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Abstract

Platelet adhesion, activation and fibrinogen-mediated aggregation are primary events in vascular
thrombosis and occlusion. An injectable delivery system that can carry thrombolytics selectively to
the sites of active platelet aggregation has immense potential in minimally invasive targeted therapy
of vascular occlusion. To this end we are studying liposomes surface-modified by fibrinogen-mimetic
RGD-motifs that can selectively target and bind integrin GPlIb-111a on activated platelets. Here we
report liposome surface-modification with a conformationally constrained high-affinity cyclic RGD-
motif to modulate the GPIIb-1lla-binding capability of the liposomes. Such affinity enhancement is
important for practical in vivo applications to compete with native fibrinogen towards binding GPI1b-
Illa. The platelet-binding of RGD-modified liposomes were studied by fluorescence and scanning
electron microscopy, and flow cytometry, in vitro. Binding of RGD-modified liposomes was also
tested in vivo in a rat carotid injury model and analyzed ex vivo by fluorescence microscopy. The
results from all experiments show that cyclic RGD-liposomes bind activated platelets significantly
higher compared to linear RGD-liposomes. Hence, the results establish the feasibility of modulating
the platelet-targeting and binding ability of vascularly targeted liposomes by manipulating the affinity
of surface-modifying ligands.

1. Introduction

Site-targeted drug delivery holds significant promise in the treatment of vascular injury-
associated thrombotic and occlusive events caused by cardiovascular diseases (e.g.
atherosclerosis) or interventional procedures (e.g. angioplasty and stenting) [1-3]. Current
strategies for site-specific delivery are focused primarily on the local administration of
therapeutic agents via trans-catheter [4] or drug eluting stent techniques [5,6]. Such techniques
are usually expensive [7] and may suffer from limitations of early drug washout, reduced
control on drug release kinetics and recurrence of occlusive events at sub-optimal levels of
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drug concentration leading to dysregulated healing and late-stage thrombosis [8,9].
Nanoparticles, surface-modified with *homing’ motifs for targeting to and localizing at
thrombotic sites, may provide an effective alternative for cardiovascular site-specific drug
delivery [10-13]. Such bioengineered nanocontainers present the advantage of protecting
encapsulants from plasma interactions, thereby improving the payload circulation half-life and
release profiles. In this respect, nanoscale unilamellar liposomes, with their biocompatibility,
their relatively high drug encapsulation efficacy and their capability of cell-selective binding
by virtue of surface-conjugated targeting motif, are attractive candidates.

Considering the mechanistic criteria and the spatio-temporal patterns of cellular and molecular
distribution in thrombosis, integrin GPI1b-111a (aypB3,) on platelets is an attractive candidate
for liposome targeting [14-16]. Ligand interactions with GPIlb-I1la have been reported
extensively, particularly the arginine-glycine-aspartate (RGD) motifs located in each of
fibrinogen‘s two Aachains, and the sequence, HHLGGAKQAGDV, located within
fibrinogen’s y chains [14,16]. Based upon these mechanisms, previously, platelets themselves
[17] and fibrinogen coated lipid vesicles [18] have been explored as cardiovascular drug
delivery vehicles. We have previously demonstrated the feasibility of a moderate affinity linear
RGD peptide as the liposome surface-modification motif for targeted delivery specifically to
activated platelets [19]. For practical in vivo applications, the liposomes need to have a
sufficiently high binding ability to GPIIb-1lla, in order to compete with native ligands
(e.g.fibrinogen). The liposome binding ability depends upon the specificity and affinity of the
surface-madifying ligands. For peptidic ligands, specificity and affinity have been found to be
dictated by the conformational constraint of the peptide sequence at the apex of a solvent
exposed loop [20]. Consequently, conformationally-constrained cyclic RGD peptides have
shown a higher binding affinity to receptors [21,22]. Several cyclic RGD structures having
much higher specificity and affinity (compared to linear RGD structures) for GPIlb-Illa, have
been reported [23]. Following this rationale, we postulated that modification of liposome
surface with GPlIb-11la-specific cyclic RGD maotifs will result in enhancement of platelet
affinity, when compared with linear RGD (IRGD) motifs. The cyclic RGD peptide, CNPRGDY
(OEt)RC (terminal cysteines (C) cyclized through disulfide), has been reported to have high
affinity and selectivity for GPIIb-Il1a (oyjpB3,), compared with other RGD-recognizing
receptors like ovBs, avBs and asB1 [23]. Hence this cyclic RGD peptide (cRGD) was developed
by solid phase synthesis and conjugated to lipid for incorporation into liposomes, such that the
peptide ligands stay displayed on the liposome surface. Figure 1 shows a schematic model of
liposomes surface-modified by fibrinogen-mimetic cRGD-peptide for active platelet-selective
thrombus-targeted delivery. Liposomes surface-modified with moderate affinity linear RGD
and non-specific linear RGE motifs were used as comparison controls. The interaction of the
surface-modified liposomes with activated platelets was studied in vitro by microscopy and
flow cytometry and ex vivo by microscopy.

