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ABSTRACT: Targeted ultrasound contrast materials (gas-filled microbubbles carrying ligands to endothelial selectins or
integrins) have been investigated as potential molecular imaging agents. Such microbubbles normally exhibit good targeting
capability at the slower flow conditions. However, in the conditions of vigorous flow, binding may be limited. Here, we
describe a microbubble capable of efficient binding to targets both in slow and fast flow (exceeding 4 dyne/cm? wall shear
stress) using a clustered polymeric form of the fast-binding selectin ligand sialyl Lewis™. Microbubbles were prepared from
decafluorobutane gas and stabilized with a monolayer of phosphatidylcholine, PEG stearate and biotin-PEG-lipid.
Biotinylated PSLe* (sialyl Lewis™ polyacrylamide) or biotinylated anti-P-selectin antibody (RB40.34) was attached to
microbubbles via a streptavidin bridge. In a parallel plate flow chamber targeted adhesion model, PSLe* bubbles
demonstrated specific adhesion, retention and slow rolling on P-selectin-coated plates. Efficiency of firm targeted adhesion
to a P-selectin surface (140 molecules/pm?) was comparable for antibody-carrying bubbles and PSLe*-targeted bubbles at
0.68 dyne/cm? shear stress. At fast flow (4.45 dyne/cm?®), PSLe*-targeted bubbles maintained their ability to bind, while
antibody-mediated targeting dropped more than 20-fold. At lower surface density of P-selectin (7 molecules/wm?), targeting
via PSLe* was more efficient than via antibody under all the flow conditions tested. Negative control casein-coated plates did
not retain bubbles in the range of flow conditions studied. To confirm echogenicity, targeted PSLe*-bubbles were visualized
on P-selectin-coated polystyrene plates by ultrasound imaging with a clinical scanner operated in pulse inversion mode;
control plates lacking targeted bubbles did not show significant acoustic backscatter. In vivo, in a murine model of
inflammation in the femoral vein setting, targeting efficacy of intravenously administered PSLe*-microbubbles was
comparable with targeting mediated by anti-P-selectin antibody, and significantly exceeded the accumulation of non-targeted
control bubbles. In the inflamed femoral artery setting, PSLe*-mediated microbubble targeting was superior to antibody-
mediated targeting. Copyright © 2006 John Wiley & Sons, Ltd.
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INTRODUCTION

Ultrasound contrast agents carrying targeting ligands on
the particle surface have been suggested as selective
imaging agents for the detection and evaluation of
intravascular pathology, including thrombosis (1), inflam-
mation (2,3), ischemia—reperfusion injury (3), transplant
rejection (4), tumor angiogenesis (5,6) or therapeutic
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angiogenesis (7). The design of targeted contrast particles
can be a multilayer liposome (8), a liquid fluorocarbon
particle (9), or a gas-filled microbubble (10). Gas-filled
particles possess an excellent acoustic backscatter
response; ultrasound imaging is capable of detection of
individual micron-size particles (picogram level detection
sensitivity) (10). Microparticle contrast agents are often
targeted to specific molecular markers of disease using
monoclonal antibodies, which have been shown to exhibit
good targeting capability in slow and medium flow
conditions (not exceeding 1 dyne/cm2 shear stress,
equivalent to a near-wall particle velocity ~100 pwm/s)
(11). Such conditions can be found at the venous side of
the microcirculation. However, in the conditions of higher
shear flow, such as those found in arteries, these
antibody-targeted bubbles may not adhere to the target
efficiently (11). Therefore, we sought to devise targeted

" @WILEY .
& InterScience®

DISCOVER SOMETHING GREAT




260 ULTRASOUND CONTRAST FOR TARGETED IMAGING OF INFLAMMATION

aqueous
phase

Receptor: P-selectin

%xﬂﬂ%ﬁ

GAS PHASE
INSIDE THE
BUBBLE

%,

Figure 1. Design of the targeted microbubble construct and parallel plate flow
chamber targeting experiment. Triangles, biotin residues; stars, streptavidin

molecules; angles, SLe* residues.

microbubble preparations capable of targeting in a wide
variety of the flow conditions that may exist within the
vasculature.

