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bearing receptor proteins of the platelet surface recognize the collagen surface
under shear rates. The rolling and adhesion properties will be discussed
depending on the stiffness or membrane fluidity of the particles.

Present Status of the Development of Red-Blood-Cell
Substitutes [1,2]

Hb-vesicles that encapsulate concentrated hemoglobin with a phospholipids
bilayer membrane have a similar structure to red blood cells,and are expected
to be used soon in clinical tests because the degree of safety and efficacy are
considered to be high. Although effective use of the hemoglobin from donated
and expired blood should be promoted at the present stage, recombinant
human hemoglobin will be used in the future. During hemoglobin purifica-
tion from red blood cells, stroma including the glycoproteins which determine
a blood type, proteins other than hemoglobin, and the viruses are removed
by heating or filter processing. By encapsulating hemoglobin with a stabilized
phospholipids membrane with POE-lipid, liquid-state preservation for 2 years
is guaranteed at room temperature under nitrogen atmosphere [3], and with
dry powder, further prolonged preservation is possible. These points are
advantages for an artificial oxygen carrier.

The design of the red-blood-cell substitutes (POE-modified hemoglobin
vesicles) are summarized in Fig. 1. Hb-vesicles are dispersed into a saline solu-
tion and enclosed with the bottle in a state of deoxidization. The hemoglobin
concentration is 10g/dl and is close to that of human blood. Moreover,
because hemoglobin molecules are encapsulated, the colloid osmotic pressure
of the solution is zero. Therefore, when regulation of colloid osmotic pressure
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is needed, a solution of colloids such as albumin and polysaccharide will be
used with the Hb-vesicle dispersion. The particle diameter is strictly adjusted
to 250nm. The degree of oxygen affinity is adjusted to a suitable value by
coencapsulating an allosteric effector such as pyridoxal 5-phosphate. The
optimization of the composition of the lipid components resulted in high
encapsulation efficiency of hemoglobin in the Hb-vesicle, a stability of 2 years
in a liquid state, the prevention of hemolysis, an appropriate lifetime in blood
circulation, and avoidance of platelet and complement activation. Further-
more, large-scale manufacturing has been improved by the introduction of
freeze-thawing and freeze-drying operations which can control a molecular
assembling state before encapsulating hemoglobin molecules.

Present Results of Safety and Efficacy Tests

Although in vivo testing was carried out using rats or hamsters, we confirmed
the fundamental safety and oxygen transporting ability. Safety tests using pri-
mates is in progress. When 90% of the volume of rat blood was exchanged by
the albumin dispersion of the Hb-vesicles, the oxygen partial pressure of the
~ renal cortex was maintained as was blood pressure [4]. On the other hand,when
the blood was exchanged by an albumin solution in the same concentration,
the fall of blood pressure and oxygen partial pressure of the renal cortex
became noticeable at 70% exchange, and all rats died just after 90% exchange.

In the hamster 80% exchange transfusion examination with the albumin dis-
persion of the Hb-vesicles, the noninvasively measured oxygen partial pres-
sure of the subcutaneous tissue microcirculatory system was maintained at 5
times or more than that of the control albumin group although it fell to
60%-70% before exchange [5]. The contraction of a resistance blood vessel and
the rise of blood pressure was not confirmed at all, but it was confirmed with
modified hemoglobin products. Because the Hb-vesicle has a size that does not
penetrate a blood vessel, there is no influence on the activity of nitrogen oxide
as an endothelium-derived relaxation factor [6]. Furthermore, the Hb-vesicles
cannot penetrate the sinusoidal vessels of liver (several holes 10-200 nm in size
are open in the blood vessels) like old red blood cells, but are metabolized by
Kupfer cells of liver and macrophages in reticuloendothelial systems. On the
other hand, acellular hemoglobin molecules in the liver influenced liver micro-
circulation by eliminating carbon monoxide as a gaseous vasodilator, caused
overgeneration of bilirubin, and suppressed bile secretion [7,8]. The half-life
of Hb-vesicles in human blood circulation was estimated to be about three days
on the basis of the results in rats, rabbits, and monkey. Moreover, from details
of the blood biochemistry examination and pathology examination in the
single and repetitive administration, we confirmed the transitional rise of
lipase in connection with lipid decomposition, the transitional rise of a cho-
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lesterol value, iron content, and the transitional hypertrophy of a reticuloen-
dothelial system [9]. It was concluded that Hb-vesicles are expected to func-
tion adequately in cases of extensive bleeding.