2. Materials and Methods
2.1. Reagents and Supplies

All amino acid derivatives and peptide synthesis reagents were purchased from Anaspec Inc.
All lipids were purchased from Avanti Polar Lipids and NOF America Corp. For fluorescence
studies 1-palmitoyl-2-[12-[(7-nitro-2-1,3-benzodiazol-4-yl)Jamino]dodecanoyl]-sn-
glycero-3-phosphocholine (PDPC-NBD, emission 534 nm, green fluorescence) was purchased
from Avanti Polar Lipids and, AlexaFluor-546-tagged human fibrinogen (AlexaFluor-546-Fg,
emission 573 nm, red-orange fluorescence) was purchased from Invitrogen and stored at -20°
C prior to use. Cholesterol, bovine serum albumin (BSA), phosphate buffered saline (PBS)
and sodium citrate were obtained from Sigma Aldrich. Mass spectrometry and microscopy
supplies were used from stock at respective facilities at Case Western Reserve University.
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2.2. Development of peptides and peptide-lipid conjugates

An 11-residue linear RGD-containing peptide (GSSSGRGDSPA, IRGD), a 9-residue linear
precursor of cRGD peptide [CNPRGDY (OEt)RC] and an 11-residue RGE-containing negative
control peptide (GSSSGRGESPA, IRGE) were synthesized using standard FMoc chemistry
by solid-phase peptide synthesizer (AB1433A, Applied Biosystems) [24]. For cRGD synthesis,
the terminal cysteine residues of the linear precursor were cyclized by a disulfide bond using
ferricyanide-mediated oxidation process [25]. All peptides were purified by HPLC and
chemical purity was confirmed by mass spectrometry (MALDI-TOF). Peptide-lipid conjugates
were prepared following methods described by Wu et al [26]. For this, peptides, while still on
the resin, were reacted through their N-terminal, to an N-hydroxysuccinimide (NHS)-activated
polyethylene glycol carboxyester derivative of distearoylphosphatidylethanolamine (DSPE-
PEG-COO-NHS, from NOF America Corporation) and the resultant lipid-peptide conjugates
were then cleaved from the resin, purified by dialysis and characterized by mass spectrometry.
For lipid-cRGD conjugate, the linear peptide precursor was conjugated to lipid first and the
cyclization via disulphide bond was performed subsequently.

2.3. Platelet-affinity of free peptides

Affinity of free IRGD and cRGD peptides to bind activated platelets was characterized by “half
maximal Inhibitory Concentration’ (1Csg) value, which, in our assays, was the concentration
of peptide required to inhibit fibrinogen-mediated platelet aggregation in platelet-rich plasma
(PRP) by 50%, in an aggregometry (Bio/Data, PAP-4) set-up. PRP was prepared from citrated
human whole blood by centrifugation at 800 RPM for 15 min at 25°C. 50 pl aliquots of PRP
were warmed to 37°C for 2 minutes, incubated with various concentrations of IRGD and cRGD
peptide in the presence of agonist adenosine di-phosphate (ADP, 10 uM) and the maximal
aggregation percentage was determined while stirring for 15 min. Consequently, from the
maximal aggregation percentage and comparison to aggregation without peptides, inhibition
percentage was determined.

