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A B S T R A C T

Optoacoustic imaging is a rapidly expanding field for the diagnosis, characterization, and treatment
evaluation of cancer. However, the availability of tumor specific exogenous contrast agents is still limited.
Here, we report on a small targeted contrast agent for optoacoustic imaging using a black hole quencher1

(BHQ) dye. The sonophore BHQ-1 exhibited strong, concentration-dependent, optoacoustic signals in
phantoms, demonstrating its ideal suitability for optoacoustic imaging. After labeling BHQ-1 with cyclic
RGD-peptide, BHQ-1-cRGD specifically bound to avb3-integrin expressing glioblastoma cell spheroids in
vitro. The excellent optoacoustic properties of BHQ-1-cRGD could furthermore be proven in vivo. Together
with this emerging imaging modality, our sonophore labeled small peptide probe offers new possibilities
for non-invasive detection of molecular structures with high resolution in vivo and furthers the specificity
of optoacoustic imaging. Ultimately, the discovery of tailor-made sonophores might offer new avenues
for various molecular optoacoustic imaging applications, similar to what we see with fluorescence
imaging.
© 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Optoacoustic imaging is an expanding research field, especially
for non-invasive imaging and characterization of tumors, enabling
a better understanding of cancer biology and treatment outcomes
[1,2]. This modality images the absorption of pulsed light by
fluorochromes and biomolecules deep in biological tissues via the
generated ultrasound waves. This passive detection of optical
absorption enables a sensitive detection of biological processes
from deep inside the tissue. After the excitation of a contrast agent
by a nanosecond pulsed laser of a certain wavelength, a thermo-
elastic expansion of these molecules is induced during the
emission process, which leads to the generation of detectable
ultrasound waves from the illuminated area [3]. The advantage
compared to optical imaging is that the resolution in optoacoustics
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is not affected by light attenuation due to tissue scattering as it is
defined by acoustic propagation and acoustic scattering. Therefore,
a preservation of the signal strength and resolution is given even in
deeper tissue layers [3,4].

Also, recently a high-resolution optoacoustic imaging device
was developed, termed raster-scan optoacoustic mesoscopy
(RSOM). RSOM was introduced to overcome given limitations of
other optoacoustic technologies like, for example, limited
resolution. This prototype scanner revealed the tumor vascular
network and its development in sub-millimeter high-resolution
non-invasively [5]. Here, the endogenous contrast of hemoglobin
was used to depict single vessels. Optoacoustic mesoscopy could
also reveal skin layers as well as insights into melanin content and
blood oxygenation in human skin in vivo [6–8]. However, next to
the use of these endogenous contrasts, the availability of tumor
specific exogenous contrast agents was still limited.

On the basis of the above it becomes clear that for further
analysis of different targets and receptors and thus for gaining
more specific information about tumor biology and disease-
associated processes, the inclusion of exogenous contrast agents
for optoacoustic imaging is indispensable. Especially near-infrared
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fluorescent dye-labeled probes are widely used in optical imaging
to generate a visual signal after light excitation [9,10]. However,
these dyes mainly emit absorbed energy in the form of
fluorescence, making only a partial amount of the energy available
for thermoelastic expansion, which results in the generation of a
weaker optoacoustic signal. Therefore, a group of dyes called dark
quenchers, so far mainly used to quench fluorescence of other dyes
in the study of biomolecule dynamics [11–13], is highly promising
for the design of contrast agents in optoacoustic imaging. They
emit absorbed energy mainly as heat, by a non-radiative
conversion of the light energy, which is accompanied by the
formation of acoustic waves. As a result, the thermoelastic
expansion is expected to be larger for quenchers than for light
emitting fluorochromes [14]. While dark quenchers were used as
molecular beacon-like probes in the past [15,16], these quencher
dyes were never used as a standalone sonophore contrast agent in
optoacoustic imaging so far.

Here, we introduce the first sonophore labeled targeted probe
using cyclic RGD (BHQ-1-cRGD). By means of embedding a dilution
series of the quencher dye into agarose phantoms, we demon-
strated the suitability of BHQ-1 for the generation of a strong
optoacoustic signal as a first prerequisite for our study. After
successful labeling with the RGD peptide, the binding specificity of
our probe to tumor cells was investigated using glioblastoma cell
spheroids. Furthermore, we applied the quencher dye subcutane-
ously in vivo to demonstrate the ability of the generation of an
optoacoustic signal by BHQ-1 as a first proof of concept. The
specific accumulation of BHQ-1-cRGD in glioblastoma tumors in
vivo was investigated as a final step.

