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Abstract

Objectives—To evaluate targeting of a microbubble contrast agent to platelets under high shear
flow using the natural selectin ligand sialyl Lewis?.

Materials and Methods—Biotinylated polyacrylamide Sialyl Lewis? or biotinylated
carbohydrate-free polymer (used as a control) were attached to biotinylated microbubbles via a
streptavidin linker. Activated human platelets were isolated and attached to fibrinogen-coated
culture dishes. Fibrinogen-coated dishes without platelets or platelet dishes blocked by an anti-P-
selectin antibody served as negative control substrates. Dishes coated by recombinant P-selectin
served as a positive control substrate. Microbubble adhesion was assessed by microscopy in an
inverted parallel plate flow chamber, with wall shear stress values of 40, 30, 20, 10 and 5 dynes/
cm2. The ratio of binding and passing microbubbles was defined as capture efficiency.

Results—There was no significant difference between the groups regarding the number of
microbubbles in the fluid flow at each shear rate. Sialyl Lewis®-targeted microbubbles were
binding and slowly rolling on the surface of activated platelets and P-selectin-coated dishes at all
the flow conditions including 40 dynes/cm?. Capture efficiency of targeted microbubbles to
activated platelets and recombinant P-selectin decreased with increasing shear flow: at 5 dynes/
cm?, capture efficiency was 16.11% on activated platelets vs. 21.83 % on P-selectin, and, at 40
dynes/cm?, adhesion efficiency was still 3.4 % in both groups. There was neither significant
adhesion of Sialyl Lewis®-targeted microbubbles to control substrates, nor adhesion of control
microbubbles to activated platelets or to recombinant P-selectin.

Conclusions—Microbubble targeting using sialyl Lewis?, a fast-binding ligand to P-selectin, is
a promising strategy for the design of ultrasound contrast binding to activated platelets under high
shear stress conditions.
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Introduction

Molecular imaging of atherosclerosis offers a promising approach to non-invasive detection
and assessment of this disease. Activated platelets on the surface of ruptured, inflamed and
unstable atherosclerotic plaques are of special interest!!2]. The rupture of vulnerable
atherosclerotic plaques is the critical event in thrombotic vessel occlusion in myocardial
infarction[3]. However, platelets are also involved in earlier stages of plaque development. It
has been revealed that platelets interact with activated endothelium before endothelial
denudation and development of visible atherosclerotic lesions!2=4]. Advanced type
atherosclerotic lesions with significant calcification and obstruction of the vessel lumen can
be largely diagnosed by angiography or computer tomography. However, early stage
atherosclerotic plagues, potentially associated with high vulnerability are generally
asymptomatic (“silent plaques”) and difficult to detect[>6]. Hence, non-invasive imaging of
vulnerable atherosclerotic plaques has been an attractive concept for a variety of imaging
modalities, such as SPECTL?], PETI8] and MRI. In addition to the conventional imaging
techniques using structural and geometric determinants or unspecific iron uptake of
macrophages(®19], there are also molecular imaging techniques that become an important
component in the diagnosis of vulnerable plaques. In this setting, the contrast agents are
linked to chosen ligands which selectively bind to molecules expressed on the plaque
surface, like the activated GP I1b/I11a receptor[!1], the scavenger receptor of
macrophages(?2], or other molecules expressed by extracellular matrix, thrombi and
neovasculature(13-211. Thus, molecular ultrasound imaging of aggregated or adhering
platelets may also offer a non-invasive diagnostic tool to identify thrombi within unstable
atherosclerotic plaques.