2.4. Preparation of peptide-modified liposomes

All liposomes were prepared by reverse-phase evaporation followed by extrusion through
nanoporous (100 nm) Nuclepore polycarbonate membrane, as described previously for our
IRGD-liposomes [19]. In all formulations, the final peptide-lipid conjugate content was kept
at 1 mol %, which is lower than our previously reported IRGD-liposome formulations with 5
mol% peptide-lipid conjugate. The rationale was that if liposome surface-modification with a
higher affinity peptide (e.g. cRGD) has an enhancing effect on platelet binding, the
enhancement will be more sensitive and discernible at low peptide concentrations. PDPC-NBD
was incorporated at 1 mol% in the formulations as a fluorescent probe. Liposome size and
stability were characterized and monitored by dynamic light scattering using a Model 90Plus
Brookhaven Instruments Corp Particle Size Analyzer for 30 days from the day of liposome
preparation.

2.5. Microscopy analysis of liposome binding to platelets in vitro

Monolayers of platelets were adsorbed from human platelet suspension onto collagen Il1-
coated glass coverslips following similar methods as described for our IRGD-liposome studies
[19]. 3 pul of ADP (10 uM) in 120 ul PBS was added onto the platelet-adhered coverslips to
ensure sufficient activation of adhered platelets. The presence of surface-adsorbed platelets
was confirmed by staining with fluorescein isothiocyanate (FITC)-tagged anti-GPI1b-Il1a
monoclonal antibody (FITC-anti-CD41a mAb, from BD BioSciences) and observing with a
Nikon Diaphot epifluorescence microscope. The ‘activated’ state of the adherent platelets was
confirmed by scanning electron microscopy (SEM) of coverslip samples. For this purpose, the
coverslip-adhered platelets were fixed in 2.5 % glutaraldehyde for 2 hours at 4° C, subjected
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to progressive dehydration with graded series of ethanol solutions and finally critical point
dried in liquid CO,. The SEM analysis was done by attaching the platelet-adhered coverslips
to sample stubs and sputter coating with platinum followed by observation with a Hitachi
S-4500 field emission electron microscope with an accelerating voltage of 5kV.

For fluorescent liposome binding studies, coverslip-adhered platelets were co-incubated with
PDPC-NBD labeled IRGD, cRGD or IRGE-modified liposomes (diluted to a final
concentration of 2.5 uM) and AlexaFluor-546-Fg in presence of 5 mM CaCl,, for 1 hr at room
temperature in the dark. The [fibrinogen: liposome] ratio in the incubation assays was
maintained at 400:1 by mole, to provide a physiologically relevant competitive environment.
Subsequently the coverslips were washed with PBS, fixed in 1 % paraformaldehyde (PFA) for
30 min at 37° C, and mounted on glass slides to be imaged by the epifluorescence microscope
for simultaneous detection of NBD and AlexaFluor-546 fluorescence. A 40X oil-immersion
objective was used to visualize fluorescence from platelets. Images were collected in
MetaMorph™ (Universal Imaging Corp.), using an exposure time of 500 ms and intensity
analysis was performed in the software accordingly. Fluorescence intensity was recorded as
mean intensity per pixel area for statistical analysis. All coverslips were prepared in duplicate,
and at least three fields were examined for each well.

2.6. Flow cytometry analysis of liposome binding to platelets in vitro

The effect of platelet activation on liposome binding was studied by a FACScan flow cytometer
(Becton Dickinson) with a 488nm laser and three color detector. For cytometry analysis whole
blood aliquots with different platelet activation levels were used [27]. The level of platelet-
activation was assessed by simultaneous fluorescence staining of platelet integrin GPIIb-11la
(with FITC-anti-CD41a) and P-Selectin (with PE-anti-CD62P). Previously we have reported
on detecting progressive activation of platelets in freshly drawn blood with addition of agonists
(e.g. ADP) and have confirmed that binding of RGD-modified liposomes to platelets increased
in an activation-dependant manner [20]. Following a similar protocol, whole blood aliquots
containing predominantly activated platelets were incubated with PDPC-NBD-labeled cRGD-,
IRGD-, or IRGE-modified liposomes at a final concentration of 500 uM total lipid. For the
liposome incubated samples, FITC-anti-CD41a labeling was not used, while PE-anti-CD62P
labeling was still used as an activated platelet marker. Simultaneous PE and NBD fluorescence,
for gated platelet populations, was analyzed for ~20,000 events (counts) per sample aliquot
and fluorescence data were recorded accordingly.

