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ABSTRACT
It remains a major challenge to develop a selective and effective fibrinolytic system for
thrombolysis with minimal undesirable side effects. Herein, we report a multifunctional
liposomal system (164.6 ± 5.3 nm in diameter) for selective thrombolysis through targeted
delivery and controlled release of tissue plasminogen activator (tPA) at the thrombus site. The
tPA-loaded liposomes were PEGylated to improve their stability, and surface coated with a
conformationally-constrained, cyclic arginine–glycine–aspartic acid (cRGD) to enable highly
selective binding to activated platelets. The in vitro drug release profiles at 37 oC showed that
over 90% of tPA was released through liposomal membrane destabilization involving
membrane fusion upon incubation with activated platelets within 1 h, whereas passive release
of the encapsulated tPA in pH 7.4 PBS buffer was 10% after 6 h. The release of tPA could be
readily manipulated by changing the concentration of activated platelets. The presence of
activated platelets enabled the tPA-loaded, cRGD-coated, PEGylated liposomes to induce
efficient fibrin clot lysis in a fibrin-agar plate model and the encapsulated tPA retained 97.4 ±
1.7% of fibrinolytic activity as compared with that of native tPA. Furthermore, almost
complete blood clot lysis was achieved in 75 min, showing considerably higher and quicker
thrombolytic activity compared to the tPA-loaded liposomes without cRGD labelling. These
results suggest that the nano-sized, activated-platelet-sensitive, multifunctional liposomes
could facilitate selective delivery and effective release of tPA at the site of thrombus, thus
achieving efficient clot dissolution whilst minimising undesirable side effects.

Keywords: Activated platelet; liposome; tissue plasminogen activator; GPIIb-IIIa integrin;
targeted delivery; controlled release mechanism; thrombolysis
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1. Introduction
The formation of a blood clot can cause vessel obstruction or occlusion, leading to catastrophic
events such as ischemic stroke, acute myocardial infarction and pulmonary embolism [1, 2].
Timely removal of occlusive arterial clots to rapidly re-establish blood flow is critical to treat
these diseases [3]. One of the currently available clinical strategies for clot lysis is intravenous
infusion of a fibrinolytic agent such as urokinase, streptokinase and tissue plasminogen
activators (tPA), which can convert plasminogen to plasmin and thus trigger fibrin lysis to
break up clots [4-6]. Unfortunately, these thrombolytic agents have short circulation lives (e.g.
only 2~6 min of half-life for tPA) [7-9]. Thus, large drug doses are required for effective
thrombolysis. However, excessive administration and systemic distribution of these
fibrinolytic drugs are detrimental because they may impair normal hemostatic capabilities and
lead to bleeding complications [10].
Although many efforts have been made to improve the stability of thrombolytics for prolonged
blood circulation by PEGylation or encapsulation [11-18], achieving effective drug
accumulation at the clot-site to enable targeted thrombolysis still remains a major challenge
[19]. Korin et al. reported poly(lactic-co-glycolic acid)-based, shear-active nanotherapeutics,
by taking advantage of the high shear stress caused by arterial narrowing for targeted delivery
of tPA to obstructed blood vessels [20]. Another targeted delivery system has been developed
by utilizing magnetically-activated nanomotors to improve the transport of tPA at the blood
clot surface for more effective local ischemic stroke therapy [21]. Nevertheless, the
dependence on luminal high shear stress or an externally rotating magnetic nanomotor makes it
difficult to implement such systems in a general clinical setting [22, 23]. Alternatively,
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thrombus-activated delivery strategies in response to factors present in the characteristic
microenvironment of a thrombus site, such as thrombin [24, 25], fibrin network [26, 27],
collagen [28], glycoprotein [29] and P-selectin [30-32], provide a new perspective for the
design of clot-specific therapeutics. Among these, upregulation of GPIIb-IIIa (αIIbβ3) integrin
on activated platelets has been described as a significant hallmark of thrombus, because αIIbβ3
integrins are inactive on resting platelets but are abundantly expressed and activated on the
platelet surface in the event of thrombus formation [33-38]. Therefore, it is attractive to
develop delivery systems that are sensitive to activated platelets and bind αIIbβ3 integrins, thus
enabling targeted delivery and controlled release of thrombolytic agents for selective and
effective thrombolysis.
Several nanocarriers have been reported to enhance the targeted delivery of tPA (the most
widely used fibrinolytic agent) to a thrombus in vitro and in vivo using peptide sequences of
fibrinogen, such as arginine–glycine–aspartic acid (RGD) motifs located in each of its two Aα
chains and the sequence (CQQHHLGGAKQAGDV) located within its γ chains that selectively
bind to αIIbβ3 integrins on the surface of activated platelets [39-41]. However, drug release
mechanisms at the clot site remain unknown and the role of activated platelets in the controlled
release process is not understood. Herein, we report an activated-platelet-sensitive nanocarrier
for selective thrombolysis through targeted delivery and controlled release of tPA to the blood
clot. In this nanothrombolytic system, tPA was encapsulated in a PEGylated liposome with the
potential for improved stability. The tPA-loaded, PEGylated liposome was surface coated with
a conformationally-constrained, cyclic RGD (cRGD) peptide which has been reported to have
a much higher specificity and affinity for αIIbβ3 integrins compared to linear RGD structures
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[16]. The controlled release of tPA mediated by the selective interaction of the multifunctional
liposome with activated platelets was demonstrated and the release mechanism was elucidated.
The efficient and selective lysis of fibrin and blood clots suggest that the multifunctional
liposomal system is a promising candidate for targeted thrombolytic therapy with reduced
undesirable side effects.