2. Material and Methods

2.1. Cell line and animals

Human glioblastoma cells (U-87 MG) were obtained from
ATCC1 (VA, US) and cultured in Eagle's Minimum Essential
Medium (Corning Cellgro, VA, US) containing 10% FBS, 1%
Penicillin/Streptavidin solution, 2 mM L-glutamine, 1 mM sodium
pyruvate and 0.075% (w/v) sodium bicarbonate. They were
incubated in a humidified 5% CO2 atmosphere and used between
passages 8 and 15.

For in vivo experiments, 6-8 week old female Hsd:Athymic
Nude-Foxn1nu mice were purchased from Envigo (IN, US). All
animal experiments were performed in accordance with institu-
tional guidelines and approved by the IACUC of MSK, and followed
NIH guidelines for animal welfare.

2.2. Synthesis and characterization of BHQ-1-cRGD

To a stirring solution of cyclic RGD (cyclo(Arg-Gly-Asp-D-Phe-
Lys), 1.0 mg, 1.66 mmol, 1.0 eq., Peptides international, KY, US) in
anhydrous DMF (200 mL) a solution of BHQ-1 N-hydroxysuccini-
mide (NHS) ester (1.2 mg, 2.0 mmol, 1.2 eq., Biosearch technologies,
CA, US) in anhydrous DMF (200 mL) and triethylamine (1.2 mL,
8.0 mmol, 4.8 eq) was added sequentially. The resulting reaction
solution was stirred for 4 h at room temperature. Purification by
high performance liquid chromatography (HPLC) (C18, 10% to 100%
of acetonitrile over 10 min, then 100% of acetonitrile until 18 min,
1.0 mL/min) yielded BHQ-1-cRGD (1.5 mg, 1.4 mmol, 82%) as a black
solid. The purity of BHQ-1-cRGD was analyzed by performing
analytical HPLC (rt = 11.0 min, >97%). The identity of the product
(C35H67N15O11, MW: 1090.21 g/mol) was verified by electrospray
ionization mass spectrometry (ESI(+): m/z (%) 546.70 (100)
[M + 2H]2+, 1090.40 (25) [M + H]+). The absorbance spectra of
BHQ-1 and BHQ-1-cRGD were measured in ethanol using
spectrophotometry from 250 nm to 750 nm.
2.3. Optoacoustic imaging

For imaging, we used our high-resolution raster-scan opto-
acoustic mesoscopy (RSOM) prototype scanner in epi-illumination
mode [17]. This technology was obtained in a collaboration from
the Institute for Biological and Medical Imaging at the Helmholtz
Zentrum Munich (Germany). The scanner illuminates the tissue
with a fast monochromatic nanosecond laser (1 ns, 2 kHz, 1 mJ
pulse energy at 532 nm). The laser light was coupled to the sample
using a three arm fiber bundle which is combined with the
ultrasound detector into a single scan unit. The optoacoustic
signals were measured with a 50 MHz spherically focused detector
and a bandwidth of 5–80 MHz. Furthermore, the signals were
amplified with a 63 dB low noise amplifier and digitized using a
fast 12 bit data acquisition card. The scan was performed in a
continuous-discrete manner and with a raster step size of 20 mm.
The usual scan took 1.30 minutes for a field of view of 8 � 8 mm2

and the maximum depth was about 2 mm, limited by the
penetration depth of 532 nm photons in tissue.

The raw signals were transformed to the computer on which
they were later reconstructed using beam forming. Before
reconstruction, the signals were divided into two sub-bands:
low frequencies 5–25 MHz and high frequencies 25–80 MHz as
described before [5]. In short, we divided the frequency bands such
that the relative bandwidth BW% = BW/fc, where BW is bandwidth
of sub-band and fc is the central frequency, which is the same for
all the sub-bands. These sub-bands were later on separately
reconstructed and overlayed using different colors (red = low
frequencies, green = high frequencies). For all samples, the same
sub-bands were used, which were optimized before in order to get
as low ringing effect as possible by keeping the same relative
bandwidth in all of the sub-bands. For the reconstruction a speed
of sound of 1540 m/s has been used for all samples after
performing measurements in �34 �C warm water and the
reconstruction has been performed with voxel sizes of 20 � 20
� 5 mm3. Finally, the Hilbert transform was applied to the
reconstructed volume along the depth, i.e. the z-axis to remove
the negative values and to obtain the profile of the signal
generating object. The images were further processed using a
Wiener and a Median filter to improve the signal to noise ratio. For
visualization we took the maximum intensity projection of the
three–dimensional volume.

