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Abstract
Rationale and Objectives—Ultrasound molecular imaging is an emerging technique for
sensitive detection of intravascular targets. Molecular imaging of angiogenesis has strong potential
for both clinical use and as a research tool in tumor biology and the development of anti-
angiogenic therapies. Our objective is to develop a robust microbubble (MB) ultrasound contrast
agent platform to which targeting ligands can be conjugated by biocompatible, covalent
conjugation chemistry, and to develop a pure low mechanical index imaging processing method
and corresponding quantifying method. The microbubbles and the imaging methods were
evaluated in a mouse model of breast cancer in vivo.

Materials and Methods—We utilized a cyclic RGD (cRGD) pentapeptide containing a
terminal cysteine group conjugated to the surface of MB bearing pyridyldithio-propionate (PDP)
for targeting αvβ3 integrins. As negative controls, MB without a ligand or MB bearing a scrambled
sequence (cRAD) were prepared. To enable characterization of peptides bound to MB surfaces,
the cRGD peptide was labeled with FITC and detected by plate fluorometry, flow cytometry, and
fluorescence microscopy. Targeted adhesion of cRGD-MB was demonstrated in an in vitro flow
adhesion assay against recombinant murine αvβ3 integrin protein and αvβ3 integrin-expressing
endothelial cells (bEnd.3). The specificity of cRGD-MB for αvβ3 integrin was demonstrated by
treating bEnd.3 EC with a blocking antibody. A murine model of mammary carcinoma was used
to assess targeted adhesion and ultrasound molecular imaging in vivo. The targeted microbubbles
were visualized using a low mechanical index contrast imaging pulse sequence, and quantified by
intensity normalization and two-dimensional Fourier transform analysis,

Results—The cRGD ligand concentration on the MB surface was ~8.2 × 106 molecules/MB. At
a wall shear stress of 1.0 dynes/cm2, cRGD-MB exhibited 5-fold higher adhesion to immobilized
recombinant αvβ3 integrin relative to non-targeted MB and cRAD-MB controls. Similarly, cRGD-
MB showed significantly greater adhesion to bEnd.3 EC compared to non-targeted MB and
cRAD-MB. In addition, cRGD-MB, but not non-targeted MB or cRAD-MB, showed significantly
enhanced contrast signals with a high tumor-to-background ratio. The adhesion of cRGD-MB to
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bEnd.3 was reduced by 80% after using anti-αv monoclonal antibody to treat bEnd.3. The
normalized image intensity amplitude was ~0.8 seven minutes after the administration of cRGD-
MB relative to the intensity amplitude at the time of injection, while the spatial variance in image
intensity improved the detection of bound agents. The accumulation of cRGD- MB was blocked
by pre-administration with an anti-αv blocking antibody.

Conclusion—The results demonstrate the functionality of a novel microbubble contrast agent
covalently coupled to an RGD peptide for ultrasound molecular imaging of αvβ3 integrin and the
feasibility of quantitative molecular ultrasound imaging with a low mechanical index.

INTRODUCTION
Angiogenesis, the growth of new blood vessels from existing vessels, is a fundamental
component of tumor growth and metastasis1. Angiogenic endothelial cells exhibit drastic
changes in the expression of cell surface molecules, including integrins that modulate cell
adhesion, migration, and survival through interactions with the extracellular matrix2. A
principle marker of the angiogenic phenotype is αvβ3 integrin, which is constitutively
expressed in low levels in quiescent endothelial cells and highly upregulated during
angiogenesis3. The αvβ3 integrin binds arginine-glycine-aspartic acid (RGD) sequences of
provisional matrix proteins such as vitronectin and fibronectin. Blockade of αvβ3 integrin
with monoclonal antibodies and small molecule antagonists has been shown to inhibit tumor
angiogenesis in vivo4,5. Consequently, several therapeutic agents focused on the inhibition
of αvβ3 integrin function are currently in clinical development6,7.

Molecular imaging is a valuable tool that is being used increasingly in drug development, as
it facilitates the characterization of target molecule expression levels in vivo and
noninvasive evaluation of tumor responses to therapies8–9. The overexpression of αvβ3
integrin on the angiogenic endothelium provides a molecular target for delivery of imaging
probes directly to the vasculature of growing tumors. Indeed, αvβ3 integrin has been targeted
extensively for molecular imaging by several imaging modalities. Radiolabeled cyclic RGD
peptides enabled evaluation of αvβ3 integrin expression in xenograft models of human
melanoma10 and various solid tumors in humans11 with PET imaging. Paramagnetic
nanoparticles and fluorescent quantum dots targeted to αvβ3 integrin have been used to
image the tumor vasculature with MRI12 and optical imaging13, respectively. Additionally,
contrast ultrasound imaging of human glioma xenografts expressing αvβ3 integrin has been
demonstrated using microbubbles bearing the disintegrin echistatin14.