2. Materials and methods
2.1. Materials
L-α-phosphatidylcholine

from

1-(3-dimethylaminopropyl)-3-ethyl

egg

yolk

carbodiimide

(EPC),

hydrochloride

cholesterol,

(EDC),

N-hydroxy

succinimide (NHS), 4-dimethylaminopyridine (DMAP), Dulbecco’s phosphate-buffered
saline (PBS), N-(2-hydroxyethyl) piperazine-N′-(2-ethanesulfonic acid) (HEPES), calcium
chloride (CaCl2), sodium chloride (NaCl), fluorescein isothiocyanate (FITC), cyclic RGD
(cyclo(Arg-Gly-Asp-D-Phe-Val)), Triton X-100, thrombin, plasminogen, fibrinogen, tris
(hydroxymethyl) aminomethane, collagen, the bicinchoninic acid (BCA) protein assay kit and,
tPA

chromogenic

activity

assay

kit

L-α-phosphatidylethanolamine-N-(7-nitro-2-1,
(NBD-PE),

and

S-2251,

calcein,

3-benzoxadiazol-4-yl)

L-α-phosphatidylethanolamine-N-(lissamine

eptifibatide,

(ammonium

rhodamine

B

salt)

sulfonyl)

(ammonium salt) (Rhod-PE) were purchased from Sigma-Aldrich (Dorset, UK). Centrifugal
concentrators were purchased from Fisher Scientific (Loughborough, UK). tPA (alteplase) was
a product of Boehringer Ingelheim (Germany). Whole sheep blood in acid citrate dextrose
(ACD) was obtained from TCS Biosciences Ltd (Buckingham, UK). The extruder set, 1,
2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene
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glycol)-2000]