The large size of the ultrasound contrast microbubbles (typically ~2—4 wm in diameter)
combined with the slow association kinetic properties of many targeting ligands, e.g.
antibodies[?2], have been a problem concerning firm adhesion under high shear flow. Under
these conditions, targeting ligands on the bubble surface may not have sufficient time to
attach to the receptor, so microbubble binding is inefficient[23-26], Several strategies have
been considered to improve microbubble capture efficiency on the target of interest: acoustic
radiation force which concentrates and decelerates the microbubbles near the vessel wall[27],
deformable microbubbles with high contact area to target surfacel28l, or the use of fast
binding molecules as selectin ligands from the sialyl Lewis group[?3.25.26] These selectin
ligands are characterized by a high on-rate and off-rate and are identified as mediators of
leukocyte rolling and adhesion to P- and E-selectins on the inflamed endothelium under high
shear flow in vivol232526.29-31] pjatelet activation leads to P-selectin expression on the
membrane in an amount of about 12000 molecules per platelet(32:331. Normal arterial wall
shear stress ranges from ~10 to ~40 dynes/cm? 34351 In previously released studies on
platelet targeting, microbubbles were carrying ligands against the glycoprotein Ilb-1l1a
complex. These adhesion experiments were either performed under static conditions or did
not exceed 5 dynes/cm? under dynamic flow conditions36-38]. The aim of our study was to
evaluate microbubble platelet targeting with a contrast agent that binds under high shear
flow conditions up to 40 dynes/cm? using the selectin ligand sialyl Lewis? (sLe?) as the
targeting molecule.

Material and Methods

Preparation of microbubbles

Microbubbles (MB) were prepared according to established procedures39l. Briefly, MB had
decafluorobutane gas core encapsulated by a phosphatidylcholine lipid monolayer shell. A
brush of polyethylene glycol (PEG) was attached onto the lipid shell via a lipid anchor

Invest Radiol. Author manuscript; available in PMC 2012 August 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guenther et al.

Page 3

embedded in the lipid monolayer. Some of the PEG molecules contained biotin at the distal
tip[39. Targeting was achieved by coupling biotinylated sLe? ligand (Sialyl Lewis?-
polyacrylamide-biotin, Glycotech, Gaithersburg, Maryland, USA) to the biotinylated MB
via a streptavidin linker (figure 1). Biotinylated MB were washed with degassed phosphate
buffered saline (Dulbecco’s PBS, Sigma, St. Louis, Missouri, USA) by centrifugation (400 x
g for 3 min) to remove excess free unincorporated lipid, and incubated with streptavidin
(Sigma, St. Louis, Missouri, USA) for 10 minutes at room temperature (3 p.g streptavidin
per 107 MB). Excess streptavidin was removed by centrifugation and elimination of the
infranatant. After that, MB were incubated either with biotinylated sLe? ligand or with a
biotinylated control polyacrylamide (control-PAA) with the same backbone without carrying
the functional sialyl Lewis groups (HOCH,(HOCH),CH,;NH-PAA-biotin, Glycotech,
Gaithersburg, Maryland, USA) for 10 minutes at room temperature (1.5 pg sLe? ligand or
control-PAA per 10’ MB). MB were washed again to remove unreacted ligand and stored at
4°C. MB size distribution was determined by microscopy observations. MB concentration
was assessed with a hemocytometer. Aggregation of MB as the result of ligand coupling
procedure was minimal. Mean MB size was 2.71 pm (+ 0.05 pm SEM).

Preparation of platelet concentrate

Blood from healthy volunteers taking no medication was anti-coagulated with citric acid and
centrifuged at 150 x g for ten minutes. The resulting platelet-rich plasma was separated and
recentrifuged at 2000 x g for 10 minutes. The resulting platelet pellet was then separated
from the platelet-poor plasma. The platelets were resuspended in PBS in a concentration of
about 250000 platelets/ml. For platelet activation, adenosine diphosphate (ADP, méLab,
Langenfeld, Germany) was added immediately prior to platelet incubation on the dishes (20
KM final concentration, see also next section).