Contrast ultrasound imaging is a compelling imaging technique, as it is inexpensive,
portable, and permits real-time anatomical and molecular imaging15. Microbubble contrast
agents are restricted to the vascular compartment due to their micron-scale diameter, which
has important implications in the context of imaging tumor angiogenesis. Small molecule
based imaging probes commonly used in other imaging modalities readily extravagate from
the vasculature and are available to bind tumor cell markers as well. The αvβ3 integrin is
highly expressed in many tumor cell types, and thus, ultrasound imaging of targeted
microbubbles is unique in that it enables molecular imaging of αvβ3 integrin strictly on the
angiogenic endothelium. The selectivity of αvβ3 integrin targeted microbubbles for the
angiogenic endothelium could be useful in monitoring the effects of anti-angiogenic
therapies on the tumor vasculature16. However, most previously described targeted
microbubble designs use an avidin/biotin coupling scheme16–22, which is not desirable for
clinical use due to the potential for immunogenicity23,24. Here, we show that a cyclic RGD
peptide can be covalently conjugated to a microbubble contrast agent by disulfide exchange
chemistry, and demonstrate cRGD-MB adhesion to molecular and cellular substrates in vitro
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and to the tumor vasculature in vivo. Further, we describe a novel image processing strategy
for quantifying microbubble adhesion with contrast ultrasound imaging.

The most widely utilized method for contrast ultrasound molecular imaging25–27 requires a
combination of high and low-medium mechanical index (MI) pulses, where high MI pulses
are used to destroy circulating microbubbles several minutes after injection. Quantification
of adherent microbubbles is currently dependent on the injected microbubble dose, imaging
system gain and local perfusion28. The development of quantitative, yet purely low MI,
methods for ultrasound molecular imaging is desirable in order to facilitate the rapid
translation of microbubble imaging to the clinic. In order to address these concerns, we
propose an imaging method that employs low MI imaging pulses, normalization by the
injected dose, averaging over a short (10 second) acquisition29,30 and quantitative estimation
of bound microbubbles. While many recent studies have optimized molecular imaging for
pre-clinical ultrasound systems21,22, 31,32 in conjunction with high MI pulses here, we
optimize low MI signal processing for a sensitive clinical imaging system that does not
require high MI pulses.

MATERIALS AND METHODS
Microbubble Preparation

An aqueous dispersion consisting of disteroylphosphatidylcholine (Avanti Polar Lipids;
Alabaster, AL), distearoyl phosphatidylethanolamine-PEG 2000-pyridyl dithiopropionate
(DSPE-PEG-PDP; Avanti), and PEG-40 stearate (Sigma, St. Louis, MO) was sonicated with
an XL2020 probe sonicator (Misonix; Farmingdale, NY) while sparging with
decafluorobutane (SynQuest; Alachua, Fl). A small amount (~2% by moles) of the
fluorescent membrane probe DiI (Sigma Aldrich; St. Louis, MO) was included in the shell
of some microbubble preparations for ex vivo detection by fluorescence microscopy.
Unincorporated reactants were removed by several rounds of flotation. The concentration
and size distribution of microbubble preparations were measured by electrozone sensing
using a Coutler Multisizer II or IV (Beckman Coulter; Fullerton, CA) equipped with a 50
μm orifice. In some studies, a similar lipid microbubble without a conjugation residue was
used (Targestar®-P; Targeson, San Diego, CA).

Ligand Conjugation
PDP bearing microbubbles were reacted with a cyclic RGD pentapeptide (cRGD; Peptides
International, Louisville, KY). The cRGD ligand was thiolated and reacted with
microbubbles at 5-fold molar excess relative to PDP groups for two hours at room
temperature with gentle agitation. Control microbubbles bearing a scrambled sequence were
prepared by reacting PDP-microbubbles with a thiolated cyclic RAD pentapeptide (cRAD).
For some experiments, microbubbles were prepared with a FITC-labeled version of the
cRGD peptide using the same conjugation method. Unbound ligand was removed by four
rounds of centrifugal washing (400g for 4 min) in fluorocarbon-saturated saline. In some
experiments, non-targeted microbubbles bearing PDP but no ligand were used as negative
control.

Characterization of Labeled Microbubbles
FITC-labeled cRGD was used as a reporter for ligand conjugation to microbubble surfaces.
The fluorescence of FITC-RGD labeled microbubbles was evaluated with a FACSCalibur
flow cytometer (Becton-Dickinson, Franklin Lakes, NJ) as previously described33, and also
by fluorescence microscopy and spectroscopy. FITC labeled cRGD-MB were analyzed with
electrozone sensing to determine the microbubble size and concentration. Microbubbles
were then disrupted by sonication and heated at 65°C for ten minutes. The fluorescence of

Anderson et al. Page 3

Invest Radiol. Author manuscript; available in PMC 2011 April 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the resulting dispersion, as well as serial dilutions of a FITC-cRGD standard, was assessed
with a 96-well plate reader (Fluoroskan II). The fluorescence of the solution was then related
to microbubble concentration to determine the ligand density on the microbubble surface.