(DSPE-PEG-NH2), polycarbonate membranes and filter supports were purchased from Avanti
Polar Lipids Inc. (Alabaster, USA). Chloroform (CHCl3), deuterated chloroform (CDCl3),
dimethyl sulfoxide (DMSO), deuterated dimethyl sulfoxide (DMSO-d6), absolute ethyl alcohol
(EA), acetone, hydrochloric acid, sodium hydroxide and other chemicals were obtained from
VWR (Lutterworth, UK).
2.2. Preparation of FITC-labelled tPA
1 mL of FITC solution in DMSO (1.0 mg mL-1) was added dropwise into 2 mL of tPA solution
in PBS buffer at pH 8.0 (1.0 mg mL-1) and stirred at 4 oC in the dark overnight. The mixture
was dialyzed against pH 7.4 PBS solution for 24 h (MWCO = 3500 Da) and the purified
product was stored at 4 oC before use.
2.3. tPA chromogenic activity assay
The tPA activity was determined by using chromogenic substrate of S-2251. Firstly, 96-well
cell culture plates were coated with 5% bovine serum albumin (BSA) solution to inhibit
non-specific absorption, followed by washing with PBS buffer at pH 7.4 for three times and
then drying at room temperature. 1.3 mM substrate S-2251 in H2O and 0.24 μM plasminogen
in Tris-HCl buffer (pH 7.4, 0.05 M Tris-HCl and 0.05 M NaCl) were mixed at a volume ratio of
1:3, and 100 μL of the plasmin substrate solution was placed into each well. The tPA solution
was then added into the well with shaking for 5 min. The absorbance of the mixture at 405 nm
was measured by a GloMax-Multi Microplate Multimode Reader (Promega, USA), and the
tPA activity was determined according to the calibration curve obtained by using the standard
solutions of free tPA.
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2.4. Synthesis and characterization of cRGD-modified lipid
DSPE-PEG-NH2 was grafted to the free carboxyl group of the cyclic RGD by amidation
reaction. Equimolar quantities of DSPE-PEG-NH2 and the cRGD peptide were added together
to react in dried DMSO in the presence of excess NHS and equimolar quantity of EDC. The
solution was stirred at 35 oC for 36 h. Synthesized DSPE-PEG-cRGD was purified by dialysis
against distilled water for 2 days. Final product DSPE-PEG-cRGD was characterized by 1H
NMR (Bruker, Germany) in DMSO-d6 (Figure S1) at room temperature.
2.5. Preparation of tPA-loaded, cRGD-coated, PEGylated liposomes
EPC, DSPE-PEG-cRGD and cholesterol at the required ratios were dissolved in a binary
organic solvent system (CHCl3:EA = 5:1, v:v). A lipid film was formed after removal of the
organic solvents by rotary evaporation for 6 h, and then hydrated with PBS buffer at pH 7.4 and
40 oC. After 1 h, the resulting liposomes were repeatedly extruded for 31 times through 200-nm
polycarbonate membranes and filter supports. The tPA-loaded liposomes were prepared by
hydrating the lipid film with 2 mg mL-1 tPA solution in PBS buffer at pH 7.4 (Figure S2). The
unencapsulated tPA was removed by ultracentrifugation (Eppendorf, UK) for 45 min.
2.6. Characterization of tPA-loaded multifunctional liposomes
The hydrodynamic size and polydispersity index (PDI) of the liposomal systems were
measured at 25 °C by dynamic light scattering (DLS) using a Zetasizer Nano S (Malvern, UK),
and their zeta potential was measured using a ZetaPALS Zeta Potential Analyser (Brookhaven,
USA). Liposomal morphology was evaluated by transmission electron microscopy (TEM)
using a JEOL JEM-2100F instrument (Japan). TEM samples were prepared by dropping the
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liposomal dispersion in pH 7.4 PBS buffer on formvar carbon-coated copper grids. The
stability of the tPA-loaded liposomes was measured by monitoring the size change and tPA
leakage during storage at 4°C. The tPA encapsulation efficiency was assessed by determining
the tPA activity after solubilizing the liposomal membrane with 0.1% Triton X-100.
Specifically, the tPA-loaded multifunctional liposomes were first purified by ultracentrifuge at
200,000 × g for 1 h. Then the pellets were re-suspended with PBS buffer at pH 7.4, followed by
liposomal lysis with Triton X-100 (1:1, v:v) at 37 oC for 15 min. The assay of tPA activity was
carried out to record the amounts of added tPA and incorporated tPA, respectively. The
encapsulation efficiency (EE) was then calculated by the following equation:
(1)
where ml is the weight of tPA loaded and mt is the total weight of tPA initially in the loading
solution.
2.7. Isolation of platelets
Platelets were isolated from whole sheep blood with anti-coagulant ACD by differential
centrifugation. As shown in Figure S3, the blood was placed into a 1 mL tube and centrifuged
at 200 × g for 15 min. Platelet-rich plasma (PRP) was obtained by removing red blood cells,
and platelets were then collected by centrifugation of PRP at 800 × g for 15 min. Platelets were
re-suspended in PBS buffer with the presence of anti-coagulant ACD at pH 7.4 and counted for
experimental use.
2.8. Binding affinity with activated platelets
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To evaluate the potential of the multifunctional liposomes for targeted thrombolysis, their
selective binding to activated platelets was determined by flow cytometry and confocal laser
scanning microscopy (CLSM). 2 mL platelets (1.0 × 108 mL-1) were seeded in 6-well plates
and activated by incubation with 100 μL of thrombin (0.01 μM) for 10 min. Unactivated
platelets or thrombin-activated platelets were incubated with various FITC-labelled
tPA-loaded liposomal formulations (equivalent tPA concentration of 0.2 mg mL-1). Free
liposomes, which were not attached to platelets, were removed by centrifugation. Data for 1.0
× 104 gated events were collected, and the analysis was carried out by a BD Fortessa II flow
cytometer.
For CLSM, 2 mL platelets (1.0 × 108 mL-1) were seeded in 6-well plates, with a
collagen-coated glass coverslip on the bottom of each well. After 30 min, 100 μL of thrombin
(0.01 μM) was added onto the platelet-adhered coverslips to ensure activation of platelets.
Unactivated platelets or thrombin-activated platelets were incubated with various
FITC-labelled tPA-loaded liposomal formulations (equivalent tPA concentration of 0.2 mg
mL-1). The platelets were then fixed with 4.0% formaldehyde for 30 min, followed by rinsing
with pH 7.4 PBS buffer for three times. Subsequently, the resulting slides were mounted and
observed with a Leica SP5 MP confocal microscope.
2.9. In vitro drug release
First, passive drug release was examined in pH 7.4 PBS buffer at 37 oC. The tPA-loaded
liposomes (equivalent tPA dose of 0.5 mg mL-1) were placed into closed glass vials under
shaking in a water bath at 37 oC, and then ultracentrifuged for 1 h at each predetermined time
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interval. The released tPA was determined by measuring the tPA activity in the supernatant as
described above.
Drug release was evaluated in the presence of activated platelets to confirm the tPA release
specifically at the target site. 200 μL of platelets (1.0 × 108 mL-1) were placed into a
collagen-coated 96-well microplate and activated by treatment with 20 μL thrombin (0.01 μM).
Unactivated platelets or thrombin-activated platelets were incubated with various tPA-loaded
liposomal formulations (equivalent tPA dose of 0.5 mg mL-1). The released tPA in each well
was determined by measuring the absorbance at 405 nm with a GloMax-Multi Microplate
Multimode Reader (Promega, USA), as described above in the tPA activity assay. The
percentage of tPA release was calculated by the following equation:
(2)
where A is the absorbance of platelet samples after incubation with the tPA-loaded liposomes;
Ac is the absorbance of negative control after incubation with the pH 7.4 PBS buffer only; Ap is
the absorbance of positive control after incubation with the tPA-loaded liposomes lysed by
Triton X-100.
2.10. Mechanisms of controlled drug release
Study of activated-platelet-induced liposomal membrane destabilization: Destabilization of
the membrane of the PEGylated, cRGD-coated liposome (PEG-cRGD-lip) was examined
using a calcein dequenching assay [42-44]. Briefly, 200 μL of resting or activated platelets (1.0
× 108 mL-1) were added to 1.8 mL of the liposomal suspension encapsulated with 50 mM
calcein in pH 7.4 PBS buffer. The increase in calcein fluorescence due to calcein release from
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the destabilized PEG-cRGD-lip was detected with a Horiba FluoroMax-4 spectroﬂuorometer
(HORIBA, USA) at λex = 488 nm and λem = 535 nm. The percentage of calcein fluorescence
intensity was calculated relative to the maximal fluorescence intensity, which was recorded
upon complete lysis of the calcein-loaded PEG-cRGD-lip by addition of Triton X-100 in the
absence of platelets. Furthermore, in an inhibition experiment, 100 μg mL-1 eptifibatide, an
αIIbβ3 integrin inhibitor, was added to the suspension of activated platelets 5 min prior to
mixing with the calcein-loaded PEG-cRGD-lip.
Confirmation of membrane fusion between the multifunctional liposome and activated
platelets: A fluorescence resonance energy transfer (FRET) assay was employed to examine if
membrane fusion was involved in the liposomal membrane destabilization upon interactions
with resting or activated platelets [45, 46]. Briefly, the membrane of PEG-cRGD-lip was
incorporated with the donor NBD-PE (1 mol%) and the acceptor Rhod-PE (1 mol%). 200 μL of
resting or activated platelets (1.0 × 108 mL-1) were then added to 1.8 mL of the liposomal
suspension in pH 7.4 PBS buffer. The donor NBD fluorescence was detected at λex = 465 nm
and λem = 520 nm with a Horiba FluoroMax-4 spectroﬂuorometer (HORIBA, USA).
Furthermore, in an inhibition experiment, 100 μg mL-1 eptifibatide was added to the suspension
of activated platelets to inhibit αIIbβ3 integrins 5 min prior to mixing with PEG-cRGD-lip.
Measurement of tPA release in the presence of activated platelets at different concentrations:
200 μL of platelets at a specific concentration were placed into each well of a collagen-coated
96-well microplate and activated by treatment with 20 μL thrombin (0.01 μM).
Thrombin-activated platelets were incubated with the tPA-loaded, PEGylated, cRGD-coated
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liposome (tPA-PEG-cRGD-lip), and the percentage of released tPA in each well was
determined according to the method described above.
2.11. Determination of fibrin clot lysis
Fibrin clot lysis by the tPA-loaded liposomes was measured by an agar plate assay [13, 41].
Briefly, 300 mg of agar was dissolved into buffer mixture (15 mL of 0.05 M Tris-HCl buffer at
pH 7.2 and 5 mL of 0.025 M CaCl2 solution). Fibrinogen was dissolved into 10 mL of Tris-HCl
buffer (0.05 M, pH 7.2). The agar solution was mixed with the fibrinogen solution, and then 10
μL of thrombin (4.0 μM) was added under stirring for 1 min. The resulting mixture was spread
carefully on a transparent plastic plate and homogeneous gels were obtained at 37 °C after 3 h.
Four sample wells (~ 0.8 cm diameter) were created in each plate and 10 μL of plasminogen
solution (0.5 mg mL-1) was then added into each sample well. PBS buffer, three plain
liposomes (Lip, PEG-lip and PEG-cRGD-lip), as well as free tPA and the tPA-loaded
liposomes (equivalent tPA dose of 0.5 mg mL-1) were added into respective sample wells and
incubated at 37 °C. The area of the lysed zone in each well was measured to evaluate fibrin clot
lysis.
2.12. In vitro blood clot lysis
Whole sheep blood together with 1.0 μM thrombin and 5 mM CaCl2 (1:0.1:0.1, v:v:v) were
placed into a pre-weighted glass tube under shaking at 37 oC for 3 h and then allowed to form a
stable clot at 4 oC overnight. The initial weight of the blood clot was 0.793 ± 0.068 g, and its
initial volume was calculated to be 156.84 ± 3.46 mm3 by the following equation [47]:
(3)
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The various tPA-loaded liposomal formulations (at an equivalent tPA concentration of 0.5 mg
mL-1) were then added into the tubes. The clots treated with the pH 7.4 PBS buffer alone or
with the liposomes without tPA loading were selected as negative controls. The clots treated
with free tPA at the same equivalent concentration were used as a positive control. At different
time intervals after incubation at 37 oC, the fluid in tubes was completely pipetted out and clots
were then weighed again. The percentage of clot lysis was calculated by the following
equation:
(4)
where m is the remaining blood clot weight after lysis; m0 is the initial blood clot weight.
The time required for dissolving 50 wt% of the initial clot (t50) was also determined. At 1 h and
2 h post-treatment, the representative clot samples were photographed.
2.13. Statistical Analysis
All experiments were carried out in triplicate and the results were presented as mean values ±
standard deviation. The data were analyzed using two-tailed Student’s t-test to assess the
significant difference between groups. Differences were considered to be statistically
significant when p value was less than 0.05.

