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Abstract Microbubbles (MB) are routinely used as con-
trast agents for functional and molecular ultrasound
(US) imaging. For molecular US imaging, MB are
functionalized with antibodies or peptides, in order to
visualize receptor expression by angiogenic or inflamed
endothelium. In general, initial in vitro binding studies
with targeted MB are performed using phase contrast
microscopy. Difficulties in the identification of MB in
standard phase contrast microscopy, however, generally
result in high variability, high observer dependency, and
low reproducibility. To overcome these shortcomings,
we here describe a simple post-loading strategy for
labeling polymer-based MB with fluorophores, and we

show that the use of rhodamine-loaded MB in combi-
nation with fluorescence microscopy substantially
reduces the variability and the observer dependency of
in vitro binding studies. In addition, we demonstrate
that rhodamine-loaded MB can also be used for in vivo
and ex vivo experimental setups, e.g., for analyzing MB
binding to inflamed carotids using two-photon laser
scanning microscopy, and for validating the binding of
VEGFR2-targeted MB to tumor endothelium. These
findings demonstrate that fluorescently labeled MB sub-
stantially facilitate translational molecular US studies,
and they suggest that a similar synthetic strategy can
be exploited for preparing drug-loaded MB, to enable
image-guided, targeted, and triggered drug delivery to
tumors and to sites of inflammation.
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Introduction

Molecular imaging aims to non-invasively visualize processes
taking place at the molecular level, such as receptor expres-
sion and enzyme activity [1, 2]. Various different diagnostic
modalities can be used for molecular imaging, including, e.g.,
positron emission tomography, magnetic resonance imaging,
optical imaging, and ultrasound (US) imaging. Except for
magnetic resonance spectroscopy, all molecular images tech-
niques rely on the use of contrast agents. These agents either
specifically bind to receptors overexpressed by target cells
(thereby accumulating or retaining more signal at the patho-
logical site), or they are specifically cleaved by enzymes
(thereby generating signal at the pathological site) [3, 4].
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The contrast agents used in molecular US imaging are
based on antibody- or peptide-functionalized microbubbles
(MB). MB are gas-filled vesicles stabilized by a lipid- or
polymer-based shell; the former are generally referred to as
soft-shell MB, the latter as hard-shell MB. In spite of the
fact that they differ in various aspects, such as in size,
stability, biodegradability, circulation time, and acoustic
properties, both soft-shell and hard-shell MB are highly
suitable contrast agents for molecular US imaging [5, 6].

Because of their size, which is in the range of 1–5 μm,
MB remain strictly within the vascular compartment. This is
both an advantage and a disadvantage. Concerning the lat-
ter, it, on the one hand, limits the use of MB for molecular
imaging purposes, as they can only be used for visualizing
receptors (over-) expressed by endothelial and by blood
cells. Conversely, concerning the former, the fact that MB
do not extravasate, means that there will not be any unspe-
cific accumulation at the target site, not even in highly leaky
tumors, thereby minimizing the background signal and con-
sequently maximizing the signal-to-noise ratio in molecular
US studies.

Several molecular US approaches are currently being
considered for clinical translation. These include MB tar-
geted to the vascular endothelial growth factor receptor 2
(VEGFR2), for monitoring tumor angiogenesis in prostate
cancer [7–9], and MB targeted to the vascular cell adhesion
molecule 1 (VCAM1) and P-selectin, for imaging and stag-
ing atherosclerotic plaques [10, 11]. Also RGD-targeted
MB, which bind to the angiogenesis-associated integrins
αvβ3 and αvβ5, and ICAM1-antibody-targeted MB, which
bind to the inflammation marker intercellular adhesion mol-
ecule 1, have been extensively evaluated in recent years, and
also these MB seem to hold significant potential for clinical
translation [5, 8, 11–14].

