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ABSTRACT

Polyethylene glycol (PEG)-grafted phosphatidylcholine liposomes 

are used as drug carriers due to their low immunogenicity and 

prolonged circulation time. The interaction between sterically 

stabilized lecithin liposomes and platelets has not been investi-

gated before, and deserves to be subjected to scrutiny inasmuch 

as the uptake of liposomes by platelets could be detrimental 

for drug delivery and primary hemostasis. Consequently, the 

interaction between resting and convulxin-activated hamster 

and human platelets and calcein- or 5,6-carboxyfluorescein-en-

capsulating PEGylated liposomes composed of distearoyl- and 

dipalmitoyl phosphatidylcholine and PEG-derivatized distearoyl 

phosphatidylethanolamine was investigated by flow cytometry, 

confocal microscopy, and a glass capillary thrombosis model. 

Fluorescently labeled liposomes of the same composition were 

subsequently assayed in vivo after 15 and 45 min of systemic 

circulation. Neither resting nor activated hamster and human 

platelets interacted with liposomes at 0.70 mM lipid concentra-

tion. An absence of any interaction was corroborated in the in 

vivo experiments. Alternatively, flow cytometry assays evinced 

that human platelets interact with liposomes at lipid concentra-

tions of >1.35 mM. These interactions were more profound for 

activated platelets than resting platelets. We conclude that the 

use of PEGylated lecithin liposomes at lipid concentrations of 

<1.35 mM has no detrimental impact on liposomal drug delivery 

based on PEGylated lecithin liposomes, but that these drug 

carriers may be associated with a reduced targeting efficacy or 

compromised primary hemostatic system when used at concen-

trations of >1.35 mM. In contrast, these drug carriers may be-

come valuable in thrombosis- and drug delivery-related research 

and applications at concentrations of >1.35 mM.

Keywords: 
Calcein, carboxyfluorescein, confocal microscopy, flow cyto- 

metry, glass capillary thrombosis model
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1. INTRODUCTION

Phosphatidylcholines are widely used as the major membrane constituent in liposomes de-

signed for systemic drug delivery, diagnostics, and functional studies. Because interactions 

with blood components can substantially affect the (intended) functionality of liposomes, it is 

imperative to clearly and accurately define these interactions.

 With respect to functional applications, Mordon et al. [1] proposed that systemically-

infused 5,6-carboxyfluorescein (CF)-encapsulating PEGylated liposomes composed of 1,2-

distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-sn-glycero-3-PC (DPPC), 

and 1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-polyethylene glycol (DSPE-PEG) 

(85:10:5 mole ratio) are taken up by hamster platelets within minutes after infusion, allowing 

online fluorescence-based monitoring of platelet behavior following laser stimulation of endo-

thelium.

 Most liposomal drug delivery systems, including those that employ thermosensitivity 

[2] and changes in pH [3] as the principal mechanism of drug release, are predominantly com-

posed of phosphatidylcholines. The same applies for PEGylated liposomes used in site-spe-

cific pharmaco-laser therapy (SSPLT) [4], a development stage laser-based treatment modal-

ity devised to remove pathological dermal vasculature by combining laser irradiation [5] with 

the systemic administration of a prothrombotic and/or antifibrinolytic drug-encapsulating car-

rier [6]. The primary target cells in SSPLT are activated platelets that participate in thrombo-

sis as a result of laser-induced endovascular damage. For SSPLT, an interaction between the 

drug carrier and platelets would therefore be beneficial. On the other hand, thermosensitive 

and pH-sensitive liposomes are designed for cellular targets other than platelets, in which 

case an interaction between the drug carrier and platelets would be detrimental.

 The aim of this study was therefore to validate the uptake of DSPC:DPPC:DSPE-PEG 

liposomes by hamster and human platelets in vitro and in vivo so as to attest the utility of this 

liposomal formulation in drug delivery systems. Liposome-platelet interactions were studied 

by flow cytometry (FACS), confocal microscopy, and with a glass capillary thrombosis model.

2. MATERIALS AND METHODS

2.1 Liposome preparation and characterization
DSPC, DPPC, and 1-palmitoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4 yl)amino]dodecanoyl] 

-sn-glycero-3-PC (NBD-PC) were purchased from Avanti Polar Lipids (Alabaster, AL) and 

DSPE-PEG2000 from Sigma-Aldrich (St. Louis, MO). Large unilamellar vesicles prepared by 

extrusion technique (LUVETs) were prepared of the same phospholipid composition (DSPC:

DPPC:DSPE-PEG2000) and at the same molar ratio (85:10:5) as used in [1]. For the in vivo 

experiments (sections 2.8 and 3.5), 5 mol% of NBD-labeled phosphatidylcholine (NBD-PC) 

was incorporated into the LUVETs at the expense of DSPC, yielding DSPC:DPPC:NBD-PC:

DSPE-PEG (80:10:5:5).

 Phospholipids were dissolved in chloroform and mixed at the abovementioned ratio. 

The solvent was desiccated by evaporation under a stream of nitrogen gas and the lipid film 
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exsiccated for 20 min in a vacuum exsiccator at room temperature (RT). For FACS and release 

experiments the lipid film was hydrated with 200 mM calcein (Fluka, Buchs, Switzerland) or 

57 mM CF (Fluka) in 10 mM HEPES buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid, pH=7.4, Sigma Aldrich) to a final lipid concentration of 5 mM and bath sonicated for 10 

min. The same protocol was carried out with respect to LUVETs used in the confocal micros-

copy and capillary thrombosis experiments, with the only exception being the hydration of 

the lipid film with 2 mM calcein or 2 mM CF in 10 mM HEPES buffer, pH=7.4. For the in vivo 

experiments, the lipid film was hydrated with PBS (10 mM phosphate, 2.7 mM potassium 

chloride, 137 mM sodium chloride, pH=7.4, Sigma-Aldrich). The mixtures were subjected to 

10 freeze-thaw cycles (with the exception of the latter formulation) and extruded 7 through 

0.1-µm polycarbonate membranes (Avanti mini-extruder, Avanti Polar Lipids) at 80°C. The 

NBD-labeled LUVETs were sequentially extruded through 1.0-, 0.4-, 0.2-, and 0.1-µm poly-

carbonate membranes (7 per membrane) at 80°C.

