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Summary
Local drug delivery has become an important treatment moda-
lity for the prevention of thrombotic events following coronary
angioplasty. In this study, we investigate the ability of liposomes
bearing surface conjugated linear Arg-Gly-Asp (RGD) peptide
(GSSSGRGDSPA) moieties to target and bind activated platelets,
and the effect of such RGD-modified liposomes on platelet ac-
tivation and aggregation. The binding of RGD-liposomes to
human platelets was assessed by fluorescence microscopy,phase
contrast microscopy and flow cytometry. The effect of RGD-
modified liposomes on platelet activation and aggregation was
investigated in vitro, with and without platelet agonists. RGD-li-
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posomes were found to bind activated platelets at levels signifi-
cantly greater than the control RGE-liposomes.The RGD-lipo-
somes did not exhibit any statistically significant effect on pla-
telet activation or aggregation.The results demonstrate the abil-
ity of the RGD-modified liposomes to target and bind activated
platelets without causing significant platelet aggregation and sug-
gests a feasible way for the development of a platelet-targeted
anti-thrombogenic drug delivery system. Furthermore, the ap-
proach can be extended to the development of liposomes for
other vascular targets, for application in drug delivery or gene
therapy.
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Introduction
Local drug delivery is used often to facilitate the management of
thrombosis and re-occlusion following invasive cardiological
procedures such as balloon angioplasty and intracoronary stent
placement. Current strategies typically focus on the delivery of
low-molecular weight thrombolytic, anticoagulant, antiplatelet,
and anti-inflammatory agents in tandem with catheterization and
balloon inflation. In order to facilitate local accumulation of a
drug, delivery vehicles such as liposomes, nanoparticles, and
impregnated balloons and stents have been investigated (1–3).
These approaches passively increase the mean residency time of
the therapeutic agent in the vicinity of the vascular lesion, but
lack mechanisms for actively targeting the sites of vascular in-
jury. In this report, we describe an alternative strategy for ac-
tively targeting liposomes to platelets localized to a site of vascu-
lar lesion, using a linear Arg-Gly-Asp (RGD) peptide incorpor-
ated on the liposome surface (Fig. 1).

Numerous studies have indicated that platelet activation and
deposition immediately following vascular injury is a primary

thrombotic event leading to restenosis (3–8). Consequently, pla-
telets are attractive candidates for exploiting the targeting of li-
posomes to sites of thrombus formation. In the event of thrombus
formation following a vascular injury, bridging of adhered and
activated platelets is mediated by the binding of fibrinogen to the
activated platelet. This binding results from the specific interac-
tions between the RGDS, RGDF and KQAGDV regions of the
fibrinogen molecule with the docking regions of the GPIIb-IIIa
receptor expressed on the activated platelet (9–13). Thus, the
RGD sequence is an important tool for the manipulation of pla-
telet targeting and binding. Previously, Gyongyossy-Issa et al.
have demonstrated that RGD peptide-coupled liposomes can
bind purified GPIIb-IIIa in solution (14). Nishiya and Sloan
demonstrated that RGD liposomes show increased lipid mixing
and mixing of aqueous contents with bovine platelets (15). In
this study, we provide direct microscopy and flow cytometry evi-
dence indicating that linear RGD peptides, surface-conjugated
to liposomes through polyethylene oxide (PEO) spacers, retain
the necessary conformation to bind specifically to activated pla-
telets, in the presence of Ca++. We have established the specifi-
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city of platelet-binding of RGD-liposomes by comparative
studies with liposomes without any peptidic surface modifica-
tion and also with liposomes surface-modified by RGE peptide
moieties, the latter having no specific binding to any platelet re-
ceptor. Such unmodified and RGE-modified liposomes were
used as negative controls. Furthermore, we have established the
apparent inability of RGD-modified liposomes to facilitate pla-
telet aggregation in vitro, an important requirement for potential
in vivo application as a drug delivery vehicle.

The scheme employed to attach the RGD peptide to the lipo-
some surface draws upon a previously described strategy for lipi-
dation of synthetic peptides, and extends its utility to liposomes
(16). This method can be used to prepare liposomes incorporat-
ing any number of short synthetic peptides. Together, this work
demonstrates the utility of such peptides for platelet-directed li-
posomal drug delivery and, by extension, for developing lipo-
somes directed against other potential molecular targets within
the coagulation system for intravascular liposomal drug delivery
or gene therapy applications.

Materials and methods
Reagents
Amino acid derivatives, activator (1-hydroxy-1-azabenzotriazo-
leuronium, HATU), and synthesis resin were purchased from
Anaspec, Inc. (San Jose, CA). All solvents used were HPLC
grade. An activated, purified synthetic polyethylene oxide
(PEO) derivative of distearoylphosphatidylethanolamine
(DSPE-PEO) containing a terminal N-hydroxysuccinimide
(NHS) activated carboxyester was purchased from NOF Ameri-
ca Corporation. The PEO component had a reported average
molecular weight of 2000. For the synthesis of liposomes, cho-
lesterol, distearoylphosphatidyl choline (DSPC), 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (DSPE-PEO2000), 1-palmitoyl-2-[12-[(7-nitro-2–1,3-
benzodiazol-4-yl)]amino]dodecanoyl]-sn-glycero-3-phosphocho-
line (PDPC-NBD) and 1,2-Dioleoyl-sn-Glycero-3-Phosphoe-
thanolamine-N-(Lissamine RhodamineB Sulfonyl) (ammonium
salt) (DOPE-RhB) were purchased from Avanti Polar Lipids
(Alabaster, AL) and stored at –20°C prior to use. Bovine serum
albumin (BSA) and sodium citrate were obtained from Sigma
Aldrich (St. Louis, MO).