The suitability of antibody- or peptide-targeted MB for
molecular US imaging is generally initially evaluated in vitro.
This can either be done under standard (static) cell culture
conditions, or in a flow chamber, to mimic physiological shear
stress. In both cases, a layer of endothelial cells is exposed to
untargeted MB, to targeted MB, and to targeted MB in the
presence of an excess of blocking antibody (usually 10–100
fold; to validate binding specificity). After incubating for 5–
30 min, the amount of MB binding to target cells is then
visualized and quantified using phase contrast microscopy
[7, 9]. As exemplified by the left panels in Fig. 2, however,
it is very difficult to unambiguously identify and accurately
quantify MB binding using phase contrast microscopy.
Consequently, the results obtained in such initial in vitro
analyses typically are highly observer-dependent, the var-
iability tends to be high, and the reproducibility tends to
be low.

To overcome these shortcomings, and to facilitate
translational molecular US studies, we here present a

simple post-loading strategy to label polymer-based MB
with fluorophores. Using rhodamine as a model compound,
we show that fluorophore labeling substantially reduces the
variability typically observed in in vitro binding studies, and
that it improves the accuracy of blocking experiments. In
addition, we show that rhodamine-labeled MB can be used
for visualizing and validating in vitro and ex vivoMB binding
to angiogenic and inflamed endothelium, using both standard
fluorescence microscopy and two-photon microscopy.

Materials and methods

Synthesis of rhodamine-labeled streptavidin-coated PBCA
microbubbles

Streptavidin-coated poly(n-butyl cyanoacrylate) (PBCA)
microbubbles were synthesized as described in [8]. Briefly,
monomeric butyl-2-cyanoacrylate (BCA; Sichel Werke
GmbH) was added to an acidic aqueous solution of 1% Triton
X-100 (Sigma-Aldrich Co.) and stirred vigorously, resulting
in a suspension of PBCA MB. Subsequently, the MB were
purified and size-isolated by centrifugation as described in
[15], to obtain MB with an average size of ∼2 μm. Fluoro-
phore labeling was performed by adding 1 mL of a 1.5-mg/
mL solution of rhodamine (Acros Organics BVBA) to 10 mL
of the purified MB solution (containing 109 MB per mL), and
the mixture was gently stirred for 10 min. After several
flotation steps to remove excess free rhodamine, carbox-
ylate groups were introduced into the shell of the MB
by hydrolysis with 0.1 N NaOH. Streptavidin (Chem-
Impex International Inc.) was coupled to the generated
carboxylate groups via carbodiimide chemistry, using 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC; Sigma-Aldrich Co.). Three flotation steps
were performed to remove excess reactants, and were followed
by size and concentration analyses using a Beckmann Coulter
Counter (Multisizer 3 Beckmann Coulter Inc.). Rhodamine
encapsulation into the shell of the MB was validated using
fluorescence microscopy (Axio Imager M2 microscope; Carl
Zeiss AG; 400-fold magnification).

Synthesis of antibody-targeted rhodamine-labeled PBCA
microbubbles

The rhodamine-labeled streptavidin-coated PBCA MB were
targeted against the epidermal growth factor receptor
(EGFR; as a model cell surface receptor). This was done
by incubating 2 μL of a 1-mg/mL solution of a biotinylated
mouse monoclonal antibody directed against human EGFR
(Abcam) with 1 mL of MB solution (at a concentration of
107 per mL) for 10 min. The solution was washed by
flotation to remove unbound antibodies. MB targeted against
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VEGFR2, which were used in the in vivo experiment, were
prepared similarly, i.e., by mixing 50 μL containing 107

rhodamine-labeled and streptavidin-coated MB with 1.5 μl
of a 0.5-mg/mL solution of biotinylated rat monoclonal anti-
body directed against murine VEGFR2 (BioLegend Inc.). In
both cases, antibody-free rhodamine-labeled streptavidin-
coated PBCA MB were used as controls.