Cell Culture
Murine brain endothelial cells (bEND.3; ATCC, Manassas, VA) were used to investigate
microbubble adhesion to αvβ3 integrin expressing cell substrates. Cell-culture grade
polystyrene dishes (Corning; Corning, NY) were precoated with 5 μg/cm2 fibronectin for 2
hours at room temperature. Cells were grown to confluency in high-glucose Dulbecco’s
modified Eagle medium supplemented with 10% heat inactivated FBS and 1% penicillin-
streptomycin (all from Gibco; Grand Island, NY). Cells were maintained at 37°C in a 95%
air/ 5% CO2 environment. The presence of αvβ3 integrin on endothelial surfaces was
analyzed by flow cytometry after incubation with a PE-conjugated anti-murine αv integrin
monoclonal antibody (Clone RMV-7; Biolegend, San Diego, CA).

Parallel Plate Flow Chamber Adhesion Assay
PBS with 10 μg/ml recombinant human αvβ3 integrin (R&D Systems; Minneapolis, MN)
was incubated on 35 mm non-treated polystyrene dishes overnight at 4°C. The following
day, dishes were washed in PBS and non-specific adhesion was blocked by incubation with
casein (Thermo Scientific; Waltham, MA) for 2 hours at room temperature. The dishes were
inserted into an inverted parallel plate flow chamber (Glycotech; Rockville, MA). cRGD-
MB were diluted to 5 × 106 MB/ml in saline with 0.2% BSA (Sigma-Aldrich; St. Louis,
MO) and drawn through the flow chamber with a syringe pump (Harvard Apparatus;
Holliston, MA) that was set to maintain a constant wall shear stress of 1.0 dyne/cm2 over the
substrates57. After 5 minutes, 15 fields of view were recorded using brightfield microscopy
and a digital image acquisition system. As controls, cRGD-MB were drawn through the flow
chamber in the presence of a recombinant αvβ3 integrin function blocking antibody at 20 μg/
ml (Clone 23C6; R&D Systems), or cRGD-MB were drawn against casein-blocked surfaces.
Additionally, these experiments were performed with microbubbles bearing the RAD
control peptide.

Adhesion assays with bEND.3 endothelial cells were performed in a similar manner. Cells
were grown to confluence in 35 mm polystyrene dishes, and cRGD MB or cRAD MB were
diluted to 5×106 MB/ml in saline with 0.2% BSA and perfused over the cells in the flow
chamber at 1.0 dyne/cm2. In some experiments, cells were incubated with neutralizing
antibodies at 20μg/ml for 30 minutes prior to adhesion assays in order to block αv integrin
(Clone RMV-7; Biolegend) or β3 integrin (Clone 2C9.G2; Biolegend).

Mouse Model of Tumor Angiogenesis and Immunohistochemistry
All in vivo animal studies were approved by the Institutional Animal Care and Use
Committee of the University of California, Davis. A total of 19 animals (female FVB mice,
6–7 weeks, 25–30 g, Charles River, MA) were examined during this study. Cells derived
from the highly metastatic breast cancer Met-134 were transplanted into the 4th mammary fat
pad and were allowed to grow for 10–14 days (mean diameter 5 mm) before ultrasound
imaging or tissue harvest. For histochemical analysis, tumor samples were fixed in formalin
solution, embedded in paraffin, and then sliced into 5-μm sections using a microtome.
Samples were stained using Hematoxylin & Eosin and an anti-murine CD51 monoclonal
antibody (Clone RMV-7; BioLegend, San Diego, CA) to visualize tumor morphology and
vasculature structure, respectively. Fluorescence immunostaining was performed on frozen
tumor sections. An overlay was carried out with the primary antibodies (rabbit anti-Integrin
beta3; Millipore and rat anti-CD31 antibody; Serotec). Images were captured by confocal
laser fluorescence microscope at X63 original magnification (Zeiss LSM 510).
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Microbubble Imaging and Inhibition Studies
The skin above and around the tumor was shaved and further treated with depilatory (Veet,
Reckitt Benckiser) in order to fully remove all fur. Ultrasound gel (Aquasonic, Parker
Laboratories Fairfield, NJ) was used to couple the ultrasound transducer. Mice were
anesthetized with 2% isoflurane (Halocarbon Laboratory, River Edge, NJ) in oxygen (2 L/
min) and placed on a heated stage to maintain body temperature at 37°C. Microbubbles were
administered by tail vein injection with a 27 gauge needle connected to a cannula, and the
maximum injection volumes were limited to 250 μL per mouse. A dose of 1×108

microbubbles were injected into the tail vein and followed with a 10 μL saline flush. Acute
toxicity was not observed in any animals.