3. Results and discussion
3.1. Development and characterization of tPA-loaded, cRGD-coated, PEGylated
liposomes
The

tPA-loaded

liposome

surface

modified

with

PEG

and

cRGD

peptides,

tPA-PEG-cRGD-lip, was fabricated according to the method depicted in Figure S2. The
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tPA-loaded liposome without surface modification, tPA-lip, and the tPA-loaded liposome
surface modified by PEG only, tPA-PEG-lip, were prepared for comparison (Figure 1A). The
molar percentage of cholesterol at 40 mol% was chosen to prepare liposome formulations with
desirable stability and minimal drug leakage according to our previous work [48]. Liposomal
formulations were characterized for their particle size, morphology, PDI, zeta potential and
encapsulation efficiency. As shown in Figure 1B, the DLS size of tPA-lip (153.1 ± 4.7 nm)
was similar to that of tPA-PEG-lip (157.4 ± 6.5 nm) and tPA-PEG-cRGD-lip (164.6 ± 5.3 nm).
This suggests that neither PEGylation nor cRGD conjugation onto the liposomal surface
caused any significant changes in particle size. The TEM image confirmed that
tPA-PEG-cRGD-lip was spherical in shape (Figure 1C) and that the TEM particle size was
consistent with the DLS result. As shown in Figure 1D, PDI values of the liposomal systems
were in the range of 0.085 to 0.107, suggesting that the formulations were monodisperse. Zeta
potential values of the tPA-loaded liposomes were in the range of -33.39 ± 0.72 to -39.93 ±
0.84 mV. The PEGylated systems displayed lower zeta potential probably due to the carbamate
linker between DSPE and PEG, which was reported to introduce a negative charge to the
liposomal surface at physiological pH [49]. The entrapment efficiency of fresh
tPA-PEG-cRGD-lip was 33.4 ± 3.6%, higher than that for tPA-PEG-lip (29.1 ± 2.4%) and
tPA-lip (27.5 ± 1.7%). The higher tPA entrapment in tPA-PEG-lip and tPA-PEG-cRGD-lip
than in tPA-lip might be due to the increased hydrophilicity of the PEGylated lipids and the
cRGD-modified lipids [50]. Stability of the tPA-loaded liposomes was examined by
monitoring the size change and tPA leakage during storage at 4°C. As shown in Figures S4
and S5, there was no significant liposomal size change or tPA leakage for all the formulations
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after 7 days of storage at 4 oC. Upon extended storage up to 90 days, tPA-lip formed
aggregation and showed a significantly increased hydrodynamic size, whilst no significant
liposomal size change was observed for tPA-PEG-lip and tPA-PEG-cRGD-lip. It is also
interesting to note that the tPA leakage from tPA-lip was up to 68.7 ± 5.2 % after 90 days of
storage (Figure S5), whereas that for tPA-PEG-lip and tPA-PEG-cRGD-lip was only 15.1 ±
3.7 % and 12.5 ± 3.7 %, respectively. The significantly enhanced stability of tPA-PEG-lip and
tPA-PEG-cRGD-lip might be attributed to the increased repulsion between the liposomes with
more negative surface charge and the shielding effect of the PEG coating, as compared with
tPA-lip [50].

