 nmol of a targeted fluorescent 
agent (IntegriSense 750; PerkinElmer, 
Waltham, Mass) was injected and im-
aging was performed after 6 hours. 
IntegriSense 750 is a 3-aminomethyl 
analog conjugated to a fluorescent dye 
that targets integrin avb3, a biomarker 
associated with disease-related angio-
genesis (20,21). After MSOT, the mice 
were euthanized, frozen at 280°C in an 
optimal cutting temperature compound 
(Sakura Finetek, Torrance, Calif), 
sliced in a cryotome (CM 1950; Leica 
Microsystems, Wetzlar, Germany), and 
simultaneously imaged with a multi-
spectral fluorescence system (22) to 
validate the distribution of IntegriSense 
750. Images were recorded from trans-
verse sections of the tumor at 500-mm 
intervals. We quantified the percentage 
of pixels that produced no significant 
oxyhemoglobin signal in MSOT sections 
through the tumors by means of manual 
segmentation of the tumor region and 
subsequent counting of pixels where 
the contribution from oxyhemoglobin 
was not above zero.

Imaging the Accumulation of 
Nanoparticles
Gold nanorods (AuNR-M; Nanopartz, 
Loveland, Colo) with an optical absorp-
tion peak around 780 nm were used 
to image accumulation by means of 
the enhanced permeability and reten-
tion effect, whereby the particles leak 
out of the defective tumor vasculature. 

approved by the U.S. Food and Drug 
Administration with an established 
clinical use (18). After intravenous in-
jection, ICG rapidly binds to plasma 
albumin and b-lipoproteins and leaves 
the circulation (19). Imaging was per-
formed in three mice with 4T1 tu-
mors. MSOT through the tumor was 
performed before and immediately, 20 
minutes, 4 hours, and 24 hours after 
injection of 97-nmol ICG at wavelengths 
of 725, 750, 775, 800, 825, and 850 nm. 
During intravenous injection of ICG, 
the mice were imaged continuously at 
790 nm. For comparison purposes and 
to verify the presence of ICG, in vivo 
epifluorescence images were captured 
at the 24-hour time point by using a 
cooled charge-coupled device camera 
(VersArray; Roper Scientific, Trenton, 
NJ) and appropriate emission filters, 
with 750-nm laser illumination. The 
tumor-to-background ratio was calcu-
lated with manual segmentation of tu-
mor and adjacent skin regions, followed 
by division of the mean intensity values 
within these regions.

Imaging of a Targeted Fluorescent Agent
To study the ability of MSOT to de-
pict distributions of hemoglobin and a 
targeted fluorescent agent in tumors, 
three 4T1 tumor–bearing mice were 
imaged at wavelengths of 700, 730, 
745, 760, 800, and 900 nm. To ex-
amine hemoglobin distributions (and 
therefore functional characteristics of 
the tumor vasculature) before injec-
tion of the targeted fluorescent agent, 

spectral unmixing was of the following 
form: 

( ) ( )
=

φμ λ = φ ε λ∑ ,
1

N

a i i j
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c

where w is the fluence (in joules per 
square centimeter), ma the optical ab-
sorption coefficient (per centimeter), 
li the wavelength, ´j the wavelength-de-
pendent absorption coefficient per con-
centration for the absorber j, and cj the 
local concentration of that absorber. 
The product wma represents the pixel 
intensity at each wavelength because 
the optoacoustic signal amplitude is 
proportional to the local fluence and 
absorption properties. The unknown 
quantities solved for with least-squares 
analysis are then wcj for j = 1…N. We 
assume that the wavelength dependence 
of the fluence owing to the absorption 
spectrum of tissue can be neglected, a 
reasonable assumption in the case of 
subcutaneous tumors. Correction ap-
proaches for imaging in deeper tissues 
are a subject of current research (17).