 Prior to incubation with blood and plasma samples, unencapsulated fluorophore was 

removed by two sequential size exclusion chromatography steps during 4-min centrifugation 

at 128×g (2 mL syringe, gel volume 2.2-2.5 mL, loading volume 200 µL, Sephadex G-50 fine, 

GE Healthcare, Chalfont St. Giles, UK). The equilibration buffer consisted of 10 mM HEPES 

and 0.88% (w/v) NaCl, pH=7.4. Gel filtered LUVETs were stored at 4°C in the dark for a maxi-

mum of 3 h. This step was omitted for the DSPC:DPPC:NBD-PC:DSPE-PEG LUVETs.

 In order to extrapolate the final lipid concentration in the incubation mixtures, the lipid 

concentration in the eluent following size exclusion chromatography was determined ac-

cording to Rouser et al. [7] and expressed as a fraction of the initial lipid concentration. The 

mean±SD lipid yield in the eluent was 71±3% (n=4), which was factored into the final lipid 

concentration calculations in the experiments below.

 LUVET size and polydispersity were measured by photon correlation spectroscopy at a 

90° angle using unimodal analysis (Zetasizer 3000, Malvern Instruments, Malvern, UK) after 

dilution with equilibration buffer. The fluorophore-encapsulating LUVETs had a mean±SD 

diameter of 116±5 nm (50 iterative measurements per sample) and a polydispersity index of 

0.183±0.023. The NBD-labeled LUVETs had a mean±SD diameter of 100±2 nm and a poly-

dispersity index of 0.165±0.130.

 Calculations related to physical parameters were only performed for fluorophore-en-

capsulating LUVETs. The trapped volume, Ve (L/mole lipid), was computed with the equation 

obtained from [8]:

Ve = (500/3)·A·N·R   (Eq. 1)

where A is the area of the membrane occupied by one lipid (in m2), N is the Avogadro con-

stant (6.0221023 mol-1), and R the radius (in m) of the vesicle. The cross-sectional areas per 

phospholipid molecule were 49.4 Å2 for DPPC [9] and DSPC, and 50.0 Å2 for DSPE-PEG 

[10]. The areas were weighed averages (Aweighed) indexed for the molar ratio of each lipid 

component: 

Aweighed = [(ADPPC)(mol%DPPC)+(ADSPC)(mol%DSPC)+(ADSPE-PEG)(mol%DSPE-PEG)]/100%   (Eq. 2)
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The Aweighed was 49.4 Å2, yielding a Ve of 2.9 L/mole lipid.

2.2 Blood and plasma sample preparation
All animals were treated in accordance with animal ethics guidelines of the K.U. Leuven. 

For the in vitro experiments, Gold Syrian hamsters (Elevage Janvier, Le Genest Saint Isle, 

France) were anesthetized with diethyl ether, and blood was drawn from the retro-orbital 

plexus through a glass capillary into a tube containing 0.31%  final concentration sodium 

citrate (1:9 citrate:blood ratio).

 Human venous blood was drawn from healthy volunteers into 50-mL tubes containing 

0.38% final concentration sodium citrate. The blood samples were immediately centrifuged 

at 200×g for 10 min at RT to prepare platelet-rich plasma (PRP). Isolated PRP was counted 

(Cell-Dyn 1300, Abbott Laboratories, Abbott Park, IL) and diluted with PBS (for FACS) or 

equilibration buffer (for confocal microscopy) to the desired platelet concentration as indicat-

ed. For confocal microscopy, human blood was drawn by venipuncture into a tube contain-

ing acid citrate dextrose (ACD, Sigma-Aldrich) in a 1:9 ratio to blood. PRP was prepared by 

centrifugation at 80g for 10 min at RT. Platelet-poor plasma (PPP) was obtained by centrifu-

gation of whole blood at 3200g for 15 min and stored at -20°C until use in the fluorophore 

release assays. For the capillary thrombosis experiments human venous blood was drawn 

into 50 mL tubes containing 40 µM PPACK (D-phenylalanyl-L-prolyl-L-arginine chloromethyl 

ketone, final concentration, Calbiochem, San Diego, CA) as anticoagulant.

2.3 Calculation of platelet:LUvET ratios
The number of platelets per quantity of LUVETs was calculated for each in vitro assay so as 

to provide a standardized frame of reference between the in vitro data and to facilitate com-

parative analysis with respect to Mordon et al.’s study [1], and was expressed as the number 

of platelets determined by cell counting per mole of phosphorous present in the LUVETs.

 The final lipid concentrations in every experiment were derived by dividing the initial 

phospholipid concentration as determined by the Rouser assay (corrected for the lipid yield 

in the eluent following size exclusion chromatography) by the dilution factor. For FACS and 

the glass capillary thrombosis experiments the number of platelets per volume of PRP and 

whole blood, respectively, were counted and adjusted where needed. Subsequently, the 

platelet:LUVET ratio was derived arithmetically. For the confocal microscopy experiments 

the platelet:LUVET ratio was based on the mean platelet count of the blood donor, namely 

4105 platelets/mL whole blood. For comparative analysis with the in vivo situation [1], the 

platelet:LUVET ratio was based on an injection volume of 500 µL per hamster, a 24.6 mM 

phospholipid concentration, a hamster blood volume of 78 mL/kg body weight, a body weight 

of 100 g, and a mean platelet count of 6105/mL whole blood (n = 3), yielding a platelet:LU-

VET ratio of approximately 4.11014 platelets/mole lipid and a systemic lipid concentration of 

1.48 mM.