2.4. Agarose phantom studies of BHQ-1

The quencher dye BHQ-1 (10 mM in DMSO) was embedded at
different concentrations (0 mM to 500 mM) into 1% agarose
phantoms (10 ml, preheated at 70 �C). Agarose drops containing
the agent were placed next to each other into a 1% agarose-coated
petri dish and covered with water to enable ultrasound signal
detection. The experiment was done in triplicates and RSOM was
performed as described under 2.3 but without dividing the
detected ultrasound frequencies into smaller sub-bands during
the reconstruction process. The generated images were analyzed
using ImageJ and regions of interest (ROIs) were manually drawn
over the detected phantom signals to quantify the optoacoustic
signals of the BHQ-1 dilution series. For analysis, the mean pixel
value of each ROI was used.

2.5. RSOM of BHQ-1-cRGD in U-87 cell spheroids in vitro

U-87 cell spheroids were grown by transferring 1 �106 U-87
cells, raised in normal growth medium, into a 1% agarose-coated
cell culture flask (75 cm2) and incubated for about one week. After
they reached sizes of approximately 0.6 to 1.0 mm, 12 spheroids
were collected and transferred into agarose-coated wells of a
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96-well plate. Representative images of the spheroids were taken
using a light microscope. For 2 hours, 4 spheroids were incubated
with 50 ml cell culture medium without the probe, with 50 mM
BHQ-1-cRGD or with 50 mM BHQ-1-cRGD and a 100-fold excess
(5 mM) of free cyclic RGD, respectively. Afterwards, the spheroids
were gently washed for three times with PBS, embedded in 1%
agarose in a petri dish and covered with water. After performing
RSOM as described under 2.3 without dividing the ultrasound
frequencies into smaller sub-bands during the reconstruction
process, the spheroid images were analyzed quantitatively using
manual ROI measurement in ImageJ. Here, one ROI was placed over
the spheroid and a second one over the background. The signal to
noise ratio was calculated for each spheroid using the mean pixel
value of each ROI.

2.6. RSOM of BHQ-1 in mouse footpad in vivo

All mice were anesthetized using 2% isoflurane. For imaging the
quencher dye in vivo, 10 nmol BHQ-1 solution were injected
subcutaneously into the footpad of 3 mice. The mouse was then
placed in a pre-warmed water bath on a mouse bed keeping the
head of the animal above water level. The foot of the mouse was
stabilized under water with tape to keep it in a static position for
the measurement procedure. The feet were measured before and
directly after injection using RSOM as described under 2.3.
Quantitative analysis was done in ImageJ by manually placing a
ROI over the injection site of each foot as well as over the
background blood vessels in the footpad. The mean pixel value of
each ROI was used for the analysis of the two sub-bands and the
overlay image.

2.7. RSOM of BHQ-1-cRGD in U-87 tumors ex vivo

U-87 tumors were implanted into 6 mice by injecting 2 � 106

U-87 cells in 100 ml 1:1 matrigel:medium subcutaneously into the
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Fig. 1. Synthesis and chemical properties of BHQ-1-cRGD as a promising contrast agent f
formation. BHQ-1-NHS was labeled with NH2-cRGD using Et3N and DMF while incuba
(positive polarized) of BHQ-1-cRGD confirmed the calculated molecular weight of 1,090 g
in two wavelengths while 280 nm shows absorbance of the RGD peptide and 534 nm of B
peaked at 515 nm and additionally at 280 nm for the RGD-labeled probe.
lower left back. After tumors reached a diameter of approximately
6 mm, one group of 3 mice were injected intravenously with 50
nmol BHQ-1-cRGD in 150 ml sodium chloride and a second group
of 3 mice with 150 ml sodium chloride only as a control. After
2 hours, mice were anesthetized using 2% isoflurane and perfused
via the heart using PBS until all blood was removed from the body.
The tumors were excised, placed in ultrasound gel in a petri dish,
covered with a transparent foil and with water and imaged using
RSOM as described under 2.3. Analysis was done using ImageJ by
generating a profile plot for one representative tumor of each
animal group.