Animal Handling
Procedures involving animals were ap-
proved by the government of Upper Ba-
varia. Three cancer cell lines were used: 
4T1 mouse mammary tumor cells (CRL-
2539; American Type Cell Culture Col-
lection, Manassas, Va), A2780 human 
ovarian cancer cells (Sigma-Aldrich, 
St Louis, Mo), and HT29 human colon 
adenocarcinoma cells (ATCC-HTB-38, 
American Type Cell Culture Collection). 
The mice (adult female CD-1 nude mice) 
were inoculated subcutaneously with 
the cell suspensions (4T1 and A2780: 
0.8 million cells; HT29: 1.5 million 
cells), and terminal experiments were 
performed when the tumors reached an 
approximate diameter of 8 mm (to have 
comparable dimensions). MSOT data 
were recorded with the mice under iso-
fluorane anesthesia.

Dynamic Contrast Enhancement of Tumor 
Vasculature
To study MSOT imaging of dynamic 
contrast enhancement, we used indo-
cyanine green (ICG) (Pulsion Medical 
Systems, Munich, Germany), a dye 

Figure 1

Figure 1: Experimental MSOT 
imaging setup. Dashed line 
shows approximate imaging 
plane.



464 radiology.rsna.org n Radiology: Volume 263: Number 2—May 2012

MOLECULAR IMAGING: Optical Imaging of Cancer Heterogeneity Herzog et al

nanorods, selected fresh-frozen tissue 
slices (10 or 12 mm) through the tumors 
were characterized by using an upright 
dark-field microscope (Axiotech; Carl 
Zeiss, Oberkochen, Germany). A dark-
field condenser (numerical aperture 
= 1.2–1.4) focused white light from a 
halogen lamp onto the tissue. The tis-
sue was immersed in standard index 
matching liquid (refractive index, 1.52)  
between the substrate and the con-
denser to reduce light scattering from 
the tissue background. Scattered light 
was collected with an objective lens 
(original magnification, 3100; numeric 
aperture = 1.0; water), and images 
were recorded with a charge-coupled 
device camera (model 550D; Canon, 
Newport News, Va).

were injected. Imaging was performed 
before injection and immediately, 1 
hour, 5 hours, and 24 hours after in-
jection. Thereafter, the mice were eu-
thanized and blood samples obtained to 
check for circulating gold nanorods. Af-
ter centrifugation (2000 g for 6 minutes), 
plasma supernatant was removed and 
its absorbance spectrum recorded by 
using a spectrometer (VIS-NIR; Ocean 
Optics, Dunedin, Fla). An absorption 
peak near 780 nm is indicative of a sub-
stantial concentration of gold nanorods. 
The mice were then stored at 280°C 
until sliced in a cryotome. Selected rep-
resentative fresh-frozen 18-mm-thick 
slices through the tumors were col-
lected and stained with hematoxylin-eo-
sin. To confirm the distribution of gold 

Gold nanorods display a high, tunable 
absorption peak in the near-infrared 
region. Their intense photothermal 
properties can be used for therapeu-
tic purposes (23) and allow for light-
mediated drug release (24). Because 
of their strong optical absorption, they 
are suitable contrast agents for op-
toacoustic imaging (25,26). We used 
nanorods coated in a proprietary layer 
of hydrophilic methyl-polymers, which 
give the particles ultralong circulation 
times in vivo. Their dimensions were 
10 3 38 nm.

In initial experiments, four 4T1 tu-
mor–bearing mice were imaged at wave-
lengths of 700, 730, 760, 780, 800, 825, 
850, and 900 nm. Gold nanorods (16 
mg/g, approximately 2.6E12 particles) 

