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Abstract

Abciximab-grafted ultrasound sensitive microbubbles were developed for the diagnosis of stroke. The antibody fragment abciximab,
which binds to the GP IIb/IIIa and avb3 receptors expressed by activated platelets, was chosen because most ischemic strokes are due to
arterial thrombi that are mainly composed of platelets. The abciximab antibody fragment was activated by reduction of the disulfide
bond for grafting on the microbubbles. The suspension was freeze-dried after the grafting was performed directly on the formed micro-
bubbles. Quantification of the amounts of abciximab present on the surface of the microbubbles was assessed semi-quantitatively by flow
cytometry, and quantitatively using radio-labeled abciximab. A protocol for human and rat platelets deposition and fixation was imple-
mented and the expression of the GP IIb/IIIa receptor was validated by immunostaining. The abciximab-grafted microbubbles showed
high static and dynamic binding to fixed platelets. Detection by ultrasonography of microbubbles bound on white and red clots gave
higher signals compared to SonoVue microbubbles.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Stroke is the third leading cause of death and disabilities
in industrialized countries. However, the outcomes of actual
treatments can be dramatically improved if accurate diagno-
sis and treatment are performed early enough. Therefore,
molecular imaging with specific blood clot-targeting con-
trast agents is a subject of great interest. Among the available
imaging technologies, ultrasound imaging is a widespread
portable technique which makes it particularly valuable for
imaging a large variety of organs even if transcranial ultra-
sound still needs improvements due to the attenuation and
the aberrations induced by the skull bone [1].

Good recent reviews have summarized the state of the art
in the field of targeted ultrasound contrast agents [2–9]. To
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date, the large majority of reported targeted ultrasound
contrast agents can be separated in two categories accord-
ing to the type of targeting moiety used: synthetic peptides
and antibodies or antibody fragments. Several publications
were recently issued reporting efforts to target ultrasound
contrast agents to fibrin [10–14] or the GP IIb/IIIa receptor
[15–17].

An important part of the antibody-microbubble conju-
gates were obtained by using biotin–avidin interactions.
Targeting was obtained either through multi-step injections
[10,11,18] or pre-complex formation before injection. In the
first case, biotinylated specific antibodies were first admin-
istered, followed by avidin and finally the biotin-bearing
microbubbles. In the second case, the biotin-bearing micro-
bubbles were first incubated with avidin, then with the bio-
tinylated specific antibody before being injected.
Antibodies were also grafted directly to the contrast agents
either via direct reaction of an amine with an amine-reac-
tive group on the microbubbles [19] or using bioconjugate
cross-linkers [12–14].

The present work describes the development of a new
perfluorocarbon-filled phospholipids-based ultrasound
contrast agent targeted to the GP IIb/IIIa receptor,
expressed by activated platelets, using abciximab as the tar-
geting moiety. Abciximab is the antigen-binding fragment
(Fab) of the monoclonal chimeric antibody 7E3 and is com-
mercially available to prevent cardiovascular complications
during or after coronary interventions. Abciximab was
grafted to the 1,2-dipalmitoyl-sn-glycero-3-phosphoetha-
nolamine-N-[4-(p-maleimido-phenyl)butyramide] sodium
salt (DPPE-MPB) containing microbubbles via reduction
of the disulfide bond linking the constant region of the
heavy and light chains of the Fab, a strategy which was
reported for grafting of Fab fragments to liposomes
[20,21]. The rationale behind the choice of this particular
target is the dynamically high concentration of GP IIb/IIIa
on activated platelets (about 50,000 to 100,000 per platelet),
the latter being the most important cellular component of
the arterial thrombi [22].
2. Materials and methods

2.1. Materials

IODO-GEN Pre-Coated Iodination Tubes, D-Salt Poly-
acrylamide Desalting Columns, Zeba Spin Columns, and
tris(2-carboxyethyl)-phosphine hydrochloride (TCEP) were
purchased from Pierce.

Tyrosine Æ HCl, biotinamido hexanoic acid 3-sulfo-N-
hydroxysuccinimide ester sodium salt (BAC-SulfoNHS),
Tween 20, normal human serum, and horseradish peroxi-
dase-labeled extravidin (Extravidin-HRP) were purchased
from Sigma.

Ethylenediaminetetraacetic acid tetrasodium salt dihy-
drate (EDTA), calcium chloride, tert-butanol, palmitic
acid, dimethyl sulfoxide (DMSO), hydrogen peroxide,
and bovine serum albumin (BSA) were purchased from
Fluka.

Aminoethyl carbazole staining kit (AEC Kit), hematoxy-
lin counterstain reagent, and glycerol vinyl alcohol aqueous
mounting solution (GVA) were purchased from Zymed.