2.8. Statistical analysis

The data are shown as mean values and error bars represent the
standard deviation. The statistical significance of the data was
analyzed using an unpaired Student's t-test in GraphPad Prism 6.0.
A P-value of 0.05 or less was considered to be statistically
significant.

3. Results

3.1. Synthesis and characterization of BHQ-1-cRGD

The synthesis of the black hole quencher1 labeled peptide
probe is shown in Fig. 1A. In the presence of triethylamine, the NHS
ester-activated BHQ-1 was successfully conjugated to the primary
amine of the cyclic RGD and the final product was isolated in 82%
yield after HPLC purification. Identity and purity of BHQ-1-cRGD
were validated successfully through mass spectrometry and
analytical HPLC resulting in a molecular weight of 1,090 g/mol
(Fig. 1B and C). The absorption spectrum of BHQ-1 alone as well as
of BHQ-1-cRGD peaked at 515 nm, suggesting that the labeling
procedure did not change the optical properties of the black
quencher (Fig. 1D). Additionally, the spectrum of BHQ-1-cRGD
D
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Fig. 3. In vitro RSOM of U-87 cell spheroids after incubation with BHQ-1-cRGD
confirmed the specificity of the probe. A: Upper row: RSOM images of U-87
spheroids 2 h after incubation without (native) and with 50 mM BHQ-1-cRGD as
well as 50 mM BHQ-1-cRGD with 100-fold excess (5 mM) of free cyclic RGD (block)
in medium showed specific binging of the probe (arrows). Lower row: light
microscopy images of representative U-87 cell spheroids; scale = 200 mm. B:
Quantitative analysis of the detected optoacoustic signal in U-87 spheroids clarifies
the specificity of BHQ-1-cRGD; n = 4; *** P�0.0005; * P�0.05.
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showed another peak at 280 nm, representing the RGD peptide in
the probe.

3.2. RSOM of BHQ-1 in agarose-phantoms

After embedding BHQ-1 into agarose phantoms, a visible
change in the color of the phantoms was detected from transparent
to purple with increasing concentration of BHQ-1 from 0 mM to
500 mM (Fig. 2A). Furthermore, an increasing optoacoustic signal
was detected with increasing concentration of BHQ-1 using RSOM
(Fig. 2B). Stronger signals are reflected in a more intense green
compared to lower signals. The quantitative analysis of the RSOM
image of the BHQ-1 phantoms confirmed the optical findings and
revealed increasing mean optoacoustic signals from 4.8 � 2.4 AU
(arbitrary units) out of the 0 mM phantom up to 73.5 �11.2 AU from
the 500 mM phantom (Fig. 2C).

3.3. RSOM of BHQ-1-cRGD in U-87 spheroids in vitro

A strong optoacoustic signal could be detected after incubating
U-87 glioblastoma cell spheroids with the BHQ-1-cRGD probe for
2 hours (Fig. 3A). Almost no signal appeared in the native spheroids
without the probe and a comparatively low optoacoustic signal
was depicted after incubation with a 100-fold excess of free cyclic
RGD simultaneously to the BHQ-1-cRGD probe. A comparison of
the RSOM images with the white light pictures highlighted that a
high binding of BHQ-1-cRGD onto cells results in a stronger
optoacoustic signal. The quantitative analysis confirmed the
successful binding of BHQ-1-cRGD onto U-87 cells at a concentra-
tion of 50 mM with a signal to noise ratio of 11.0 � 2.8 (Fig. 3B). In
comparison, the native spheroids themselves did not generate an
optoacoustic signal above background noise with a statistically
significant lower ratio of 1.0 � 0.0 (P�0.0005). Furthermore, the
100-fold excess of cyclic RGD blocked the binding of BHQ-1-cRGD
to the spheroids significantly with a signal to noise ratio of only
4.8 � 2.7 (P�0.05).