Figure 2

Figure 2: Dynamic contrast enhancement in nude mouse with 4T1 tumor. (a) Photograph of mouse with tumor; dashed line indicates imaging section. (b) Single-
pulse images obtained at 790 nm before (left) and approximately 30 seconds after (right) ICG injection. Note the increase in contrast in and around the tumor (arrow) 
after injection. Further frames during injection can be seen in the supporting Movie (online). (c) MSOT images obtained (from top left to bottom right) before and 
immediately, 20 minutes, 4 hours, and 24 hours after injection of ICG. Multispectrally resolved ICG signals are overlaid in green. (d) Epifluorescence image obtained 
24 hours after injection shows signal from ICG in tumor.
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nanorods 24 hours after injection. This, 
together with the suitable size of the 
nanoparticles (15), helps explain the 
accumulation: There is a long period 
during which extravasation and accu-
mulation in the tumor by the enhanced 
permeability and retention effect can 
occur. The high spatial resolution of 
MSOT shows that the signal localized 
to parts of the tumor that showed ele-
vated contrast on single-wavelength op-
toacoustic images even before the agent 
was injected. This suggests that agent 
accumulation is co-localized to contrast-
producing areas of accumulated blood. 
As can be seen in Figure 4b, cryosection 
analysis helped confirm the accumula-
tion of blood at the interface between 
the tumor and the surrounding tissue 
as well as in central tumor regions. The 
hematoxylin-eosin–stained images (Fig 
4c) showed acellular regions at tumor 
margins and within the tumor nodule, 
where blood can accumulate. At dark-
field microscopy, single nanorods and 
agglomerations thereof were seen as 
bright green, yellow, and orange be-
cause of their scattering (28). Gold 
nanorods were found to be sparsely 

validated with epifluorescence of cryo-
sections), showing that it did not uni-
formly penetrate the tumor mass but 
was concentrated in the periphery of 
the tumor. From the same MSOT data, 
we resolved the contributions from oxy-
genated (red) and deoxygenated (blue) 
hemoglobin within the tumor (Fig 3b). 
This provides a possible explanation 
for the absence of the probe inside 
the tumor: 52% (2472 of 4705 pixels) 
of the tumor area produced no detect-
able oxyhemoglobin signals, indicating 
a lack of viable vasculature required for 
probe delivery. Measurements of the 
same tumor from 6 days after cancer 
cell inoculation already showed a re-
gion of concentrated deoxyhemoglobin 
in the tumor core (Fig 3b).

Imaging the Accumulation of 
Nanoparticles in Vivo
The initial results from long-circulating 
gold nanorods showed accumulation 
in tumors that could be detected with 
MSOT after 24 hours (Fig 4a). The 
blood plasma spectrum (Fig 4a) dis-
played a peak near 780 nm, confirm-
ing the presence of circulating gold 

In subsequent experiments, three 
mice with HT29 tumors and two with 
A2780 tumors were injected with 8 
mg/g gold nanorods and imaged with 
MSOT at the same wavelengths and 
time points as in the initial study. We 
quantified the percentage of pixels that 
displayed increased gold nanorod signal 
in MSOT sections through the tumors 
by means of manual segmentation of 
the tumor region and subsequent com-
parison of each pixel with the maximum 
baseline level (noise) from equivalent 
images before agent injection.

Results

Dynamic Contrast Enhancement of Tumor 
Vasculature
Images obtained at 790 nm during 
ICG injection (Fig 2b, Movie [online]) 
showed a dynamic signal increase in re-
gions inside and around the tumor. This 
immediate contrast enhancement arises 
from circulating ICG and therefore cor-
responds to the tumor vasculature and 
blood vessels elsewhere in the mouse. 
Specific multispectral detection of the 
dye was also possible (Fig 2c, green 
overlay). The spectrally resolved signal  
from ICG directly after injection (Fig 2c)  
corresponded well to areas of increased 
contrast on the live images (Fig 2b),  
serving as additional validation. In mea-
surements obtained 20 minutes, 4 hours, 
and 24 hours after the injection (Fig 2c), 
we observed a rapid decrease in ICG 
signal as the dye disappeared from the 
circulation (a circulation half-life in single 
minutes is expected [27]) and left behind 
small accumulations in surrounding tissue.

On an epifluorescence image of the 
tumor obtained at the 24-hour time 
point (Fig 2d), we observed weak con-
trast between the tumor and surround-
ing tissue (tumor-to-background ratio, 
1.7:1), as seen with MSOT at the same 
time point.