2.4 Flow cytometry
The interaction between platelets and LUVETs was assayed by FACS. PRP was diluted with 

PBS to a concentration of 25103 platelets/µL and 40 µL was incubated with 1 µL of 10 µg/
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mL convulxin (CVX, Kordia Life Sciences, Leiden, the Netherlands) in water for 10 min at RT 

(activated platelets) or without CVX (resting platelets). Subsequently, 10 µL of the gel filtered 

LUVET suspension was added to the diluted PRP to a final concentration of 0.70 mM lipid 

(corresponding to a platelet:lipid ratio of 2.91013 platelets/mole LUVET lipids) and incubated 

for 20 or 40 min at RT in the dark.

 For human platelets, FACS assays were also performed after addition of 25 and 40 

µL of the gel filtered LUVET suspension, corresponding to 1.35 and 1.75 mM final lipid 

concentrations and platelet:lipid ratios of 1.11013 and 5.71012 platelets/mole LUVET lipids, 

respectively.

 Platelets were washed by increasing the volume to 0.5 mL with PBS and centrifugation 

for 5 min at 288g at RT. The supernatant was discarded to remove the LUVETs. Subse-

quently, hamster platelets were incubated with 5 µL of mouse anti-human CD42b mono-

clonal antibodies (mAbs) (200 µg/mL, clone 11A4, prepared as described in [11]) for 10 min, 

and secondarily labeled with 5 µL of phycoerythrin (PE)-conjugated F(ab’)2 fragments of goat 

anti-mouse IgG polyclonal antibodies (100 µg/mL, Jackson Immunoresearch, West Grove, 

PA) for 10 min at RT in the dark. Human platelets were labeled with 5 µL of PE-conjugated 

mouse anti-human CD61 mAbs (CD61-PE, 16.5 µg/mL, clone Y2/51, Miltenyi Biotec, Ber-

gisch Gladbach, Germany) during 10 min at RT in the dark. Goat anti-mouse IgG-PE (Jackson 

Immunoresearch) and mouse IgG-PE (clone 203, Immunotools, Friesoythe, Germany) were 

used as controls. Finally, 0.5 mL PBS that had been stored at 4°C was added before FACS 

(EPICS XL-MCL, Beckman Coulter, Fullerton, CA). Ten thousand events were collected in the 

platelet gate.

 Since calcein at 200 mM concentration is almost completely self-quenching [12], the 

fluorescence emission from LUVETs (ex=488 nm, em=519 nm) was assayed separately for 

each gel filtered LUVET batch to verify FL1 fluorescence before incubation with PRP.

 Data analysis was performed with FCS Express software (version 3, De Novo Soft-

ware, Los Angeles, CA).

2.5 Spectrofluorometric determination of plasma- and reagent-induced fluorophore 
leakage from liposomes
To examine possible detrimental effects of plasma and reagents on LUVET membrane in-

tegrity, the fluorescence emission of DSPC:DPPC:DSPE-PEG LUVETs containing 200 mM 

calcein or 57 mM CF was recorded after incubation with human PPP, CVX (200 ng/mL final 

concentration); anti-CD42b (20 µg/mL final concentration); anti-CD42b secondarily labeled 

with anti-IgG-PE (20 and 10 µg/mL final concentration, respectively) during 10 min at RT in 

the dark; or anti-CD61-PE mAbs (1.65 µg/mL final concentration) according to the principles 

in [13]. 

 Following size exclusion chromatography (section 2.1), 20 µL of the eluted LUVET sus-

pension (0.47 mM final lipid concentration) was incubated for 10 min in PPP and the reagents 

above in a volume three times greater (150 µL) than used in the flow cytometry assays (sec-

tion 2.3) but at the same stoichiometric concentrations (so as to reproduce the experimental 

conditions of the FACS experiments). The reaction mixture was added to 850 µL equilibra-

tion buffer during the spectrofluorometric measurement (SPF 500C, American Instrument 
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Company, Silver Springs, MD) at ex=493±5 nm, em=519±5 nm, and 20°C under continuous 

stirring in time-based acquisition mode. The fluorescence emission was recorded for 30 min. 

At t=30 min, 1 µL of 10% Triton-X 100 (TX-100, 0.1% final concentration, Fluka) was added 

to determine the fluorescence emission intensity of unquenched calcein or CF. 

 The apparently linear leakage rate, k, was calculated between t=6 min and t=30 min by:

k = [(It=30 – It=6)/If]/24 min   (Eq. 3)

where I is fluorescence emission intensity, subscript t is time (min), and If is final fluores-

cence emission intensity (2.5 min after TX-100 addition).

 The final lipid concentration and Ve (section 2.1) were used to determine the final fluo-

rophore concentration released into the suspending medium during plasma- and reagent-in-

duced leakage experiments. This was necessary to ultimately rule out or confirm false posi-

tive fluorescence of platelets during FACS, confocal microscopy, and capillary thrombosis 

experiments as a result of interactions between platelets and unencapsulated fluorophore 

[14].

 The cumulative Ve (cVe) was calculated for a 20 µL LUVET incubation volume (per mL 

sample) containing 0.07 mM final lipid concentration. The cVe was 0.20 µL. Subsequently, 

the concentration of fluorophore (C) released at time (t) was approximated by: 

Ct = (cVe/Vf)·C0·k·t   (Eq. 4)

where Vf represents the final sample volume that was assayed spectrofluorometrically (1 

mL) and C0 the initial fluorophore concentration. 

2.6 Confocal microscopy
Following addition of 100 nM prostaglandin E1 (PGE1, final concentration, Sigma Aldrich), 

an inhibitor of endogenous platelet activators [15], to 250 µL of PRP, platelets were pel-

leted by centrifugation (310g for 5 min at 37°C) and the supernatant aspirated. Platelets 

(~7107 cells in ~35 µL incubation volume) were activated during 10 min with 75 µL of 10 

µg/mL CVX. Resting or activated platelets were incubated for 10 min at RT with 500 µL of 

the LUVET suspension (2.87 mM final lipid concentration, ~4.31013 platelets/mole LUVET 

lipids) containing 2 mM calcein or 2 mM CF. The reaction volume was increased to 1 mL 

with equilibration buffer and the platelets were pelleted as described above. The supernatant 

was aspirated to a residual volume of ~30 µL. Platelets were labeled with 75 µL anti-CD61-

PE mAbs (16.5 µg/mL) during 10 min at RT in the dark and studied by confocal microscopy 

(100 oil immersion objective, ex=488 nm/em=515±30 nm and ex=543 nm/em=585±30 

nm, Nikon TE2000-U, Tokyo, Japan).