Figure 1. (A) Illustration of three tPA-loaded liposomal formulations, tPA-lip, tPA-PEG-lip
and tPA-PEG-cRGD-lip; (B) Typical intensity-weighted DLS plots of tPA-lip, tPA-PEG-lip
and tPA-PEG-cRGD-lip in pH 7.4 PBS buffer; (C) TEM image of tPA-PEG-cRGD-lip; (D)
Mean hydrodynamic sizes, PDIs, zeta potentials and encapsulation efficiencies of tPA-lip,
tPA-PEG-lip and tPA-PEG-cRGD-lip. Data are presented as the average ± standard deviation
(n = 3).
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3.2. Selective targeting to activated platelets
A critical component of tPA-PEG-cRGD-lip is the targetable cRGD peptide, which can
specifically bind to the αIIbβ3 integrin expressed on activated platelets of thrombus and thus
allow a selective accumulation of tPA at the clot site. Figure 2 compares the binding affinities
of three FITC-labelled tPA-loaded liposomal formulations to resting platelets and activated
platelets, respectively, by flow cytometry. As shown in Figures 2A and 2B, the resting
platelets treated with the FITC-labelled tPA-lip, tPA-PEG-lip and tPA-PEG-cRGD-lip
displayed a similar level of fluorescence intensity, which was only slightly higher than that of
the control resting platelets treated with pH 7.4 PBS buffer alone. This suggests that all the
three liposomal formulations had a very low level of attachment to resting platelets. Figures
2C and 2D show that, even when the platelets were activated by thrombin, there was a
negligible change in fluorescence intensity for the platelets treated with the FITC-labelled
tPA-lip and tPA-PEG-lip. However, the FITC-labelled tPA-PEG-cRGD-lip bound more avidly
to activated platelets, with about a 10-fold increase in fluorescence intensity as compared to the
binding to resting platelets. These results suggest that cRGD peptides can efficiently facilitate
the specific binding of the tPA-loaded liposomes to activated platelets [51]. The effect of
cRGD coating density on the binding affinity of tPA-PEG-cRGD-lip to activated platelets was
further investigated. As shown in Figures 2E and 2F, the binding affinity of the FITC-labelled
tPA-PEG-cRGD-lip to activated platelets gradually increased with increasing cRGD coating
density from 0.3 to 0.7 mol%. This was followed by a considerable enhancement upon the
increase of cRGD density to 1 mol%. The binding affinity reached a plateau at a cRGD density
16

of 1 mol% and a further introduction of cRGD on the liposomal surface would not enhance the
targeting ability any further. This is consistent with a report that an intermediate ligand density
provided optimal binding properties [52]. Thus, tPA-PEG-cRGD-lip with a cRGD density of 1
mol% was chosen for the further studies herein.

Figure 2. Flow cytometry histogram profiles of (A) resting platelets and (C) activated platelets
incubated with the FITC-labelled tPA-lip, tPA-PEG-lip and tPA-PEG-cRGD-lip, respectively.
The platelets incubated with pH 7.4 PBS buffer only were used as the negative control.
Relative fluorescence intensities of (B) resting platelets and (D) activated platelets treated with
17

the FITC-labelled tPA-lip, tPA-PEG-lip and tPA-PEG-cRGD-lip, respectively, relative to the
control group. (E) Histogram profiles of activated platelets incubated with the FITC-labelled
tPA-PEG-cRGD-lip containing the cRGD-DSPE densities of 0.3, 0.5, 0.7, 1.0, 3.0 and 5.0
mol%, respectively; (F) Relative fluorescence intensities of activated platelets treated with the
FITC-labelled tPA-PEG-cRGD-lip containing different cRGD peptide densities relative to the
control group. All the FITC-tPA loaded liposomal solutions were used at the equivalent tPA
concentration of 0.2 mg mL-1. Data are presented as the average ± standard deviation (n = 3).
The single asterisk symbol (*), double asterisk symbol (**) and triple asterisk symbol (***)
denote to p < 0.05, p < 0.01 and p < 0.001, respectively.

Furthermore, the selective binding ability of tPA-PEG-cRGD-lip was directly observed by
CLSM. Both resting and activated platelets were observed in the bright field CLSM images
shown in Figure S6. Figures 3A and 3B reveal that resting platelets treated with the
FITC-labelled tPA-lip, tPA-PEG-lip and tPA-PEG-cRGD-lip only showed very weak green
fluorescence. Interestingly, the CLSM images in Figure 3A show that tPA-PEG-cRGD-lip
displayed significantly enhanced staining of activated platelets as compared to the
FITC-labelled tPA-lip, tPA-PEG-lip without surface coating of cRGD peptides. Analysis of
the mean fluorescence intensity (MFI) in those fluorescence images suggests that the
enhancement in binding affinity of the FITC-labelled tPA-PEG-cRGD-lip to activated platelets
was approximately 10-fold (Figure 3C). This is in good agreement with the flow cytometry
results shown in Figure 2, further consolidating the ability of tPA-PEG-cRGD-lip to
efficiently facilitate targeted drug delivery to activated platelets at a thrombus site.
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Figure 3. (A) CLSM images of resting platelets and activated platelets incubated with the
FITC-labelled tPA-lip, tPA-PEG-lip and tPA-PEG-cRGD-lip, respectively; mean fluorescence
intensity (MFI) in the fluorescence images of (B) resting platelets and (C) activated platelets
incubated with the FITC-labelled tPA-lip, tPA-PEG-lip and tPA-PEG-cRGD-lip, respectively.
All the FITC-tPA loaded liposomal solutions were used at the equivalent tPA concentration of
0.2 mg mL-1. Data are presented as the average ± standard deviation (n = 3). The double
asterisk symbol (**) and triple asterisk symbol (***) denote to p < 0.01 and p < 0.001,
respectively.