Cell culture

A431 epidermoid carcinoma cells were obtained from ATCC.
Cells (105) were seeded on glass coverslips in six-well plates
(Becton, Dickinson and Company). They were cultured in
2 mL of RPMI medium, supplemented with 100 μL/mL fetal
bovine serum, 100 U/mL penicillin, and 100 μg/mL strepto-
mycin (all from Life Technologies Corporation) until reaching
a confluency of ∼50%. Human umbilical vein endothelial
cells were also obtained from ATCC, and were seeded on
35 mm collagen-coated Petri dishes (Becton, Dickinson and
Company), at a density of 105. They were cultured in 2 ml of
ECGM supplemented with Endothelial Cell Growth Supple-
ment Mix (PromoCell GmbH) and 100 μg/mL gentamycin
(Life Technologies Corporation) reaching ∼80% confluency.
For the in vivo experiment, CT26 murine colon carcinoma
cells (ATCC) were cultured in DMEM, supplemented with
100 μL/mL fetal bovine serum, 100 U/mL penicillin, and
100 μg/mL streptomycin until reaching ∼90% confluency.

In vitro binding studies

Prior to the in vitro binding studies, medium was removed
from the culture dishes and replaced by Dulbecco's
Phosphate-Buffered Saline (DPBS; Life Technologies Corpo-
ration). Subsequently, the DPBSwas removed and 1ml DPBS
containing 107 EGFR-targeted MB and 5 μg Hoechst 33258
(Sigma-Aldrich Co.; for nuclear staining) was added. As con-
trols, 107 non-targeted MB or 107 EGFR-targeted MB in the
presence of a 10-fold excess (i.e., 20 μL; for competition
purposes) of free anti-EGFR antibody was added. The cells
were incubated with the different MB formulations for
15 min. To facilitate the contact between the (otherwise float-
ing) MB and the cells, the coverslips were placed upside
down, and the MB were introduced underneath. After incu-
bation, the cells were washed three times with DPBS. The
coverslips were then mounted using Mowiol 4-88 (Carl Roth
GmbH & Co. KG) and MB binding was analyzed using an
Axio ImagerM2microscope (Carl Zeiss AG). For the analysis
of specific MB binding, several random pictures were taken,
both in phase contrast and in fluorescence mode, of three
coverslips per experimental condition. The Hoechst-stained
nuclei and the rhodamine-labeled MB were analyzed upon
excitation at 359 and 558 nm, and emission at 461 and
583 nm, respectively, at a magnification of ×400.

Ten independent observers counted the number of cells
and of attached MB per field of view (FOV) in five different
images, initially in phase contrast mode, and then in fluo-
rescence mode. For evaluating binding specificity, 10
images were analyzed per condition (i.e., non-targeted,
EGFR-targeted, and EGFR-targeted plus excess free anti-
body). Counting was again initially performed in phase
contrast mode and then in fluorescence mode.

HUVEC were stimulated to express inflammatory
markers using recombinant human TNFα (ProSpec-Tany
TechnoGene Ltd.). This was done for 4 h, prior to the
binding study, at a TNFα concentration of 40 ng/mL. One
hour prior to the binding study, cell membranes were stained
with Alexa Fluor 488-conjugated wheat germ agglutinin
(WGA-AF488; at a dilution of 1:500) and nuclei were
stained with SYTO41 (at a dilution of 1:1000; both markers
were obtained from Life Technologies Corporation). The
35-mm Petri dishes were mounted on a customized
parallel-wall flow chamber. Subsequently, 300 μl DPBS
containing 107 ICAM1-targeted or non-targeted control
MB were injected into the tube connecting both ends of
the flow chamber. A peristaltic pump (Gilson, Inc.) was
used to circulate the MB for 10 min, at a flow rate of
0.25 mL/min. Then, the loop was opened, unbound MB
were washed out, and HUVEC were washed with 2.5 mL
of DPBS. Images were acquired using an Olympus
FV1000MPE multiphoton microscopy system, equipped
with a Mai Tai DeepSee femtosecond pulsed Ti:Sapphire
laser. The objective lens used was an ×60 water dipping,
while the excitation wavelength was chosen to be 800 nm.
Three photomultiplier tubes were used to detect the fluores-
cence signals, and filters were adjusted to the corresponding
emission spectra, i.e., 465–480 nm for SYTO41, 490–
560 nm for WGA-AF488, and 560–600 nm for
rhodamine-labeled MB. Z-directional image series (z-stacks)
were recorded for 3D image reconstruction. All image-
processing analyses were performed using Image-Pro 3D
analyzer 7.0 software (Media Cybernetics, Inc).