Boluses of cRGD-MB and either cRAD-MB (n=6) or non-targeted MB controls (n=4) were
injected and imaged in random order. A 5-minute delay was added between imaging
sessions and a destructive pulse was implemented to eliminate microbubbles from the
preceding study. In some mice, a monoclonal antibody against murine CD51 (Clone
RMV-7; BioLegend, San Diego, CA) was administered in order to block αvβ3 integrin.
These mice (n=6) were first administered cRGD-MB as above in order to assess baseline
MB adhesion, followed by injection of 100μg of anti-CD51 antibody through the tail vein
cannula five minutes later. Thirty minutes after antibody administration, cRGD-MB were
administered again and mice were imaged again to assess cRGD-MB adhesion. In other
inhibition experiments, soluble cRGD peptide (400 μg; n=10) was used in order to block
cRGD-MB adhesion.

Contrast Ultrasound Imaging
Ultrasound imaging was performed with a Sequoia 512 (Siemens, Issaquah, WA) system
using a 15L8-S high frequency linear transducer operating in contrast pulse sequencing
(CPS) mode at 7 MHz. In brief, CPS imaging transmits three pulses with varied amplitude
and phase, and then produces the summation of the corresponding echoes35. CPS imaging
settings were optimized as follows in order to minimize tissue clutter and broadband noise.
The transmitted power for CPS pulses was −27 dB, which corresponded to an MI of 0.09
and an approximate peak negative pressure of ~230kPa. The frame rate was 11 Hz, CPS
gain was 5 and the dynamic range was 65 dB. The acoustic focal zone was placed at the
center of the tumor at the largest transverse cross section. A field of view encompassing the
tumor and adjacent tissue deep and lateral to the tumor was acquired.

The imaging protocol used in this study was designed to distinguish the contrast echoes
from target-bound microbubbles from those arising from freely-circulating microbubbles.
Thirty seconds after microbubble administration, a 10-second CPS imaging sequence was
acquired in order to observe the contrast echoes from both bound and free microbubbles
during the wash-in of the agents through the tumor and adjacent tissue. Ultrasound
transmission was then paused for 7 minutes to allow time for accumulation of microbubbles
at the target site and clearance of unbound microbubbles. After 7 minutes, a second 10-
second CPS imaging sequence was acquired. To confirm that the signal acquired at 7
minutes was primarily from target-bound microbubbles, a high MI (MI=1.9, center
frequency ~5MHz) destructive pulse of duration 2 seconds was delivered in order to destroy
all microbubbles within the ultrasound field. Thirty seconds after the destructive pulse, a
final 10-second CPS imaging sequence was acquired in order to observe any replenishment
of circulating microbubbles.

Ex vivo confocal fluorescent imaging of microbubble accumulation
DiI-labeled cRGD microbubbles were injected into the tail vein of mice with bilateral
MET-1 tumors that were roughly 5 mm in diameter. Tumors were imaged after 7 minutes as
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described above. After an additional 5 minutes, fluorescein-labeled Lycopersicon
esculentum (Tomato) Lectin (VectorLab, Burlingame, CA) was injected intravenously (50
μg/mouse) in order to delineate the vascular endothelium. Animals were sacrificed five
minutes after lectin administration, and tumors were harvested and snap frozen. Control
tumors were harvested from animals that were treated with lectin, but did not receive
injection of DiI-cRGD microbubbles. All tumors were imaged with the Marianas System
(Intelligent Imaging Innovations Inc., Denver, CO), using Slidebook (Intelligent Imaging
Innovations Inc., Denver, CO) on an AxiObserver microscope (Carl Zeiss, Oberkochen,
Germany). Images were acquired with a CoolSNAP HQ2 camera (Roper Scientific Inc.,
Tucson, AZ) and spinning disk confocal CSU10 system (Yokogawa, Tokyo, Japan) at 40X
(NA 1.1). Lectin and DiI were excited at 488/561 nm, respectively.. For each tumor, 5 z-
stacks of images (200 μm×200 μm× (10–20) μm each z-stack) were recorded, and blood
vessels stained by lectin were identified. All images were analyzed with Slidebook or
ImageJ.