In this study we design and evaluate microbubble
contrast material capable of binding to targets in fast flow
(exceeding 4 dyne/cm? shear stress, or a particle velocity
of ~390 wm/s), using a clustered polymeric form of the
fast-binding selectin ligand sialyl Lewis® (PSLe")
(Figure 1). Particles bearing sialyl Lewis oligosacchar-
ides are known to associate selectively and rapidly with
P- or E-selectins (12-15); however, the overall affinity of
sialyl Lewis to these selectins is generally not very high
(16); oligo- or polymeric variants of this ligand have been
shown to attach to selectins more efficiently than
individual molecules (17,18). The monomeric form of
sialyl Lewis™ has been tested recently as a microbubble
targeting agent in a dual-targeting setting, in combination
with anti-ICAM-1 antibody (19). As the targeting efficacy
of the polymeric form of this ligand is superior to that of
the monomer, it may facilitate the design of an efficient
inflammation-targeted molecular imaging microbubble
preparation that can be easily assembled from available
components.

RESULTS

Targeting efficacy: parallel plate
flow system

In the parallel plate flow chamber setting (Figure 1), both
antibody-targeted and PSLe*-carrying bubbles demon-
strated selective accumulation and retention on
P-selectin-coated plates. Control plates, coated only with
casein blocker solution, did not retain bubbles in the range
of the flow conditions studied (bubbles passed through the
region of interest without stopping). Firm adhesion effi-
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ciency of targeting to the P-selectin surface (140 mole-
cules/um?) was comparable for antibody-carrying
bubbles and PSLe*-carrying bubbles at 0.68 dyne/cm2
shear stress (calculated near-wall particle velocity of
67 pm/s). As the flow rate and wall shear stress in the flow
chamber were increased, antibody-mediated and PSLe*-
mediated targeting efficacy behaved in a different manner.
Antibody-mediated targeting gradually decreased, and at
4.45 dyne/cm? (particle velocity of 438 wm/s) it dropped
more than 20-fold, while PSLe*-targeted bubbles main-
tained their ability to firmly bind to the target (Figure 2).
The fraction of time the attached bubbles remained
stationary on the target surface exceeded 95-99%.

At lower density of P-selectin on the target surface
(7 molecules/pm?), antibody-mediated targeting was
consistently inferior to PSLe*-mediated targeting of
microbubbles in all the flow conditions studied (Figure 3).
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Figure 2. Efficacy of firm adhesion of targeted micro-
bubbles to P-selectin-coated polystyrene surface in a parallel
plate flow chamber (140 molecules/um?). Dependence on
wall shear stress. Circles, RB40.34 antibody-carrying
bubbles; squares, PSLe* carrying bubbles. Mean 4= SEM (all
experiments performed in triplicate).
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Figure 3. Efficacy of firm adhesion of targeted micro-
bubbles to P-selectin-coated polystyrene surface in a parallel
plate flow chamber (7 molecules/um?). Dependence on wall
shear stress. Circles, RB40.34 antibody-carrying bubbles;
squares, PSLe* carrying bubbles. Mean 4+ SEM (all exper-
iments performed in triplicate).

Ultrasound imaging
of targeted microbubbles

PSLe*-microbubbles targeted to the area coated with
P-selectin on the surface of polystyrene dish were
selectively attaching to this area and not to the control
surface coated only with casein blocker solution
(Figure 4). Selective targeting in this static system was
confirmed by microscopy: microbubbles were attached to
the marked area that was coated with P-selectin, and not
the control area. The microbubble-carrying P-selectin
spot (~1 c¢m in diameter) was selectively visualized with
the clinical grade ultrasound medical imaging system
(Figure 5).

In vivo microbubble targeting: comparison
of targeting ligands efficacy

The retention of microbubbles targeted with PSLe*,
RB40.34, or biotin alone was assessed by intravital
microscopy in the large femoral vessels of mice
pretreated with a local pro-inflammatory stimulus. The
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Figure 4. Ultrasound imaging of PSLe*-targeted bubbles on
the 35mm Petri dish with P-selectin coated spot in the
center: experimental design.
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total intravascular area of all femoral vein segments
analyzed in mice receiving microbubbles coupled to
PSLe* (0.64 £0.25mm?®), RB40.34 (0.86 #0.33 mm?),
or biotin alone (0.80+0.17 mm?) was not statistically
different, nor was the total analyzed intravascular area of
the femoral artery segments (0.53 +0.14, 0.67 £0.22,
0.48 +0.03 mm>, respectively).