2.7. In vivo interaction of surface-modifed liposomes with activated platelets and ex vivo
imaging and analysis

For our in vivo model, an acute vascular injury was created by a balloon catheter-induced
endothelial denudation of the luminal wall in the left common carotid of Lewis rats. After
induction of anesthesia with an intraperitoneal injection of xylazine and ketamine cocktail, a
midline cervical incision was made to expose the left external carotid artery. The external
carotid artery was ligated, and the internal carotid artery was ligated temporarily. A 2F Fogarty
balloon catheter (Baxter Healthcare Corp) was introduced through the arteriotomy site of the
external carotid artery. The catheter was passed into the aortic arch, and the balloon was
distended with saline until a slight frictional resistance was felt on traction. The catheter was
withdrawn through the left common carotid with a slight rotational movement to ensure
endothelial denudation of the luminal wall. The insertion and retraction procedure was repeated
three times to induce sufficient vascular injury and hence an acute thrombotic environment.
Subsequently, blood perfusion through the injury site was re-established by releasing the
temporary ligation and maintained for 1hr to allow platelet adhesion, activation and
aggregation. To ascertain the presence of activated thrombotic platelets, two animals were
sacrificed, their injured carotid vessel sections excised and after careful sample preparation,
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imaged with SEM. After the 1 hr blood reperfusion period, 25 ul of NBD-labeled cRGD-,
IRGD-or IRGE-liposome suspension was injected into the ascending aorta proximal to the
injury site. All vessels branching from the aorta, except the injured carotid artery, were ligated
to maximize the flow of liposomes along with the blood through the injury site. The blood
(hence liposome) flow was maintained for 15 min, following which, the rats were euthanized,
and the injured vessel was gently flushed with saline through the aorta, to remove artifacts.
The injured artery section was excised, and immersed in 4% PFA solution for fixing. The fixed
artery section was then cut open longitudinally and mounted on glass slides with the luminal
injured liposome-exposed wall facing up. The exposed wall was imaged with a fluorescence
microscope for NBD fluorescence.

2.8. Data analysis

3. Results

Statistical analysis, where applicable, was performed in Microsoft Excel. A two tailed, unpaired
student’s t test (assuming unequal variance) was performed to compare the difference in
fluorescence intensity of platelets stained by test and control liposomes in the in vitro and in
vivo assays. Significance was considered as p < 0.05. All data was noted as mean + SD.

3.1. Development of peptides and lipid-peptide conjugates

Figure 2 shows the peptide sequence structure and representative mass spectrometry data of
the (2a) linear and (2b) cyclic RGD peptides developed for targeting GP11b-111a. These peptides
were conjugated to lipid (DSPE-PEO-NHS) by amide bond formation between amino terminal
of peptide and activated carboxyl terminal of lipid-PEG. Figure 2c shows a representative
MALDI-TOF analysis data of the product after conjugation of the cRGD peptide to DSPE-
PEG-COO-NHS on resin, followed by cleavage. As evident from 2c, the mass spectrometry
results of the crude product from the lipid-peptide conjugation reaction followed by cleavage
from resin, showed presence of residual unconjugated peptide and a broad ‘hedgehog’ peak
for the conjugated lipopeptide. The *hedgehog’ appearance of the peak is attributed to the
polydispersity of the PEG spacer block in the commercial DSPE-PEG-COO-NHS. The
lipopeptide product was purified from unconjugated free peptide by HPLC and dialysis.

3.2. Verification of higher affinity of the cRGD peptide

Figure 3 shows the effect of free peptide concentration (IRGD and cRGD) on the inhibition of
platelet aggregation, as studied by aggregometry assays. As evident from the result, free cRGD
causes 50% inhibition of platelet aggregation (dotted line in Fig 2) at a much lower peptide
concentration compared to free IRGD. ‘Affinity’ is a kinetic parameter, while ‘specificity’ is
a thermodynamic parameter. In our assays, both the GPIIb-111a-specific peptides (IRGD and
cRGD) try to kinetically compete with natural ligand fibrinogen in binding active platelet
GPlIb-111a and hence prevent fibrinogen-mediated platelet aggregation. The higher affinity
peptide can outcompete fibrinogen (therefore cause 50% inhibition of platelet aggregation) at
low peptide concentrations while the lower affinity peptide requires much higher concentration
to gain the kinetic advantage. Hence ‘affinity’ is directly correlated with the I1Cs value and
the value for cRGD was found to be about 1000 times lower than that for IRGD. The
significantly higher affinity of cRGD was thus established.