Synthesis of DSPE-PEO-peptide conjugate
An 11 residue, RGD-containing linear peptide (GSSSGRGDSPA)
was synthesized by solid-phase peptide synthesis using standard
9-fluoromethoxycarbonyl (Fmoc) chemistry (17). Briefly, the
RGD peptide was generated on a PEO-polystyrene resin support
using an ABI433A automated peptide synthesizer and side chain
protected amino acid derivatives.Activity of the free peptide was
assessed by competition with 125I-labeled fibrinogen for binding
to ADP activated platelets, using a method described previously
(18). For coupling peptide to lipid, a 1.1-times molar excess of
DSPE-PEO-NHS was reacted with the RGD peptide while still
attached to the synthesis resin. After reaction, the resin was
washed extensively to remove unreacted lipid. Cleavage of
DSPE-PEO-RGD from the synthesis resin and removal of side
chain protecting groups were conducted in Reagent K without

thioanisole (17). The resulting solution was precipitated into ice-
cold ether, and the precipitate extensively dialyzed against deio-
nized water and lyophilized. The identity of the product was con-
firmed by matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry (Voyager Biospectro-
metry Workstation, PerSeptive Biosystems), and also by Fourier
transform infrared spectroscopy (FT-IR, Bio-Rad). For the
negative control, a similar 11 residue peptide (GSSSGRGESPA)
was synthesized using solid-phase chemistry and the RGE
moiety was conjugated to the lipid in the same way as for the
RGD peptide.

Liposome preparation
Liposomes containing the DSPE-PEO-peptide construct (RGD-
modified and RGE-modified liposomes) were formed by re-
verse-phase evaporation followed by extrusion. Briefly, the pep-
tide-lipid conjugate was dissolved in chloroform:methanol (1:1)
and mixed into solution with DSPC, cholesterol and the fluor-
escent phospholipid (PDPC-NBD or DOPE-RhB) to achieve a
final peptide content of 5 mole %. After solvent evaporation, the
resulting lipid film was resuspended in fresh phosphate buffered
saline (PBS), subjected to several repetitions of freeze/thaw, and
extruded ~15 times through a 100 nm pore size Nucleopore poly-
carbonate membrane at 70°C. Unmodified control liposomes
containing 5 mole % DSPE-PEO2000 in place of the peptide con-
jugate were prepared similarly. Liposome size and stability were
characterized by light-scattering measurements using a Brook-
haven Instruments Corporation model 90 Plus Particle SizeAna-
lyzer. The liposome suspensions were found to be stable (no ag-
gregation) upon standing at 70 °C and for several weeks at room
temperature following extrusion.The mean vesicle diameters for
unmodified, as well as, peptide-modified liposomes remained in

Figure 1: Schematic diagram of RGD-modified liposome tar-
geting and binding to integrin GPIIb-IIIa expressed on acti-
vated platelet adhered onto subendothelial matrix in case of a
vascular injury. The diagram also shows fibrinogen binding to similar
integrin receptors. Optimization of the surface density and integrin affin-
ity of the RGD motifs on the liposome surface will enable competition
with native ligand fibrinogen and provide a delivery system for anti-
thrombotic therapeutics.
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the range of 100–140 nm over a period of several weeks, indicat-
ing the formation of stable vesicles.

Platelet adhesion to coverslips
Citrated whole blood (10 ml) was collected from an aspirin re-
fraining human donor according to an IRB-approved protocol,
after obtaining informed consent. Whole blood was centrifuged
at 800 RPM for 15 min at 25oC, to obtain platelet rich plasma
(PRP). The PRP was transferred to another tube and centrifuged
at 1600 RPM for 15 min at 25oC to obtain a platelet pellet. The
supernatant plasma was removed and the platelets were resus-
pended in PBS containing 1% BSA. The average platelet count
in the suspension was about 250,000/μL. The platelets were ad-
sorbed onto collagen III coated glass coverslips for 1 hr, and then
gently washed 3 times with PBS. The adhesion of a platelet
monolayer was confirmed by staining with fluorescein isothio-
cyanate (FITC)-tagged anti-CD41a (anti-GPIIb-IIIa) monoclon-
al antibody and observing the coverslips under a fluorescence
microscope. RGD-liposomes or control RGE- and PEO-lipo-
somes fluorescently labeled with PDPC-NBD were diluted to a
final concentration of 25 μM and incubated with the adsorbed
platelets for 1 hr at room temperature in the dark. For the lipo-
some-incubated samples, platelet-staining with FITC-anti-
CD41 was not performed, since the antibody and the liposomes
would potentially compete for the same receptor sites. All incu-
bations were carried out in the presence of 5 mM CaCl2 solution
(19, 20). Coverslips were again washed 3 times with PBS, fixed
in 1% paraformaldehyde (PFA) for 30 min at 37° C, washed with
PBS, and mounted onto glass slides with Crystalmount (Biome-
da) containing AntiFade (Molecular Probes). In a separate ex-
periment, the platelets adhered on the collagen-III coated cover-
slips were stained first with fluoroscein isothiocyanate (FITC)-
tagged anti-CD42b (anti-GPIb) monoclonal antibody. Following
this, the adhered platelets were incubated with DOPE-RhB la-
beled test and control liposomes. The washing and mounting
steps were carried out as before.