In the inflamed femoral vein, microbubbles targeted
with PSLe* or RB40.34 exhibited significantly greater
retention than control microbubbles carrying biotin
residues (Figure 6). There was no statistically significant
difference in retention between microbubbles targeted
with PSLe* and RB40.34 in this vessel. However,
significantly higher retention of microbubbles targeted
with PSLe* compared to RB40.34 was observed in the
femoral artery (p <0.001). The retention of negative
control microbubbles bearing only biotin was low in both
vessels.

DISCUSSION

Targeting of drug carrier systems, such as liposomes (20),
polymers (17) and nano- and microparticles (21) to the
biomolecules upregulated on the surface of vascular
endothelium in areas of disease has been at the forefront
of the development of targeted imaging. Targeting to P- or
E-selectin (or to cell adhesion molecules such as
ICAM-1) mimics the signaling that the human body
uses in the leukocyte adhesion cascade to attract
leukocytes to the areas of pathology (22). Targeted
microbubbles directed to these receptors allow contrast
enhancement imaging of these areas of interest. Anti-
body-coated bubbles (2,3) successfully show proof of
principle in targeted ultrasound imaging. Monoclonal
antibodies offer high affinity and specificity to the target
antigens; however, they possess a number of disadvan-
tages. Antibodies are expensive, and they can denature
during storage or in the harsh conditions of bubble
preparation. Unless humanized immunoglobulins are
applied, antibodies can cause undesired immune
response. Antibody molecules are bulky, so their density
on the particle surface is limited. Most antibodies attach
to their respective antigens firmly (i.e. complex dis-
sociation rate is slow), but the association is not always
fast (i.e. antigen—antibody complex formation on-rate
kinetics tends to be slow) (23). If a particle (a cell or a
microbubble) is rapidly moving through the blood vessel
and has a limited time to interact with the vessel wall
components, the rate of attachment of ligand to receptor
becomes critical. For example, the velocity of a typical
microbubble near the endothelium in a venule is on the
order of 0.55 mm/s. Assuming a size of the target selectin
molecule is ~30 nm, a microbubble has a limited time of
about 0.06 ms to form a bond as it passes by the target. In
nature, a set of specialized ligands has evolved to achieve
fast attachment of leukocytes to activated endothelium,
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Figure 5. Ultrasound imaging of PSLe*-targeted bubbles on the 35 mm petri
dish with P-selectin coated spot in the center. Imaging performed with an
HDI5000 system in the general pulse inversion mode at M~ 0.1.

such as P-selectin glycoprotein ligand 1 (PSGL-1) or
other sulfated, fucosylated and/or sialylated molecules
(22).

A functional terminal glycosulfopeptide modeled on
PSGL-1 has been isolated (16,24). This molecule is
relatively small, ~4 kDa, with equilibrium K, in the
sub-micromolar range, similar to PSGL-1. However,
dissimilar to many antibodies, its rate of association with
P-selectin is high (16). Targeting of microbubbles with
this ligand in fast flow conditions has been efficient (25).
However, the chemical synthesis, especially the proper
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Figure 6. Intravital microscopy of firm adhesion of targeted
fluorescent microbubbles in the exposed murine femoral
vessels treated with TNF-o. Dotted bar, PSLe* carrying
bubbles; striped bar, RB40.34 antibody-carrying bubbles;
dark bar, control biotinylated bubbles. Error bars represent
standard deviation.
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placement of sulfate and SLe* residues on the peptide
chain, requires extensive technical skill. Simpler mol-
ecules (sialylated oligosaccharides, ~1kDa) are des-
cribed in the literature as targeting ligands directed to
P- or E-selectin. The main disadvantage of the most
popular ligand of this class, sialyl Lewis™, is its low
binding affinity, with the equilibrium Ky in millimolar
range (26). A known approach, use of cooperative
multi-point binding via oligomerization of low-affinity
ligands, can be applied to convert sialyl Lewis™ into a
ligand with much higher overall avidity to the target-
coated surface (17,18,27). A polymeric version of sialyl
LewisX is available in biotinylated form, so the
attachment of this ligand to microbubbles can be easily
performed by the standard procedures (3,11,28). A
copolymer of polyacrylamide with biotin—acrylate and
sialyl Lewis™ acrylate is ~30kDa according to the
manufacturer; from the provided ratio of acrylamide,
biotin and SLe* residues, one can compute that each
polymer chain carries about 10 SLe* residues and about
two biotins.