3.3. Dynamic light scattering analysis of liposome size distribution and stability

The effective diameter of liposomes in various batches was found to be ~ 150 nm, when
measured fresh after extrusion. The liposome suspensions were stored in vials at 4°C and the
size distribution was monitored for 30 days using dynamic light scattering. No significant

Biomaterials. Author manuscript; available in PMC 2009 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Huang et al. Page 6

variation in effective diameter of liposomes was found for the 30 day period indicating stable
non-aggregating vesicles.

3.4. Microscopy studies of platelet-liposome interaction in vitro

In order to validate our postulation that surface-modification of liposomes with higher affinity
peptide provides a way to enhance liposome binding to activated platelets in a physiologically
relevant competitive environment, platelet-liposome interaction was studied in vitro, where
liposomes and fibrinogen were allowed to co-incubate with collagen-111 adhered activated
platelets. The presence of surface-adhered active platelets was confirmed by SEM, as shown
in Figure 4A. The platelets co-incubated with green fluorescent liposomes and red-orange
fluorescent Fg, showed dual fluorescence due to simultaneous binding. The Fg fluorescence
was similar for samples co-incubated with IRGD- or cRGD-liposomes (Figs 4. B1 and C1).
However, platelets co-incubated with cRGD-liposomes (Fig 4. C2) showed significantly
greater (p<0.005) NBD (green) fluorescence compared to platelets co-incubated with IRGD-
liposomes (Fig 4. B2). The mean NBD fluorescence intensity per pixel area of platelets
incubated with cRGD-liposomes was found to be significantly higher (Fig 4. D) compared
with platelets incubated with the IRGD-liposomes, for triplicate batches. This indicates that in
a competitive environment cRGD-liposomes bind activated platelets at levels significantly
higher than IRGD-liposomes.

3.5. Flow cytometry studies of platelet-liposome interaction in vitro

The microscopy results were complimented by flow cytometry assays, where whole blood
aliquots were incubated with NBD-labeled peptide-modified liposomes containing 1 mol%
lipopeptide by composition. Freshly drawn blood showed only about 25% activated platelets
whereas agonist-added (e.g. ADP) blood showed about 99% of the platelets to be activated, as
confirmed by co-staining with GPIIb-Illa-specific and P-selectin-specific markers (Fig 5. A
and B). Blood aliquots containing predominantly resting platelets showed a minimal level of
NBD fluorescence staining of platelets over background (unlabeled) when incubated with
IRGD, cRGD or IRGE-liposomes (data not shown), suggesting a low degree of lipid exchange-
based non-specific staining. However, for agonist-added blood aliquots, incubation with
cRGD-liposomes resulted in increase of platelet-associated NBD fluorescence by about an
order of magnitude higher compared to that from I-RGD liposome-incubated aliquots (Fig 5,
C). This confirms that liposome modification with higher affinity cRGD peptide renders higher
platelet binding ability compared to modification with moderate affinity IRGD peptide.

3.6. Platelet-binding of RGD-modified liposomes in vivo

SEM was used to confirm the presence of thrombotic activated platelets at the vascular injury
site of the rat carotid. Figures 6A and 6B show representative SEM micrographs of the carotid
artery wall in native state and after catheter-induced injury, respectively. Numerous activated
platelets are visible adhered to the injured vessel wall. Figure 6C is a representative SEM
micrograph of an injured artery wall after allowing blood flow for 1 hr, showing considerable
thrombosis as evident from the fibrin clot ‘mesh’. Figures 6D, E, F and G show representative
fluorescence microscopy images of the injured carotid section luminal surface exposed to no
liposomes and, IRGE-, IRGD- and cRGD-liposomes, respectively. From analysis of mean
fluorescence intensity of images from three batches of experiments, it was found that the injured
carotid artery exposed to cRGD-liposomes had significantly higher (p < 0.01) NBD
fluorescence than that exposed to IRGD-liposomes.