Development of Platelet Substitutes

The history of platelet substitutes is short compared with that of red blood
cells, with few examples of research. A platelet has complicated functions, such
as adhesion specific to the bleeding site, expansion, aggregation, secretion,
and the activation of a blood coagulation system. Needless to say, we cannot
make platelet substitutes that have these all. However, a bleeding tendency is
strongly apparent in such bleeding diseases as Bernard-Soulier syndrome
and thrombasthenia, in which adhesion and aggregation ability are lacking.
In these conditions, a hemostatic effect can be expected by the infusion of
particles having functions such as adhesion and the aggregation of platelets
due to the assistance of the function of the remaining platelets. Although clin-
ical tests were carried out with human red blood cells [10] or albumin micro-
capsules [11] conjugating fibrinogen, and with the dried powder of human
platelets [12], all clinical tests were suspended due to problems of safety and
efficacy. Moreover, since the blood components of human origin were used,
the risk of infection cannot be avoided completely. The platelet substitutes
created by our group use liposomes and recombinant human albumin as
biocompatible particles. They also use recombinant proteins of the part of
platelet membrane or synthetic oligopeptides by conjugating to those par-
ticles for the purpose of accumulation to the bleeding site involving native
platelets, expecting to achieve hemostasis.

The mechanisms of platelet adhesion differ between the blood flow of high
shear rate and that of low shear rate. As shown in Fig. 2, the hemostasis of the
platelets to bleeding in a high shear rate begins from a platelet recognition of
the von Willebrand factor (vWf) bound to the collagen in the subcutaneous
tissue of a blood vessel exposed to the bleeding site, followed by platelet adhe-
sion and rolling. This recognition ability comes from the GPIb/V/IX complex
containing GPIbo on the surface of a platelet [13]. Next, the platelets will
progress and a granule will be secreted if GPIalla (o,p; integrin) or GPVI on
the surface of the platelet directly interacts with the collagen and is activated.
Fibrinogen recognizes the activated GPIIb/IIIa (oyP; integrin), constructs a
crosslink between blood platelets, forms an aggregate, and serves as primary
hemostasis. Hemostasis is completed by formation (secondary hemostasis) of
the fibrin clot by induction of the coagulation system.

The target platelet substitutes bear the water-soluble part of receptor pro-
teins such as GPIbo which recognizes collagen through vWf under the blood
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F1G. 2. Design of platelet substitutes studied from functions of natural platelets

flow of high shear rates and GPlalla which recognizes collagen directly at low
shear rates. Instead of GPIIb/IIla on the surface of an activated platelet, they
bear the fibrinogen or its oligopeptide to assist the platelet aggregation as
ligands of the GPIIb/IIIa.

If an anti-GPIIb/IIla antibody is added to a platelet dispersion to inhibit
GPIIb/IlIa activity, the platelets roll on the vWf-immobilized plate along the
flow direction by the interaction of rGPIba on the platelet and the vW£.
Interestingly, phospholipid liposomes conjugating rGPIba roll on the vWi-
immobilized plate as well [14]. The number of the rolling liposomes increased
with the shear rate, indicating the characteristic of rGPIba. Moreover, the
rolling speed was correlated with the membrane fluidity of the liposomes.
That is, the rolling speed of “soft” liposomes was low, whereas that of the
“hard” liposomes was high [15]. However, the rGPIba-liposomes did not
continue rolling but departed from the plate after rolling some length. This
was remarkable as the “soft” liposomes. When the amount of rGPIba on the
surface of the liposome after the experiment was measured, it was suggested
that rGPIbo-lipid should dissociate from the bilayer membrane during the
rolling on the vW{-plate. Now rGPIba-lipid which cannot dissociate serves as
a point of a molecular design.

On the other hand, the rGPIalla-liposomes directly recognize collagen
under the blood flow of low shear rates and adhered to (stopped at) the
collagen-immobilized plate [16]. In this case, the number of the adhering lipo-
somes decreased as the shear rate rose. However, liposomes conjugating both
rGPIba and GPlalla adhered on the collagen plate under the blood flow from
low to high shear rates [17]. If the liposomes having platelet activation factors
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or coagulation factors in the internal aqueous phase accumulate at the bleed-
ing site, they will be able to contribute effectively to hemostasis by releasing
their contents. We also focused on using polymerized albumin particles as
effective platelet substitutes and obtained some unique in vitro and in vivo
results [18,19].