Microscopy analysis
Platelets were imaged using a Nikon Diaphot epifluorescence in-
verted microscope fitted with a Photometrics chilled CCD came-
ra. A 450–490 nm excitation filter, a 510 nm dichromatic mirror,
and a 520–560 bandpass barrier filter were used for the detection
of FITC or NBD fluorescence. A 510–560 nm excitation filter, a
575 nm dichromatic mirror and a 610 longpass barrier filter were
used for detection of RhB fluorescence. Images were collected in
MetaMorphTM (Universal Imaging Corp.), using an exposure
time of 500 ms, and processed in Adobe Photoshop. Surface
averaged intensity analysis was performed on unprocessed im-
ages using MetaMorphTM. Platelets were first identified auto-
matically by thesholding and then confirmed by visual inspec-
tion. Initially, a 40X objective (400X magnification) was used to
locate fluorescent spots on the coverslip surface and sub-
sequently 100X (1000X magnification) objective was used to
zoom in on and further analyze the spots. Once fluorescent spots
were identified, the imaging mode was changed to phase contrast
and the same spots were observed to identify the location of ad-
hered platelets. At least three images were averaged to determine
the mean pixel intensities of labeled platelets. One to one cor-

respondence of fluorescent spots in the epifluorescent micro-
graphs to activated platelets in phase contrast images provided
confirmation of specific binding of the RGD-modified lipo-
somes to the activated platelets. For the dual staining experi-
ments, images were captured simultaneously for green fluor-
escence (from FITC-anti-CD42b) and red fluorescence (from li-
posome-DOPE-RhB). Use of a filter slider made it possible to
capture both images of the same field, which could be then
superimposed using Adobe Photoshop®.

Flow cytometry analysis
The effect of peptide modification of liposomes on platelet bind-
ing was further characterized using a FACScan flow cytometer
(Becton-Dickinson) with a 488nm laser. For potential drug de-
livery applications it is necessary to assess the binding of RGD-
liposomes to resting/ unactivated, as well as to activated pla-
telets. However, the centrifugation and resuspension steps used
to obtain washed platelets from whole blood results in signifi-
cant artifactual activation of platelets (21). Hence suspensions of
platelets isolated in this way, can be used only to assess liposome
interaction with moderately activated or highly activated (agon-
ist added) platelet populations. To assess biological character-
istics of unactivated platelets, flow cytometry analysis of pla-
telets in freshly drawn whole blood has been reported (22. Agon-
ists can be added subsequently to activate the platelet popu-
lations to different levels for further study.

Citrated whole blood was collected from aspirin refraining
human donors and the platelet number was assessed by Coulter
Counter to be 280,000–300,000 μl-1 for representative batches.
10 μl whole blood was used for each analysis run in the flow cy-
tometer. The activation level of the platelets in the blood was as-
sessed initially by appropriate gating in flow cytometry density
plots using simultaneous fluorescence staining for GPIIb-IIIa
(with FITC-anti-CD41a) and P-Selectin (with PE-anti-CD62).
The platelet population that stained positive for CD41a and
negative for CD62 was deemed unactivated. After assessment of
the activation level, similar whole blood samples were incubated
with NBD-labeled test or control liposomes for 30 min and then
analyzed by flow cytometer. The volume of liposome-incubated
blood sample in the flow cytometer tubes was diluted to ~600 μL
with PBS/1% FBS solution, such that the final lipid concen-
tration was 50 μM. For the liposome incubated samples, FITC-
anti-CD41a staining was not used, since both liposome and anti-
body could potentially compete for the same receptor (GPIIb-
IIIa) on the platelet. The PE-anti-CD62 staining was used to gain
insight about the effect of liposomes on platelet activation. PE
and NBD fluorescence intensities were recorded simultaneously
for appropriately gated platelet populations, thereby providing
insight into liposome interaction with predominantly unacti-
vated platelets. In a separate set of experiments, blood samples
were incubated with 10 μM ADP for 15 min to achieve moderate
activation of the platelets. The activation level was again as-
sessed by anti-CD41a and anti-CD62 staining and appropriate
gating. The liposome incubation step was repeated for similar
moderately activated samples without the anti-CD41 stain and
flow cytometry analysis was performed to gain insight into the
variation in fluorescence intensity for the gated platelet popu-
lations. In a third set of experiments, blood samples were incu-
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bated with Thrombin Receptor Activating Peptide (TRAP, 5 μM)
to achieve a high level of platelet activation. The previously de-
scribed steps for activation level assessment, liposome incu-
bation and liposome fluorescence intensity assessment in the
gated platelet populations were repeated. A total of ~100,000
counts within the gated platelet population were collected for all
samples run in the cytometer. Fluorescence histograms were
plotted for the platelet populations at different levels of acti-
vation, which provided quantitative information about the inter-
action of RGD- and RGE-liposomes with platelets at different
activation states.