1,2-Dipalmitoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]
sodium salt (DPPG) and 1,2-distearoyl-sn-glycero-3-phos-
phocholine (DSPC) were purchased from Genzyme. 1,
2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-
maleimidophenyl)butyramide] sodium salt (DPPE-MPB)
was purchased from Avanti Polar-Lipids.

Normal rat serum (RtS) was purchased from Biomeda.
Na125I (Iodine-125) was purchased from Amersham. Para-
formaldehyde was purchased from Riedel-deHaën. Abcix-
imab (2 mg/mL, ReoPro� Injectable solution) was
purchased from Eli Lilly. Heparin sodium (25,000 U/mL,
Liquemin) was purchased from Roche. Human thrombin
was purchased from Calbiochem. Poly(ethylene glycol)
Mw=4000 g/mol (PEG 4000) was purchased from Clari-
ant. Non-specific human Fab (Hu NonSpe Fab) was pur-
chased from Bethyl. Anti-human IgG FITC-labeled goat
IgG (Go Anti-Hu FITC) was purchased from KPL.
Anti-human CD41 (GP IIb/IIIa) biotinylated mouse IgG
(P2 clone) was purchased from Immunotech.

Injectable grade sodium chloride (0.9% solution) was pur-
chased from B. Braun. Phosphate-buffered saline (PBS) was
prepared from tablets (Fluka) using deionized water and fil-
tered on 0.2 lm membrane filters. Tris Æ HCl buffers were
prepared from Trizma Æ HCl 1 M (Sigma) using deionized
water and filtered on 0.2 lm membrane filters.

Cell Culture Thermanox Plastic coverslips were pur-
chased from Nunc.

2.1.1. Material of living origin

Human whole blood was drawn by authorized personnel
from healthy volunteers.

Rat and human blood were collected in heparinized or
citrate solution-containing Monovette tubes (Sarstedt).

2.2. Special preparations

2.2.1. 125I Radio-labeling of abciximab

Abciximab was iodinated using IODO-GEN Pre-
Coated Iodination Tubes according to the manufacturer’s
recommendations with no modification. The non-reacted
125I was removed by gel filtration on a PBS-equilibrated
D-salt polyacrylamide desalting column and the fractions
containing the protein were pooled.

c-Counts of 125I-abciximab solutions were measured for
3 min using a Packard Cobra II Auto-Gamma counter.
The specific activity of the radio-labeled abciximab in the
pool after gel filtration was 700,000 cpm/lg.

2.2.2. Biotinylation of Fabs

Sufficient amount of the BAC-SulfoNHS solution
(10 mg/mL in DMSO) was added to the Fab solution
(2 mg/mL for the abciximab or 1 mg/mL for the Hu Non-
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Spe Fab, both in PBS-EDTA 2 mM) to reach a molar ratio
of BAC-SulfoNHS to Fab of 10 to 1. The reaction was
allowed to progress for 30 min at room temperature, in
the dark, under mild stirring.

The Fab solution was then purified by centrifugation on
a Zeba Spin Column equilibrated with PBS. The Fab con-
centration of the collected fractions was estimated from the
absorbance at 280 nm using a Uvikon 933 Double Beam
UV/VIS Spectrophotometer. Usually, the first fraction
contained more than 85% of the initial Fab amount and
was the only fraction kept.

2.3. Preparation of biological substrates

2.3.1. Isolation of platelets
Platelet-rich plasma (PRP) was obtained from whole

blood, collected on 30 U heparin sodium per mL, after
10 min of centrifugation at 180 rcf in 5 mL polypropylene
tubes. A volume of PBS containing 30 U heparin sodium
per mL (PBS-Hep), equivalent to that of the collected
PRP, was added to the infranatant and was centrifuged
for 10 min at 220 rcf. The resulting supernatant platelet-
poor plasma (PPP) was collected and pooled with the PRP.

The platelets contained in the pooled PRP and PPP were
washed twice by centrifugation for 15 min at 350 rcf for
human platelets and at 1000 rcf for rat platelets, removal
of the supernatant and resuspension in fresh PBS-Hep by
repeated gentle aspiration in and ejection out of a pipette
tip. The resuspended platelets were then washed twice in
PBS following the same procedure. The human platelets
were left at rest for at least 4 hours between each of the
washing steps and resuspended as described above from
time to time.