Target preparation for flow-chamber adhesion studies

For the flow chamber adhesion studies, polystyrene culture dishes (35mm, Corning, New
York, USA) were coated with recombinant P-selectin or activated platelets on a fibrinogen
layer. As negative control, fibrinogen-coated dishes without platelets and platelet-coated
dishes pre-incubated with an anti-P-selectin antibody (R&D Systems, Minneapolis,
Minnesota, USA) were prepared. The antibody was used in order to block the sLe?-binding
sites on the platelets to demonstrate the specific binding of sLe®-targeted microbubbles (sLe?
MB) to P-selectin. Dishes were incubated with droplets of either 200 I of recombinant P-
selectin (9 pg/ml in PBS, R&D Systems) or 200 .l of fibrinogen (100 pg/ml in PBS,
Enzyme Research Laboratories, Swansea, UK) which were placed in the center of the dish
and sheltered by a plastic cover slip to provide uniform protein coverage and to avoid
evaporation of the solution. Incubation was overnight at 4 °C in a chamber with high
humidity. The dishes were washed with PBS three times and blocked with 2 ml of blocker
casein solution in TBS (Pierce, Rockford, Illinois, USA) for at least 2 hours at 4 °C. Blocked
dishes were washed excessively with PBS. P-selectin and pure fibrinogen dishes were now
ready for experiments. Platelet coverage was achieved by incubating the fibrinogen-coated
dishes with 1 ml of ADP-activated human platelet medium for 30 min at 37 °C. The ADP
was added to the platelets immediately prior to incubation on the dishes (20 .M final
concentration). A uniform and dense coverage of activated platelets on the dish without
formation of platelet aggregates was achieved, as observed by microscopy (40 fold objective
magnification). The dishes were washed again with PBS for several times. As negative
control, platelet dishes were incubated with an anti-P-selectin antibody for 30 minutes at 37
°C (100 pg antibody in 1 ml PBS, R&D Systems, Minneapolis, USA). The dishes were
washed three times with PBS to remove free unreacted antibody.
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Flow-chamber adhesion efficiency experiments

A parallel plate flow chamber system was used to characterize microbubble adhesion
efficiency to substratesl?2:39] absorbed with recombinant P-selectin, activated platelets,
fibrinogen, and activated platelets pre-incubated with an anti-P-selectin antibody. A silicon
gasket attached to a flow deck by vacuum grease defined a rectangular flow path with a
width of 2.5 mm, height of 0.127 mm and a length of 20 mm (Gasket A, Glycotech,
Gaithersburg, Maryland, USA). The wall shear stress within the chamber was determined

6
according to the following equation: Tzﬂ—g where © denotes wall shear stress (in N/m2),
is the fluid viscosity (0.001 N/s? for water at 20 °C), Qis the fluid flow rate (m3/s), b is the
chamber width (m), and h is the chamber height (m). Wall shear stress was calculated in
dynes/cm? (1 dyne/cm2 = 1 p bar = 0.1 Pa). The flow chamber was placed in a custom built
mount, which inverted the flow deck to account for MB buoyancy. The chamber was sealed
using a plastic screw with an o-ring lubricated with vacuum grease. The vacuum port on the
flow deck was sealed with a dead-end tube fitting[3%]. Two pieces of polyethylene tubing
(Intramedic PE 60 Tubing, BD Sciences, Franklin Lakes, New Jersey, USA) were cut to a
length of about 15 cm and inserted in the 2 polypropylene tubing connectors located at the
bottom of the flow deck. One tube was connected to the vial with MB dispersion, the second
tube was connected to a three-way stopcock with two 10 ml syringes placed orthogonally to
each other (BD Sciences, Franklin Lakes, New Jersey, USA). One syringe was fixed in a
syringe pump (Harvard Apparatus, Holliston, Massachusetts, USA) to create shear flow by
withdrawing the plunger and to collect medium waste. The other syringe contained PBS
with calcium and magnesium (Dulbecco’s PBS, Sigma, St. Louis, Missouri, USA). For the
experiments, a MB dispersion with sLe?-targeted or control MB in 6 ml PBS with calcium
and magnesium (5 x 10 MB/ml PBS) was prepared in a plastic test-tube and mixed
continuously by a magnetic stirrer. BSA (0.4%) was added to PBS to block unspecific
binding sites during the experiment. A culture dish with the target was then fixed in the flow
chamber and the system was vented completely. The center of the flow chamber was
monitored by microscopy. A microscope CCD-camera (Horn, Aalen, Germany) that was
connected to a PC with capture software (Let’s Edit RT Version 1.01, Canopus Co. Ltd,
Grass Valley, San Jose, California, USA) transferred real time pictures to PC for recording
(field of view 420 x 350 um). The syringe pump operated in the withdrawal mode to
generate wall shear stress of 40, 30, 20, 10 and 5 dynes/cm?, respectively. The required refill
rate of the syringe pump was calculated according to the equation above. After a short delay
necessary for the stabilization of the microbubble flux, a 60 second time period video was
digitally recorded at each shear stress with a frame rate of 25 Hz. Each dish was exposed
once to each shear rate, beginning at the highest shear rate of 40 dynes/cm? and terminating
with 5 dynes/cm?. Different microbubble groups and dish substrates are summarized in table
1. Attaching and passing MB were counted in the field of view. The ratio of binding and
passing MB (MB in the field of view that did not adhere to the surface) was defined as
capture efficiency. SLe? MB were tested on the recombinant P-selectin surface (4 dishes),
activated platelets on fibrinogen (5 dishes), fibrinogen alone (3 dishes) and on the surface of
activated platelets that had been pre-incubated with an anti P-selectin antibody (2 dishes).
Control-PAA MB were tested on P-selectin surface (3 dishes) and activated platelets on
fibrinogen (3 dishes).