2.7 glass capillary thrombosis model
A capillary perfusion system (Fig. 1) was employed for the online monitoring of LUVET-

mediated fluorescence staining of platelet aggregates on a collagen-coated glass surface. 

Standard rectangular glass microcapillary tubes (Vitrotubes, 100 mm in length, 0.11.0 mm 
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inner diameter, Composite Metal Services, Shipley, UK) were coated with 200 µg/mL Horm 

collagen (Nycomed, Zurich, Switzerland) in PBS overnight at RT. The capillaries were sub-

sequently washed once with HEPES buffer (10 mM HEPES, 145 mM NaCl, pH=7.4) and 

blocked for 30 min with 1% (w/v) bovine serum albumin (Sigma-Aldrich) and 0.1% (w/v) glu-

cose (Sigma-Aldrich) in HEPES buffer. The upstream end of the capillary was connected to 

a 5-mL syringe (Becton Dickinson, Franklin Lakes, NJ) via a rubber cannula. Anticoagulated 

human whole blood (2 mL) was mixed with 100 µL LUVETs (0.17 mM final lipid concentra-

tion, 2.31015 platelets/mole LUVET lipids) for 10 min at RT before perfusion of the collagen-

coated glass capillary (Pump 22 Infusion Only, Harvard Apparatus, Holliston, MA) at 1500/s. 

In the control experiments, platelets were labeled with 10 µM 3,3’-dihexyloxacarbocyanine 

iodide (DiOC6(3), final concentration, Invitrogen, Carlsbad, CA) for 10 min at RT [16].

 Interaction of LUVETs with platelets involved in thrombus formation was visualized in 

real time with an Eclipse TE200 inverted fluorescence microscope (20 objective, NA=0.45, 

Nikon) equipped with a B-2A filter set (ex=470±20 nm, em cut-on=515 nm, dichroic mirror 

cut-on=500 nm, Nikon) and a color CCD video camera (A11C3 color, Basler Vision Technolo-

gies, Ahrensburg, Germany). The camera was connected to a PC workstation (Dell, Round 

Rock, TX) and controlled with Lucia G image processing and analysis software (version 4.21, 

Nikon).

2.8 In vivo determination of platelet-LUvET interactions
The in vivo experiments were performed with LUVETs of which a mole fraction of PC lipids 

was covalently labeled with NBD, a fluorophore that is detected in the FACS FL1 channel. 

This approach precluded the possibility of fluorophore leakage from the LUVETs as may have 

been the case with CF- or calcein-encapsulating LUVETs.

 Animals (n=3 per group) were anesthetized by inhalation of a mixture of air:O2 (1:1 
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v/v, 2 L/min) and 4% isoflurane (Forene, Abott Laboratories, Queensborough, UK) through 

a nasal cap. Maintenance anesthesia was achieved by sustained ventilation with a mixture 

of air and O  (1:1 v/v, 2 L/min) and 1.5-2.5% isoflurane. DSPC:DPPC:NBD-PC:DSPE-PEG 

LUVETs were infused into the animal via the subclavian vein in accordance with [17] at a  

final lipid concentration of 125 µmoles/kg (similar to the 123 µmoles/kg used in [1]) in a  

500-µL injection volume. Blood samples were collected into a syringe containing 0.38% 

citrate (final concentration) following jugular vein puncture at t=15 min and t=45 min and  

immediately centrifuged at 200g for 10 min to isolate PRP. Hamster platelets were washed 

thrice with PBS by centrifugation at 350g for 5 min at RT to remove the LUVETs and 

assayed by FACS (FACSCalibur, Becton Dickinson, Franklin Lakes, NJ). Twenty thousand 

events were collected in the platelet gate.

3. RESULTS

3.1 Flow cytometry
The interaction between LUVETs and resting and activated platelets was initially investigated 

by FACS using the CF-encapsulating formulation (as in [1]). However, due to the aberrant 

release kinetics of this formulation in PPP and fluorescence quenching of CF by PPP (sec-

tion 3.2), the FACS experiments were repeated with the stable and unquenched (by PPP) 

calcein-encapsulating formulation. Solely the results obtained with the latter formulation are 

reported.

 To ascertain that 116 nm-diameter LUVETs containing a self-quenching concentration 

of calcein were detectable by forward (FS)- and side-scattering (SS) and fluorescence, the 

LUVETs were assayed by FACS following size exclusion chromatography and 50 dilution 

with equilibration buffer.

 The LUVETs exhibited similar FS and SS properties as resting and activated platelets 

(not shown), despite the fact that the LUVETs were ~15 and ~30 smaller than resting 

and activated platelets, respectively. The relatively long acquisition time (10,000 events in 

approximately 16-24 s at a medium flow rate) precludes the possibility that multiple LUVETs 

were counted as a single event (Ger Arkesteijn, personal communication). The exact rea-

son for the overlapping scattering profiles was not further investigated inasmuch as it was 

inconsequential to the aim of the study. However, platelets had to be counterstained with 

PE-conjugated antibodies so as to be distinguishable from the LUVETs. Fluorescence was 

detectable despite the self-quenching calcein concentration. The mean FL1 fluorescence 

was 35.1 for LUVETs alone (Fig. 2A) and 32.3 for LUVETs in the presence of CVX (Fig. 2B). 

The respective fractions of LUVETs in the upper right quadrant were 1.4% and 1.2%. The 

mean FL1 fluorescence and the fraction of FL1/FL2-positive LUVETs were 32.5 and 5.0%, 

respectively, for LUVETS co-incubated with CVX and anti-CD42b-IgG-PE (Fig. 2C), and 27.6 

and 1.5%, respectively, for LUVETS co-incubated with CVX and anti-CD61-PE (Fig. 2D). The 

high fluorescence emission intensity in combination with the low population spill-over into 

the upper right quadrant in the presence of reagents indicated that the LUVETs were suitable 

for studying platelet-LUVET interactions by FACS.
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 Resting and activated hamster platelets cross-reacted with anti-human CD42b mAbs 

(Fig. 2E) and exhibited marginal interaction with and/or uptake of LUVETs: the percentage 

of FL1/FL2-positive cells following 40-min incubation at RT with LUVETs and washing was 

1.6% for resting platelets (Fig. 2F) and 3.1% for activated platelets (Fig. 2G).