Image Analysis
All ultrasound image sequences were recorded digitally and analyzed offline with
MATLAB® (Mathworks, Natick, MA). Sum-absolute-difference (SAD) motion tracking
was performed prior to the image analysis and 50 aligned CPS images were averaged on a
pixel-by-pixel basis. Quantitative image intensity measurements were then made over
manually-selected region of interests (ROI) on the averaged images. The average image
intensity over an ROI encompassing the tumor was calculated for each 10-second image
acquisition sequence. The image intensity measured at the 7-minute time point was
normalized by the peak intensity immediately following MB injection for each animal. This
ratio was used to scale each pixel of the image at the 7-minute time point, in order to
account for potential variation in injected contrast volume or vascular delivery of
microbubbles to the tumor. Digital subtraction of the post-destruction sequence was also
applied to pre-destruction sequences to evaluate the contribution of high-MI destruction
pulses to the differentiation of free and bound microbubbles. Additionally, the two-
dimensional Fourier transform of the 10-second averaged and normalized images was
performed in MATLAB®. The breadth of spatial frequencies present in the images was
estimated by the two-sided -6 dB spectral width. The Fourier based method for estimating
microbubble accumulation was verified in vitro. Figure 4 illustrates the imaging strategy
used here to investigate the adhesion of cRGD-MB to the angiogenic endothelium in the
Met-1 tumor model.

Statistical Analysis
Wilcoxon rank sum test were performed to compare normalized contrast intensity, with each
mouse serving as its own control in repeated injections of targeted and control agents. A p-
value below 0.05 was considered significant. The number of mice required for each set of
experiments was determined by power analysis. In the first experimental set, a sample size
of 4 mice was calculated in order to detect an estimated 20% difference between cRGD and
untargeted control microbubbles (10% standard deviation, α = 0.05, power of 0.8). In the
second experimental set, a sample size of six was chosen to detect a smaller predicted
change between cRGD-MB and cRAD-MB, and in response to the administration of
blocking antibodies. The evaluation of specificity following the administration of soluble
peptides was tested with n=10 animals.
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RESULTS
Characterization of cRGD Microbubble Contrast Agents

All of the microbubbles used in this study had a mean diameter of approximately 2.5 μm,
with less than 2% of diameter above 8 um. Table 1 shows summary parameters of cRGD
and control cRAD microbubbles measured by electrozone sensing, and a representative size
distribution is shown in Figure 1B. We used FITC-labeled cRGD peptides as a reporter for
characterizing the extent of ligand conjugation to PDP-bearing microbubbles. The
conjugation of FITC-cRGD to microbubble surfaces was analyzed with fluorescence
spectroscopy, flow cytometry, and fluorescence microscopy (Figure 1). Conjugation of
FITC-cRGD to PDP-MB saturated at a 5-fold molar excess of FITC-RGD relative to PDP
reactive groups, resulting in 8.2 +/− 1.6 × 106 cRGD peptides per microbubble (Figure 1A),
as assessed by fluorescence spectroscopy. In contrast, control microbubbles without PDP
reactive groups bound <1000 FITC-cRGD peptides per microbubble. The presence of FITC-
cRGD bound to PDP-bearing microbubbles was confirmed by flow cytometry (Figure 1C)
and fluorescence microscopy (Figure 1D).

Recombinant αvβ3 integrin and endothelial cell substrates were used to investigate the
adhesion of cRGD-MB (Figure 2). cRGD-MB or control cRAD-MB were infused through a
parallel plate flow chamber coated with a substrate of recombinant human αvβ3 integrin, or,
as a negative control, a casein blocking solution. Significantly greater adhesion to αvβ3
integrin target surfaces compared to casein control surfaces was observed for cRGD-MB
(Figure 2A). To demonstrate that cRGD-MB adhesion was due to molecular interactions
with αvβ3 integrin, the target surface was incubated with a neutralizing antibody to block
αvβ3 integrin function. The adhesion of cRGD-MB to recombinant αvβ3 integrin substrates
(37.5 +/− 9.2 MB/FOV) was significantly higher than casein surfaces (0.7 +/− 0.5 MB/
FOV) and antibody blocked αvβ3 integrin surfaces (3.9 +/− 1.5 MB/FOV) (Figure 2B).
cRAD-MB control exhibited minimal adhesion to both αvβ3 integrin and casein surfaces.
Control microbubbles bearing PDP alone without any ligand did not exhibit any adhesion to
target substrates (data not shown).

Murine brain endothelial cells (bEnd.3) expressing αvβ3 integrin were used to investigate
cRGD-MB adhesion to a cellular substrate under the same flow conditions. The presence of
αvβ3 integrin on the surface of bEnd.3 cells was confirmed by flow cytometry (Figure 2C).
cRGD-MB exhibited over a five-fold increase in adhesion to endothelial cells relative to
cRAD-MB or non-targeted control MB (Figure 2D). Adhesion of cRGD-MB was abrogated
by the incubation of endothelial cells with antibodies that block the function of either the αv
or β3 integrin subunits.