4. Discussion

There are recent reports on targeted delivery to thrombotic sites using fibrin-specific and tissue-
factor-specific ligands as the ‘homing’ motifs [28,29]. There are also reports on ligand-
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modified nanoparticle-based endothelial cell targeting for vascular therapeutics, utilizing
ligands and antibodies towards endothelial selectins and integrins [30,31]. Platelets are
involved in primary hemostatic response which often precedes the secondary hemostatic
processes of the coagulation cascade where fibrin and tissue factor are involved. Hence
targeting of active platelets, may provide sensitivity towards treating and diagnosing vascular
diseases in their developmental, as well as, progressive stages. In the current report, our studies
show that liposome surface-modification with conformationally constrained higher affinity
cRGD peptide results in enhanced binding of the liposomes to activated platelets, compared
with moderate affinity IRGD modification. The enhanced affinity of the cyclic RGD results
from the restricted peptide conformation, which is thermodynamically favorable for binding,
and drives the kinetic equilibrium of ligand-receptor interactions towards increased ligand-
receptor binding complexes.

Itis to be noted that the aggregometry assays indicated the free cRGD peptide to have at least
two orders of magnitude higher platelet affinity than the free IRGD peptide, whereas the
liposome-platelet binding microscopy assays showed only about three-fold enhancement in
fluorescence of platelet-bound cRGD-liposomes compared to IRGD-liposomes, and, the flow
cytometry assays showed about one order of magnitude enhancement in platelet-binding of
cRGD-liposomes. There can be several possible reasons behind such variations. Firstly, the
conjugation of the peptide to a PEGylated lipid can reduce the receptor affinity of the final
lipopeptide molecule compared to the free peptide. This is because, in the lipopeptide, although
the peptide part itself can remain in the receptor-specific high-affinity constrained
conformation, the random coil conformational behavior of the PEG spacer can affect the ligand
orientation and steric environment with respect to the integrin receptor. As a result, from a
single molecule perspective, some of the lipopeptides may loose the orientation necessary for
specific high affinity binding to the receptor. Although a direct estimation of the average
number of conjugated ligands on a single liposome, per liposome batch, was not performed in
this study, theoretical approximations based on volume calculations assuming liposome
average diameter of 150 nm, the liposome membrane bilayer thickness of 5 nm, the lipopeptide
headgroup cross section diameter of 10 A, the lipopeptide content of 1 mol % and the
probability of at least 50% of the lipopeptides per liposomes to stay expressed on the outer
surface, give the number of ligands on the liposome outer surface to be ~850 per liposome.
Due to the presence of such multiple copies of the lipopeptides on the outer leaflet of liposomes,
the probability of many of the peptide molecules retaining the receptor-specific high affinity
orientation is a reasonable assumption and this possibly contributes to the enhanced platelet
binding of cRGD-liposomes compared to IRGD- and IRGE-liposomes. Also, the sensitivity
and operational principles of the aggregometry, fluorescence and flow cytometry assays are
different and hence, it is difficult to draw direct quantitative comparison between them.
Nevertheless, all assays showed the feasibility of modulating platelet-binding affinity of
liposomes by surface-modification with higher affinity cRGD peptide.

There are only few reports on platelet GPIIb-1l1a targeting by RGD-based peptides in the
context of non-human platelets. The general consensus of these reports is that platelet GP1Ib-
I1ain conventional small animals used for in vivo studies (e.g. rats, mice, rabbits) are relatively
less sensitive to RGD-based peptides, compared to GPIIb-I1la of human platelets [32,33].
Consequently, a small animal model for in vivo testing of RGD-GPIlb-Illa interaction is rare.
The few reports on RGD-interaction with rat or rabbit platelet GPlIb-11la are with linear
GRGDS type of peptide and no reports are available regarding cyclic peptides. We decided to
test the RGD-liposomes at a vascular injury site using a rat carotid injury model with the
rationale that, even if the sensitivity of rat GPlIb-111a to RGD peptide is low, the specificity of
RGD-mediated interaction will still be valid for rat GPIIb-1l1a and fibrinogen. Consequently,
introduction of RGD-liposomes proximal to the vascular injury site may still provide a
reasonable environment for the interaction of these liposomes with active platelets
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accumulating at the injury site. As evident from the ex vivo imaging studies, the model was
effective in showing the enhancement in injury site binding of the cRGD-liposomes, compared
to IRGD-liposomes and IRGE-liposomes. The RGD ligands for liposome modification were
predominantly specific towards platelet GPIIb-I1la, and hence the fluorescence in ex vivo
images are most probably activated platelets. However, injured endothelium also expresses
certain RGD-recognizing receptors like aVVB3 and a5B1, which may bind the RGD-modified
liposomes to a certain degree. To determine absolute selectivity of ligand-modified liposomes
to activated platelets vs. injured endothelial cells, further studies investigating binding of the
free peptide, as well as, peptide-modified liposomes to activated endothelial cells would need
to be performed.