Statistical analysis

Data were expressed as mean + standard error of the mean (SEM). Statistical analysis was
performed by an ANOVA test with Bonferroni correction. A p-value < 0.05 was considered
to be statistically significant.
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Results

Microbubble flux

The quantity of microbubbles in the flow is shown in table 1 (mean MB flux). The mean
MB flux of each group (= SEM) is shown in table 1. Microbubble flux was determined by
counting the passing microbubbles. Overall, the number of passing microbubbles ranged
between 572/min (sLe? MB on platelets, 5 dynes/cm?) to 1454/min (sLe? MB on platelets
blocked by anti-P-selectin antibody, 40 dynes/cm?).

At each wall shear stress, there was no significant difference between the different groups
regarding microbubble flux. Within one group, we compared the microbubble flux at each
shear rate with the flux at all the other shear rates: in each group, mean MB flux was
increasing with higher shear stress, but this gradual increase was not statistically significant.
In the group of sLe? MB on platelet dishes that had been pre-incubated with an anti-P-
selectin antibody, there were no significant differences of the numbers of passing MB
between the different shear rates. In the other groups, MB flux at 40 dynes/cm? was
significantly higher than the flux at 5 dynes/cm?2. In the group of sLea MB on fibrinogen
without platelets, the differences between the flux at 5 and 30 dynes/cm? and the flux at 10
and 40 dynes/cm? were also statistically significant.

SLe? MB on platelets and on recombinant P-selectin

SLe? MB were attaching to the platelets and to recombinant P-selectin at all tested flow
conditions. After initial adhesion, sLe? MB were slowly rolling on the surface of platelets
and of recombinant P-selectin along the flow path, caused by continual detachment (due to
drag forces created by the fluid flow) and quick re-attachment of sLe? to P-selectin. Under
static conditions, when shear flow application was interrupted, adhesive sLe? MB stopped
rolling and maintained in their current position (figure 3). Capture efficiency was decreasing
with increasing wall shear stress (table 1, figure 4). Capture efficiency of sLe? MB on
platelets and on recombinant P-selectin was in a comparable range and only significantly
different at a wall shear stress of 5 dynes/cm?, where MB adhesion was 21.84% (+ 1.65
SEM) on recombinant P-selectin versus 16.11% (x 0.58 SEM) on platelets. At the fastest
flow studied, 40 dynes/cm?, there was still capture of sLe? MB observed: 3.42% ( 0.1
SEM) on recombinant P-selectin and 3.39 (+ 0.2 SEM) on activated platelets.

SLe? MB on control dishes

There was only minimal and no significant binding of sLe® MB on activated platelets pre-
treated by an anti-P-selectin antibody at 5 and 10 dynes/cm?, and these MB were detaching
again immediately after adhesion (< 0.5 seconds) without re-attachment. At any shear flow
from 5 to 40 dynes/cm?, sLe? MB did not bind on fibrinogen-coated dishes without platelets.

Control MB on activated platelets and on recombinant P-selectin

Control-PAA MB did not adhere either to activated platelets, or to recombinant P-selectin
surface. Thus, capture efficiency of control and sLe?-targeted MB was significantly different
(see also table 1).