Conclusions

For red-blood-cell substitutes the present target is the supportive treatment
of transfusion therapy in emergency, and nonclinical and clinical studies will
be scheduled within 2 years.

On the other hand, the research of platelet substitutes has just started. There
is a conflict between the carrier design for the extension of circulation life-
time and the carrier design to show the hemostatic activity by recognizing
the bleeding site; therefore, we need to resolve this conflict and to design
platelet substitutes for prophylactic or chronic treatments. And we also need
a method to confirm that the candidate does not create a thrombus in blood
circulation.

Although profitability is important in the development of blood substitutes,
one that is based on a long-term view with consideration for human beings
is expected first. At present, as many discoveries about the dynamic function
of platelets have accumulated in a short period of time with the progress of
biotechnology and opto-electronics, and the manufacturing technology of
recombinant proteins or carriers is progressing, a usable product is sure to be
invented in the near future.
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Abstract

In order to perform a fundamental study of platelet substitutes, novel particles that bound te activated platelets were prepared using
two oligopeptides conjugated to latex beads. The oligopeptides were CHHLGGAKQAGDYV (H12), which is a fibrinogen y-chain
carboxy-terminal sequence (y 400-411), and CGGRGDF (RGD), which contains a fibrinogen a-chain sequence (o0 95-98 RGDF).
Both peptides contained an additional amino-terminal cysteine to enable conjugation. Human serum albumin was adsorbed onto the
surface of latex beads (average diameter 1 um) and pyridyldisulfide groups were chemically introduced into the adsorbed protein. H12
or RGD peptides were then chemically linked to the modified surface protein via disulfide linkages. H12- or RGD-conjugated latex
beads prepared in this way enhanced the in vitro thrombus formation of activated platelets on collagen-immobilized plates under
flowing thrombddytopemc-umtatxon blood. Based on the result of flow cytometric analyses of agglutination, PAC-1 binding, antiP-
selectin antlbody binding, and annexin V binding, the H12-conjugated latex beads showed minimal interaction with non-activated

platelets. These results indicate the excellent potential of H12-conjugated particles as a candidate for a platelet substitute.

© 2003 Elsevier Inc. All rights reserved.
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Annexin V

Platelet transfusion plays an important role in the
supportive therapy of patients with thrombocytopenia
caused by cancer or hematologic malignancies, or dur-
ing surgical procedures. However, the shortage of
platelets has always been a serious issue because of the
short storage life of platelet concentrates (three days in
Japan). Furthermore, there is the issue of the risk of
viral and bacterial infections by transfusion. Platelet
substitutes such as infusible platelet membranes (IPMs)
[1], solubilized platelet membrane protein-conjugated
liposomes [2], fibrinogen-conjugated red blood cells [3],
fibrinogen-coated albumin microcapsules [4], and argi-
nine—glycine-asparaginic acid (RGD) peptide-bound
red blood cells [5] have been developed to solve these
problems. However, despite their usefulness in enhanc-
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E-mail address: eishun@waseda.jp (E. Tsuchida).

0006-291X/$ - see front matter © 2003 Elsevier Inc. All nghts reserved.
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ing platelet aggregation and reducing bleeding time in
vivo, because these platelet substitutes are all derived
from human blood, the risk of infection cannot be
avoided.

We have focused on recombinant platelet membrane
proteins such as glycoprotein GPIba [6,7] and GPla/Ila
complex [8-10] for identifying the site of interaction of

" platelets with von Willebrand factor (vW1{) binding to

the collagen and have conjugated these proteins to
phospholipid vesicles (liposomes) [11-14] or polymer-
ized albumin particles (polyAlb) [15,16] as carriers. We
found that rGPlba-conjugated polymerized albumin
particles (polyAlb) accumulated on a surface on which
vWTf was immobilized, (vWf-immobilized) [16] and that
fibrinogen-conjugated polyAlb facilitated the recruit-
ment of flowing platelets in polyAlb aggregates after
their attachment to the activated platelet-immobilized
surface in vitro [15]. These findings confirmed that such
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conjugates could replicate the function of platelets in
primary hemostasis. However, fibrinogen from human
blood is not stable and its activity in solution is ex-
tremely low. »