2.3.2. Deposition of platelets

The washed platelets were counted using a Coulter Mul-
tisizer II and 4 to 8 · 107 platelets were loaded in the cen-
tral wells of 24-wells plates and the suspension volume in
each well was adjusted to 400 ll with PBS. The plates were
centrifuged at 1200 rcf for 7 min. The supernatant was then
carefully removed and the deposited platelets were fixed by
slow introduction of 500 ll of PBS containing 2 wt% para-
formaldehyde and incubation at room temperature for
5 min. After incubation, the paraformaldehyde solution
was discarded and the platelet-coated wells were rinsed
twice by introduction of 1 mL PBS containing 0.05 wt%
Tween 20 and shaking over a planar shaker for a few sec-
onds. The rinsing was repeated twice with PBS followed by
reintroduction of 1 mL PBS for storage at 4 �C.

Round Thermanox coverslips and glass coverslips
13 mm in diameter were platelet-coated using the same pro-
cedure by introducing them in the wells of 24-wells plates at
the beginning of the procedure.

2.3.3. Preparation of red and white clots
Red clots were made in 24-wells cell culture plate. Fifty

microliters of CaCl2 solution 100 mM, 50 ll of human
thrombin solution 50 U/mL were added to 400 ll of cit-
rated whole blood. The clots were obtained after coagula-
tion and overnight maturation at room temperature.
Each clot was then cut with a scalpel to obtain approxi-
mately 2 · 2 · 10 mm pieces.

White clots were made in 3 mL polypropylene test tubes.
Hundred microliters of CaCl2 solution 100 mM, 150 ll of
human thrombin solution 10 U/mL were added in 400 ll
of platelet concentrate diluted with 400 ll of saline. The
clots were obtained after coagulation and overnight matu-
ration at room temperature. Each clot was then removed
from the tubes and cut with a scalpel to obtain approxi-
mately 2 · 2 · 10 mm pieces.

2.4. Targeted microbubbles preparation

2.4.1. Formulation of maleimide-functionalized microbubbles

A mixture of 37.5 mol% DSPC, 37.5 mol% DPPG,
20 mol% palmitic acid and 5 mol% DPPE-MPB was loaded
in 100 mL round-bottom flasks, and was dissolved together
with PEG 4000 in tert-butanol. The round-bottom flasks
were then frozen and freeze-dried. They were then stop-
pered and their headspace was replaced by a fluorinated
gas.

2.4.2. Microbubbles grafting procedure

Seventy-two milliliters of PBS was added to the round-
bottom flask containing the freeze-dried phospholipids.
The flask was shaken until complete homogenisation of
the resulting microbubbles suspension.

The suspension was centrifuged twice to remove excess
phospholipids and dissolved PEG. During centrifugation,
the microbubbles form a dense surface layer from which
the liquid infranatant is separated and discarded. After
the second centrifugation, the supernatant microbubbles
were resuspended in a 2 mM solution of EDTA in PBS
and transferred to a 50 mL Falcon screw-capped tube.

Tris Æ HCl and EDTA were added in the Fab (abcix-
imab, 2 mg/mL, or Hu NonSpe Fab, 1 mg/mL) stock solu-
tion to reach 50 mM Tris Æ HCl and 50 mM EDTA. TCEP
was added in this solution to reach 1 mM TCEP, and the
mixture was left one hour at 37 �C for reduction. The mix-
ture was then spun through a 5 mL Zeba column equili-
brated with PBS.

The reduced Fab collected after spinning through the
column was then introduced in the microbubbles suspen-
sion. The headspace of the tube was gassed, the suspension
was mildly agitated for 2.5 h at room temperature, in the
dark for Fab grafting.

To remove excess reactants, the suspension was centri-
fuged twice and each time the infranatant was discarded.
After the second centrifugation, the supernatant microbub-
bles were resuspended and their concentration adjusted to
4 · 109 microbubbles/mL in a 10 wt% solution of maltose
in PBS and split into 1 mL fractions in 10 mL glass vials.
The vials were then freeze-dried overnight. Finally, the
vials were stoppered, crimped and gassed again.
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2.4.3. Microbubbles preparation

The microbubbles were resuspended in the vials using
two needles (one for injection and one for gas exhaust).
One milliliter of PBS was injected through the rubber
stopper and the vial was shaken until the resulting white
microbubbles suspension appeared homogeneous. The sus-
pension was then transferred in round-bottom 5 mL glass
test tubes and centrifuged. The infranatant was then
discarded and the supernatant microbubbles were resus-
pended in 1 mL fresh PBS (and possibly subsequently fur-
ther diluted for the needs of specific tests).

2.5. Characterization of targeted microbubbles

2.5.1. Concentration and size distribution
The concentration and size distribution of the micro-

bubbles suspension were measured using a Coulter Multi-
sizer II equipped with a 30 lm capillary in saline solution.

2.5.2. Abciximab quantification on microbubbles by

radioactivity

c-Counts of 125I-abciximab-microbubbles suspensions
and/or discarded solutions were measured for 3 min using
a Packard Cobra II Auto-Gamma counter.