Discussion

In this study we have for the first time demonstrated specific binding of targeted
microbubbles to P-selectin on the surface of activated platelets at fast flow conditions, up to
40 dynes/cm? shear stress. We observed decreased capture efficiency of sLe2 MB on
activated platelets and on recombinant P-selectin with increasing shear flow. At maximum
shear flow of 40 dynes/cm?, we still detected a significant adhesion of sLe? MB to the target.
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Selectin ligand sialyl Lewis? was applied for MB targeting in this study. SLe? is chemically
identical with the cancer antigen 19-9 and a growing body of knowledge suggests that this
molecule plays an important role in the formation of metastases by colon and pancreatic
cancer cellsl4041], S| e2 is known for a very high on-rate and off-rate of selectin binding,
unlike e.g., many antibody ligands. In vivo, sialyl Lewis-based ligands mediate leukocyte
adhesion and rolling on endothelium[30:42-48] |n our experimental setting, targeted
microbubbles were mimicking leukocytes in-vivo: after adhesion, sLe? MB were slowly
rolling on the surface of platelets or recombinant P-selectin in the flow direction. This can
be explained by the experimental conditions and the kinetic properties of sLe?. After MB
adhesion under high shear flow takes place, the adherent MB are still exposed to the viscous
drag forces as a result of the fluid flow. SLe? MB can dissociate from their P-selectin targets
due to these drag forces. If the density of the P-selectin molecules on the target surface is
sufficiently high, microbubble translation and fast re-attachment to the surface-bound P-
selectin molecules located downstream occurs, and MB rolling takes place. If the target
selectin molecules density is low, the MB detach without a chance to re-attach and rapidly
move out with the flow. We created a high P-selectin surface density condition by
homogeneous coating of platelet dishes or by using a saturating P-selectin concentration on

recombinant P-selectin dishes, with a resulting density of about 800 P-selectin molecules/
2[39]
pm .

Biotinylated polyacrylamide with the same degree of polymerization as PAA-sLe? was
linked to MB as a negative control. Under high shear flow, control microbubbles did not
adhere either to platelets or to recombinant P-selectin. A few control MB adhered under
static conditions before shear flow was applied. Under high shear flow conditions, however,
these MB were not rolling on the surface or they detached rapidly. SLe? MB did not stick
either to fibrinogen without platelets or to platelets which had been incubated with an anti-P-
selectin antibody before. The adherence of a small number of sLe? MB on pre-treated
platelet dishes at 5 and 10 dynes/cm? was significantly lower than on regular platelet dishes
and these MB detached immediately after adhesion. This short-term attachment is most
probably explainable by incomplete blocking by the antibody. These results confirm the
specificity of the binding of sLe? MB towards P-selectin and not to other binding sites on
platelets, fibrinogen or the dish surface, respectively.

Possible indications for the application of the described contrast agent involve inflamed
endothelium and vulnerable atherosclerotic plaques. During the development of
atherosclerotic lesions, the endothelium becomes activated and adhesion molecules like
VCAML1, ICAML1 and selectins are expressed, which are characteristic for inflamed
endothelium. This results in the recruitment of white blood cells, which triggers and
maintains vessel wall inflammation with lipid deposition, calcification, extracellular matrix
digestion, apoptosis, smooth muscle cell proliferation and thrombosis. There are several
morphologic and biologic criteria of plaque vulnerability, such as platelet aggregation 49501,
In vivo, P-selectin is expressed by activated platelets and by activated endothelium(32].
Therefore, sLe? MB would adhere not only to activated platelets but also to inflamed
endothelium at early stages of plaque development. However, regardless of reduced target
specificity, at early stages of atherosclerosis, MB should be able to visualize both activated
endothelium and activated platelets.

MB rolling may become a problem relating to ultrasound assessment of atherosclerosis:
after adhesion, MB roll on the target P-selectin molecules along the blood flow direction. As
soon as the plaque ends and no more P-selectin molecules are present, MB will detach and
transport out of the target area by the blood flow.
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These problems might be solved by dual targeting approach. In this concept, a microbubble
will be decorated with two different ligands, a fast-binding ligand such as sLe? and a firm-
binding ligand such as an antibody or a peptide that binds to another platelet surface
molecule, e.g., the GPIIb/I1la receptor. After the fast binding ligand on the microbubble has
captured under high shear flow, there should be sufficient time for the second ligand to
generate a specific and strong bond to anchor the microbubble on the target[39.51],
Alternatively, increasing the ligand density on the microbubble surface (e.g., by using
covalently attached sLe? on the microbubble shell) may improve its resistance to movement
in high-shear flow[®2], so that instead of rolling, firm adhesion of microbubbles to P-selectin
targets may become possible.

