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Abstract Thrombolytic agents have thus far yielded limited therapeutic benefits in the treatment of

thrombotic disease due to their short half-life, low targeting ability, and association with serious adverse

reactions, such as bleeding complications. Inspired by the natural roles of platelets during thrombus forma-

tion, we fabricated a platelet-based delivery system (NO@uPA/PLTs) comprising urokinase (uPA) and argi-

nine (Arg) for targeted thrombolysis and inhibition of re-embolism. The anchoring of uPA to the platelet

surface by lipid insertion increased the thrombotic targeting and in vivo circulation duration of uPAwithout

disturbing platelet functions. Nitric oxide (NO) generated by the loaded Arg inhibited platelet aggregation

and activation at the damaged blood vessel, thereby inhibiting re-embolism. NO@uPA/PLTs effectively

accumulated at the thrombi in pulmonary embolism and carotid artery thrombosis model mice and exerted

superior thrombolytic efficacy. In addition, the platelet delivery system showed excellent thrombus recur-

rence prevention ability in a mouse model of secondary carotid artery injury. The coagulation indicators

in vivo showed that the platelet-based uPA and NO co-delivery system possessed a low hemorrhagic risk,

providing a promising tool for rapid thrombolysis and efficient inhibition of posttreatment re-embolism.
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1. Introduction

Thrombotic vascular diseases partially or completely block the
blood flow in the blood vessels, block the supply of oxygen and
nutrients to the cells, cause ischemia and necrosis of the corre-
sponding downstream tissues, and then lead to life-threatening
diseases such as acute myocardial infarction, ischemic stroke, and
pulmonary embolism1e4. The main treatment for thrombotic
vascular disease is timely and rapid thrombolysis to restore blood
flow supply and prevent thrombus regeneration. Thrombolytic
drugs such as tissue plasminogen activator (tPA) infusion by
systemic administration or catheter infusion have greatly
improved the survival rate and quality of life of patients1,2.
However, current treatment methods have some drawbacks. For
example, the short half-life of thrombolytic drugs (usually only a
few minutes) and the lack of targeting (less than 5% of the drug
reaches lesion site) require multiple high-dose systemic adminis-
trations, which not only increases healthcare costs but also causes
side effects such as thrombolytic resistance, bleeding, and unsta-
ble blood pressure5e7. At the same time, simple thrombolytic
strategies are unable to meet clinical needs due to the complexity
of the causes of thrombosis. Drug injections alone also carry the
risk of recurrence of thrombosis due to a failure to eliminate
inflammation at the thrombus site, with only 2%e7% of patients
benefiting from thrombolytic therapy8e10. To improve patient
prognosis, there is an urgent need to develop a thrombus-targeted
thrombolytic drug delivery strategy that enhances the thrombo-
lytic effect while eliminating thrombus site inflammation to pre-
vent thrombus regrowth, ensure blood flow re-establishment and
reduce systemic side effects.

Targeted delivery of thrombolytic drugs that directly improve
thrombolysis has shown promise in preclinical studies11e15.
Rotating magnetic nanomotors enhanced the transport of tPA at
the blood‒clot interface, thereby accelerating the rate of throm-
bolysis and improving thrombolytic efficacy16. To improve tar-
geting efficiency, synthetic materials bound to targeting ligands
have been applied17,18. Inspired by the pathophysiological func-
tions played by platelets during thrombosis, Pawlowski et al.19

utilized a liposome platform with a surface modified by platelet
targeting ligands. Based on the properties of annexin-V binding to
phosphatidylserine, Pan et al.20 designed annexin-V conjugated
micelles for targeted delivery of lumbrokinase (LBK) to lyse
thrombi. However, the immunogenicity of the polypeptide mole-
cules conjugated to the preparation surface and the formation of a
protein corona on the preparation surface attenuate the thrombus
targeting ability and limit the clinical transformation of the arti-
ficially designed drug delivery system.