The amounts of abciximab on the microbubbles were
calculated in pmol (using 50,000 g/mol for abciximab)
according to the specific activity of the radio-labeled abcix-
imab. For the suspensions obtained after grafting and two
washing cycles, the equivalents per vial were calculated
dividing the total radioactivity measured by the number
of vials into which the suspension was split. After resuspen-
sion and one washing of a single vial, the amount of abcix-
imab was calculated according to the radioactivity
measured after radiolabeling taking into account of the
natural decrease of radioactivity over time and to the num-
ber of bubbles and their total surface measured by Coulter
Multisizer II.

2.5.3. Flow cytometry assays
Two samples of Fab-grafted microbubbles suspension

were loaded in two 0.6 mL microtubes and Goat Anti-Hu
FITC was added in one of the two suspensions at amounts
of ten or more molar equivalents of the estimated amount
of proteins present on the microbubbles. The suspensions
were vortexed and incubated at room temperature for
30 min under mild agitation. The suspensions underwent
two washing cycles by centrifugation and were finally
diluted with PBS to the adequate concentration of micro-
bubbles for flow cytometry analysis.

For this test, negative controls were obtained following
the same procedure with a non-grafted microbubbles
suspension.

For each sample, 100,000 events were collected using a
Becton Dickinson FACSort machine equipped with an
Argon laser operating at 488 nm. Scatter, forward scatter,
and fluorescence emission at 530 nm were analyzed using
BD CellQuest Pro software. Settings of the instrument
were adjusted so that less than 1% of the events recorded
for unlabeled samples exceeded 10 in fluorescence intensity.
Events exceeding that threshold of 10 in fluorescence inten-
sity were considered positive.

2.5.4. Static binding on platelets

The platelet-coated wells of a 24-wells plate were filled
with the incubation medium, either PBS or 50 vol% serum
of the adequate species in PBS, containing 1 · 108 micro-
bubbles per well. The plate was then sealed, turned upside
down and allowed to settle and incubate for 30 min
undisturbed.

After incubation, the suspension of microbubbles was
discarded and the platelet-coated wells were rinsed three
times. This rinsing consisted of introducing 1 mL of PBS,
then shaking over a planar shaker for a few seconds and
finally discarding the liquid. The platelet-coated wells were
subsequently filled with 1 mL PBS and observed with a
Leica Leitz DM IL inverted microscope using a 20· mag-
nification objective. Pictures were captured with a 3.2 Mpix
digital camera and analyzed using the ImageJ 1.30v soft-
ware. The bound microbubbles were detected automati-
cally by the software after manual thresholding of the
image to the adequate luminosity and the fraction of the
surface covered with microbubbles in each field was deter-
mined in percent.

2.5.5. Dynamic binding on platelets

Dynamic binding tests were performed as a complement
to the static binding tests. These assays were carried out
using a 24 mm long, 14 mm wide FCS2 parallel-plate flow
chamber from Bioptechs Inc. (Butler, PA, USA). The flow
chamber was positioned in an inverted Olympus IX 51
microscope equipped with a 40· objective. A stage adapter
was custom-built to turn the flow chamber upside down.
This geometry allowed microbubbles to float and to inter-
act with the target surface during infusion. The target sur-
face was obtained by gluing platelet-coated round
coverslips (diameter: 13 mm) to the 40 mm diameter glass
coverslips used to close the flow chamber. This construc-
tion was mounted in order to leave a gap of approximately
250 lm with the bottom of the chamber (0.5 mm thick
gasket).

Microbubbles were diluted to 5 · 106 microbubbles per
mL in 50 vol% serum of the adequate species, previously
filtered on a Sartorius Minisart GF-prefilter, in PBS. The
microbubbles suspension was pushed through the flow
chamber using an adjustable Auto Syringe� AS50 Infusion
Pump, from Baxter (Deerfield, IL, USA), with a 60 mL syr-
inge. The pump flow rate was adjusted to 1 mL/min to
obtain a shear rate of approximately 80 s�1. After infusion
was started, pictures of bound microbubbles were captured
with a digital camera every 2 min, for 10 min. After 10 min,
five pictures were taken randomly between the middle and
the exit-half of the coverslips.

A quantitative analysis of microbubble accumulation
was performed by counting the number of microbubbles
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adhering in the observed area using the Analysis V Pro
software. Microbubbles counts in the pictures captured at
10 min were averaged then divided by ten to yield the rate
of microbubble accumulation per minute. The area of each
picture was 25,000 lm2.