In vitro platelet aggregation assay
Platelet aggregation in the presence of liposomes was assessed
using a Bio/Data PAPS-4 aggregometer. PRP was obtained by
centrifuging whole blood at 800 RPM for 15 min at 25oC. A por-
tion of the PRP was centrifuged at 1600 RPM for another 15 min
at 25oC to precipitate the platelets as a pellet and the supernatant
liquid was collected as platelet-poor plasma (PPP). The adjusted
PRP with a platelet count of ~250,000 μl-1 was used to prepare
the aggregometry samples. PPP was used as the “blank” for ob-
taining the baseline for the aggregometer. Pelleted platelets were
resuspended in PBS/ 1% BSA as described previously. Samples
were prepared by taking 450 μl of PRP or platelet suspension, in
the absence or presence of an agonist (10 μM ADP or 5 μM
TRAP) and RGE- or RGD-modified liposomes at a final lipid
concentration of 500 μM. The final volume of each sample was
made up to 500 μl using freshly filtered PBS. For PRP-based
samples, due to inherent plasma concentration of Ca++, external
addition of calcium was not performed. For platelet suspension
samples CaCl2 was added externally at ~2 mM final Ca++ con-
centration. Initially, sample tubes containing PRP or platelet sus-
pension were warmed at 37°C for 2 min and final % aggregation
of platelets was assessed in the absence or presence of agonist,
without addition of liposomes. Platelet aggregation was moni-
tored for 10 min with stirring, as the % aggregation plots were
found to reach saturation after only about 3 min. For the lipo-
some incubated samples, the incubation period was varied from
0 to 60 min. Free RGD peptide also was assayed at 12.5 μM and
150 μM, corresponding to around 2 and 24 times the expected
accessible RGD concentration in the 250 μM RGD-liposome
samples, respectively. This is in accordance with the assumption
that at least 50% of the RGD moiety incorporated in the lipo-
somes are expressed on the surface and therefore accessible for
receptor binding. The final % aggregation of platelets in PRP
and in platelet suspension was recorded after the 60 min runs.All
experiments were performed in triplicate.

Results
Activity of the RGD peptide, GSSSGRGDSPA
Table 1 shows the IC50 value for the linear RGD peptide, cor-
responding to the concentration of peptide required to reduce
125I-labeled fibrinogen binding to activated platelets by 50%.
Control peptides are shown for comparison. The IC50 values de-
termined for linear sequences (125– 275 μM) are considerably
higher than those previously measured for shorter RGD peptides
and analogues (23). In addition, when compared with the IC50

for GRGDSP (125 μM), the increase in the IC50 for
GSSSGRGDSPA may be attributed, in part, to the GSSSG tag
attached to the amino terminus of the peptide. The tag sequence
may be partly altering the conformation of the RGD tripeptide,

Table 1: Activity of the RGD-peptide GSSSGRGDSPA. IC50 valu-
es for test peptide and control peptides corresponding to the concen-
tration of peptide required to inhibit 125I-labeled fibrinogen binding to
GPIIb-IIIa activated platelets by 50%. The test peptide (GSSSGRGDSPA)
shows a higher IC50 compared to the shorter control peptide
(GRGDSP) chain, indicating moderate affinity.

Peptide IC50 (μM)

GSSSGRGDSPA 275

GRGDSP 125

GRGESP n.i.

fibrinogen gamma chain 216

IC50 measured by competitive binding to platelets against 135I-fibrinogen n.i. = no inhibition of
fibrinogen binding observed

Figure 2: Representative fluorescence micrographs (40X objec-
tive) and mean fluorescence intensity (per pixel area) for pla-
telets adhered onto collagen-III coated glass coverslips and incubated
with test liposomes. “A” shows micrograph image for platelets labeled
with FITC-anti-CD41 monoclonal antibody. “B” shows micrograph image
for platelets incubated with NBD-labeled RGD-liposomes. “C” and “D”
shows micrographs for platelets incubated with NBD-labeled PEO-lipo-
somes and RGE-liposomes respectively. Comparing “B”, “C” and “D” it is
evident that RGD-liposomes stain platelets more than PEO- and RGE-li-
posomes. The mean fluorescence intensity data in “E” shows that RGD-
liposomes show about three-fold enhancement in binding activated pla-
telets compared with control liposomes.
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or interfering with peptide binding during docking with the re-
ceptor. Thus, the linear RGD peptide has only moderate affinity
for binding.