3.3. tPA release at the thrombus site
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The tPA release profiles of the liposomal formulations were further investigated to
demonstrate the ability of tPA-PEG-cRGD-lip to release its drug payload specifically at the
target site in the presence of activated platelets. First, passive tPA release from the liposomal
formulations in pH 7.4 PBS buffer at 37 oC was examined. As shown in Figure S7, percentages
of tPA released from tPA-lip, tPA-PEG-lip and tPA-PEG-cRGD-lip were all around 10% after
6 h. This indicates that the liposomal formulations containing 40 mol% cholesterol could
effectively retain tPA with relatively low passive drug release [48]. This is necessary for the
entrapped tPA to survive in the blood circulation and then accumulate to activated platelets of a
thrombus.

Figure 4. (A) Illustration of targeted delivery and release of tPA specifically at the thrombus
site using tPA-PEG-cRGD-lip; (B) tPA release profiles of tPA-lip, tPA-PEG-lip and
20

tPA-PEG-cRGD-lip after interaction with resting or activated platelets. All the tPA-loaded
liposomal solutions were used at the equivalent tPA concentration of 0.5 mg mL-1. Data are
presented as the average ± standard deviation (n = 3).

Figure 4A illustrates the process of targeted delivery and controlled release of tPA specifically
to the thrombus site. As shown in Figure 4B, after binding of tPA-PEG-RGD-lip to activated
platelets, over 90% of the entrapped tPA was released within 1 h, which was considerably
higher than the tPA release from tPA-lip and tPA-PEG-lip at less than 10%. By comparison,
when incubated with resting platelets, tPA-PEG-cRGD-lip released around 10% of the
entrapped tPA in 1 h and this was then increased to a plateau of approximately 30% after 70
min, which might be due to its slightly higher binding affinity than tPA-lip and tPA-PEG-lip
(Figures 2B and 3B). These results indicate that drug release from the liposomal formulation
was preferably induced by the interaction of cRGD peptides on the surface of
tPA-PEG-cRGD-lip with the αIIbβ3 on the surface of activated platelets.

3.4. Mechanisms of controlled release of tPA
The efficient tPA release mediated by the specific interactions between tPA-PEG-cRGD-lip
and activated platelets prompted us to examine the mechanisms controlling the release of tPA.
It has been reported that liposomes containing targeting motifs had an ability to bind to the
herpes simplex virus (HSV) or HSV-infected cells, which led to the release of the liposomal
content as a result of liposomal membrane destabilization [53, 54]. Inspired by this, a calcein
dequenching assay [42-44] was used to examine if payload was released due to the liposomal
membrane destabilization of PEG-cRGD-lip upon its interactions with activated platelets. As
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shown in Figure 5B, when calcein was encapsulated into PEG-cRGD-lip at a concentration of
50 mM, approximately 70% of its fluorescence intensity was self-quenched initially. After
incubation of the calcein-loaded PEG-cRGD-lip with PBS buffer only (i.e. no platelets) or
resting platelets, no significant change in the relative calcein fluorescence intensity was
observed, which suggests that calcein was still entrapped within the liposome. However, after
binding of the calcein-loaded PEG-cRGD-lip to activated platelets, the relative calcein
fluorescence intensity was enhanced rapidly and considerably within 15 min, indicative of the
efficient calcein release as a result of liposomal membrane destabilization. By contrast, upon
inhibition of αIIbβ3 integrins by eptifibatide the relative calcein fluorescence intensity of the
calcein-loaded PEG-cRGD-lip in the presence of activated platelets was remarkably reduced to
the similar level with that of the calcein-loaded PEG-cRGD-lip in the presence of PBS buffer
only or resting platelets. This suggests that the liposomal content release can result from the
specific binding of cRGD peptides on the liposomal surface with αIIbβ3 integrins on the
activated platelet surface, which drives PEG-cRGD-lip to be sufficiently close to activated
platelets, a prerequisite of the liposomal membrane destabilization.
In addition, a fluorescence resonance energy transfer (FRET) assay [45, 46] was used to
investigate if fusion between the membrane of PEG-cRGD-lip and the membrane of activated
platelets was involved in the liposomal membrane destabilization process. As shown in Figure
5A, the membrane of PEG-cRGD-lip was incorporated with NBD-PE (1 mol%) and Rhod-PE
(1 mol%). The efficiency of energy transfer between the donor fluorophore NBD and the
acceptor fluorophore Rhod was dependent on their surface density and distance on the
liposomal membrane. Membrane fusion between PEG-cRGD-lip and activated platelets would
22