2.5.6. Echographic determination of bound microbubbles on

clots

In each 1.5 mL test tube, one thrombus (see Section
2.3.3) was incubated in 800 ll of 50% serum with the
amount of microbubbles corresponding to a determined
total encapsulated gas volume (ranging from 0.02 to
0.8 ll). Incubation time was for 30 min under mild agita-
tion. The thrombi were washed once with 800 ll of saline
before visualization.

Echography visualization was performed with ATL
HDI 5000, linear probe L7-4, B-mode pulse inversion.
The thrombi were placed on Sonar Aid pad covering the
bottom of a saline filled plastic box. The probe was placed
perpendicularly to the bottom of the box above the throm-
bus, which was oriented to have the maximum intensity.
Maximal intensity at Mechanical Index (MI) 0.05, maximal
intensity at MI 0.7, baseline at MI 0.7 and baseline at 0.05
were captured with a video recorder for each thrombus.

In all the captured frames, an area of interest was drawn
on the outlines of the thrombus. The power (i.e. the square
of the root mean squares, or RMS2, of the linearized pixel
video intensity) and area of the thrombus of each frame
were calculated from a calibration curve. The ratio of these
values was expressed as a function of incubated total
encapsulated gas volume. The measures, which resulted
outside the range defined by one and a half times the stan-
dard deviation obtained for the series without them, were
rejected as outliers.

2.6. Determination of binding specificity

2.6.1. Determination of platelet GP IIb/IIIa expression by
immunostaining

Platelet-coated 13 mm diameter glass coverslips were
introduced in the wells of a 24-wells plate and allowed to
react for 30 min at room temperature with a H2O2

0.05 vol% solution in PBS for endogenous peroxidases
inhibition. The wells were then rinsed twice. This rinsing
consisted of introducing 1 mL of a solution of 0.1 wt%
BSA in PBS, then shaking over a planar shaker for a few
seconds and finally discarding the liquid.
Fig. 1. General scheme of the grafting reaction of the TCEP-reduce
The platelet-coated coverslips were incubated with
PBS, the biotinylated abciximab, biotinylated anti-human
CD41 mouse IgG (positive control), or biotinylated Hu
NonSpe Fab (negative control), the latter three at
20 lg/mL. These incubations were performed inside the
wells of a 24-wells plate in PBS–BSA 0.1% for 1 h at
room temperature. The coverslips were then rinsed twice
with PBS following the procedure described above. The
incubation with extravidin and subsequent rinsing were
performed the same way.

Revelation of the complex bound on the platelet-
coated coverslips was done using the AEC kit for
5 min at room temperature and the coverslips were
rinsed twice with deionized water. The coverslips were
deposited face-down on a microscopy glass slide using
GVA mounting solution to fix the system after counter-
staining with hematoxylin. The mounted coverslips were
observed with a Nikon Microphot-FXA using a 100·
immersion objective and pictures captured with a 3.2
Mpix digital camera.
2.6.2. Abciximab-grafted microbubbles competition with free

abciximab on human platelets under static conditions

To assess the specificity of microbubbles binding, com-
petition tests were carried out.

Increasing amounts of free abciximab solution were
introduced in 650 ll containers (small caps) together with
1.3 · 108 microbubbles. The containers were then filled
with 50 vol% serum of the adequate species in PBS. Each
container was then covered and closed with a platelet-
coated Thermanox coverslip and allowed to settle and
incubate for 30 min.

After incubation, the platelet-coated coverslips were
introduced in the wells of a 24-wells plate and the percent-
age of surface covered by the microbubbles was obtained as
in Section 2.5.4.
3. Results and discussion

3.1. Microbubbles and Grafted Fab quantification

Fig. 1 gives the general reaction scheme of the grafting
of TCEP-reduced abciximab onto DPPE-MPB functional-
ized microbubbles.

The resuspension of one vial of the freeze-dried micro-
bubbles gave approximately 2 · 109 microbubbles, which
d abciximab onto the DPPE-MPB functionalized microbubbles.



Fig. 2. Number of abciximab Fabs per microbubble calculated using
radioactivity measurements and fluorescence measured by flow cytometry
after incubation with Go Anti-Hu FITC secondary antibody (n = 4), both
as a function of initial abciximab to DPPE-MPB molar ratio.
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corresponds to a yield of about 50%, with a volume aver-
age diameter Dv of approximately 3.2 lm.

One of the key parameters of the targeted microbubbles is
the amount of targeting moiety present on their surface. In
order to assess this parameter, several methods were
explored.

Radiolabeling of the abciximab was chosen in order to
quantify definitively the amount of abciximab grafted on
the microbubbles. Moreover, tracking the radioactivity of
microbubbles suspensions during the grafting procedure
allowed the determination of the grafting reaction yields.
The results of abciximab quantification by radioactivity
measurements are presented in Table 1.