Platelet binding studies
Binding of peptide-modified liposomes to activated platelets
was observed by fluorescence microscopy. The presence of pla-
telets on the collagen-coated surface was confirmed by staining
with FITC-conjugated anti-CD41a, a monoclonal antibody spe-
cific to GPIIb-IIIa expressed on activated platelets (Fig. 2A).
Surface adsorbed platelets incubated with RGD-modified lipo-
somes (Fig. 2B) showed significantly greater staining than those
labeled with PEO- or RGE-modified control liposomes (Fig. 2C
and 2D). From these images, it is apparent that the entire platelet
surface was labeled with fluorescent phospholipid.

RGE-modified and PEO-modified liposomes were able to
minimally stain some platelets, indicating a low, but non zero
level of nonspecific binding. This is consistent with flow cyto-
metry results, in which comparatively lower levels of platelet
staining were observed with control liposomes at various levels
of platelet activation. RGE-modified liposomes stained platelets

more than PEO-modified liposomes. This may represent tran-
sient liposome binding with subsequent lipid exchange. No-
netheless, the microscopy images clearly demonstrate that the
RGD peptide facilitates the “specific interaction” of liposomes
with activated platelets by recognition of and binding to specific
receptor sites. The mean intensities of platelets labeled with
RGD-modified liposomes increased approximately threefold
compared with control liposomes, as shown in Figure 2E.

In order to validate platelet integrin GPIIb-IIIa as the major
receptor for RGD-liposomes, additional experiments were per-
formed. FITC-tagged anti-GPIb (anti-CD42b) monoclonal anti-
body was used to stain the platelets adhered onto collagen-III
coated coverslips prior to incubating them with Rhodamine-
B-labeled RGD-liposomes and control liposomes. This experi-
ment enabled simultaneous observation of adhered platelets
(green fluorescence from FITC-anti-GPIb) and platelet-attached
liposomes (red fluorescence from Rhodamine-B-lipid).This was
important from the point of view that any effect from this recep-
tor to binding of liposomes was minimized. The GPIb receptor
being thus blocked, GPIIb-IIIa remained as the most expressed
receptor on the activated platelet surface. In Figure 3, A1 and B1

Figure 3: Representative dual-fluorescence and phase contrast
micrographs showing enhanced specificity of platelet-binding
for RGD-liposomes compared with RGE-liposomes. “A1” and
“B1” show images of platelets adhered onto collagen-III coated glass
coverslips, stained with FITC-anti-GPIb monoclonal antibody. “A2” and
“B2” show images of the same platelets incubated with Rhodamine B-la-
beled RGE-liposomes and RGD-liposomes respectively. “A1” and “A2”
are superimposed in “A3” while “B1” and “B2” are superimposed in
“B3”. The yellow color indicates super-imposed red and green staining.
Comparison of “A1” and “A2” shows minimal staining of platelets by
RGE-liposomes and this can be attributed to lipid-exchange based non-
specific binding. Comparison of “B1” and “B2” shows significant en-

hanced staining of platelets with RGD-liposomes and this can be at-
tributed to enhanced specific binding of these liposomes to activated pla-
telets. The specificity of platelet binding for RGD-liposomes is further
verified by observing fluorescent spots on samples incubated with Rho-
damine B-labeled RGD-liposome and comparing them with phase
contrast micrographs of the same field, as shown in “C1” and “C2”. The
comparison showed one-to one correspondence of fluorescence spots
with spread (activated) platelets. “C3” shows a magnified section of the
phase contrast micrograph revealing the “spread” morphology of the ad-
hered activated platelets.
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show platelet staining by FITC-anti-CD42b, while A2 and B2
show the same platelets stained by RhB-liposomes. In A2, RGE-
liposomes were used, while in B2 RGD-liposomes were used.A3
and B3 show superimposed representations ofA1-B1 andA2-B2
combinations respectively. Interestingly, the green fluorescent
spots (in A1 and B1 from anti-CD42b staining) did not show
complete platelet morphology indicating that the surface density
of GPIb per platelet was not very high. The liposome red fluor-
escence (from RhB) on the same platelets revealed distinct
spread platelet morphology for the RGD-liposome incubated
samples (B2), indicating numerous RGD-liposomes binding to a
high surface density receptor (even higher than GPIb).The RGE-
liposome incubated samples showed minimal RhB fluorescence
(A2). From these results, it can be concluded that the RGD-lipo-
somes predominantly and specifically bind to GPIIb-IIIa recep-
tors, as the latter significantly outnumbers other potential RGD
receptors. Although these results do not exclude the possibility
of RGD-recognition and binding by other platelet receptors, they
do establish GPIIb-IIIa to be the major receptor for RGD-lipo-
somes and indicate successful platelet-targeting.

The fluorescence on the RGD-liposome incubated coverslips
was observed simultaneously in epifluorescence and by phase
contrast mode. Spread platelets were present in exactly the same
positions as the fluorescent spots; thin platelet pseudopodial
structures also were distinguishable (C3 in Fig. 3). Represen-
tative images of one-to-one correspondence of fluorescence
spots with activated platelets on the RGD-liposome incubated
coverslips are shown in C1-C3 in Figure 3. The number of RGD-
modified liposomes within each fluorescent spot could not be
determined because of the resolution limitations of the micro-
scope. The platelet morphology suggests that platelets were
moderately activated during or after adhesion, while the central
intensification of the corresponding fluorescence spot reflects
the possible presence of “pseudonucleus,” a previously de-
scribed artifact of platelet topography.