3.4. RSOM of BHQ-1 in mouse footpad in vivo

Following a subcutaneous injection of 10 nmol BHQ-1 into the
mouse footpad, a strong optoacoustic signal could be detected at
the injection site compared to the homogeneous signal before the
application (Fig. 4A). At the same time, the relative intensity of the
signal generated by hemoglobin in the blood vessels of the footpad
decreased rapidly compared to before the injection. A stronger
optoacoustic signal could be seen for both the low as well as the
Fig. 2. RSOM of a dilution series of BHQ-1 in agarose phantoms proved the suitability of th
BHQ-1 in agarose phantoms (0 mM to 500 mM from upper left to lower right). B: RSOM im
(0 mM to 500 mM from upper left to lower right) reflects a more intense green with incr
optoacoustic signal in BHQ-1 agarose phantoms reveals an increasing signal with incre
high frequencies and also on the overlay image of all frequencies. A
3D-surface plot of the footpad before and after injection confirmed
these observations (Fig. 4A). The quantitative analysis revealed an
almost 5-times higher optoacoustic signal at the injection site with
e quencher dye for optoacoustic imaging. A: White light image of a dilution series of
age (optoacoustic signal) of the agarose phantoms with the dilution series of BHQ-1
easing BHQ-1 concentration; scale = 2 mm. C: Quantitative analysis of the detected
asing BHQ-1 concentration; n = 3.



Fig. 4. RSOM before and after subcutaneous injection of 10 nmol BHQ-1 into mouse footpad proves optoacoustic properties of the black quencher in vivo. A: RSOM images of
mouse footpad before and after subcutaneous injection of BHQ-1; red = low frequencies (big structures); green = high frequencies (small structures); yellow = overlay; white
circle = injection site and foot background; scale = 1 mm. Right: 3D-surface plot of the detected optoacoustic signal of the footpad; blue = low signal; red = high signal. B:
Quantitative analysis of the detected optoacoustic signal at the injection site compared to the footpad background illustrated the strong optoacoustic signal of BHQ-1 in vivo;
n = 3; * P�0.0005.
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121.6 � 14.2 AU compared to the surrounding footpad vessels with
only 25.2 � 7.7 AU for the overlay image of all detected frequencies
(P�0.0005, Fig. 4B, yellow). The same trend was observed for the
separated low frequencies (5-25 MHz, red) with values of 67.2 � 3.4
AU versus 13.9 � 7.2 AU and the high frequencies (25-80 MHz,
green) with 55.6 � 5.7 AU versus 8.3 � 3.9 AU respectively
(P�0.0005).

3.5. RSOM of BHQ-1-cRGD in U-87 tumors ex vivo

After intravenous injection of 50 nmol BHQ-1-cRGD into 3 mice
followed by perfusion, a clear optoacoustic signal could be
detected in these tumors compared to the ones with only sodium
chloride as a control (Fig. 5A). The representative tumors show a
clear trend for the specific accumulation of our probe in the U-87
tumors. The poor signal in the sodium chloride tumors indicates
the effective wash out of the blood by the perfusion. By drawing a
line through the tumors, a histogram plot of the gray values could
be generated, showing much higher optoacoustic values in the
BHQ-1-cRGD injected mouse compared to the sodium chloride
injected control animal (Fig. 5B). The strong signals in the BHQ-1-
cRGD tumor show saturated values in some areas, meaning that
the generated optoacoustic signals in these regions are extremely
strong. The saturation originates from the raw signals due to the
used back projection, which is a linear algorithm and used for the
reconstruction process. It is propagated to the final reconstructed
image which is why these saturated values appear.

4. Discussion

In this study we showed that our sonophore labeled RGD probe
offers excellent capabilities for a targeted imaging of avb3-integrin
expressing tumors using optoacoustic imaging. As the availability
of specific exogenous contrast agents is still limited in the field of
optoacoustics, our newly designed agent will pave the way for an
innovative group of sonophore labeled probes, enabling a non-
invasive detection of molecular structures with a high resolution in
vivo.