Imaging of a Targeted Fluorescent Agent
MSOT was further used to visualize a 
targeted fluorescent agent within tu-
mors. With use of MSOT it was possi-
ble to identify the biodistribution of the 
probe 6 hours after injection (Fig 3a, 

Figure 3

Figure 3: MSOT of hemoglobin and a
v
b

3
-targeting fluorescent agent (IntegriSense 750) in nude mouse 

with 4T1 tumor. (a) MSOT image obtained after 6 hours of incubation (left) shows multispectrally resolved 
fluorescent agent signals (green overlay, arrow indicates tumor). Fluorescence image of corresponding cryo-
section (right) was obtained for validation. (b) Multispectrally resolved oxyhemoglobin (red) and deoxyhemo-
globin (blue) distribution within the tumor on days 6 (left) and 13 (right). Inset is photograph of corresponding 
cryosection through tumor. Arrows indicate regions of deoxygenated hemoglobin in tumor core.
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the tumor bulk. This detailed informa-
tion about intratumoral parameters is 
available to MSOT because it is a high-
spatial-resolution method that further 
displays an appropriate sensitivity for 
detecting molecular agents. There was 
a remarkable difference in appearance 
between the MSOT images and the 
epifluorescence images in this study. 
The latter, a typical means of under-
standing fluorescence agent biodistri-
bution, offers a misleading impression 
of homogeneous distribution in tumors. 
Conversely, MSOT reveals a picture 
of biodistribution that reflects tumor 
heterogeneity.

Many of the studies were performed 
in live (real-time) imaging mode, requir-
ing less than 50 msec of acquisition time 
per frame. Real-time imaging, which is 
typical of US, can become important in 
dynamic clinical MSOT as well. Because 
of the relatively high spatial resolution, 
we could visualize large individual blood 
vessels—in particular those feeding the 
tumor. The resolution in optoacoustics 
is scalable with depth and can improve 

had more areas of concentrated deox-
ygenated hemoglobin (blue) than the 
HT29 tumor, which, in turn, showed 
a more uniform distribution of oxyhe-
moglobin (red). These results suggest a 
possible relationship between the accu-
mulation metrics and vascular architec-
ture. Ex vivo images of cryosections ob-
tained after the experiments agree with 
these in vivo results: The A2780 tumor 
had visible accumulations of blood in 
areas showing deoxyhemoglobin signal 
on the in vivo image (Fig 5c).

Discussion

It is possible, with use of MSOT, to 
specifically image optical contrast, 
including hemoglobin oxygenation, 
fluorescent dyes, and light-absorbing 
nanoparticles, with the resolution of 
ultrasonography (US) and in real time 
through entire tumor volumes. We saw 
varying patterns on our images, with 
a typical example being peripheral 
distribution around a tumor and an in-
ability to penetrate uniformly through 

distributed over the tumor area (Fig 
4d); however, only a few spots were 
found in the healthy tissue. The highest 
concentration of gold nanorods was de-
tected along the interface between tu-
mor and surrounding tissue, confirming 
the results obtained with MSOT.

By inspecting images of gold 
nanorod distribution over multiple time 
points (Fig 5a), we observed a changing 
pattern: Initially, gold nanorods were 
mainly found in the circulation. Images 
obtained 5 and 24 hours after injection 
showed accumulation outside of blood 
vessels. We characterized the percent-
age of tumor tissue displaying increased 
gold nanorod signals in two single tu-
mors of the A2780 and HT29 cell lines. 
The A2780 tumor showed accumulation 
in a higher percentage of the measured 
tumor tissue (Fig 5b). Again, from the 
same MSOT data, we produced quanti-
tative maps of contributions from oxy- 
and deoxyhemoglobin in the tumors 
(Fig 5c). The resulting images showed 
functionally differing tumor vascula-
tures: At inspection, the A2780 tumor 