The sites of fibrinogen that are proposed to bind io
the GPIIb/IIla complex on the activated platelet surface
are a dodecapeptide (HHLGGAKQAGDYV, H12) cor-
responding to a y-chain carboxy-terminal segment
(y400-411) and a tetrapeptide RGD containing se-
quences such as RGDF and RGDS corresponding to
a-chain residues a95-98 and a572-575, respectively [17].
H12 is a sequence existing only in a fibrinogen domain
[18,19], whereas RGD is also a ubiquitous cell recogni-
tion sequence shared with other adhesive proteins [20].
These peptides inhibit platelet aggregation and fibrino-
gen-binding to activated platelets [18,19,21]. Recently,
Hallahan et al. [22] reported that H12 and RGD were
bound to the activated GPIIla on the endothelium of
tumors after exposure to ionizing radiation.

In this paper, for the purpose of constructing prac-
tical platelet substitutes targeting activated platelets for
thrombus formation, we selected H12 or RGD con-
taining peptides, with an added amino-terminal cysteine,
as a recognition site. We prepared and evaluated the
binding ability of the H12- or RGD-conjugated latex
beads to the collagen-surface in thrombocytopenic-imi-
tation blood under flowing conditions. Latex beads are
very useful carriers for in vitro studies because of their
regulated size and surface properties.

Materials and methods

Reagents. A fibrinogen y-chain dodecapeptide (C-HHLGGAKQ
AGDV, H12) and an RGD-containing peptide (C-GGRGDF, RGD)
were synthesized using a solid-phase synthesizer by BEX (Tokyo,
Japan). Latex beads (Fluoresbrite plain, 200 nm or 1 pm diameter) and
N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP) were purchased
from Polysciences (Warrington, PA) and Pierce Chemical (Rockford,
IL), respectively. 3,3’-Dihexyloxacarbocyanine iodide (DiOCg), which
is a platelet fluorescent dye, was purchased from Molecular Probes
(Eugene, OR). An anticoagulant p-phe-pro-arg-chloromethylketone
(PPACK) was obtained from Calbiochem (San Disgo, CA). FITC-
PAC-1, FITC-antiP-selectin (CD62P) antibody, and FITC-annexin V
were purchased from Becton-Dickinson (San Jose, CA), BD-Pharm-
ingen (San Diego, CA), and Sigma-Aldrich (Saint Louis, MO),
respectively. Recombinant human serum albumin (tHSA) was kindly
donated by Mitsubishi Pharma (Osaka, Japan), )

Preparation of HI2- or RGD-conjugated latex beads. Latex beads
were mixed with an rHSA solution (50 mg/ml) and incubated at 20°C
for 2k to coat the surface of the latex beads with rHSA. After the
separation of the free rHSA by centrifugation (13,000g, Smin, 4°C, 3
times§, the rHSA-coated latex beads (rHSA-latex beads) were dis-
persed into phosphate-buffered saline (PBS, pH 7.4, 500 uL). A solu-
tion of SPDP in ethanol (5mM, 5pL) was added to the rHSA-latex
bead dispersion (4.0 x 10%/uL, 500 uL) and incubated for 30min at
20°C. The unreacted SPDP and the by-products were separated by
centrifugation (13,000g, Smin, 4°C, 3 times), and the pyridyldisulfide
bonded rHSA-latex beads (PD-latex beads) were obtained. A disper-
sion of PD-latex beads (4.0 x 10%/pL, 500 pL) was mixed with either a

solution of H12 (10mM, 8 uL) or an RGD solution (10 mM, 8 uL) and
reacted at 20°C for 12h. The unreacted reagents were removed by
centrifugation (13,000g, 5min, 4°C) to obtain the purified H12- or
RGD-conjugated latex beads (H12-, RGD-latex beads, 2.0 x 10/pL,
1mL). The concentration of HI2 or RGD conjugated on the latex
beads was determined by quantification of the 2-thiopyridone (2TP)
that was liberated by a thiol-disuifide exchange reaction using high
pressure liquid chromatography (HPLC) on a TSK-GEL G3000SWy,,
column (7.8 mm o.d. x 300mmH in PBS at 1 mL/min), by measuring
the absorbance of the column flow at 343 nm.