 Reactivity between resting and activated human platelets and anti-CD61 mAbs was con-

firmed (Fig. 2H). The percentage of FL1/FL2-positive cells following 40-min incubation with 

LUVETs was 2.2% for resting (Fig. 2I) and 6.3% for activated human platelets (Fig. 2J).

 To assess whether platelet staining was dependent on the platelet:LUVET ratio, human 

platelets were incubated with increasing volumes of the LUVET suspension (0.70, 1.35, and 

1.75 mM final lipid concentrations, corresponding to 2.91013, 1.11013, and 5.71012 plate-

lets/mole LUVET lipids). The degree of labeling of resting platelets, as expressed by the frac-
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Figure 2. Platelet-LUVET interactions examined by FACS. Flow cytograms of (A) gel filtered calcein-encapsulating 
DSPC:DPPC:DSPE-PEG2000 LUVETs (85:10:5 molar ratio); (B) LUVETs incubated with convulxin; (C) LUVETs incu-
bated with convulxin and anti-CD42b-IgG-PE antibodies; (D) LUVETs incubated with convulxin and anti-CD61-PE 
mAbs; (E) resting and convulxin-activated (light and dark line, respectively) hamster platelets stained by anti-CD42b-
IgG-PE. The black, filled curve represents negative control. Resting (F) and activated (g) hamster platelets after 40- 
min incubation with LUVETs (platelet:lipid ratio of 2.9×1013 platelets/mole LUVET lipids); (H) resting and convulxin-ac-
tivated (light and dark line, respectively) human platelets stained by anti-CD61-PE. The black, filled curve represents 
negative control. Resting (I) and activated (j) human platelets after 40-min incubation with LUVETs (platelet:lipid 
ratio of 2.9×1013 platelets/mole LUVET lipids). LUVETs are quantified in the FL1 channel; platelets are quantified in 
the FL2 channel.
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tion of FL1/FL2-positive cells in the upper right quadrant, increased with the quantity of LU-

VETs present in the incubation mixture (Fig. 3). Fig. 3A shows that 93% and 150% increases 

in final lipid concentration led to a 51% and 192% increase in the fraction of stained resting 

platelets, respectively, albeit the overall percentage of FL1/FL2-positive cells remained be-

low 6.4%. Activated platelets exhibited a stronger interaction with LUVETs, insofar as a 

twofold increase in lipid concentration resulted in a sixfold increase in the fraction of stained 

cells. At 1.35-mM final lipid concentration, 35.9% of cells in the assayed platelet population 

were labeled by the LUVETs compared to 6.3% of FL1/FL2-positive cells for 0.70 mM final 

lipid concentration. Raising the lipid concentration from 1.35 mM to 1.75 mM yielded no  

additional increase in FL1/FL2-positive cells with respect to activated platelets, suggesting 

that a saturation level may have been reached.

 In conclusion, a scant platelet-LUVET interaction was observed in resting and activated 

hamster and human platelets at a 0.70 mM final lipid concentration. Lower platelet:LUVET 

ratios were associated with an augmented degree of platelet labeling by the LUVETs, which 

was more pronounced for activated human platelets than for resting platelets.

3.2 Spectrofluorometric determination of plasma- and reagent-induced fluorophore 
leakage from liposomes
In order to investigate whether PPP and the reagents used in this study impart a detrimen-

tal effect on liposomal membrane integrity, and thus produce false positives through the 

staining of platelets by fluorophore molecules that have leaked out of the vesicles, PPP-

suspended LUVETs containing 200 mM calcein or 57 mM CF were assayed spectrofluoro-

metrically in the presence of CVX and antibodies. In a parallel study we found that platelets 

can be stained with submicromolar concentrations of (free) calcein and CF and quantified by 

FACS [15]; any PPP- or reagent-induced leakage from LUVETs to a detectable extent would 

therefore invalidate discrete LUVET-platelet interactions.
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Figure 3. The effect of decreasing platelet:lipid ratios on platelet-LUVET interactions as examined by FACS. A) De-
pendence of the number of FL1/FL2-positive resting and activated human platelets on the final LUVET lipid concen-
tration in platelet-rich plasma (40 µL, 106 platelets). The number of FL1/FL2-positive cells in the upper right quadrant 
are expressed as a percentage of the entire platelet population. Final lipid concentrations of 0.70, 1.35, and 1.75 mM 
correspond to platelets/mole LUVET lipid ratios of 2.9×1013, 1.1×1013, and 5.7×1012, respectively. Assays were per-
formed by FACS; 10,000 events were collected in the platelet gate. Flow cytograms of resting (B) and activated (C) 
human platelets incubated with 10 µL (0.70 mM final lipid concentration, yellow dot plot) or 40 µL (1.75 mM final lipid 
concentration, red dot plot) of the LUVET suspension.
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 The release rates of the encapsulated fluorophore depended on the type of suspending 

medium as well as the fluorophore used. Calcein-encapsulating LUVETs exhibited a rela-

tively high mean release rate in equilibration buffer (0.14%/min), whereas the release rate 

in PPP was 0%/min (Figs. 4A and C), suggesting a stabilizing effect of PPP on the LUVET 

membrane. 

 In contrast, the stability of CF-encapsulating LUVETs was little affected by the equili-

bration buffer (0.02%/min), whereas the presence of PPP was associated with quenched CF 

fluorescence (not shown) and possibly anomalous release kinetics following TX100 addition 

(Fig. 4B) (because the extent of CF fluorescence quenching by itself does not justify the dif-

ference in fluorescence emission intensity between buffered and PPP-containing CF-LUVET 

solutions after TX100 addition). The leakage rate of CF from LUVETs in the presence of PPP 

was 0.12%/min. However, since the percentage of leakage was calculated based on the 

fluorescence emission intensity 2.5 min after TX-100 addition, the passive release rates are 

artificially amplified when fluorescence quenching occurs or when release kinetics are aber-

rant. Reagent-induced leakage is therefore not reported for CF-containing LUVETs.