In vivo binding studies

After inoculating 106 CT26 cells subcutaneously into the
flank of an 8-week-old female mouse, the tumor was allowed
to grow for 10 days, until reaching a size of ∼6×6 mm.
Molecular US imaging was performed using the Vevo 2100
imaging system with a MS250 transducer (VisualSonics Inc.),
at a frequency of 21 MHz and at a power of 4%. Then, 107

VEGFR2-targeted MB were injected i.v. via the tail vein, in a
total injection volume of ∼50 μl. Seven minutes after i.v.
injection, two image sequences (consisting of several frames,
before and after destructive pulses) were performed, in non-
linear contrast mode. Images were analyzed using the
Vevo2100 Imaging Software, Version 1.2.1. Two minutes
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prior to sacrificing the animal, 75 μl of fluorescein-labeled
lectin (Ricinus Communis Agglutinin I; 5 mg/mL; Vector
Laboratories, Inc.) were injected i.v. Subsequently, the
mouse was perfused intracardially under deep anesthesia
with 50 mL of heparinized DPBS and sacrificed, fol-
lowed by tumor excision. The excised tumor was
mounted in OCT compound (Sakura Finetek Europe B.
V.), frozen at −80°C and cut into 8-μm thick slices
using a CM3050S cryostat (Leica Microsystems GmbH).
Finally, fluorescence microscopy was performed at a
×400 magnification to visualize the perfusion of blood
vessels (using fluorescein-labeled lectin) and the binding
of VEGFR2-targeted rhodamine-labeled MB to angiogenic
tumor endothelium.

Statistical analysis

All results are presented as average±standard deviation.
Depending on the experimental setup, statistical significance
was analyzed either using the unpaired Student’s t test (binding
specificity), or using the F test (variance). P<0.05 was
considered to represent statistical significance.

Results and discussion

Synthesis and characterization of rhodamine-labeled PBCA
microbubbles

The size and size distribution of the rhodamine-labeled MB is
shown in Fig. 1a. This size distribution, which is in the order
of 1.5–2 μm, has been reported to be optimal for in vivo US
imaging because it reduces the dose of polymer (PBCA)
injected without a substantial loss in contrast enhancement

[15]. Given the fact that hard-shell MB have a much thicker
shell than soft-shell MB, (i.e., ∼50 vs. ∼3–5 nm; [15, 16]), it is
possible to encapsulate small molecules like rhodamine in the
shell of polymer-based MB. Fluorescence microscopy
(Fig. 1b) confirmed the encapsulation of rhodamine in the
MB shell. The post-loading method used for rhodamine en-
capsulation provides a versatile tool for loading MB with low
molecular weight compounds. Besides for fluorophore label-
ing, this strategy could also be used for entrapping drug
molecules into the shell of polymer-based MB, to thereby
enable image-guided, targeted, and triggered drug delivery
to tumors and to sites of inflammation. However, to provide
proof-of-principle for such purposes, additional analyses
addressing, e.g., encapsulation efficiency, the stability of drug
loading, and the release of the encapsulated agents upon the
application of destructive US pulses have to be performed.