In addition to directly improving thrombolysis, the inhibition
of thrombosis recurrence is another critical point for thrombus
rescue. In thrombotic diseases, especially arterial thrombosis,
platelets first adhere to damaged vascular endothelial cells and
then become activated and aggregate to form initial platelet
emboli21. NO, as a potent inhibitor of platelet activation and
aggregation, can block thrombus formation at the initial stage of
thrombosis and prevent thrombus regeneration22e24. Preclinical
studies have been conducted with the aim of preventing throm-
bosis by coating NO on stents or other medical devices that are in
contact with the vessel wall25,26. Endogenous NO is synthesized
and released in endothelial cells or platelets by NO synthase
(NOS)27,28. Delivery of NO donors, such as Arg, isosorbide
dinitrate, and nitroglycerin, provides an alternative NO delivery
strategy for inhibition of thrombosis recurrence.

Platelets maintain vascular integrity under physiological con-
ditions and are involved in thrombus formation under pathological
conditions. Based on their functions in thrombus targeting and
immune escape, platelets and platelet-like bionanoparticles show
promise in stroke diagnosis, atherosclerosis treatment and targeted
thrombolysis29e31. We speculate that a platelet-based drug de-
livery system may be able to effectively target the platelet-rich
thrombus site, enhance the thrombolytic effect and release NO
to prevent thrombus recurrence.

In this work, inspired by the glycosylphosphatidylinositol
anchoring protein on the plasma membrane, thrombolytic drugs
were anchored onto the platelet surface by platelet surface
anchoring engineering techniques32e34. As shown in Fig. 1,
phospholipid-linked uPA was first synthesized and then anchored
to the platelet membrane surface by lipid insertion without
affecting platelet function. Intracellularly encapsulating Arg
conferred a therapeutic effect on this platelet delivery system for
rapid targeted thrombolysis and prevention of thrombus recur-
rence. Thrombolysis experiments in mouse pulmonary and carotid
artery thrombosis demonstrated the powerful natural targeting and
enhanced thrombolytic effect of uPA-anchored platelets. A mouse
carotid artery secondary injury assay demonstrated the excellent
thrombus recurrence prevention ability of NO@uPA/PLTs.
Compared to free uPA, platelet preparations (uPA/PLTs,
NO@uPA/PLTs) with chimaeric uPA had a lower effect on the
mouse coagulation system and exhibited a lower risk of bleeding.
The uPA- and Arg-coloaded platelet delivery system provides a
safe and practical strategy for the treatment of thrombosis-related
diseases and prevention of thrombotic recurrence.

2. Materials and methods

2.1. Materials

uPA and L-Arg were purchased from Aladdin Chemistry Co., Ltd.
(Shanghai, China). Cy5-NHS (N-hydroxysuccinimide), DAF-FM
diacetate (4-amino-5-methylamino-2,7-difluorofluorescein diac-
etate), FDA (fluorescein diacetate), DiD (1,1ʹ-WGA-Alexa
488ctadecyl-3,3,3ʹ,3ʹ-tetramethylindodicarbocyanine, 4-chloro
benzenesulfonate salt dye), WGA-Alexa 488 (3,3ʹ-WGA-Alexa
488ctadecyloxacarbocyanine perchlorate), thrombin, ADP (aden-
osine diphosphate), fibrinogen, rhodamine 6G, ferric chloride
(FeCl3) and phosphate-buffered saline (PBS) were purchased from
Meilun Biology Technology Co., Ltd. (Dalian, China). NHS-
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Figure 1 Illustration of the engineered platelet-based drug delivery platform. The uPA/Arg coloaded platelet delivery system provided a unique

combination to achieve targeted delivery of uPA to thrombi, prolong the circulation duration of uPA and prevent the recurrence of thrombi with

limited haemorrhagic risk.
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PEG3400-DSPE was purchased from Shanghai ToYongBio Tech.
Inc. (Shanghai, China). Bovine serum albumin (BSA), glucose,
dimethyl sulfoxide (DMSO), dichloromethane (DCM) was from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Other
chemicals used in this project are analytical reagents. ICR mice
(male, 20e25 g body weight) were purchased from the Sippr-BK
Laboratory Animal Co., Ltd. (Shanghai, China) and kept under
SPF conditions. All animal experiments were conducted in
accordance with guidelines evaluated and approved by the Ethics
Committee of Fudan University.