 The addition of reagents, which was performed in PPP-containing medium, resulted in 

an increased calcein leakage for all reagents when compared to PPP alone. Calcein release 

rates ranged from 0.05%/min (CVX, CD42b) to 0.08%/min (CD42b-IgG-PE, CD61-PE) (Fig. 

4C), which corresponds to rises in final concentration of 0.20 µM and 0.32 µM calcein in the 

suspending medium per 10 min, respectively. It should be noted that PPP- and/or reagent-

induced leakage during the 10-min incubation period was excluded from the calculations 

inasmuch as the fluorescence emission intensity of control samples (LUVETs only) did not 

differ from the emission intensity of LUVETs + reagent(s) incubation mixtures following ad-

dition to the buffer/PPP solution (not shown).
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Figure 4. Spectrofluorometric determination of passive and reagent-induced leakage rates. Leakage of calcein (Cal) 
(A) and 5,6-carboxyfluorescein (CF) (B) from DSPC:DPPC:DSPE-PEG2000 LUVETs (85:10:5 molar ratio) suspended 
in 0.88% NaCl, 10 mM HEPES buffer, pH = 7.4, or buffer containing 15% v/v platelet-poor plasma (PPP). The arrows 
represent, in chronological order, the addition of LUVETs and of TritonX-100 (0.1% v/v final concentration) to the 
medium. (C) The effect of convulxin (CVX), glycoprotein Ib mAbs (CD42b), CD42b labeled by phycoerythrin-conju-
gated IgG, and phycoerythrin-conjugated CD61 mAbs on calcein release rates from LUVETs in the presence of PPP. 
Release of entrapped fluorophore following the addition of TX-100 occurred at a faster rate for LUVETs suspended 
in buffer than in PPP-containing suspensions. Moreover, a state of equilibrium was reached faster for the former. 
Mean±SD values are reported (n=3).
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 The extrapolated fluorophore concentrations (0.20-0.32 µM) in the suspending me-

dium following incubation of LUVETs with CVX or antibodies suggests that the fraction of 

FL1/FL2-positive cells (section 3.1) may be interpreted as false positives, given that a 250 

nM concentration of free fluorophore is sufficient to obtain a discriminable FL1-positive sig-

nal with FACS [14]. Consequently, platelet-LUVET interactions were assayed by confocal 

microscopy. 

3.3 Confocal microscopy
Confocal microscopy was employed to scrutinize the FACS results (section 3.1) and to determine 

the localization of the LUVETs with respect to resting and activated human platelets.

 Resting platelets exhibited no to very limited interaction with CF- and calcein-encap-

sulating LUVETs following 10-min incubation. The LUVETs occasionally colocalized with in-

dividual CD61-PE stained activated platelets, which in most instances occurred near or at 

the platelet outer membrane (Fig. 5A). In a few cases the LUVETs were sequestered by 

CVX-activated cells into the cytoplasmic compartment (Fig. 5B). Moreover, the platelets did 

not exhibit discriminable green fluorescence compared to background, suggesting that the 

LUVETs did not release the fluorophore into the intracellular environment after sequestration 

(not shown).

 Similarly, the distribution of LUVETs in CVX-activated platelet aggregates (microthrom-

bi) was relatively sparse (Fig. 5C). It should be noted that this incorporation may have been 

the result of the LUVETs merely being trapped in the clusters during aggregation rather than 

having undergone a specific interaction with the platelets.

 Although the results provide a possible explanation for the positive staining of a small 
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Figure 5. Platelet-LUVET interactions examined by confocal microscopy. Confocal microscopy images of human 
platelets that were incubated for 10 min with fluorophore-encapsulating DSPC:DPPC:DSPE-PEG2000 LUVETs 
(85:10:5 molar ratio, 2.87 mM final lipid concentration, 4.3×1013 platelets/mole LUVET lipids), washed, and labeled 
with CD61-PE. A) Convulxin-activated platelet incubated with 5,6-carboxyfluorescein-containing LUVETs (arrow). 
One LUVET was found to colocalize with the platelet membrane in this z-planar section. The arrowhead points to a 
platelet-derived microparticle. Scale bar = 1 mm. Insert: single 5,6-carboxyfluorescein-containing LUVET. Scale bar 
= 100 nm. B) Convulxin-activated platelet incubated with 5,6-carboxyfluorescein-containing LUVETs. In this case 
several LUVETs have been internalized into the cytoplasmic compartment (arrows). Scale bar = 0.5 mm. C) Micro-
thrombus composed of convulxin-activated platelets incubated with calcein-containing LUVETs. The relatively homo-
geneous LUVET distribution indicates a lack of association with the thrombus. Scale bar = 4 mm.
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fraction of the platelet population in the FACS experiments, they fail to corroborate the  

intense fluorescence staining as described for the in vivo situation [1]. This discrepancy is 

exacerbated by the fact that a ~10-fold lower platelet:LUVET lipid mole ratio was used in the 

confocal microscopy assay than was used in [1]. 

3.4 glass capillary thrombosis model
To further confirm our results we investigated whether LUVET-platelet interactions occur 

under flow conditions using an ex vivo model of thrombus formation. Anticoagulated whole 

blood was perfused over a fibrillar collagen matrix, allowing platelets to adhere and aggre-

gate. Platelet adhesion is mediated through receptor GPIb (CD42b) via collagen-bound von 

Willebrand factor [18] followed by the collagen receptors GPVI and integrins 21 [19], where-

as aggregation is facilitated through GPIIb/IIIa (CD41) [20]. When platelets are labeled with a 

fluorescent dye (DiOC6(3)) thrombus formation can be visualized in real time by fluorescence 

microscopy.