Ultrasound Imaging of Tumor Angiogenesis In Vivo
Contrast ultrasound imaging was performed on mice bearing Met-1 mammary carcinoma
tumors two weeks after inoculation. Representative ultrasound images of a typical tumor are
shown in Fig 3A (B-mode, showing tumor size and borders) and 3B (baseline CPS image,
shown lack of contrast signal before agent administration). The Met-1 tumor is a syngeneic
tumor model growing within the mammary fat pad (Figure 3C) and elicits significant
angiogenesis, as demonstrated by the high vascular density marked by αv-integrin (CD51)
expressing blood vessels (Figure 3D). Representative confocal microscopy images of the
vasculature in tumors from DiI-cRGD-microbubble-treated animals demonstrate the
accumulation of targeted within the vasculature (Fig. 3E-F). No microbubbles were
observed outside the vasculature demarcated by FITC-lectin staining, suggesting that
microbubbles are binding a target on the luminal endothelium of the tumor.
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Representative ultrasound images of cRGD-MB within a tumor are shown in Figure 5. The
unprocessed CPS image acquired immediately after microbubble administration shows
enhancement throughout the tumor and within the adjacent tissue (Figure 5A). Contrast
enhancement within the tumors is visible after 7 minutes (Figure 5B), with minimal signal in
the (presumably non-angiogenic) adjacent tissue (yellow circles). The microbubble echo
amplitude acquired 30 seconds after transmission of a high-power destruction sequence (Fig
5C) was minimal, indicating the absence of circulating microbubbles within the ultrasound
field 7 minutes after injection. Additionally, the lack of signal after microbubble destruction
illustrates the high contrast-to-tissue ratio achieved with CPS imaging of cRGD-MB in this
model.

Averaging over the 10-second acquisition period further decreases the image amplitude
within the peri-tumoral vasculature at the 7-minute time point (circled in Figure 5B, E)36.
The 10-second integration performed at the time of injection results in a smoothed image of
the tumor due to the presence of moving microbubbles perfusing the tumor (Figure 5D, G);
however, the application of frame integration and normalization at the 7 minute time point
results in a speckled image, due to the presence of primarily adherent microbubbles (Figure
5H). The speckled spatial variance of the averaged images is estimated by calculating the
two-dimensional Fourier transform of the time-averaged images (Figure 5J, K). The center
of the 2D FT image is the origin of frequency domain, with lower frequency components
closer to the center and higher frequency components near the boundaries. The breadth of
spatial frequency content within images acquired 7 minutes after injection was 2.72±0.15
cycles/mm, which was significantly greater than that calculated immediately after injection
(0.76±0.11 cycles/mm).

In vitro phantom experiments verified the difference in two-dimensional Fourier transform
images between freely circulating microbubbles and bound microbubbles (data not shown),
and the in vitro spatial frequencies associated with bound and free microbubbles were 2.8
and 0.8 cycles/mm, respectively. This measurement is gain-insensitive, as we verified that
the breadth of spatial frequencies changed by less than 5% as the gain changed from −20dB
to −10dB.

The average intensity of the CPS signal within the tumor acquired 7 minutes after the
administration of cRGD-MB was ~80% of the intensity calculated at the time of injection
(Figure 6), which suggests that not all of the administered contrast is retained within the
tumor. This is to be expected, as MB are retained only within regions of the tumor that
express the specific molecule targeted here. After 7 minutes, the average image intensity of
tumors after cRGD-MB administration was 33- and 7-fold greater than the image intensity
observed with non-targeted MB and cRAD-MB, respectively (Figure 6A). Conversely,
cRGD-MB did not lead to a substantial image intensity in surrounding vessels or tissue.
Pixel-by pixel subtraction of the post-destruction image from the pre-destruction image at 7
minutes amplitude did not significantly change the magnitude of the average image intensity
(Figure 6B), which suggests that the dwell time of 7 minutes was sufficient for clearance of
the majority of circulating microbubbles. The specificity of cRGD-MB for αvβ3 integrin on
the tumor endothelium was demonstrated by pre- treatment with an αv -neutralizing
antibody. The image intensity resulting from cRGD-MB was reduced by 3.2 fold after the
administration of the blocking antibody (Figure 6F). However, pre-treatment with soluble
cRGD peptides did not attenuate the image intensity of cRGD-MB within the tumor
vasculature (Figure 6G).
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DISCUSSION
Targeted contrast ultrasound imaging provides a convenient and noninvasive technique for
characterizing and evaluating biological processes in vivo. In the context of tumor growth,
ultrasound molecular imaging enables the detection of angiogenesis14,21–22,37–40 and the
monitoring of responses to anti-angiogenic therapies16. To this end, microbubble contrast
agents have been conjugated to ligands specific for highly expressed molecular markers of
tumor angiogenesis such as VEGFR-221–22,39–40, 54 and αvβ3 integrin14,41–43.
Microbubbles targeted to αvβ3 integrin have resulted in significant ultrasound signal
enhancements in several tumor models14,41; however, previously described agents utilize
biotin/streptavidin interactions to conjugate targeting ligands, which introduces several
drawbacks. Streptavidin has been shown to mediate non-specific adhesion to endothelial
cellsvia interactions with endogenous fibronectin44. Furthermore, the administration of
streptavidin23 or streptavidin-antibody conjugates24 resulted in elevated plasma levels of
human anti-streptavidin antibodies in the clinical investigation of radioimmunotherapies for
tumor treatment. Thus, covalent conjugation of a cyclic RGD peptide circumvents the
potential non-specific adhesion and immunogenicity of streptavidin-based microbubbles and
provides a significant advance in targeted microbubble design.