It is known that the retention of microbubbles on the
target in fast shear flow conditions is benefited by
increasing the concentration of ligands on the bubble
surface (28,29). Typically, ~10° biotinylated antibody
molecules are attached per microbubble by the standard
streptavidin-biotin scheme (3,11,28). An order of
magnitude higher number of SLe* ligand molecules
can be placed on the bubble surface even if we assume a
simple 1:1 replacement of each antibody with a polymer
molecule, which would result in 10-fold increase of the
surface density of the ligand on the bubble shell, and an

Contrast Media Mol Imaging 1:259-266 (2006)
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improved ability to target, due to the high-avidity
cooperative multipoint interaction between the targeted
particle and the receptor surface combined with
fast-binding property of this ligand.

Indeed, PSLe*-carrying microbubbles are shown by the
experiments presented here to attach efficiently and firmly
to P-selectin-coated surfaces; targeting efficacy by
PSLe*-microbubbles is superior to antibody-mediated
targeting in fast flow conditions, especially in the case of
lower surface density of P-selectin (Figures 2 and 3).
Targeted PSLe*-microbubbles were acoustically active
(Figure 5) and serve as an efficient ultrasound contrast
delineating receptor-coated surface. An in vivo fluor-
escence intravital microscopy study in mouse femoral
vasculature showed that PSLe*-microbubbles exhibited
targeting efficacy comparable to anti-P-selectin antibody-
coated microbubbles in the femoral vein. In the fast-flow
conditions of femoral artery, PSLe*-mediated targeting of
microbubbles was superior to antibody-mediated target-
ing (Figure 6). Here, PSLe*-microbubbles may be
directed not only to P- but also to upregulated E-selectin
molecules on the luminal surface of vascular endo-
thelium. Interestingly, a monomeric form of SLe* has
been recently tested in a dual-targeting system, where
targeted microbubbles carried at the same time SLe™ and
anti-ICAM-1 antibody (19); apparently SLe* is used to
‘slow down’ the bubbles, so that the antibody can
subsequently achieve firm anchoring to ICAM-1. Perhaps
a polymeric form of SLe* with higher avidity to selectins
would not require additional targeting ligands; a side-
by-side comparison of SLe*- and PSLe*-carrying targeted
microbubble preparations may be necessary to achieve
better understanding of the adhesion events in high shear
flow.

A significant advantage of the use of PSLe*-targeted
bubbles is the applicability to a wide variety of animal
species. Unlike an antibody, which usually provides
species-specific affinity (most popular are rat-generated
antibodies against mouse selectins), PSLe* is known to
interact with P-, E- and L-selectins of various species;
therefore, these bubbles could be directly employed in a
variety of in vivo targeted inflammation imaging
protocols, from mice to larger animals, including humans.

Further studies should include testing of targeted
contrast ultrasound imaging in vivo, especially in the
conditions of high shear flow vasculature. Additional
ligand modification may be helpful: while SLe* or SLe"
are available molecules for targeting applications, a
significant improvement in the binding affinity of Lewis
oligosaccharides can be achieved by sulfation (30),
bringing it in close range to PSGL-1 (24). Polymeric
versions of the sulfated sialyl Lewis derivatives may
further improve targeting. Direct covalent coupling of
polymeric ligand clusters to the microbubble surface
instead of streptavidin linker (an immunogenic foreign
protein) may increase the targeting ligand concentration
and lead to additional improvement of the targeting

Copyright © 2006 John Wiley & Sons, Ltd.
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efficacy. For clinical use polyacrylamide may be
substituted with a fully biodegradable polymer.