 Figs. 6A-D depict the development of microthrombi in time during continuous perfusion 

of collagen-coated glass capillaries with DiOC6(3)-labeled platelets in whole blood. Within 2 

min small platelet aggregates were present on the capillary wall (Fig. 6B, arrowhead) that, 

after 8 min (Fig. 6D), had grown considerably in size as evidenced by the increased surface 

area and fluorescence emission intensity. When the system was viewed in brightfield mode, 

the thrombi appeared light against a dark background due to the absence of hemoglobin in 

the clot (Fig. 6E, arrowhead).
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Figure 6. Platelet-LUVET interactions examined with a glass capillary thrombosis model. Accumulation of micro-
thrombi on collagen-coated glass capillaries as imaged with fluorescence video microscopy. A-D) depict the develop-
ment of microthrombi in time during continuous perfusion of collagen-coated glass capillaries with DiOC6(3)-labeled 
platelets in whole blood. The red arrows indicate the direction of flow. Within 2 min small platelet aggregates were 
present on the capillary wall that, after 8 min (D), had grown considerably in size. In brightfield mode, the thrombi 
appeared light against background (E, arrow). Perfusion with calcein-incorporating DSPC:DPPC:DSPE-PEG2000  
LUVETs (0.17 mM final lipid concentration, 2.3×1015 platelets/mole LUVET lipids) (F) confirmed the lack of platelet-
LUVET interactions after 2 min of perfusion, imaged at 4.2× higher camera gain settings and 4× longer acquisition 
time than used in control (A-D). After 7 min, thrombi were imaged at 5.6× higher gain and 8× longer acquisition time 
to allow visualization of single liposomes ((g), arrows). The brightfield image taken at 8:47 min confirmed the pres-
ence of thrombi ((H), arrow).
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 If calcein-encapsulating, PEGylated DSPC:DPPC:DSPE-PEG LUVETs undergo any 

kind of interaction with resting or activated human platelets, perfusion of capillaries with  

LUVET-containing whole blood would exhibit a similar staining pattern in microthrombi. Fig. 

6F clearly shows an absence of such a pattern after 2 min of perfusion, imaged at 4.2 

higher camera gain settings and 4 longer acquisition time than used in control. After 7 min, 

thrombi were imaged at a 5.6 higher gain and 8 longer acquisition time to allow visualiza-

tion of single LUVETs (Fig. 6G, arrows). Due to the long acquisition time, the LUVETs appear 

as fluorescent streaks (moving objects) rather than dots (stationary objects). The brightfield 

image taken at 8:47 min confirms the presence of thrombi (Fig. 6H).

 The results obtained with the glass capillary thrombosis model, which best mimics 

prothrombotic in vivo conditions, support the FACS and confocal microscopy data and un-

ambiguously demonstrate that fluorophore-encapsulating PEGylated lecithin LUVETs are not 

prone to any substantial interaction with resting and activated platelets (the latter at a plate-

let:lipid ratio >2.91013).

3.5 In vivo determination of platelet-LUvET interactions
In a final experiment, PEGylated LUVETs containing NBD-labeled phosphatidylcholine were 

infused into the hamster circulation and assayed by FACS after 15 or 45 min. This approach 

precluded the possibility of false-positive fluorescence as a result of the binding of free  

calcein or CF to platelets [14]. 

 DSPC:DPPC:NBD-PC:DSPE-PEG (80:10:5:5) LUVETs with a comparable diameter as the 

LUVETs used in [1] (Fig. 7A) emitted a mean±SD FL1 fluorescence of 2018.6±705.1 when 

assayed by FACS in the platelet gate compared to a mean±SD FL1 platelet fluorescence of 

2.1±0.1 (Figs. 7B and C, light gray). After 15 and 45-min systemic circulation time, no notable 

platelet-LUVET interactions were found as evidenced by the almost complete overlap of the 

flow cytograms between control platelets (Figs. 7B and C, black) and platelets assayed after 

LUVET infusion (Figs. 7B and C, dark gray). The mean±SD fluorescence intensities are plotted 

per group in Fig. 7D, demonstrating the validity and accuracy of the in vitro experiments.

Figure 7. In vivo platelet-LUVET interactions assayed by FACS. A) Size distribution of the DSPC:DPPC:NBD-PC:DSPE-
PEG LUVETs as measured by photon correlation spectroscopy. B) Flow cytogram of control hamster platelets (black), 
LUVETs (light gray), and hamster platelets (dark gray) sampled 15 min after infusion of 500 mL of the LUVET suspension 
(25 mM final lipid concentration). C) Flow cytogram of platelets (black), LUVETs (light gray), and platelets (dark gray) 45 
min after infusion of the LUVET suspension. D) Mean, range, and SD plots of FL1 fluorescence intensities of hamster 
platelets (Plt, n=3), hamster platelets following 15-min LUVET circulation (Plt+Lipo 15’, n=3), hamster platelets follow-
ing 45-min LUVET circulation (Plt+Lipo 45’, n=3), and LUVETs in PBS buffer (Lipo, n=4 runs for 1 LUVET batch).
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4. DISCUSSION

 In a report describing a novel in vivo platelet staining technique [1], the phagocytic 

properties of platelets were cited as the possible mechanism behind the rapid uptake of 

CF-encapsulating PEGylated LUVETs by hamster platelets following systemic infusion. In-

terestingly, fluorescent staining of laser-induced thrombi was also demonstrated by us in 

separate studies using the same experimental animal model, experimental setup, and LU-

VETs as were used in [1] (Heger et al., in preparation). Since the observed phenomena and 

the proposed underlying mechanism(s) [1] are in stark contrast with the putative contention 

that platelets are not able to take up neutral, sterically stabilized phospholipid vesicles within 

a few minutes after contact, several specific in vitro and in vivo assays were conducted to ex-

amine the interaction of LUVETs with hamster and human platelets. In addition to addressing 

the mechanism(s) of the proposed in vivo platelet staining technique, the experiments were 

performed in light of the possible implications of such interactions. The detrimental implica-

tions associated with platelet uptake of sterically stabilized PC-based liposomes designed to 

deliver therapeutic or diagnostic compounds to target sites other than platelets are evident. 