Flow cytometry studies
Flow cytometry studies performed with liposome-incubated ali-
quots of whole blood at different platelet activation levels pro-
vided conclusive results regarding enhancement of RGD-lipo-
some binding with increased platelet activation. Figure 4 shows
representative data from flow cytometry experiments. Figure 4A
shows the gated area in the forward scatter (FSC) vs. side scatter
(SSC) density profile of whole blood components that was con-
firmed as platelets by simultaneous FITC-anti-CD41a and PE-
anti-CD62 staining. Figures 4B, 4C and 4D show the change in
activation level of this population in going from zero agonist to
ADP to TRAP. Figures 4E, 4F and 4G show the relative NBD-
fluorescence intensity histograms for gated platelet populations
incubated with NBD-labeled RGD- and RGE- liposomes, at zero
agonist, 10 μM ADP and 5 μM TRAP respectively. The histo-
gram for unlabeled platelets is marked as (1), for RGE-liposome
incubated platelets marked as (2) and RGD-liposome incubated
platelets marked as (3), in each of “4E”, “4F” and “4G”.

As evident from 4B, freshly drawn blood showed about
74.2% unactivated platelets. It is evident from Figure 4E that
such a population of platelets is minimally stained by both RGD-
and RGE-liposomes to the same extent, over unlabeled platelets.

With the addition of ADP, ~89% of the platelet population is ac-
tivated, as evident from the density plot in 4C. Incubation of an
activated platelet population with NBD-labeled RGE-liposomes
did not result in any enhancement of NBD-fluorescence inten-
sity, while incubation of similar platelet population with RGD-
liposomes resulted in a significant enhancement of NBD-fluor-
escence intensity (Fig. 4F). A similar effect (Fig. 4G) was ob-
served in TRAP activated platelet population (~97.3% activated,
Fig. 4D).

Comparing Figures 4E, 4F and 4G, shows that both
RGE- and RGD-liposomes minimally attach to unactivated
platelets in a non-specific fashion but only the binding of RGD-
liposomes increases considerably with increasing platelet
activation. Similar experiments with a fibrinogen-depleted

Figure 4: Representative flow cytometry results from analysis
of human whole blood aliquots incubated with test liposomes at dif-
ferent levels of platelet activation. “A” shows the gated area in the FSC
vs. SSC density plot for flow cytometry analysis of whole blood samples
which corresponds to platelet population in the sample, as confirmed by
simultaneous PE-anti-CD62 and FITC-anti-CD41a staining. “B”, “C” and
“D” represent density plots for platelets at zero agonist, 10 μM ADP and
5 μM TRAP respectively. “E”, “F” and “G” represent fluorescence inten-
sity histogram data for platelet populations incubated with NBD-labeled
test liposomes at zero agonist, 10 μM ADP and 5 μM TRAP respectively.
The histogram for unlabeled platelets is marked as (1), for RGE-lipo-
some incubated platelets marked as (2) and RGD-liposome incubated
platelets marked as (3), in each of “E”, “F” and “G”. Comparison of “E”,
“F” and “G” shows enhanced specific binding of RGD-liposomes to pla-
telets with progressive activation while non-specific binding of RGE-lipo-
somes to platelets remains same irrespective of platelet activation state.
The dotted vertical lines are drawn to show the shift of NBD-fluor-
escence histogram maxima towards higher intensity for RGD-liposome
incubated platelets, once agonist (ADP or TRAP) was added, indicating
enhancement in RGD-liposome attachment to activated platelets.
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platelet suspension yielded comparable results for moderately
and highly activated platelets in presence of externally added
Ca++ (data not shown). This calcium dependence is consistent
with the known calcium requirement for effective RGD binding
(19, 20). In the suspension samples, liposome interaction with
unactivated platelets could not be assessed properly as a signi-
ficant percentage (≥50%) of platelets were already activated,
presumably due to the centrifugation and resuspension proce-
dures.

The representative fluorescence histogram shown in Figure 4
demonstrates that RGD-modified liposomes specifically bind to
activated platelets. The percentages of platelets labeled above
background (unlabeled) were ~10–30 % for RGE- and RGD-li-
posomes interacting with a predominantly unactivated platelet
population. For a predominantly activated platelet population,
the percentage of platelet labeling for RGE-liposomes remained
the same while that for RGD-liposomes increased to ~60–80%
above background. These results suggest a potential way for li-
posome-mediated localized drug delivery to activated platelets
at sites of vascular injury.

In vitro platelet aggregation studies
One potential limitation of liposomes targeting activated pla-
telets for anti-thrombotic therapy is the possibility that the pep-
tide multivalency on the liposome may induce aggregation with-
in the circulating platelet population, or between circulating and
previously adsorbed platelets. In order to test for this effect on
platelet aggregation, the behavior of PRP and platelet suspen-
sions (in PBS/1%BSA) in the presence of RGE- and RGD- lipo-
somes was studied by aggregometry. Experiments were per-
formed using no agonist, 10 μM ADP and 5 μM TRAP. Figures
5A and 5C show representative data for aggregometry with PRP,
while Figure 5D shows data for studies with platelet suspension.
As evident from 5A and 5C, without agonist, and in the absence
of liposomes, the mean aggregation for PRP was 6±2 %. At 10
μM ADP concentration, without liposomes, the aggregation was
65±8%. At 5 μM TRAP concentration, without liposomes, the
aggregation was 92±6 %. All aggregation levels reached satu-
ration after about 3 min.