Fluorophore labeling facilitates in vitro MB binding
experiments

Subsequently, EGFR-binding antibodies were conjugated to
the shell of the rhodamine-loaded MB (via biotin-streptavidin
coupling), and their ability to bind to EGRF-overexpressing
A431 cells was visualized using both phase contrast and
fluorescence microscopy. As exemplified by Fig. 2, fluores-
cence labeling not only substantially facilitated the quantifi-
cation of the number of bound MB, but also the accurate
determination of the number of cells per field of view
(FOV). In standard phase contrast microscopy, the number
of cells per FOV can be estimated based on the borders of the
cells or on nuclear structures, but this method clearly is fairly
inaccurate and observer-dependent (Fig. 2a–b). Conversely,
upon labeling cellular nuclei with Hoechst, the number of
cells per FOV could be determined with high accuracy, with

Fig. 1 Rhodamine-labeled poly(n-butyl cyanoacrylate) microbubbles.
a Size and size distribution of PBCA MB post-loaded with rhodamine,
evaluated using Coulter Counter analysis. b The encapsulation of

rhodamine into the MB shell and the relatively narrow size distribution
of the MB was confirmed using fluorescence microscopy. Bar010 μm
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high reproducibility, and with very low interindividual vari-
ability (Fig. 2e–f). This is quantitatively confirmed in Fig. 3c
and in Table 1, showing that the variance in the number of
cells per FOV was significantly lower when 10 different
observers determined the number of cells in five different
FOV using fluorescence microscopy (VA00–0.03) as com-
pared to phase contrast microscopy (VA00.06–0.16).

Analogously, as shown in Fig. 3d and in Table 1, also the
interindividual variability in the number of bound MB per
FOV could be significantly reduced upon using rhodamine-
labeled MB in combination with fluorescence microscopy.
Given the general difficulty of accurately and reproducibly
identifying MB in phase contrast images (Fig. 2a–b), the
difference in the number of bound MB per FOV was much
larger in this case (Fig. 3d). For phase contrast-based analyses,
the variance ranged from 0.36 to 1.42, as compared to only
0.07–0.28 for fluorescence microscopy (Table 1).

As a result of the reduced variance in both the
number of cells and the number of bound MB, also

the variance in the number of bound MB per cell was
found to be decreased in case of rhodamine-labeled MB
and fluorescence microscopy (Fig. 3e). This is very
important, as the number of bound MB per cell is
generally used as the main parameter to evaluate the
in vitro specificity of MB binding. As shown in Table 1,
the variance in this case ranged from 0.33 to 1.74 for
phase contrast microscopy, as compared to only 0.08–
0.28 for fluorescence microscopy. Moreover, as demon-
strated in Fig. 3e, no clear tendency towards an in-
creased number of bound MB per cell per FOV could
be observed in the five images in Fig. 3a when using
phase contrast microscopy: the average number appeared
to be lowest for image 2, and highest for image 3.
Conversely, when analyzing these images using fluores-
cence microscopy (Fig. 3b), a gradual increase in the
number of bound MB per cell could be observed, with
the lowest value for image 1, and the highest value for
image 5. These findings convincingly demonstrate that

a

b

c

d

e

f

¯¯¯

Fig. 2 Facilitating in vitro binding studies using fluorescently labeled
MB. A431 cells were incubated for 15 min with rhodamine-loaded
EGFR-antibody-targeted MB, and MB binding was visualized using
standard phase contrast microscopy (a–b) and fluorescence

microscopy (e–f). It can be clearly seen that fluorescence labeling
facilitates the in vitro distinction between MB and MB-like structures
(cf. left vs. right panels). Rhodamine-loaded MB are shown in red,
Hoechst-labeled nuclei in blue. Bar020 μm

60 Drug Deliv. and Transl. Res. (2012) 2:56–64



Fig. 3 Reducing the variability of in vitro binding studies using
fluorescently labeled MB. A431 cells were incubated for 15 min with
rhodamine-loaded EGFR-antibody-targeted MB, and the number of
cells, of bound MB, and of bound MB per cell was quantified. a–b
Five different FOV were analyzed by 10 different observers, using both
standard phase contrast microscopy (a) and fluorescence microscopy
(b). c–e Quantitative analysis of the average number of cells per FOV