It can be seen in Table 1 that the grafting yield increases
with the molar ratio of abciximab to DPPE-MPB. This is
likely due to the higher abciximab concentration in the reac-
tion medium as all reactions were performed using equal vol-
umes and microbubbles concentrations. After resuspension
of the freeze-dried microbubbles the yield of abciximab on
the microbubbles followed roughly the resuspension yield.

Fig. 2 compares the number of abciximab Fab molecules
calculated according to the radioactivity measurements
with the mean fluorescence intensity measured by flow
cytometry (FACS) after incubation with Go Anti-Hu
FITC IgG.

The molar ratio of FITC-labeled antibody to grafted Fab
of 10 to 1 or more was chosen after a saturation test. In this
test, increasing amounts of FITC-labeled antibody were
added to microbubbles suspension samples of equivalent
surfaces. This test showed that above 10 to 1 molar ratio,
the fluorescence signal obtained was not dependent on the
amount of FITC-labeled antibody added to the microbub-
bles suspension anymore. However, the fluorescence mea-
sured in different assays was variable. Thus, in order to be
able to compare the different samples assayed separately,
an internal standard was used to normalize the results.

The linearity of the amount of abciximab grafted onto
the microbubbles with the abciximab to DPPE-MPB molar
ratio observed in the tested range (R2 = 0.9986 for the
number of abciximab Fabs per bubble obtained by radio-
activity and R2 = 0.9754 for the FACS MFI) demonstrates
the robustness of the overall grafting procedure.
Table 1
Radioactivity measurements, related abciximab quantification, and FACS me

Abciximab to DPPE-
MPB molar ratio [%]

Introduced for
grafting [pmol]

Abciximab quantity equivalent

After grafting + 2
washings

Aft

On
microbubbles
[pmol]

Yield
[%]

On
mic
[pm

1 1104.8 539.3 48.8 20
2.5 2729.5 1377.1 50.5 77
5 5459.0 3076.1 56.3 200
8.25 9257.2 5976.2 64.6 367
3.2. GP IIb/IIIa expression by the platelets and specificity of

the binding validation by competition assays

In order to validate the results given by the binding
assays on the platelet deposits, it was important to first
demonstrate the expression of the GP IIb/IIIa for which
the abciximab is specific.

3.2.1. Immuno-histochemistry with human platelet deposits

HRP-conjugated extravidin was used to reveal the bind-
ing of biotinylated abciximab, of a biotinylated GP IIb/
IIIa specific antibody (positive control), and of a biotinyl-
ated Hu NonSpe Fab (negative control) to the human
platelet deposits.

The micrographs presented in Fig. 3 clearly show that
the biotinylated abciximab gives a positive response even
though it seems slightly less intense than the Mo Anti-
Hu CD41 IgG. This is likely to result from the divalence
of the IgG compared to the monovalence of the Fab giv-
ing a higher avidity to the former. The non-specific Fab
and the platelets without primary incubation gave little
and no response, respectively. Replicates of the presented
experiment gave similar results, which indicates that the
platelets deposited with the selected method effectively
expressed the GP IIb/IIIa receptor.
an fluorescence intensity

s per vial FACS
MFIer resuspension

robubbles
ol]

Yield
[%]

Number of Fabs
per microbubble

Number of
Fabs per lm2

1.7 37.4 1970 219 356.09
2.1 56.1 7672 755 627.37
6.5 65.2 16408 1415 1242.40
4.3 61.5 29826 2489 1815.46



Fig. 3. Micrographs (objective 100·) of immuno-histochemistry assays performed on human platelet deposits. Primary incubation with: (a) biotinylated
Mo Anti-Hu CD41 IgG, (b) PBS, (c) biotinylated abciximab, and (d) biotinylated Hu NonSpe Fab. Secondary incubation was with HRP-conjugated
extravidin for all conditions.

Fig. 4. Example micrographs of static binding assays on human platelets,
performed in 50% human serum, of (a) abciximab-grafted, and (b) Hu
NonSpe Fab-grafted microbubbles.
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3.2.2. Rat platelet deposits

It is known from the literature that abciximab, the
monovalent Fab form of the c7E3 clone, does not bind
on rat platelets while the divalent F(ab)2

0 form does [23].
To circumvent this problem, the biotinylated abciximab
was incubated with HRP-conjugated extravidin to form a
tetravalent complex. A similar complex was made with
the biotinylated Hu NonSpe Fab to serve as negative con-
trol in the test. The rat platelet deposits were then tested
using the same protocol as that used for human platelets.
However, none of these complexes gave a positive staining
response.