2.2. Fluorescent labeling

Proteins (uPA, fibrinogen) dissolved in sodium bicarbonate buffer
(0.1 mol/L, pH 8.3) were reacted with a 2-fold excess of Cy5-
NHS. After 2 h incubation at room temperature, excess Cy5-NHS
was removed by Zebra column. The fluorescent-labeled proteins
were obtained.

2.3. Synthesis of uPA-PEG3400-DSPE

uPA (1 mg/mL, in PBS) was reacted with a 1.2-fold excess of
NHS-PEG3400-DSPE (10 mg/mL, in DMSO). After 4 h incubation
at room temperature, excess NHS-PEG3400-DSPE was removed by
Zebra column. The synthesis of uPA-PEG3400-DSPE was
confirmed by SDS-PAGE analysis on a Bio-Rad Mini-PROTEAN
TGX Stain-Free 4%e20% acrylamide gel.

2.4. Preparation of platelets

Murine whole blood was isolated from orbital vein and anti-
coagulated with trisodium citrate. Platelet-rich plasma (PRP) was
separated after centrifugation (200�g, 12 min) at room temperature.
And prostaglandin E1 (SigmaeAldrich) was added to PRP with a
final concentration of 1 mmol/L. Then the PRP was centrifuged at
room temperature (500 �g, 12 min) to pellet the platelets.

2.5. Preparation and characterization of NO@uPA/PLTs

The platelet pellet was mixed with various concentrations of uPA-
PEG3400-DSPE and Arg in PBS. Then the mixture was stirred with
low speed at 37 �C for 30 min, and platelets were washed 3 times
in calcium-free Tyrode’s buffer. The Western blotting analysis was
performed to verify the loading of uPA. The loading amount of
uPA was determined by the chromogenic substrate method. The
loading amount of Arg was determined by detection of Arg con-
centration before and after incubation with platelets. The size of
resting and activated NO@uPA/PLTs was measured using Zeta-
sizer (Malvern). The morphology of resting and activated
NO@uPA/PLTs was visualized using TEM and SEM. The fluo-
rescent resting and activated NO@uPA/PLTs was imaged by the
laser scanning confocal microscope (Leica SP8, Germany).

2.6. Pharmacokinetics of NO@uPA/PLTs

The mice were intravenously injected with Cy5-PLTs, Cy5-uPA/
PLTs, and Cy5-NO@uPA/PLTs. At specified time points, the
blood was collected and centrifuged to obtain platelets (including
Cy5-uPA/PLTs or Cy5-NO@uPA/PLTs). The percentage and
fluorescent intensity of Cy5-uPA/PLTs or Cy5-NO@uPA/PLTs
was measured by Flowjo software.

2.7. In vitro study of fibrin-binding ability

NO@uPA/PLTs were dispersed in calcium-free Tyrode’s buffer
(134 mmol/L NaCl, 3 mmol/L KCl, 0.3 mmol/L NaH2PO4,
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2 mmol/L MgCl2, 5 mmol/L HEPES, 5 mmol/L glucose, 0.1%
NaHCO3, and 1 mmol/L EGTA, pH 7.4), and adjusted to a platelet
concentration of 2 � 108/mL for activated NO@uPA/PLTs,
1 U/mL of thrombin was dissolved in the calcium-free Tyrode’s
buffer. To assess the fibrin-binding ability of NO@uPA/PLTs,
NO@uPA/PLTs dispersed in calcium-free Tyrode’s buffer with or
without thrombin were incubated with Cy5-labeled fibrinogen for
30 min. Then NO@uPA/PLTs were collected by centrifugation at
500 �g for 8 min. All samples were washed three times in
calcium-free Tyrode’s buffer and analyzed by flow cytometry.