(c), of the average number of bound MB per FOV (d), and of the
average number of bound MB per cell (e), upon phase contrast and
fluorescence microscopy. Values represent average±standard deviation
(n010). It can be clearly seen that combining rhodamine-labeled MB
with fluorescence microscopy significantly reduces the interindividual
variability of in vitro binding experiments

Table 1 Variance analysis for
the in vitro binding studies
performed using phase contrast
and fluorescence microscopy
with rhodamine-loaded
EGFR-antibody-targeted MB.
The values are based on the
images and results presented in
Fig. 3

Image Number of cells Number of MB Number of MB/cell

Phase
contrast

Fluorescence Phase
contrast

Fluorescence Phase contrast Fluorescence

1 Variance 0.06 0 1.42 0.28 1.74 0.28

P value N.A. <0.0001 <0.0001

2 Variance 0.07 0.01 0.72 0.10 0.68 0.10

P value 0.0001 <0.00001 <0.0001

3 Variance 0.12 0.02 0.38 0.07 0.41 0.08

P value 0.0001 0.0001 <0.0001

4 Variance 0.06 0.03 0.36 0.22 0.33 0.23

P value 0.08 0.34 0.45

5 Variance 0.16 0.02 0.42 0.17 0.39 0.18

P value <0.0001 0.27 0.19
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labeling MB with fluorophores reduces the variability
and increases the accuracy and the reproducibility of in
vitro MB binding experiments.

Fluorophore labeling improves quantitative in vitro analyses
on MB binding specificity

To validate the above observations, we subsequently per-
formed an experiment in which EGFR-targeted MB were
compared to non-targeted MB and to EGFR-targeted MB
under competition conditions. As shown in Fig. 4, when using
phase contrast microscopy, no significant difference was
found when 10 randomly chosen FOV were analyzed. When
analyzing the same FOVusing fluorescencemicroscopy, how-
ever, a clear and highly significant difference could be ob-
served between targeted and non-targeted MB (p<0.0001).
Analogously, also upon blocking specific MB binding using a
10-fold excess of free EGFR-antibody, a highly significant
difference was observed upon using fluorescence microscopy
(p<0.0001). These results show that the simple post-loading
of fluorescent dyes into MB substantially improves the infor-
mation obtained in in vitro binding and blocking experiments,
that it renders statistically highly superior results, and that it
therefore holds significant potential for implementation in
future translational molecular US studies.

Visualizing and validating MB binding to the angiogenic
endothelium

Besides for facilitating in vitro binding studies, fluorescently
labeled MB can also be used for several other purposes. Some

*** *** 

Fig. 4 Improving the accuracy of in vitro MB binding and blocking
experiments. A431 cells were incubated for 15 min with fluorescently
labeled non-targeted MB, with EGFR-antibody-targeted MB, and with
EGFR-antibody-targeted MB in the presence of excess free EGFR-
antibody (competition). Ten different FOV were analyzed per experi-
mental condition, using both standard phase contrast microscopy (light
gray) and fluorescence microscopy (dark gray). Values are presented
as average number of bound MB per cell±standard deviation per FOV
(n010). As can be clearly seen, the combination of rhodamine-labeled
MB with fluorescence microscopy substantially improves the accuracy
of in vitro MB binding and blocking experiments. Asterisks indicate
p<0.0001

a

c

b

d

Fig. 5 Visualizing and quantifying the binding of fluorescently labeled
ICAM1-antibody-targeted MB to inflamed endothelial cells using two-
photon laser scanning microscopy. Four hours prior to MB incubation,
HUVEC were either stimulated with TNFα (to mimic inflammatory
conditions and to upregulate the expression of ICAM1 (a–b) or sham-
treated (c–d). Then, the cells were exposed to rhodamine-loaded