CONCLUSION

Polymeric sialyl Lewis™, clustered on the surface of
contrast agent particle in order to achieve high ligand
surface density allows selective targeting of ultrasound
contrast microbubbles on P-selectin coated surfaces.
Binding in the fast flow conditions was considerably
improved as compared with anti-P-selectin antibody-
targeted bubbles. Targeted bubbles selectively delineated
the area coated with P-selectin on the surface of
polystyrene dish, and selectively attached to activated
vascular endothelium in vivo in a murine femoral
vasculature inflammation model.

EXPERIMENTAL

Microbubble preparation and targeting
ligand attachment

Microbubbles were prepared from decafluorobutane gas
and stabilized with a monolayer of distearoyl phospha-
tidylcholine, PEG stearate and biotin-PEG-lipid (31).
Aqueous micellar dispersion of 2mg/ml of phospha-
tidylcholine (Avanti Lipids, Alabaster, AL, USA), 1 mg/
ml poly(ethylene glycol) 40 stearate (Sigma, St Louis,
MO, USA), 0.1 mg/ml biotin-PEG3400-phosphatidy-
lethanolamine (31) and, when necessary, a trace amount
of Dil dye (Molecular Probes, Eugene, OR, USA) was
sonicated with a probe-type sonicator XL2020 (Heat
Systems/Misonix, Farmingdale, NY, USA) at maximum
power in an atmosphere of decafluorobutane (Flura,
Newport, TN, USA). As the gas was dispersed in the
aqueous phase and microbubbles formed, they were
immediately coated and stabilized with a self-assembled
lipid/surfactant monolayer. Microbubbles were stored
refrigerated in sealed vials in decafluorobutane atmos-
phere.

Biotinylated SLe* polyacrylamide (PSLe*, Glycotech,
Rockville, MD, USA) or biotinylated anti-P-selectin
antibody (RB40.34, positive control) (32) were attached
to the microbubble surface via streptavidin (11).
Microbubbles were washed with degassed Dulbecco’s
phosphate-buffered saline (DPBS, GIBCO/Invitrogen,
Grand Island, NY, USA) five times in a bucket rotor
centrifuge at ~30g for 4min to remove excess
unincorporated lipid from the microbubbles. Three
micrograms of streptavidin (Sigma, St Louis, MO,
USA) per 10" microbubbles was then added to the
washed microbubble dispersion. Following 30 min of
incubation on ice, the microbubbles were washed twice
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(same centrifugation conditions) to remove unreacted
streptavidin, and incubated on ice with 7.5ug of
biotinylated anti-mouse P-selectin antibody RB40.34
(UVA Lymphocyte Culture Center, Charlottesville, VA,
USA) per 10’ microbubbles, or 1.5wg of PSLe*
(Glycotech, Rockville, MD, USA) for 30 min and washed
in the centrifuge to remove free ligand. Bubble
preparations were stored on ice under decafluorobutane
atmosphere.

In vitro parallel plate flow studies.

In vitro testing of targeted adhesion was performed by
video microscopy in the parallel plate flow chamber (11).
The microbubble dispersion (107 particles per ml) in
degassed DPBS buffer containing calcium and magnes-
ium, was passed through a rectangular flow chamber
(Glycotech, Rockville, MD, USA) formed by a 0.125 mm
rubber gasket and Lucite block inserted in a 35 mm Petri
dish. The Petri dish surface was coated with the murine
P-selectin fusion protein (R&D Systems, Minneapolis,
MN, USA) at surface densities of 7 or 140 molecules/
wm?(11). Control studies of nonspecific binding were
performed with casein-blocked dishes. The microbubble
dispersion was driven from a stirred cell via a short
capillary into the flow chamber. A syringe pump operated
in the withdrawal mode was connected to the exit of the
flow chamber. The flow chamber assembly was posi-
tioned upside down and placed on the stage of Leitz
Laborlux 11 microscope (Leica, Wetzlar, Germany)
equipped with a 40 x long working distance objective
and a CCD video camera (NTSC). A single field of view
(110 x 150 wm) in the center of the flow deck was
followed by video microscopy for the duration of each
flow experiment. The flow chamber was observed under
brightfield transillumination microscopy. It enabled
discrimination between targeted bubbles that firmly
attached to P-selectin layer, bubbles that rolled across
the target surface at a velocity less than free-stream,
bubbles that paused on the target surface temporarily, and
bubbles that traversed the imaging frame at free-stream
velocity. Video microscopy data was recorded on miniDV
cassettes. iMovie software was used to extract the video
files, which were converted into avi format. Microbubble
flux, targeting efficacy, rolling velocity and pause times
were computed using a novel image processing software
based on Matlab package (33). Microbubble adhesion
was classified as firm if the bubbles remained at their
location for over 5s. To compute the adhesion efficacy,
the number of adherent microbubbles was divided by the
flux of microbubbles traversing by the target surface. This
parameter takes into account potential differences in the
delivery of the microbubbles of various preparations to
the target surface. Microbubble translational velocity was
calculated according to Goldman et al. (34).