Functional adhesion of cRGD-MB to the angiogenic endothelium in vivo was demonstrated
with a mouse model of mammary carcinoma. The accumulation of adherent cRGD-MB
within the tumor vasculature was observed by contrast ultrasound imaging seven minutes
after administration, which was sufficient to clear unbound microbubbles from the
circulation. The MI of the imaging pulses in this study was 0.09, which minimized the
fragmentation of adherent agents. Averaging over 50 frames retained echoes from adherent
agents and suppressed echoes from free agents, improving the quantitation of bound agents.

To quantify the extent of cRGD-MB adhesion, we normalized the image intensity amplitude
after seven minutes by the amplitude at the time of injection. This normalization approach
accounts for changes in the number or size of contrast agents reaching the tumor, and will be
particularly helpful if the ROI has low expression of the target receptor. After seven
minutes, the normalized image intensity value for tumors injected with cRGD-MB was ~0.8,
which was significantly greater than the values observed for tumors injected with non-
targeted and cRAD-MB control agents. Importantly, the cRGD-MB normalized image
intensities were unchanged after pixel-by-pixel subtraction of the post-microbubble
destruction image intensities. This suggests that this imaging approach is particularly
suitable for clinical translation as quantifying adhesion without microbubble destruction is
desirable.

In45–47 high-MI imaging was shown to improve the detection sensitivity of bound
microbubbles. High sensitivity imaging is particularly desirable for small diameter
microbubbles or a low receptor and therefore microbubble density. However, high MI pulse
sequences have been associated with premature ventricular contractions, sonoporation and
cell membrane damage, particularly when microbubbles are in contact with the
membrane48–53. Although such effects are not expected to result in significant or long-
lasting biological effects, use of a low MI pulse sequence can avoid the potential for such
complications in future human studies.

Specificity of cRGD-MB for αvβ3 integrin on the endothelium was demonstrated by the
significant attenuation in image intensity after pre-administration of an αv-integrin blocking
antibody. Both the in vitro adhesion assay on cells and the in vivo experiments suggest that
approximately 75% of the cRGD-MB adhesion is due to adhesion through the αvβ3 integrin.
We have not identified the mechanism behind the residual adhesion. However, RGD-based
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constructs are known to bind to various integrins4,5, and we hypothesize that one or more
integrins expressed on tumor endothelium is responsible. In addition, the RGD motif is also
known to have affinity for the GPIIB/IIIa expressed on activated platelets, which is another
potential target for microbubble adhesion, albeit unwanted in the context of targeting
angiogenesis. In the current study we have not specifically excluded cRGD-MB adhesion to
platelets. We do note, however, that platelet aggregation does not appear to have been
observed in previous studies using RGD-based imaging constructs.

We observed that pre-administration of soluble cRGD peptide, unlike blocking antibody, did
not abrogate MB adhesion within the tumor. This could be due to several mechanisms. First,
the cRGD-MB described here present multiple copies of the cRGD ligand simultaneously.
This configuration encourages cooperative multi-point interaction, leading to a greater
adhesion force than that encountered for single soluble molecules.55 Additionally, clustering
or multi-valency has been shown to be important for high-efficiency binding cRGD
targeting peptides56. These mechanisms may explain why free peptide, with expected
affinity in the micromolar range, did not block adhesion of the cRGD-MB in vivo. Finally,
the low molecular weight cRGD peptide may readily extravasate from the intravascular
space such that the local concentration of the cRGD peptide is insufficient for blocking αvβ3
integrin on the endothelial surface.