lead to a decrease in the fluorophore surface density and a subsequent increase in the
fluorescence intensity of the donor fluorophore, which was confirmed by the remarkable
enhancement in the NBD fluorescence intensity after 30 min of incubation (Figures S8 and
5C). As shown in Figure 5C, the NBD fluorescence intensity was further increased
significantly with extending the incubation time. By comparison, when the PEG-cRGD-lip
containing NBD-PE and Rhod-PE was incubated with PBS buffer only or resting platelets, no
significant enhancement in the NBD fluorescence was observed, indicative of negligible
membrane fusion. It is interesting to note that, once αIIbβ3 integrins expressed on the surface of
activated platelets were inhibited by eptifibatide, there was only a marginal increase in the
NBD fluorescence intensity. This suggests that the selective interactions of cRGD peptides
with αIIbβ3 integrins can trigger the membrane fusion, leading to controlled release of the
liposomal content.
Furthermore, triggered release of tPA from tPA-PEG-cRGD-lip was evaluated after incubation
with activated platelets at different concentrations. As shown in Figure S9, the efficiency of
tPA release was dependent on the concentration of activated platelets added. With increasing
the activated platelet concentration, a significant increase in tPA release was observed after
incubation for 15 min. This indicates that the release of tPA can be readily tuned by the number
of activated platelets.
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Figure 5. (A) Schematic illustration of the membrane fusion of PEG-cRGD-lip (containing 1
mol% NBD-PE and 1 mol% Rhod-PE) with activated platelets through selective interactions.
(B) Relative calcein fluorescence intensity measured after incubation of the calcein-loaded
PEG-cRGD-lip with PBS buffer only, resting platelets, activated platelets and
eptifibatide-pretreated activated platelets, respectively, at various time intervals. (C) NBD
fluorescence intensity after incubation of PEG-cRGD-lip (containing 1 mol% NBD-PE and 1
mol% Rhod-PE) with PBS buffer only, resting platelets, activated platelets and
eptifibatide-pretreated activated platelets, respectively, at various time intervals. Data are
presented as the average ± standard deviation (n = 3).

3.5. In vitro fibrin clot lysis
tPA is a fibrinolytic enzyme responsible for breaking up blood clots via fibrin lysis. Effective
release of tPA from tPA-PEG-cRGD-lip was confirmed through the interaction of homing
peptides with activated platelets. This prompted the use of a fibrin clot model to investigate the
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fibrinolytic activity of tPA-PEG-cRGD-lip in the presence of activated platelets. In this model
as shown in Figure 6A, the degree of fibrin lysis was monitored visually by measuring the
diameter and area of the lysis ring around each sample well [55,56]. Firstly, three plain
liposomes without tPA (i.e. Lip, PEG-lip and PEG-cRGD-lip), and PBS buffer alone were
placed into respective sample wells and incubated at 37 oC. As shown in Figure 6B, no
significant change of the fibrin clots was observed even up to 24 h of incubation, suggesting
that none of the components of the liposomal formulations and PBS buffer broke up the fibrin
clots themselves, and that fibrin lysis was solely due to the fibrinolytic protein. Fibrinolytic
activity of tPA-PEG-cRGD-lip was then evaluated in the presence of activated platelets to
confirm the selective fibrin lysis at the target site. As shown in Figures 6C ~ 6E,
tPA-PEG-cRGD-lip was placed into the respective sample wells containing the PBS buffer
alone, resting platelets or thrombin-activated platelets and incubated for 0.5 h, 1 h, 1.5 h and 2
h, respectively. For the fibrin clot in the presence of PBS buffer (Figure 6C) and resting
platelets (Figure 6D), only small lysis rings were observed until 2 h of incubation, which might
be due to the marginal tPA release from tPA-PEG-cRGD-lip. Interestingly, upon treatment of
the fibrin clot with tPA-PEG-cRGD-lip and activated platelets (Figure 6E), a clear clot lysis
zone around the sample well was observed after 0.5 h and the diameter of the lysis ring
increased over time, up to 2 h. This could be ascribed to the effective release of a large amount
of tPA from tPA-PEG-cRGD-lip, induced by its selective binding to activated platelets. The
areas of fibrin clot lysis rings were calculated and plotted against time in Figure 6F. It was
shown that, in the presence of activated platelets, tPA-PEG-cRGD-lip caused significant fibrin
lysis within 2 h; considerably higher than that in the sample wells containing
25

tPA-PEG-cRGD-lip and PBS buffer or resting platelets. Figure 6G shows that the area of lysis
ring caused by tPA-PEG-cRGD-lip (0.532 ± 0.072 cm2) in the presence of activated platelets
was smaller than that caused by free tPA (1.368 ± 0.101 cm2) at initial 0.5 h. This could be
ascribed to the incomplete tPA release (approximately 30%) from tPA-PEG-cRGD-lip at
initial 0.5 h, as shown in Figure 4B. However, when tPA-PEG-cRGD-lip was added into the
sample well containing activated platelets for 24 h of incubation at 37°C to ensure complete
tPA release, the degree of fibrin lysis caused by tPA-PEG-cRGD-lip was 97.4 ± 1.7% relative
to that caused by free tPA (Figure 6H), suggesting that the tPA encapsulated inside the
liposome retained its functionality.
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Figure 6. (A) Schematic illustration of the preparation of the fibrin clot model to investigate
fibrinolytic activity; (B) Typical photograph of the fibrin clot treated with pH 7.4 PBS buffer,
Lip, PEG-lip and PEG-cRGD-lip solutions respectively at 37 oC for 24 h; (C) Typical
photograph of the fibrin clot treated with tPA-PEG-cRGD-lip in the presence of pH 7.4 PBS
buffer at 37 oC for 0.5, 1, 1.5 and 2 h, respectively; (D) Typical photograph of the fibrin clot
treated with tPA-PEG-cRGD-lip in the presence of resting platelets at 37 oC for 0.5, 1, 1.5 and
2 h, respectively; (E) Typical photograph of the fibrin clot treated with tPA-PEG-cRGD-lip in
the presence of activated platelets at 37 oC for 0.5 h, 1 h, 1.5 h and 2 h, respectively; (F) Areas
of fibrin clot lysis rings calculated from the photographs in C – E; (G) Areas of fibrin clot lysis
rings calculated from the inset photograph of the fibrin clots treated with free tPA and
tPA-PEG-cRGD-lip, respectively in the presence of activated platelets for 0.5 h; (H) The
degree of fibrin lysis of free tPA and tPA-PEG-cRGD-lip in the presence of activated platelets,
as measured from the inset photograph of the fibrin clot treated with free tPA and
tPA-PEG-cRGD-lip respectively in the presence of activated platelets at 37 oC for 24 h. The
degree of fibrin lysis by tPA-PEG-cRGD-lip is a percentage of the area of lysis ring caused by
tPA-PEG-cRGD-lip relative to that caused by free tPA (with the degree of fibrin lysis by free
tPA normalized as 100%). tPA-PEG-cRGD-lip and free tPA solutions had the equivalent tPA
concentration of 0.5 mg mL-1. Data are presented as the average ± standard deviation (n = 3).
The double asterisk symbol (**) denotes to p < 0.01.