This could result from the rat platelet deposits not
expressing the GP IIb/IIIa receptor. However, immuno-
histochemical test performed on human platelets deposited
in the same conditions revealed this expression. Moreover,
the static and dynamic tests performed on the rat platelet
deposits (see sections below) demonstrated the binding of
the abciximab-grafted microbubbles while the Hu NonSpe
Fab-grafted microbubbles did not show any binding. This
suggests that the GP IIb/IIIa receptor is actually expressed
by the rat platelets.

From these evidences, it was concluded that the system
based on biotinylated Fab associated with extravidin was
not able to provide the necessary avidity in the present
case. The reasons for this failure should be further
investigated.

3.3. Static binding on platelets

Static binding tests, on both human and rat platelets,
were performed using the batches produced with different



Fig. 5. Results of static binding tests with the samples produced with different initial abciximab to DPPE-MPB molar ratios, on (a) human, and (b) rat
platelets.
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abciximab to DPPE-MPB ratios. Typical micrographs
obtained with microbubbles grafted with abciximab and
Hu NonSpe Fab are presented in Fig. 4a and b, respec-
tively. Fig. 5 presents the results from four tests for every
different abciximab to DPPE-MPB ratio. Surface coverage
on human and on rat platelets is expressed in percent.

The standard deviations’ overlap shows that the present
test is not sensitive enough to differentiate the samples
according to their abciximab to DPPE-MPB molar ratio.
Initially, statistical test analyses were performed on results
obtained with this test using similar batches produced sep-
arately in order to demonstrate the repeatability of the pro-
cedure. However, as their significance was overcome by
these results, these analyses are not presented here.

On the other hand, abciximab-grafted microbubbles
showed a statistically significant difference on both human
and rat platelets compared to microbubbles grafted with
Hu NonSpe Fab using the same initial Fab to DPPE-
MPB molar ratio (5%). The average and the standard
deviation of surface coverages based on 8 or more static
binding assays for each condition are shown in Fig. 6.
3.3.1. Competition between abciximab-grafted microbubbles

and free abciximab for binding to human platelet deposits

Competition assays between abciximab-grafted micro-
bubbles and free abciximab were performed on human
platelet deposits to determine the binding specificity. This
test was based on the observation of the bound bubbles’
surface coverage decrease due to the competition of free
Fig. 6. Differences in static binding results between microbubbles grafted
with abciximab and Hu NonSpe Fab on human and rat platelets.
abciximab present in the medium for static binding. The
concentrations of free abciximab used for this test ranged
from 0 to 1000 lg/mL, and the test was performed in
human serum 50 vol% in PBS. The results of bound bub-
bles surface coverage are presented in Fig. 7 as a func-
tion of the concentration of free abciximab in the
medium.

The curve decrease shows that the binding was due to
the interaction between abciximab present at the surface
of the microbubbles and the platelets. However, it is inter-
esting to notice that even very high free abciximab concen-
trations cannot completely hinder the binding of the
abciximab-grafted microbubbles in these assay conditions.
About 80% of the microbubbles binding only is competed
off by the free antibody at concentrations of 100 lg/mL
and higher. This concentration corresponds to about
400· free antibody excess compared to the approximated
content of total grafted abciximab present at the surface
of the microbubbles sample used in this test (about
0.25 lg grafted abciximab on 2 · 108 microbubbles). This
likely results from the multivalency of the abciximab-
grafted microbubbles, which provide a much higher avidity
to the microbubbles compared to the free abciximab. Rep-
etition of the test showed the good reproducibility of the
results.
Fig. 7. Competition assays between free abciximab and abciximab-grafted
microbubbles. The condition corresponding to absence of free abciximab
(0 lg/mL) in the medium is arbitrarily represented at 0.01 lg/mL on the
log scale.
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These two tests demonstrate both the suitability of this
platelet preparation for testing the binding of the abcix-
imab-grafted microbubbles and the specificity of the abcix-
imab interaction with the platelets deposited with the
selected method.
Fig. 9. Results of static binding of abciximab- and Hu NonSpe Fab-
grafted microbubbles on red thrombi imaged at low MI (0.05). Results
shown are from two series of three thrombi for each condition from which
outliers were excluded.
3.4. Dynamic binding on platelets

Flow chamber dynamic binding tests on both human
and rat platelets were performed using the batches with dif-
ferent fractions of grafted abciximab. The results obtained
are presented in Fig. 8.