Compared to other probes which are momentarily used for
optoacoustics [18], our small peptide based contrast agent offers
several advantages. While gold nanostructures like nanorods or
nanoparticles have been utilized as contrast agents for optoa-
coustic imaging [19–22], a small peptide based contrast agent like
BHQ-1-cRGD can offer better pharmacokinetic and pharmacody-
namic properties than nanoparticles due to the smaller size,
resulting in better biocompatibility. Our approach also circum-
vents the use of heavy metals in the body, which are applied with
many other nanoparticle formulations. Furthermore, due to the
fast clearance of RGD compounds from the body, the probe has no
adverse accumulation in unwanted sites and thus is specific only to
targets expressing high amounts of avb3-integrin, such as tumors.
Since RGD-peptides are already widely used in the field of optical
imaging [23,24], are non-toxic and highly specific to avb3-integrin
over-expression, our agent could be applied rapidly in further
studies or even translated for clinical applications. Moreover, the
synthesis of the contrast agent was performed in one-step with a
high yielding of 82%. Purification of the compound was facile
without the need for further coating of the compound, as required
for nanoparticle to improve biocompatibility.

The concentration dependent increase of the optoacoustic
signal in agarose phantoms showed high sensitivity of this imaging
technology. Optimization of the quencher dye properties to a
higher absorption of light or a greater thermoelastic expansion can
further improve the quality of the sonophore. Due to the use of a
quencher, the absorbed energy is already predominantly emitted
in form of heat. There is no loss of energy for the generation of
fluorescence, meaning that the thermoelastic expansion of the
molecules and thus the generation of photoacoustic signals are



Fig. 5. RSOM of U-87 tumors ex vivo after intravenous injection of BHQ-1-cRGD and sodium chloride shows a clear trend for accumulation of our probe in vivo. A:
Representative RSOM images of U-87 tumors ex vivo at 2 hours after intravenous injection of either 50 nmol BHQ-1-cRGD or sodium chloride only followed by a perfusion of
the mouse using PBS; red = low frequencies (big structures); green = high frequencies (small structures); yellow = overlay; white line = line for profile plot. B: Profile plot
through the U-87 tumors after BHQ-1-cRGD (top) or sodium chloride (bottom) injection.
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promisingly higher. Another way to improve the signal outcome
would be the encapsulation of the quencher into liposomes, thus
offering a higher density of quencher at one spot and a better signal
in the tumor as could already be shown in optoacoustic imaging
using indocyanine green (ICG) encapsulated in PEGylated lipo-
somes [25].

The binding of BHQ-1-cRGD was highly specific as we could
show by using glioblastoma cell spheroids in vitro. The attachment
of the sonophore to the RGD peptide did not change its specificity
to the integrins. Even a small spheroid with a low number of cells
could be detected, drawing the conclusion that also small size
tumors can be illustrated with our contrast agent in vivo, making it
ideal for tumor diagnostic or even metastases detection. Metasta-
ses detection has already been carried out using optoacoustic
imaging [26,27], showing that this modality is capable of depicting
small lesions within the body. Our sonophore labeled small
peptide probe combined with the high resolution of RSOM can
considerably improve this detection.

Further experiments showed a strong optoacoustic signal of the
quencher dye as well as a specific detection of avb3-integrin
expressing glioblastoma tumors in vivo. In this context, additional
experiments are necessary with the prospective availability of a
suitable multispectral laser which could aid in distinguish
endogenous signals from our exogenous contrast agent. We
designed our probe to make it specific for the targeting of avb3-
integrin expressing tumors, including glioblastoma [28]. As a wide
variety of tumors express integrins, the field of application is
tremendous [29,30]. This means that also our sonophore labeled
small peptide probe can be widely used in molecular imaging of
tumors. It is also conceivable to use the sonophore with other
targeting molecules, broadening its applicability.
5. Conclusion

In summary, our sonophore labeled peptide based contrast
agent BHQ-1-cRGD showed a high suitability for optoacoustic
imaging in vitro as well as in vivo with the generation of strong
optoacoustic signals. Up to now, the availability of tumor specific
exogenous contrast agents for optoacoustic imaging is limited.
Therefore, this is the first step towards a new class of imaging
probes in the field of optoacoustics. Sonophores can significantly
propel the applicability of optoacoustic imaging and increase in
conjunction with suitable imaging agents target precision for the
detection of molecular structures in vivo. In combination with
this fairly new imaging modality, this group of contrast agents is
very promising for the investigation of tumor biology as well as
cancer treatment efficacy in a non-invasive and high-resolution
manner.
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