3.6. In vitro blood clot lysis
The high efficiency of tPA-PEG-cRGD-lip in targeted delivery and effective release of tPA to
activated platelets and the subsequent fibrin clot lysis led us to evaluate its ability to selectively
and efficiently dissolve blood clots. Blood clots were randomly divided into eight groups and
incubated with three liposomes without tPA (i.e. Lip, PEG-lip and PEG-cRGD-lip), three
tPA-loaded liposomes (i.e. tPA-lip, tPA-PEG-lip and tPA-PEG-cRGD-lip), PBS buffer alone,
and free tPA solutions, respectively. The representative clot photographs at 1 and 2 h
post-treatment are displayed in Figure 7A. It was clearly found that no clot was observed after
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incubation with tPA-PEG-cRGD-lip solution for 2 h, similar to the clot sample treated with
free tPA. By contrast, the remnant clots were visible to the naked eye after 2 h of treatment with
tPA-lip, tPA-PEG-lip, three plain liposomes (Lip, PEG-lip and PEG-cRGD-lip in Figure S10),
and PBS buffer. Clot weight monitoring was used to evaluate the efficacy of thrombolytic
therapy. As shown in Figure 7B, the clot-lytic activity of tPA-PEG-cRGD-lip was lower than
free tPA in the initial timepoints, which could be ascribed to the time required for tPA release
from the multifunctional liposomes, as shown in Figure 4B. However, the difference between
tPA-PEG-cRGD-lip and free tPA was not considerable (approximately 15%). This is probably
because the clot lysis induced by tPA is a gradual process, as reported by other researchers [57,
58]. However, after 75 min of treatment when majority of tPA was released from
tPA-PEG-cRGD-lip (Figure 4B), the liposomal tPAs, like free tPA, caused almost the
complete blood clot lysis. By comparison, the degree of clot dissolution by the tPA-loaded
liposomal formulations without cRGD coating (i.e. tPA-lip and tPA-PEG-lip) was found to be
no more than 50% after incubation for 2 h. In addition, the clot lytic activity of three liposomes
without tPA loading (i.e. Lip, PEG-lip and PEG-cRGD-lip) was found to be similar to that of
PBS buffer (negative control), confirming that all components of the liposomal formulations
did not induce clot lysis. Furthermore, t50, the time required for dissolving 50% of the initial
clot was recorded in Figure 7C. It was found that tPA-PEG-cRGD-lip dissolved 50% of the
initial clot in 48.2 min, whilst t50 for tPA-lip and tPA-PEG-lip was 122.3 and 128.1 min,
respectively. The much shorter t50 recorded for tPA-PEG-cRGD-lip was likely due to much
more efficient and quicker release of tPA at the thrombus site specifically.
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Figure 7. (A) Observations of clot dissolution after treatment with tPA-PEG-cRGD-lip,
tPA-PEG-lip, tPA-lip, PBS buffer and free tPA for 1 and 2 h, respectively; (B) Time-dependent
in vitro clot lysis after treatment with tPA-PEG-cRGD-lip, tPA-PEG-lip, tPA-lip, liposomes
without tPA (PEG-cRGD-lip, PEG-lip and Lip), PBS buffer and free tPA; (C) Comparison of
t50, the time required for dissolving 50% of the initial clot, of tPA-PEG-cRGD-lip,
tPA-PEG-lip and tPA-lip. All the tPA-containing sample solutions were used at the equivalent
tPA concentration of 0.5 mg mL-1. Data are presented as the average ± standard deviation (n =
3). The double asterisk symbols (**) denote to p < 0.01.

4. Conclusions
In summary, an activated-platelet-sensitive nanoliposome, tPA-PEG-cRGD-lip, was
successfully constructed and characterized for selective thrombolysis through targeted delivery
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and controlled release of tPA to the blood clot. The tPA-loaded, cRGD-coated, PEGylated
liposome had a small size (~160 nm in diameter), narrow size distribution and good stability.
Flow cytometry and CLSM measurements showed a highly specific binding of
tPA-PEG-cRGD-lip to activated platelets. In addition, it was demonstrated that efficient tPA
release from tPA-PEG-cRGD-lip was induced through liposomal membrane destabilization
involving membrane fusion upon selective binding of the liposome to activated platelets. The
release of tPA could be readily controlled by varying the concentration of activated platelets.
The presence of activated platelets was demonstrated to cause significant fibrin clot lysis.
Furthermore, tPA-PEG-cRGD-lip had considerably higher thrombolytic activity and
significantly reduced the time required for clot lysis compared to non-cRGD-coated liposomes.
Therefore, this nano-sized, activated-platelet-sensitive liposomal system could facilitate
targeted thrombolytic therapy whilst minimising undesirable side effects. This new approach
holds significant promise for application in the treatment of various cardiovascular diseases.
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