On the other hand, platelet interactions with stealth liposomes could open up new avenues 

for clinical and research modalities in which platelets play a pivotal role. 

 The initial approach in validating platelet-LUVET interactions was based on FACS in-

sofar as this technique allows qualitative and quantitative analysis of single cells at high 

sensitivity. The binding to and/or uptake of one liposome by a platelet would therefore be 

instantaneously detected given the strong FL1 signal emanating from singular LUVETs. To 

exacerbate the effects, we incubated hamster platelets at a ~15-fold lower platelet:LUVET 

ratio than used in the in vivo studies ([1] and this study). Nevertheless, even under these ex-

aggerated conditions there were no notable interactions between resting and CVX-activated 

hamster platelets and PEGylated CF-encapsulating DSPC:DPPC:DSPE-PEG LUVETs. The 

confocal microscopy, glass capillary thrombosis, and in vivo results, which were obtained at 

approximately the same systemic lipid concentrations as in [1], strongly supported the FACS 

data, suggesting that the in vivo platelet staining as shown in [1] occurred via mechanisms 

other than platelet-LUVET interactions. 

 In a parallel study we demonstrated that polyanionic fluorescein derivatives such as 

calcein and 5,6-CF associate with the platelet glycocalyx and that platelets are capable of 

sequestering these fluorophores [14]. Similarly, we have found that hamster red blood cells 

can be stained by calcein and 5,6-CF using FACS (unpublished results). Hence it could be ar-

gued that a heightened membrane permeability of CF-encapsulating LUVETs in plasma may 

have accounted for sufficient free fluorophore in the circulation to stain thrombus-entrapped 

platelets. Hashizaki et al. [21] have reported that at 30°C some leakage of CF occurs from 

DPPC:DSPE-PEG liposomes in serum, i.e., more than 10°C below the phase transition tem-

perature, suggesting that passive diffusion of encapsulated fluorophore takes place across 

gel phase DPPC:DSPE membranes. However, the lack of support for this argument from the 

FACS data and the glass capillary thrombosis experiments, albeit performed with human 

platelets, leads to the consideration that the positive staining obtained in vivo [1] is likely as-

cribable to the presence of residual unencapsulated CF in the LUVET-containing suspension 
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before systemic administration, which might not have been sufficiently eliminated by the 

dialysis step. 

 Whilst the potentially beneficial implications of platelet interactions with stealth PC LU-

VETs have been abrogated in the context of a 0.70 mM LUVET suspension, human platelets 

did exhibit an inverse, contrasting pattern when incubated at lower platelet:LUVET ratios. 

The interaction between platelets and LUVETs appears to be strongly activation-dependent 

inasmuch as more than 32% of CVX-activated platelets became FL1/FL2-positive, whereas 

resting human platelets underwent no notable interaction with the LUVETs following 10-min 

incubation. In light of this, LUVET colocalization with individual activated platelets, albeit 

sparse, was confirmed by confocal microscopy, which demonstrates that the FL1 fluores-

cence of PE-labeled activated platelets was not merely the result of reagent-induced calcein 

leakage but of actual uptake of fluorophore-containing DSPC:DPPC:DSPE-PEG LUVETs.

Table 1. Summary of final lipid concentrations from selected studies in which phosphatidylcholine-based liposomes 
were used as drug carriers. When available, molar ratios were provided in parentheses. Systemic lipid concentra-
tions were retrieved or extrapolated on the basis of the furnished information. Total blood volumes were inferred 
based on mean blood volume data (http://www.med.yale.edu/yarc/vcs/normativ.htm) and the given animal weight. 
In some instances (†), animal weights were assumed according to putative values. Abbreviations (in chronological 
order): EPC, egg phosphatidylcholine; chol, cholesterol; DSPE-PEG, 1,2-distearoyl-sn-glycero-3-phosphatidyletha-
nolamine-polyethylene glycol; [3H]CHE, 3H-labeled cholesterol hexadecyl ether; DSPC, 1,2-distearoyl-sn-glycero-
3-phosphocholine; 99mTc-MIBI, technetium-99m-labeled sestamibi; TRITC, tetramethyl rhodamine isothiocyanate; 
DHPE, 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine; HSPC, hydrogenated soy phosphatidylcholine; DOX, 
doxorubicin; [3H]COE, 3H-labeled cholesterol oleoyl ether; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; CF, 
5,6-carboxyfluorescein.
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 A review of liposomal drug delivery literature was performed to investigate the com-

monly employed systemic lipid concentrations that have been used in various animals models. 

The results are summarized in Table 1. In the context of the study by Mordon et al. [1] (Table 

1), a ~15-fold increase in systemic lipid concentration (corresponding to a ~15-fold decrease 

in platelet: LUVET ratio at which no platelet-LUVET interactions were observed) would yield 

approximately 22 mM as a ‘safety threshold.’ All the studies summarized in Table 1 reported 

final lipid concentrations well below this threshold. It is therefore not expected that phospha-

tidylcholine-based drug delivery platforms that are currently being investigated are at risk for 

aspecific platelet uptake or deregulation of the hemostatic system.

 Although the uptake mechanism at higher lipid concentrations is currently elusive, we 

are investigating the possible involvement of the open canalicular system: a channel system 

in platelets capable of acting as an exchange gateway between the extracellular environ-

ment and cellular organelles [22]. It is known that a broad array of particulates, ranging from 

small molecules such as thorium dioxide to 6.4-µm latex beads [23-29] can be sequestered 

through this intricate network of channels. Male et al. [30] have shown that unPEGylated 

liposomes of similar composition were taken up by washed platelets, although the prepa-

ration protocol and the exceptionally long incubation times of 2-17 h may have influenced 

the results. The exact uptake mechanism notwithstanding, any type of interaction between 

LUVETs and activated but not resting platelets could pave the way for diagnostic and thera-

peutic modalities in which platelets act as targets, vehicles, or mediators, and could thus 

constitute a relevant topic in thrombosis- and drug delivery-related research.
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