Next, PRP aliquots were incubated with 500μM concen-
tration of test liposomes without agonist, with 10μM ADP and
with 5 μM TRAP for time periods of 0, 20, 40 and 60 min and the
corresponding aggregation profiles were recorded. Without
agonist, as well as, with 10μM ADP and with 5 μM TRAP, RGE-
and RGD-liposome incubated PRP aliquots showed aggregation
levels close to that for liposome-free PRP samples (~6% without
agonist, ~70% for ADP and ~90% for TRAP), even after 60 min.
Thus, the liposomes showed negligible inhibition or enhance-
ment of platelet aggregation.

For a fibrinogen-depleted washed platelet suspension, in ab-
sence of liposomes, negligible aggregation (4–6 %) was observ-
ed even at high agonist concentration (10μM ADP or 5 μM
TRAP), as shown in Figure 5D. When the washed platelet sus-
pensions were incubated with RGE- and RGD-modified lipo-
somes, no significant change in aggregation was observed with-
out agonist or with 10 μM ADP. With 5 μM TRAP, only RGD-li-
posomes incubated with washed platelets for 60 min showed
slight increase in aggregation (9±5 %).

To compare liposome-incubated sample data with that for
free peptide-incubated sample, unconjugated free GSSGRGDSPA
peptide was also incubated with PRP at concentrations of 12.5
μM and 150 μM (Fig. 5B), using similar aggregometry protocol.
No effect on platelet aggregation was observed at lower concen-
tration of the free peptide and maximal aggregation was rec-
orded to be ~80%. At 150 μM of free peptide, aggregation de-
creased to ~50%. These results are consistent with the measured
IC50 of ~275 μM, determined for the free peptide in the competi-
tive binding assay (Table 1). This high concentration of free pep-
tide is practically unattainable on a liposome surface.

Discussion
This work focuses on the development of a liposomal delivery
system targeted to activated platelets for potential localized de-
livery of therapeutic agents to activated platelets at the site of a
vascular injury. The results demonstrate a number of important
attributes necessary for successfully attaining a delivery system
for such a purpose. Firstly, the application of solid-phase chem-
istry to create a functional RGD peptide-lipid conjugate for de-

Figure 5: Representative data from aggregometry analysis of
platelets in PRP and in fibrinogen-depleted suspension (in
PBS/1% BSA) incubated with test liposomes at different acti-
vation states. “A” represents the baseline aggregation measurements
in PRP at different activation levels of platelets, without liposomes. “B”
represents aggregation profiles of platelets in PRP at 10 μM ADP, in pres-
ence of 12.5 μM free RGD-peptide and 150 μM free RGD-peptide. As
evident in “B” only very high concentration of free peptide (150 μM)
causes substantial inhibition of platelet aggregation. “C” represents the
aggregation data for platelets in PRP in predominantly unactivated (zero
agonist), moderately activated (10 μM ADP) and predominantly activated
(5 μM TRAP) states, in absence and in presence of test liposomes. “D”
shows the same for fibrinogen-depleted platelet suspension in PBS/
1%BSA suspension. “C” and “D” suggest that the peptide-modified lipo-
somes have no significant induction or inhibition effect on platelet aggre-
gation. “D” consequently also suggests no effect of liposomes on platelet
activation.
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velopment of platelet-targeted liposomes, is shown. The images
and intensity data obtained by fluorescence microscopy experi-
ments indicate that liposomes containing DSPE-PEO-RGD con-
jugate (5 mole %) bind activated platelets at levels significantly
greater than those modified with RGE peptide or PEO alone.The
specificity of liposome-binding to activated platelets is confirm-
ed by dual-staining experiments using simultaneous FITC-anti-
GPIb (green) and RhB-liposome (red) fluorescence. One-to-one
correspondence of fluorescent spots imaged by epifluorescence
microscopy, with spread platelets imaged by phase contrast
microscopy also compliments the specificity data. This implies
that the RGD peptide retains an active conformation and access-
ible orientation for binding specifically to activated platelet re-
ceptors, mainly integrin GPIIb-IIIa. It is unclear whether the li-
posome staining represents lipid mixing with the platelet plasma
membrane, endocytosis, or intact vesicles bound to the platelet
surface. Other studies have shown that platelets have active up-
take mechanisms, and with incubation times of one hr at room
temperature, significant lipid mixing and liposome endocytosis
may occur25. This may have a significant impact on the choice of
encapsulated therapeutic agent, whether intended for intracellu-
lar or extracellular delivery.