ICAM1-antibody-targeted MB (red) for 10 min, and MB binding was
visualized using TPLSM. Nuclei were counterstained with SYTO41
(blue), cell membranes were stained with WGA-AF488 (green). Strong
and specific MB binding to TNFα-stimulated HUVEC (a–b), but not
to unstimulated HUVEC (c–d), could be clearly visualized
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examples of this are provided in Figs. 5 and 6. In Fig. 5, the
binding of ICAM1-targeted MB to stimulated (A–B) and
unstimulated (C–D) human umbilical vein endothelial cells
(HUVEC) is shown, as visualized using two-photon laser
scanning microscopy (TPLSM). In these images, rhodamine-
labeled MB are depicted in red, cell membranes in green
(WGA-AF488), and nuclei in blue (SYTO41). Similar studies
can also be performed ex vivo, using customized flow cham-
bers and excised blood vessels [17, 18]. In such setups, viable
plaque-containing blood vessels from animals suffering from
atherosclerosis can be visualized three dimensionally [19],
and the binding of different types of antibody-targeted and
fluorescently labeled MB to the inflamed vascular wall and/or
to plaque surfaces can be analyzed at high resolution using
TPLSM (Wu et al., manuscript in preparation).

Another potentially interesting application of fluores-
cently labeled MB relates to the ex vivo validation of in
vivo MB binding to angiogenic endothelium. Figure 6 pro-
vides an example of this, demonstrating that VEGFR2-
targeted MB bind with high specificity to tumor blood
vessels in a subcutaneous CT26 tumor. Panel A shows the
tumor before MB administration, and panel B shows the
same tumor 7 min after the i.v. injection of the MB. It should
be noted that at this time point, hardly any MB are present in
systemic circulation anymore, since their half-life time is
∼1 min [20]. Consequently, the bright spots observed in the
tumor at this time point can be attributed exclusively to
bound MB (Fig. 6c). To quantify the amount of MB bound
to the tumor vasculature, several high mechanical index
destructive pulses are then applied, and the signals before

a

c

b

d

e

Fig. 6 In vivo molecular US imaging and ex vivo fluorescence mi-
croscopy validation of MB binding to angiogenic tumor endothelium.
a–c US imaging of a CT26 tumor prior to MB administration (a), 7 min
after the i.v. injection of VEGFR2-antibody-targeted MB (b), and
immediately after the application of a high mechanical index destruc-
tive US pulse (c). d Quantification of the loss of tumor-specific US

signal, generated using MB, following the application of the destruc-
tive pulse, demonstrating highly specific MB binding to the tumor
vasculature. e Ex vivo fluorescence microscopy-based validation of
specific MB binding (in red; see arrow) to angiogenic tumor endothe-
lium (counterstained using fluorescein-labeled lectin; in green)
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and after destruction are analyzed. As exemplified by
Fig. 6d, using this type of molecular US imaging, a high
level of VEGFR2-specific MB binding to angiogenic tumor
endothelium could be observed in this particular CT26
tumor. To validate MB binding to the tumor vasculature,
the animal was perfused with fluorescein-labeled lectin
(which stains blood vessels) prior to tumor excision, and
the specific binding of rhodamine-labeled and VEGFR2-
targeted MB to angiogenic endothelium (in tumor areas
not exposed to destructive pulses) could be nicely visualized
using fluorescence microscopy (Fig. 6e). In a similarly sized
CT26 tumor treated with non-targeted MB, no adherent MB
were observed, neither in in vivo molecular US experi-
ments, nor in ex vivo fluorescence microscopy validation
experiments.

Together, our findings convincingly demonstrate that
the simple post-loading of polymer-based hard-shell MB
with fluorophores substantially facilitates translational
molecular US studies, enabling not only less observer-
dependent and more accurate in vitro binding experiments,
but also in vitro and ex vivo validation experiments, in which
standard fluorescence microscopy and TPLSM are used to
confirm specific MB binding to angiogenic and inflamed
endothelium. Moreover, our findings indicate that besides
model fluorophores, likely also low molecular weight drugs
can be encapsulated relatively efficiently within the shell of
polymer-based MB, to thereby enable image-guided, targeted
and triggered drug delivery to tumors and to sites of
inflammation.
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