Figure 4

Figure 4: Gold nanorod accumulation in a nude mouse with 4T1 tumor. (a) Images obtained before injection (left) and 24 hours after injection (middle); multispec-
trally resolved gold nanorod signals are overlaid in red. Arrow indicates tumor. Graph (right) shows absorption spectrum of blood plasma 24 hours after injection, 
displaying the characteristic peak of gold nanorods. (b) Photograph of corresponding cryosection through tumor. (c) Photomicrographs of specimen from 4T1 tumor. 
Acellular regions are seen at tumor margins (left) and within tumor core (right). Scale bars = 500 mm. (Hematoxylin-eosin stain; original magnification, 310.) (d) 
Dark-field scattering images show accumulation of gold nanorods (orange spots) along the interface between tumor and surrounding tissue (left) and within central 
tumor regions (right). Scale bars = 20 mm. (Original magnification, 3100.)
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attenuates by approximately one to two 
orders of magnitude per centimeter of 
propagation. An additional limitation of 
the current system is that real-time im-
aging can be achieved only on a single 
section at a time. Therefore, although 
the entire tumor can be scanned se-
quentially, real-time imaging can be 
performed only on two-dimensional 
sections. Future developments foresee 
a larger detector array that can capture 
three-dimensional data from the entire 
tumor in real time.

Overall, MSOT can combine the 
functional and molecular ability of op-
tical methods with the resolution of US 
or magnetic resonance imaging. MSOT 
can function as an extension of intra-
vital microscopy: By sacrificing optical 
diffraction–limited resolution, one can 
achieve significantly larger penetra-
tion depths in tumors with the reso-
lution of US. For many light-absorbing 
agents, the same contrast can then be 

and an injected agent in tumors. Multi-
plexing additional agents should be pos-
sible provided their absorption spectra 
are distinct, that is, they display ab-
sorption peaks at different wavelengths. 
Performing studies with multiple exog-
enous agents simultaneously will be a 
subject of further investigations.

Perhaps the most important lim-
itation of MSOT relates to its use of 
light, which limits the penetration 
depth in tissue. Typical penetration 
depths range from several millimeters 
to a few centimeters, depending on 
the tissue type. In the current imple-
mentation, a superficial tumor model 
was used for simplicity; however, an-
atomic features at greater depths are 
also visible on the images. It might 
therefore be possible to image ortho-
topic tumors, and this is proposed in 
future investigations. The sensitivity in 
detecting tumor biomarkers will, how-
ever, decrease with depth because light 

in the current implementation with use 
of higher frequency detectors. The res-
olution in our implementation (~150 mm,  
characterization not shown) was selected 
to allow visualization of a large field of  
view (~2 cm) for whole-mouse imaging.

In addition to demonstrating the 
spatial and temporal features of the 
method, we also showed that specific 
absorbers can be revealed by their 
spectral signatures, allowing imaging 
of an absorber of interest without the 
need for baseline measurements. This 
is particularly useful for studies in which 
it is necessary to obtain measurements 
over several hours or days. In this 
way, we were able to characterize the 
distribution of imaging agents over time. 
Importantly, the current MSOT imple-
mentation enables fast wavelength scans,  
allowing the identification of multiple 
spectral signatures in the same imaging 
section. This allowed the simultaneous 
imaging of oxy- and deoxyhemoglobin 

Figure 5

Figure 5: Gold nanorod accumulation in nude mouse with A2780 tumor. (a) MSOT images of multispectrally resolved gold nanorod signals (overlaid in red); images 
were obtained (from top left to bottom right) before and immediately, 1, 5, and 24 hours after injection. Arrow indicates tumor. (b) Graph shows percentage of tumor 
area with elevated levels of gold nanorods for two tumors of different cell lines (A2780 and HT29). (c) MSOT images of oxyhemoglobin (red) and deoxyhemoglobin 
(blue) distribution in A2780 (left) and HT29 (right) tumors reveal different vasculature. Insets are photographs of corresponding cryosections.
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visualized macroscopically and micro-
scopically. This approach could also be 
suitable for several applications in clin-
ical settings—in particular in relation 
to handheld and endoscopic systems—
thus expanding the capabilities of cur-
rent clinical optical imaging.
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