2.8. In vitro study of activated endothelial cell binding ability

Human umbilical endothelial vascular cells (HUVEC) were
cultured in Dulbecco’s modified Eagle’s medium (Gibco) sup-
plemented with 10% FBS (Gemini) at 37 �C under a humidified
atmosphere containing 5% CO2. Activated HUVEC were obtained
by stimulating with TNF-a (50 ng/mL) for 24 h. For flow cyto-
metric analysis, both activated and inactivated cells were fixed
with 4% phosphate-buffered paraformaldehyde for 30 min at 4 �C
and blocked with 20% mouse serum for 30 min. Then the cells
were dyed with WGA-Alexa 488 and incubated with Cy5-
NO@uPA/PLTs. After incubated for 30 min at 4 �C, the cells
were washed three times with cold PBS to remove unbound
NO@uPA/PLTs. Data were collected using a FACSCanto II flow
cytometer (BD Biosciences) and analyzed by Flowjo software. For
confocal microscopy imaging, cells stained by DAPI and WGA-
Alexa 488 sequentially were subjected to the same processing
steps as flow cytometry experiments. Confocal microscopy was
conducted using a Leica SP8. The expression of ICAM-1,
VCAM-1, and E-selectin in HUVEC before and after activation
by TNF-a was also evaluated by flow cytometry. The same steps
as described above flow cytometric analysis were followed. Then
the cells were incubated with anti-ICAM-1 antibody, anti-VCAM-
1 antibody, and anti-E-selectin antibody dissolved in 3% BSA
solution for 30 min at 4 �C, respectively. The cells were then
washed three times with cold PBS and the collected cells were
detected by flow cytometry and the data were analyzed using
Flowjo software.

2.9. Thrombolysis evaluation in vitro

Dynamic thrombolysis assessment by microfluidic studies. uPA,
uPA/PLTs, and NO@uPA/PLTs were flowed through a parallel
plate flow chamber (Glycotech, USA) coated with fluorescence-
labeled fibrin clot for 35 min at 20 dyne/cm2. Fluorescence-
labeled fibrin clot was prepared by mixing Cy5 labeled fibrin-
ogen solution (5 mg/mL, 150 mL), thrombin solution (3 U/mL,
30 mL), calcium chloride solution (0.5 mol/L, 10 mL), ADP so-
lution (5 mmol/L, 10 mL), spreading on the acid-washed and dried
slides and incubating at 37 �C for 30 min. Images were obtained
with an Observer Z.1 Inverted Microscope (Zeiss, Germany). The
fluorescent intensity of fluorescence-labeled fibrin clot was
quantified using ImageJ software.

2.10. In vivo clot-targeting studies

A mouse pulmonary embolism model was made by injecting
thrombin intravenously. Then Cy5 labeled uPA/PLTs and
NO@uPA/PLTs were injected intravenously respectively. The
mice were euthanized 30 min after the injection of thrombin, and
then lung tissues of the mice were obtained. IVIS was used to
image mouse lung tissue and Living Image software was used to
semi-quantitate the fluorescence intensity of Cy5 through region-
of-interest (ROI) analysis. To observe the intrapulmonary distri-
bution of NO@uPA/PLTs, FITC-fibrinogen and NO@Cy5-uPA/
PLTs were used instead. The obtained mouse lung tissues were
treated by freezing microtomy. The frozen sections of lung tissue
were stained with DAPI and then observed using a confocal mi-
croscope (Leica SP8).

After intravenous injection of heparin (2 mg/kg) for 10 min,
FeCl3-injured carotid arteries were prepared as described previously.
After 5 min of model preparation, Cy5-uPA (0.5 mg/kg), Cy5-uPA
(5 mg/kg), Cy5-uPA/PLTs (0.5 mg/kg) and NO@Cy5-uPA/PLTs
(0.5 mg/kg) were injected intravenously. 2 h later, the injured carotid
arteries were collected, washed with PBS, fixed in 4% para-
formaldehyde, and then treated by freezing microtomy. The frozen
sections of injured carotid arteries were stained with DAPI, ICAM-1
and then observed using a confocal microscope (Leica SP8).