Platelet aggregation study. Blood withdrawn from healthy volun-
teers was mixed with 10% volume of 3.8% (w/v) sodium citrate.
Platelet-rich plasma (PRP) was prepared by centrifugation (100g,
15min, 22 °C), and the platelet concentration of PRP was adjusted to
2.0 x 10%/uL by platelet-poor plasma (PPP) prepared by centrifugation
(2200g, 10min, 22°C). The platelet concentration was determined
using an automated hematology analyzer (K-4500, Sysmex, Kobe,
Japan).

A 20 uM ADP solution was added to the PRP containing H12 or
RGD solutions adjusted to set concentrations and the light transmit-
tance was measured with an aggregometer (Hema Tracer T-638, Nico
Bioscience, Tokyo).

Preparation of collagen-immobilized surface. Collagen I-A (3.0 mg/
mL, Cellmatrix, Nitta Gelatin, Osaka, Japan) was suspended in PBS at
4°C to give a final concentration of 30 pg/mL. Glass plates (diameter
24 mm, thickness 0.5 mm) were immersed into the collagen suspension
at 4 °C for 8 h, carefully rinsed with PBS, and then immersed in bovine
serum albumin (20 mg/mL) at 20°C for 2h.

Preparation of platelet-immobilized surface. The PRP (see Materials
and method) was mixed with a 3:20 volume of acid-citrate-dextrose
composed of 2.2% (w/v) sodium citrate, 0.8% (w/v) citric acid, and
2.2% (w/v) glucose (ACD) containing | pM prostagiandin E; (PGE,,
Sigma, St. Louis). The suspension was centrifuged (2200g, 10min,
22°C) and the plasma was replaced with a Ringer’s-citrate-dextrose
solution (RCD solution, composition: 0.76% (w/v) citric acid, 0.090%
(wfv) glucose, 0.043% (wiv) MgCly, 0.038% (w/v) KCl, and 0.60% (w/v)
NaCl, pH 6.5) containing 1 pM PGE;. The platelets were resuspended
in the RCD solution and centrifuged (2200g, 10min, 22°C), and the
concentrated platelets were resuspended at 2.0 x 10°/uL in a 'Hepes—
Tyrode buffer (H-T bufler, pH 7.4). A collagen-coated glass plate was
immersed into this platelet suspension for 1h at 37°C and rinsed
carefully with PBS.

Measurement of interaction of HI2- or RGD-latex beads with

platelets immobilized on glass surface using reconstituted blood. Blood
containing 10% volume of 3.8% (w/v) sodium citrate was centrifuged
(100g, 15min, 22°C) to remove PRP and the PRP was replaced with
an equal volume of a 0.9% (w/v) NaCl solution containing 10% (v/v)
ACD (10% ACD-saline). The red blood cell suspension was centri-
fuged (2200g, 10min, 22 °C) and washed with 10% ACD-saline three
times to remove the buffy coat and plasma completely. After the final
centrifugation, the red blood cells were resuspended in H-T buffer to
produce a 50% hematocrit (Hct). The residual platelet concentration
was determined to be (5.0 4:2.0) x 103/pL. '
_ The reconstituted blood and FITC-abeled H12- or RGD-latex
bead (1.0 x 10°/pL) mixtures were placed in a recirculating chamber
mounted on an epifluorescent microscope (ECLIPS TE300, Nikon,
Tokyo, Japan) equipped with a CCD camera, and the interaction of
the latex beads with the platelets immobilized on the surface was ob-
served. All perfusion studies were performed at 37 °C. Single-frame
images of H12- or RGD-latex beads on the plates were obtained with
an image processor, Argus-20 (Hamamatsu Photonics, Hamamatsu,
Japan).

Measurement of the interaction between platelets and H12- or RGD-
latex beads with the collagen surface using thrombocytopenic-imitation
blood. Thrombocytopenic-imitation blood was prepared as follows.
Blood, which was treated with the thrombin inhibitor PPACK (40 pM)
were filtered with a leukocyte removal filter (NEO1J, Nihon Poll
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Tokyo), which could remove platelets as well as leukocytes. The re-
sidual platelet concentration of the filtered blood was determined to be
(6.0£2.0) x 10%/pL, and the final platelet concentration was adjusted
to 2.0 x 10*/uL. by PRP addition. This blood preparation was termed
thrombocytopenic-imitation blood.