Copyright © 2006 John Wiley & Sons, Ltd.

Intravital microscopy

The animal protocol was approved by the UVA
Institutional Animal Care and Use Committee. Intravital
microscopy was performed in a model of inflammation of
the mouse hindleg (35,36). The retention of microbubbles
bearing PSLe* (n=35 mice), the monoclonal antibody
RB40.34 (n =4 mice) or biotin alone (7 =5 mice) was
assessed in inflamed femoral vein and artery segments of
C57Bl/6 mice (Hilltop Lab Animals, Scottsdale, PA,
USA) between the ages of 8 and 12 weeks. P-selectin
expression at the vascular endothelium was induced by
pretreatment with 500 ng murine TNF-a (R&D Systems,
Minneapolis, MN, USA), injected into the plantar surface
of the hind paw three hours before microbubble
administration (35). Mice were anesthetized with an
intraperitoneal injection of 125mg/kg body weight
ketamine (Ford Dodge Animal Health, Ford Dodge,
IA, USA), 12.5mg/kg body weight xylazine (Burns
Veterinary Supply, Westbury, NY, USA), and 0.025 mg/kg
body weight atropine sulfate (American Pharmaceutical
Partners, Schaumburg, IL, USA). Body temperature was
maintained at 38 “C during preparation with a heat pad.
Trachea intubation to promote respiration was accom-
plished with PE 90 tubing (Beckton Dickinson, Franklin
Lakes, NJ, USA), and the right jugular vein was
cannulated with PE 20 tubing (Beckton Dickinson) for
administration of microbubbles.

The anesthetized mouse was placed prone on the
heated microscope stage, and the hindleg secured. The
skin on the inside hindleg surface was retracted to expose
the femoral vessels and superfused with an isothermic
bicarbonate-buffered solution (37). The femoral vessels
were visualized by fluorescence microscopy using a
saline immersion objective (Zeiss SW 40/0.8 NA) and a
CCD camera (Hamamatsu 2400, Hamamatsu, Shizuoka,
Japan). Video was recorded onto VHS videocassettes for
off-line analysis. Dil-microbubbles bearing PSLe”,
RB40.34, or biotin alone were administered as a bolus
of 5 x 10° particles in 150 wl saline through the jugular
cannula, followed by a 25 pl saline flush. Microbubble
retention within the femoral vein or artery was assessed in
10-20 fields of view 5-10min after microbubble
administration. The total intravascular area of each
femoral vein and artery segment and the number of
retained microbubbles was determined off-line by a
reviewer blinded to the nature of the administered sample.
Statistical significance was tested using one-way ANOVA
followed by the Bonferroni post-test, as appropriate. Error
bars on the figures represent the standard deviation.

Static binding and ultrasound imaging
of targeted microbubbles

Static binding and ultrasound imaging of targeted
microbubbles were performed (38). A dispersion of
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~10” microbubbles in 10 ml DPBS with calcium and
magnesium was placed in 35 mm Petri dishes, where a
center 1 cm spot was coated with P-selectin as described
above. The dishes were sealed, inverted, incubated for
15 min, seal was removed and free bubbles that did not
attach to the target were removed by a DPBS rinse. The
dishes were then placed in the aqueous environment and
ultrasound imaging with a clinical HDIS000 system
(Philips, Bothell, WA, USA) was performed with a L7-4
probe (Figures 4 and 5). The system was operated in the
intermittent general pulse inversion mode, with low
mechanical index (~0.1) to avoid destruction of
microbubbles. The dishes were positioned at an angle
different from perpendicular to the transducer axis to
avoid specular reflection from plastic.
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