These results clearly show that, above a certain thresh-
old, the number of bound microbubbles per minute is pro-
portional to the amount of grafted abciximab. This seems
to demonstrate the specificity of the binding obtained with
grafted abciximab. Below this threshold, the number of
bound bubbles is constant. This probably results from
the low targeting moieties density on the microbubbles,
providing a too limited binding strength to the microbub-
bles, which were pulled away by the flow in the chamber.
Considering the microbubbles grafted using the standard
abciximab to DPPE-MPB molar ratio of 5%, the number
of bound microbubbles per minute observed in the present
test was much higher than that of similar microbubbles
with grafted Hu NonSpe Fab. Indeed, the abciximab-
grafted microbubbles gave about 4.6 and 1.7 microbubbles
bound per minute on human and rat platelets, respectively,
while Hu NonSpe Fab grafted samples gave around 0.2 on
both substrates. This confirms the superiority of the abcix-
imab-grafted microbubbles over those grafted with Hu
NonSpe Fab observed with the static binding test.
3.5. Echographic determination of bound bubbles on clots

The results of the quantitative analysis of echographic
images obtained at low MI (0.05) with red thrombi incu-
bated with either abciximab or Hu NonSpe Fab microbub-
bles are shown in Fig. 9. In every condition, the average
backscatter intensity is higher for the abciximab microbub-
bles than for the Hu NonSpe Fab. However, the overlap of
abciximab and Hu NonSpe Fab standard deviation bars
Fig. 8. Results of dynamic binding tests with the samples produced with
different initial abciximab to DPPE-MPB molar ratios.
for most the conditions does not allow affirming the supe-
riority of the targeted bubbles over the controls on an indi-
vidual condition basis.

As observed with the red clots, the average backscatter
intensity obtained on white clots with abciximab micro-
bubbles was higher in every condition than those obtained
with the Hu NonSpe Fab. These intensities ranged from
100 to 4000 and 100 to 2800 for abciximab- and Hu Non-
Spe Fab-grafted microbubbles, respectively. However, with
white clots also, the standard deviation bars intersected
each other.

Measures performed at high MI (0.7) also gave similar
results, only with higher power/area absolute values. They
ranged from 2500 to 18,000 and 1000 to 15,000 for abcix-
imab- and Hu NonSpe Fab-grafted microbubbles, respec-
tively, on red clots, and from 1000 to 8000 and 1000 to
6000 for abciximab- and Hu NonSpe Fab-grafted micro-
bubbles, respectively, on white clots. With this imaging set-
ting also, the standard deviation bars intersected each other
in most conditions.

It is interesting though to compare the results of the
binding tests performed on red and white clots. On the
two sorts of clots, the binding gives approximately
the same results’ profile in terms of specificity of the bind-
ing of the abciximab-grafted microbubbles compared to
the Hu NonSpe Fab-grafted microbubbles (i.e. the ratio
of the signals obtained for the two types of microbubbles).
However, the absolute value of the signals obtained with
the white clots is 3 to 4 times lower than the signal obtained
with the red clots. This is surprising as abciximab is specific
for receptors expressed by activated platelets. Indeed, the
latter are the major component of the white clots, while
they represent only a small fraction of the constituents of
the red clots, which are mainly made of red blood cells.

It is very difficult to posit an explanation for all these
results but it is possible that they arise from the maturation
of the clots. Actually, both the red and white clots were
prepared one day in advance and left overnight at room
temperature. This maturation could allow time for the
cross-linking of fibrin to advance and hinder the GP IIb/
IIIa receptors initially present at the surface of the clots,
reducing the specificity of the binding in both cases. Scan-
ning electron micrographs of clots display essentially fibrin
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and platelets are difficultly observed (data not shown). Fur-
ther work should be done to verify this hypothesis.

4. Conclusion

To the authors’ knowledge, this is the first time that an
ultrasound contrast agent is combined to a therapeutic
agent for targeting purposes. Moreover, it is the first time
that a regio-specific reaction is used to graft an antibody
or antibody fragment to microbubbles.

The present work demonstrated the potential of abcix-
imab as a grafted moiety to target microbubbles to acti-
vated platelets in vitro. To achieve this, methods for
human and rat platelets’ deposition were developed and
the expression of the GP IIb/IIIa receptor by the platelets
deposited using these methods was validated for the human
platelet deposits. Abciximab-grafted microbubbles showed
specific binding to these targets both in static and dynamic
conditions, while microbubbles grafted with a similar non-
specific Fab did not show significant binding in the same
conditions. Moreover, while the static binding test was
not sensitive enough to discriminate the different batches
of microbubbles with increasing amounts of grafted abcix-
imab, the dynamic binding of such microbubbles was
shown to be proportional to the number of abciximab Fabs
present at their surface. The binding of the abciximab-
grafted microbubbles on red and white clots was high
but, the significance of this result suffered from the high
binding of the microbubbles grafted with a non-specific
Fab on those targets. Further work should be performed
to assess this point.
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