In the perfusion study, either platelets or latex beads were labeled
with a fluorescent marker (platelets: DIOCs, LB: FITC). H12- or
RGD-latex beads (adjusted to 1.0 x 10°/uL), was mixed with the
thrombocytopenic-imitation blood, and the interaction between
platelets and H12- or RGD-latex beads with the collagen-coated sur-
face was observed as described above. Calculation of the surface
coverage of platelets or H12- or RGD-latex beads on the plates was
carried out with an Argus-20 image processor.

Observation of the glass plates after perfusion study by scanning
electron microscopy. Platelets and latex beads that adhered on the glass
plates after the perfusion study were washed with H-T buffer, fixed
with 1% (v/v) glutaraldehyde (Electron Microscopy Sciences, Fort
‘Washington, PA) in 0.1 M phosphate buffer (pH 7.4) for 30min, and
post-fixed with 1% (w/v) osmium tetroxide in the same - buffer for
30min. The samples were dehydrated with a graded ethanol series and
then dried with a freeze dryer (Hitachi ES-2020, Hitachi, Tokyo) using
t-butyl alcohol. After coating with osmium tetroxide (approximately
S5nm thick) using an osmium plasma coater (NL-OPC80, Nippon
Laser and Electronics Lab., Nagoya, Japan), the samples were exam-
ined with a Hitachi S-4500 field emission scanning electron microscope
at an accelerating voltage of 10kV. .

Agglutination assay with H12- or RGD-latex beads by flow cytom-
etry. A mixture of PRP (final concentration 2.0 x 10*/uL) and H12- or
RGD-latex beads, each labeled with fluorescein isothiocyanate (FITC),
or FITC-labeled latex beads (200-nm diameter, final concentration
1.0 x 10°/uL) was rotated at 200 rpm using a Bioshaker (BR-13UM,
Tietech, Nagoya) at 37°C for 30 min. Before and after rotation, the
samples were fixed with formaldehyde (final concentration 1.5% (v/v)).
Platelets were gated to their characteristic forward versus side scatter,
and 20,000 platelets were analyzed using a FACSCalibur flow cy-
tometer (Nihon Beckton—Dickinson, Tokyo). Percentage agglutination
was quantified as the fraction of fluorescent-positive platelets that were
rendered fluorescent due to the binding of FITCabeled latex beads.

. Each experiment was performed at least three times.

PAC-1, antiP-selectin antibody, and annexin V binding to platelets
induced by HI2-latex beads. A mixture of PRP (final concentration
1.0 x 105/uL) and non-labeled H12-latex beads (200-nm diameter, final
concentration 1.0 x 105/pL) was stirred with a cuvetie using an ag-
gregometer at 37 °C for 30 min. Before and after stirring, FITC-antiP-
selectin antibody or FITC-annexin V was added at ca. 0.5ug to the
mixture (ca. 10° platelets), incubated at 37°C for 10min, and then
fixed with formaldehyde (final concentration 1.5% (v/v)). On the other
hand, to the mixture (ca. 10° platelets) FITC-PAC-1 (ca. 0.5 ug) was
added and stirred at 37 °C for 10min, and then fixed with formalde-
hyde (final concentration 1.5%). As a positive control, ADP- (final
concentration 20 or 100 pM) or thrombin-stimulated platelets (final
concentration 0.5 U/mL) were prepared using PRP or washed platelets,
respectively. The platelets were gated to their characteristic forward
versus side scatter and 20,000 platelets were analyzed using a FAC-
SCalibur flow cytometer. PAC-1, anti P-selectin antibody, and Ann-
exin V binding were quantified as a fraction of the fiuorescent positive
platelets. Each experiment was performed at least three times.

Results and discussion

The degree of recognition of the free H12 or RGD for
the activated platelets was judged by their inhibition of
the fibrinogen-mediated platelet aggregation. This is
because those peptides have fibrinogen sequénces, which

are considered to be responsible for the recognition of
GPIIb/IIla on the activated platelet [17], and should
suppress the platelet aggregation due to competitive
binding to the fibrinogen-binding site of the platelet with
fibrinogen. We used an aggregometer to measure the
platelet aggregation induced by addition of 20 pyM ADP
to the PRP. Though both H12 and RGD showed
concentration-dependent suppression of the platelet
aggregation, HI2 completely inhibited the platelet
aggregation at a concentration of 4mM, whereas RGD
did so at 1 mM (Fig. 1). This indicated that the RGD
had a strong inhibitory effect compared with H12.