The results of this study demonstrate that cRGD-MB bind αvβ3 integrin with good
specificity and facilitate the quantitative visualization of tumor angiogenesis by contrast
ultrasound imaging. These results also support the use of low MI ultrasound scanning
strategies and corresponding image processing schemes for quantifying the magnitude of
cRGD-MB accumulation in tumor tissues. This technique may be of significant utility in the
field of molecular imaging, both in the setting of research and clinical practice.
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Figure 1.
Characterization of cRGD-bearing microbubbles. (A) Density of fluorescently labeled
cRGD peptide on the surface of the microbubble was measured with fluorescence
spectroscopy. (B) Size distribution (by number) of cRGD and cRAD control microbubbles,
measured by electrozone sensing. (C) Fluorescence histogram generated by flow cytometry
of unlabelled control and FITC-cRGD bearing microbubbles demonstrates significant
peptide bound to microbubbles. (D) Fluorescently-labeled cRGD on the microbubble surface
is shown by epifluorescence microscopy. Microbubbles are denoted by white arrows. Data
are presented as mean +/− standard deviation for n=4 independent experiments. *p<0.01.
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Figure 2.
In vitro microbubble adhesion assays. (A) Characteristic microscopic fields of view for
cRGD-MB on recombinant αvβ3 integrin (left) and casein (right) surfaces. (B) Functional
adhesion of cRGD and control cRAD microbubbles to recombinant αvβ3 integrin at a wall
shear stress of 1.0 dyne/cm2. Adhesion of cRGD-MB was significantly reduced in the
presence of an anti- αvβ3 integrin antibody. (C) Flow cytometry results demonstrating αvβ3
integrin expression on bEND.3 murine endothelial cells. (D) Functional adhesion of cRGD
and control cRAD microbubbles to bend.3 cells at 1.0 dyn/cm2 in the presence of blocking
antibodies against various subunits of αvβ3 integrin. Data are presented as mean +/−
standard deviation for n=5 independent experiments. *p<0.01 versus all negative control
conditions.
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Figure 3.
Characterization of Met-1 model of mammary carcinoma in mouse. Representative
ultrasound images of tumors two weeks after inoculation in (A) B-mode and (B) CPS mix
mode without microbubbles. (C) H&E staining shows morphology of tumor and adjacent
tissue. (D) Representative field of view showing CD31 expression by
immunohistochemistry in tumor. (E)-(F) Representative confocal fluorescence images of
tumor sections after administration of FITC-lectin in the absence (E) and presence (F) of
DiI-labeled cRGD microbubbles. Green color (FITC-lectin) delineates endothelium, and
fluorescently-labeled MB (DiI) are shown in red (arrows). (G) – (H) Confocol fluorescence
images of immunohistochemical sections showing CD31 (green), αvβ3 integrin (red), and
DAPI (blue).
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Figure 4.
Schematic showing contrast ultrasound imaging strategy and quantitative image analysis.
(A) ten-second sequences of images were acquired in CPS mode immediately after MB
administration, after a seven-minute dwell period, and after MB destruction. (B) Image
sequences were processed offline to determine the average image intensity within regions of
interest.
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Figure 5.
Analysis of contrast ultrasound imaging with cRGD-MB. (A-C) Representative single frame
contrast US images (A) immediately after cRGD-MB administration. (B) after a seven-
minute dwell period, and (C) after cRGD-MB destruction. Regions of interest are indicated
as follows: Solid circle indicates tumor; wide dashed circle indicates adjacent tissue; and
narrow dashed circle indicates the feeding blood vessel (D-F) Images corresponding to time
points in A-C were averaged over 50 frames in over to suppress the echoes from circulating
MB. (G-I) Images from D-F were normalized to match the spatially-integrated intensity
from the time of injection with the spatial integral after the seven-minute circulation,
demonstrating differences in speckle between the time of injection and after accumulation.
(J-K) 2D-Fourier transform further differentiates adherent MB from circulating MB. (J)
Image Fourier transform from time of injection has 0.77 cycle/mm −6 dB width. (K) Image
Fourier transform after seven minutes has 2.8 cycle/mm −6 dB width due to speckle.
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Figure 6.
Specificity of cRGD-MB adhesion in vivo (A) Normalized image intensities of cRGD,
cRAD and non-targeted MB at 7 minutes within tumor, vessel and adjacent tissue regions,
respectively. *p<0.03 for cRGD-MB in tumor relative to all other conditions. (B)
Normalized intensities of cRGD, cRAD and non-targeted MB are compared before and after
subtraction of the post-destruction image. Representative images of (C) cRGD, (D) cRAD
and (E) non-targeted microbubbles at the 7-minute time point. Normalized intensities before
and after administration of a blocking antibody (F) or soluble peptide (G). Representative
images for pre-administration of saline (H), pre-administration of blocking antibody (I), and
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pre-administration of soluble peptide (J) at 7-minute time point. Scale bars represent 5 mm *
p<0.01
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Table 1

Summary parameters of targeted and control microbubbles measured by electrozone sensing. All
measurements represent mean +/− standard deviation of 3 repeats of samples from the same batch.

cRGD-MB cRAD-MB

Mean Diameter (um) 2.75 +/− 0.02 2.71 +/− 0.01

Median Diameter (um) 2.82 +/− 0.00 2.79 +/− 0.03

Concentration (×107 mL−1) 148 +/− 1.1 133 +/− 8.0

Area Concentration (×108 um2/mL) 146 +/− 6.6 121 +/− 7.2
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