In this study, we demonstrated specific adhesion of targeted MB to P-selectin on activated
platelets by microscopy in a model flow chamber system. For further evaluation of the
usefulness of this system for targeted ultrasound imaging of activated platelets, in vitro and
in vivo targeted ultrasound contrast studies need to be performed.

At 40, 30, 20 and 10 dynes/cm?, there was no significant difference between capture
efficiency of sLea MB on platelets and on recombinant P-selectin. At 5 dynes/cm?, however,
the adhesion of sLe? MB to recombinant P-selectin was significantly above the adhesion of
MB to platelets (21.84% vs. 16.11%, p<0.05). Several factors may have affected the capture
probability: the effective wall shear stress, the density of target molecules, the configuration
of the target surface and the properties of the fluid flow. Immobilized platelets on the dish
extend into the flow channel, and thus, the ‘real’ channel height is less than the original
gasket height: according to a mean platelet diameter of 3 um[33], the effective wall shear
stress is about 5% higher on platelet dishes than on dishes without corpuscular parts.
Preliminary tests revealed that our P-selectin plating concentration of 9 pg/ml PBS leads to
a P-selectin saturation with a density of about 800 molecules/um? [3%]. Assuming a platelet
surface area of 12 um? (in activated state) and a number of 12000 P-selectin molecules per
activated platelet[33], the mean P-selectin density on an ideal platelet dish would be 1000
molecules/um?. However, even if the platelet coverage is dense, there are small gaps
between directly adjacent platelets, so overall density might be lower than 1000 molecules/
cm2. In this study, we did not determine the mean P-selectin density on platelet dishes.
Furthermore, we did not examine the influence of the platelets on the properties of the dish
surface and fluid flow.

In conclusion, targeting of microbubbles using fast binding selectin ligands like sialyl
Lewis? is a promising and effective strategy for the design of ultrasound contrast agents that
bind to activated platelets under fast flow. These results encourage further in-vivo studies.
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fibrinogen-coated polystyrene dish

The target: ADP-activated platelet P-selectin

“‘!‘“ biotin-PAA-sialyl Lewis?

- streptavidin
PEG with biotin

Gas filled
Microbubble

Lipid shell

Figure 1.

Targeting scheme of sLe®-targeted microbubbles in the flow chamber. MB had biotinylated
PEG molecules on their shell and were coupled with biotinylated sialyl Lewis?
polyacrylamide or a biotinylated control carbohydrate-free polymer. Streptavidin served as a
linker.
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Flow Flow

Figure 2.

Flow chamber experiment at 10 dynes/cm?. Dishes are covered with activated platelets that
are expressing P-Selectin on their surface. Field of view is 420 x 350 um: A: Control MB.
The grey arrow indicates a non-specific MB adhesion that happened prior to the high shear
flow application. B: sLe? MB. Black arrows indicate adherent MB which are rolling along
the flow path; white arrows indicate MB in the flow which were near the surface and appear
as grey stripes.

Invest Radiol. Author manuscript; available in PMC 2012 August 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guenther et al.

Page 13

Sialyl Lewis - targeted Microbubbles
jcapture efficiency, % | ]
25 - " O platelets

15

#
10
#

ﬂ ﬂ .#
5 i
0 T T

10 20 30
dynes/cn?
Figure 3.

Mean capture efficiency (+ SEM) of sLe3-MB on recombinant P-selectin and on activated
platelets. 35mm culture dishes covered by P-selectin (n=4) or activated platelets (n=5) were
perfused by a dispersion of sLe? MB (5x10% MB/ml PBS) at wall shear stress 40, 30, 20, 10,
and 5 dynes/cm2. * indicates a significant difference in capture efficiency at 5 dynes/cm?, #
indicates no significant difference at the other wall shear stress conditions. Capture
efficiency was decreasing with increasing shear flow.
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