Kloczewiak et al. and Hawiger et al. [17,19] reported
that the ICsy of inhibition of °I-fibrinogen binding to
activated platelets by H12, RGDS, and RGDF was 28,
10, and 2 pM, respectively, indicating that the order of
binding avidity for GPIIb/IIla was H12 <RGDS <
RGDF. Our results also show that RGDF-containing
peptide, CGGRGDF in our case, has a higher affinity
for GPIIb/I1Ia of the:platelet than that of H12. Notably,
the binding affinity of the two oligopeptides for GPIIb/
Hla was maintained even after the introduction of the
N-terminal cysteine.

. The mercapto group of the terminal cysteine of the
H12 or RGD reacted with the PD group of the rHSA
that was physically adsorbed on the surface of latex
beads, and 2-thiopyridone (2TP) was liberated after the
formation of the disulfide linkage due to the thiol-di-
sulfide exchange reaction. We could therefore estimate
the number of oligopeptides conjugated on the latex
beads from the measurement of the liberated 2TP using
HPLC and the absorption at 343 nm. The number of
H12 or RGD molecules conjugated to one latex bead
was estimated to be 2.0 x 10° and 1.8 x 10°, respectively,
showing that we successfully conjugated a sufficient
amount of oligopeptides to the latex beads. Using a
Coulter N4 Plus submicron particle sizer (Beckman—
Coulter, Miami), we ascertained that the size and the
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Fig, 1. ADP-induced (20 uM) aggregation of PRP (2.0 x 10°/uL) in the
presence of H12 (A) or RGD (B).
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stability of the dispersion state of the latex beads were
not significantly changed after the adsorption of albu-
min and the conjugation of two kinds of the oligopep-
tide. :

After the FITC-labeled H12-latex beads or RGD-
latex beads were mixed with the reconstituted blood as
described in Materials and methods, the mixture was
allowed to flow over the activated platelets that were
immobilized on a surface at a shear rate of 15057, They
adhered and accumulated on the surface in a time-de-
pendent manner, whereas the control albumin-adsorbed
latex beads did not adhere on the surface (Fig. 2). The

C

Fig. 2. Images of platelet-immobilized surface after reconstituted blood
(Hct. 50%, platelet concentration=5.0+2.0 x 10°/uL) were passed
over the surface mixed with sample latex beads of varying composition
as follows (A) Hi2-latex beads, (B) H12-latex beads after addition
of free H12 (4mM), (C) latex beads, (D) RGD-latex beads, and
(E) RGD-latex beads after addition of free RGD (1 mM), at a shear
rate of 15051, (A—E) images ‘were obtained after blood was circulated
for 180s.
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adhesion of the H12-latex beads and RGD-latex beads
was suppressed in the presence of free H12 and RGDF,
respectively, as inhibitors of GPIIb/IIla binding. We
confirmed that this adhesion was specifically caused by
the interaction between the H12 or RGD and GPIIb/
II1a present on the surface of the activated platelets. The
number of adherent latex beads decreased with in-
creasing shear rate (data not shown). This interaction
resembled the phenomenon when activated platelets
interacted with fibrinogen under flow [23] and was dif-
ferent from that of GPIba-conjugated latex beads where
the number of adherent latex beads increased with in-
creasing shear rate [7].

The aim of this study was to provide information that
can be used for creation of artificial platelets capable of
reinforcing thrombus formation under thrombocytope-
nic conditions. We prepared the thrombocytopenic-im-
itation blood and adjusted the number of platelets and
latex beads to 2.0 x 10*/pL and 1.0 x 10°/uL, respec-
tively. The platelets were labeled with a fluorescent
marker, DiOCg, in order to observe the platelets instead
of latex beads. In the presence of the control albumin
absorbed latex beads, the surface coverage of platelets
gradually increased to 3.1+0.4% after 180s of flow.
This was the same value (3.0+0.6%) when platelets
were allowed to flow in the absence of the latex beads.
This indicated that the control latex beads did not in-
terfere with platelet adhesion. When the H12-latex beads
or RGD-latex beads were used instead of the control
latex beads, the surface coverage increased significantly
to 5.1 :0.3% and 5.6 £ 0.4%, respectively (Fig. 3A).