The incorporation of ligands at the molar percentages util-
ized in this study indicates that each liposome carries multiple
copies of peptide on its surface. Assuming a cross-sectional di-
ameter of 10 Å for peptide-conjugated phospholipid and a lipo-
some mean vesicle diameter of 100 nm, incorporation of 5
mole% peptide leads to ~1000 copies of the RGD sequence ac-
cessible on the liposome surface, assuming that at least 50% of
the RGD moiety is expressed on the exterior surface of the lipo-
some. This peptide multivalency can be a concern in that RGD-
liposomes may induce aggregation within the circulating platelet
population, or between circulating and previously adsorbed pla-
telets. This is of particular concern in the case of GPIIb-IIIa tar-
geting, as this receptor is known to bind fibrinogen under low
shear, leading to the recruitment of platelets from the circulation
to a site of vascular injury. Therefore, the ability of multivalent
RGD-modified liposomes to induce (or possibly inhibit) platelet
aggregation was assessed using in vitro aggregation assays. At
high concentrations of 500 μM total lipid, no discernible effect
on aggregation was noted in PRP aliquots. This lipid concen-
tration can correlate to an equivalent free GSSGRGDSPA con-
centration of 12.5 μM, by the approximation that at least half of
the total concentration of peptide is present on the liposome
outer surface. We also tested the ability of the free RGD se-
quence alone to affect aggregation under the same assay con-
ditions, at concentrations of 12.5 μM and 150 μM. Only in the
presence of 150 μM free RGD, did the platelet aggregation de-
crease to values consistent with the observed IC50 value for the
free peptide (275 μM). An equivalent RGD-peptide density on
the liposome surface is theoretically unattainable, indicating that
the effective RGD-density on the liposome surface is unable to
affect platelet-platelet crosslinking and hence unable to facilitate
aggregation. Although the RGD distribution in a liposome sus-
pension is not homogeneous, as compared with free peptide in
solution, the high concentration of free RGD required to inhibit
aggregation would suggest that even at more reasonable com-
positions, the peptide density required for liposome binding

should be much less than that required for potentiation of aggre-
gation.

During aggregometry analysis with washed platelet suspen-
sions, the RGD-liposomes showed only a slight enhancing effect
on platelet aggregation (9 ± 5%), in the presence of 5 μM TRAP.
However, this is unlikely to be of any clinical significance as this
high concentration of a potent agonist is above what would be
likely in vivo. The inability of multiple RGD-motifs on the lipo-
some surface to induce major platelet aggregation can be at-
tributed to the moderate platelet receptor affinity of the
GSSGRGDSPA sequence. Thus, the RGD-modified liposomes
should be capable of targeting activated platelets in vivo, but un-
likely to induce platelet aggregation. Also, the RGD-liposomes
are incapable of activating platelets, as evident from their inabil-
ity to augment platelet aggregation in PRP, without agonist.
These results are consistent with the extent of platelet labeling
observed by flow cytometry, and the absence of larger platelet
aggregates observed by fluorescence microscopy.

From flow cytometry studies with whole blood aliquots,
RGE- and RGD-liposomes were found to only minimally stain
predominantly unactivated platelet populations in a non-specific
fashion. With progressive activation of platelets using agonists
(ADP and TRAP), the RGE-liposomes still showed minimal
staining, while RGD-liposomes showed significant enhance-
ment in staining activated platelets. This may be attributed to
specific interaction of RGD-motifs on the liposomes with an in-
creasing number of RGD-recognizing receptors expressed on
the platelet surface with progressive platelet activation. The en-
hanced binding of RGD-modified liposomes to activated pla-
telets makes it necessary to address the specificity of interaction
between RGD motifs and various RGD-recognizing platelet sur-
face receptors. An activated platelet surface can potentially ex-
press several RGD-recognizing and binding receptors, namely
α2β1 (RGD-specificity debatable), αvβ3, α5β1, α6β1 and
GPIIb-IIIa (αIIbβ3). Of these, the surface density of GPIIb-IIIa,
however, is orders of magnitude higher (~50,000/platelet) com-
pared with the others (~100–1000/platelet) (24). The next most
expressed receptor is GPIb/IX/V (~25,000/ platelet), the vWF
receptor whose expression is dependent on high shear (11). The
role of RGD-recognition and binding by this receptor is also un-
clear, since vWF interacts with this receptor not through RGD
domain but an A1 domain (aa 497–716) containing a disulfide
bond between Cys 509 and Cys 695. Nevertheless, the results
from the dual staining microscopy experiments strongly suggest
enhanced specific interaction of RGD-liposomes with a high
surface density receptor other than GPIb. Hence, GPIIb-IIIa can
be considered as the predominant receptor for the RGD-lipo-
somes. If any other receptors on activated platelets bind RGD-
modified liposomes that would increase the liposome attach-
ment and thus be considered as a beneficial effect in platelet tar-
geting.

For flow cytometry studies with whole blood aliquots, the
RGD-liposome binding seems to occur in spite of the presence of
fibrinogen. This may suggest that the RGD-liposomes can com-
pete effectively with fibrinogen in platelet-binding. Such com-
petition may suggest potential inhibition of fibrinogen-mediated
platelet-platelet bridging. However, this seems to contradict the
results observed in aggregometry assays where platelet aggre-
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