5. Conclusion

We have designed liposomes, surface-modified with conformationally constrained cyclic RGD
(cRGD) ligands having high affinity and specificity towards platelet integrin GPIlb-Illa, and
have compared their platelet-binding characteristics with liposomes bearing moderate affinity
linear RGD (IRGD) ligands. The results clearly showed the cRGD-modified liposomes to have
significantly higher binding to active platelets than IRGD-modified liposomes. The actual
mode of delivery, after the liposomes bind their target, may be via lipid degradation, membrane
fusion or internalization, as significant lipid mixing between RGD-liposomes and activated
platelets has been reported [34,35]. This approach of optimizing platelet-targeting ability of
ligand-modified liposomes can potentially lead to sensitive and selective delivery of
therapeutic and diagnostic agents to a variety of cardiovascular diseases like atherosclerosis,
thrombosis and restenosis where activated platelets play significant role in disease
development, progression and outcome.
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Schematic of liposomes surface-modified with fibrinogen-mimetic peptides for targeting
integrin GPI1b-I1la on activated platelets at a site of vascular injury
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Amino acid sequence structure and corresponding mass spectral (MALDI-TOF) data for
platelet GPIIb-1lla-targeted (a) linear RGD, (b) cyclic RGD and (c) lipopeptide conjugate

DSPE-PEG-cRGD.
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ICsq estimation by aggregometry assay for free IRGD and cRGD shows lower 1Csq for cRGD
by ~ 2 orders of magnitude, compared to IRGD.
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Figure 4.

Scanning electron microscopy (SEM) image confirming presence of activated platelet
monolayer on collagen-coated glass coverslip surface (4A); co-incubation of active platelets
with AlexaFluor-546-labeled fibrinogen (red orange emission) and NBD-labeled peptide-
modified liposomes resulted in simultaneous platelet-binding of both, and hence enabled dual
fluorescence imaging of the same field of view; comparison of fluorescence images showed
similar level of AlexaFluor-546 fluorescence for IRGD- (B1) and cRGD-liposome (C1)
incubated platelets suggesting similar level of fibrinogen binding; NBD-fluorescence,
however, was significantly enhanced for cRGD-liposome incubated sample (C2), compared
to IRGD-liposome incubated sample (B2) as suggested by the mean fluorescent intensity data
(D); this indicates enhanced binding of cyclic RGD-modified liposomes to activated platelets.
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Figure 5.

Flow cytometry studies on platelet-liposome interactions in vitro; platelet activation level was
confirmed by co-labeling platelets in human whole blood aliquots with FITC-anti-CD41a
(antibody to GPIlb-111a) and PE-antiCD62P (antibody to P-selectin), (A) before and (B) after
addition of agonist ADP; incubation of activated platelets with NBD-labeled peptide-modified
liposomes showed (C) enhanced NBD fluorescence for cRGD-liposome incubated sample
compared to IRGD-liposome incubated sample, over background (unlabeled).
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Figure 6.

In vivo targeting of RGD-modified liposomes in a rat carotid injury model; SEM image of (A)
uninjured luminal surface of carotid artery shows characteristic spindle shaped endothelial cells
and extracellular matrix fibers; following catheter-induced injury, SEM image of the luminal
surface shows (B) numerous adhered platelets in activated state (B, inset, magnified);
repurfusion of blood through the injury site results in acute thrombotic and coagulatory event,
as evidenced by (C) SEM image of the fibrin clot on the luminal surface; exposure of injured
surface to NBD-labeled IRGE-, IRGD- and cRGD-liposomes via in vivo injection of respective
liposome formulation, results in enhanced binding of (G) cRGD-liposomes to the injury site,
compared to (E) IRGE- and (F) IRGD-liposomes, as evidenced by ex-vivo fluorescence
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imaging; (D) shows the fluorescence image of the luminal surface without exposure to NBD-
labeled liposomes, for reference.
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