-~ Next, FITC-labeled H12- or RGD-latex beads and
non-labeled platelets were used in the same experiments.
The initial binding rates of the labeled latex beads were
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Fig. 3. (A) Time course studies of the surface coverage of platelets in the thrombocytopenic-imitation blood after addition of H12-latex beads (A),
RGD-latex beads (O), latex beads (1), and PBS (@), at a shear rate of 15051, The concentrations of platelets and latex beads were 2.0 x 10*/uL and
1.0 x-10°/uL, respectively. (B) Time course studies of the surface coverage of latex beads in the thrombocytopenic-imitation blood afier addition of
H12-atex beads (A), RGD-latex beads (O), and latex beads (), with a platelet concentration of 2.0 x 10*/uL. at a shear rate of 150s™'. (@) Shows
the surface coverage of H12-latex beads when the concentration of platelets was (6.0 +2.0) x 103/uL.
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slow and then increased dramatically with time. The
percentages of the surface coverage for H12-latex beads
and RGD-latex beads were 10.1+£1.2% and
13.1£2.6%, respectively. In these experiments we
sometimes observed overlapped dots of FITC-labeled
latex beads during fiow which we considered to be due
to the adhesion of several latex beads to one activated
platelet. The adhesion of latex beads was inhibited when
the platelet concentration was 6.04+2.0 x 10%/ul
(Fig. 3B). This suggested that the adhesion sites of the
latex beads decreased due to the reduced attachment
frequencies of the circulating platelets on the collagen-
immobilized plate. No adhesion of latex beads was ob-
served when the control latex beads were used.

The above results suggest that the adhesion of Hi2-
latex beads and RGD-latex beads is initiated by the
activated platelets, which had already adhered on the
surface of the collagen-immobilized plate. The H12- or
RGD-latex beads adhering to the platelets would bring
about subsequent adherence of flowing platelets. The
thrombus formation would then grow because of the
latex beads. We also observed the surface of the plates
used in the experiments with a scanning electron mi-
croscope. There were many small aggregates where
platelets first adhered on the collagen-immobilized sur-
face; following this, H12- or RGD-latex beads became
involved with the adherent and activated platelets.
Furthermore, we could observe some latex beads sand-
wiched between the activated platelets as shown in Figs.
4A and B. Conversely, the interaction of the control
latex beads with platelets was not observed in the
platelet aggregates (Fig. 4C). This suggested that
H12- or RGD-latex beads accelerated the thrombus
formation of the remaining and flowing platelets on
the collagen-immobilized surface in thrombocytopenic-
imitation blood. :

Therefore, our interest focused on whether the H12-
or RGD-latex beads would cause the agglutination of
non-activated platelets. Beer et al. [24] reported that the
CGGRGDF-bound polyacrylonitrile beads showed
agglutination with non-activated platelets, and D’Souza

et al. [25] reported that non-activated platelets were
agglutinated with the free 16-amino acid sequence con-
taining H12 when it was added to the washed platelets.
We mixed the bare latex beads, H12-latex beads, or
RGD-latex beads (1.0 x 10°/uL) with non-activated
platelets (2.0 x 10*/uL) and rotated the mixture for
30min at 37 °C. The percentage agglutination measured
by flow cytometry did not increase for the bare latex
beads and the H12-latex beads but did increase for the
RGD-latex beads to 2.9 4 1.3% (fivefold from baseline)
as shown in Fig. 5. We confirmed that the H12-latex
beads showed minimal agglutination with non-activated
platelets. This observation suggests that H12 could not
enter into and interact with non-activated platelets be-
cause H12 was conjugated to large carriers, such as latex
beads, depriving it of the necessary degree of freedom.
_Moreover, we considered whether the HI2-latex
beads would cause the activation of platelets under
severer conditions than in the above experiments, so we
performed an experiment where the mixture of platelets
and the H12-latex beads was stirred. The binding ratio
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Fig. 5. Comparison of agglutination ratio of H12- or RGD-latex beads
and platelets by flow cytometry. Zero minute {(open bar) and 30min
(filled bar), after mixing with H12- or RGD-latex beads and platelets.

Fig. 4. 'SEM images obtained after platelets mixed with various bead formulations were passed over collagen immobilized on a glass surface.
(A) Platelets and H12-latex beads, (B) platelets and RGD-latex beads, and (C) platelets and latex beads. Arrows in the SEM images are the latex beads.