2.11. NO generation of NO@uPA/PLTs

The Griess reaction was used to measure the NO concentration in
the culture supernatant. Briefly, 100 mL of NO@uPA/PLTs
dispersed in calcium-free Tyrode’s buffer was taken at specified
time points. And Griess Reagent I and Griess Reagent II were
added to the supernatant obtained by centrifuging the NO@uPA/
PLTs. Then the corresponding absorbance was measured at
540 nm using a BioTek Synergy H1 plate reader.

The NO fluorescent probe DAF-FM DA was also used to
monitor the Arg-induced NO generation in NO@uPA/PLTs. DAF-
FM DA was added into the NO@uPA/PLTs with a final concen-
tration of 5 mmol/L. At specified time points, NO@uPA/PLTs
were collected and followed by flow cytometry. The fluorescence
intensity of DAF-FM was measured by Flowjo software.

2.12. NO@uPA/PLTs attenuate HUVEC apoptosis induced by
H2O2

HUVEC seeded in 96-well plates were treated with uPA/PLTs or
NO@uPA/PLTs in the presence of H2O2 (200 mmol/L) for 12 h.
After incubation, the medium of each well was replaced with
100 mL of MTT solution. After incubation at 37 �C for 4 h, DMSO
(200 mL) was added in each well. And the absorbance at 490 nm
was measured using a BioTek Synergy H1 plate reader35. The
PBS-treated cells were set as the negative control group, and the
H2O2 (200 mmol/L)-treated cells was set as the positive control
group.

DCFH-DA (ROS probe) was also used to measure the ROS
level of HUVEC treated with H2O2. HUVEC seeded in the cover
glass-bottom dishes were treated with uPA/PLTs or NO@uPA/
PLTs in the presence of H2O2 (200 mmol/L) for 12 h. Then DCFH-
DA (5 mmol/L) dissolved in DMSO was added and incubated with
cells at 37 �C for 15 min. Then cells were washed with PBS and
observed using a confocal microscope (Leica SP8, Germany).

2.13. The inhibition to platelets activation and aggregation of
NO@uPA/PLTs

Platelets dispersed in calcium-free Tyrode’s buffer were incubated
with uPA/PLTs, NO@uPA/PLTs, or saline (a total of 1 mL contains
platelets: 2 � 108, and 40 mL of uPA/PLTs or NO@uPA/PLTs).
After incubation, thrombin (0.2 U/mL, final concentration) or ADP
(2.5 mmol/L, final concentration) was added to induce platelets
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activation and aggregation. To investigate the inhibition to platelets
activation of NO@uPA/PLTs, the platelets were stained with P-
selectin antibodies and measured by flow cytometry. To investigate
the inhibition to platelets aggregation of NO@uPA/PLTs, the
absorbance at 650 nm after incubating 30 min was measured using
a BioTek Synergy H1 plate reader. The OD650 value of the PBS-
treated group was set as 0% platelet aggregation. The percentage
of platelet aggregation was calculated with Eq. (1):

Platelet aggregation (%)Z OD650Sample / OD650PBS-treated � 100 (1)

To observe the aggregation of platelets more significantly, the
fluorescent dye FDA was used to label the platelets. The FDA-
labeled platelets suspension was repeated with the same steps as
the platelet aggregation experiment. Then the mixture was drop-
ped onto the slide to examine the fluorescence platelets clumps
using a confocal microscope (Leica SP8).
2.14. In vivo therapeutic efficacy studies

To access pulmonary embolism therapeutic efficacy, the mice
were intravenously injected with Cy5-fibrinogen and thrombin
sequentially. Five minutes later, uPA, uPA/PLTs, or NO@uPA/
PLTs were intravenously injected. After 2 h, the mice were
euthanized and the mouse lung tissues were collected. IVIS was
used to image mouse lung tissue and Living Image software was
used to semi-quantitate the fluorescence intensity of Cy5 through
ROI analysis. The lung tissues collected from the mice were also
performed by H&E staining for histological examination.

To access inhibitory efficacy of FeCl3-induced carotid arterial
thrombosis, the mice were intravenously injected with rhodamine
6G (0.5 mg/kg) to label platelets. After 5 min, uPA, uPA/PLTs, or
NO@uPA/PLTs were intravenously injected. After 5 min, the
carotid artery was covered with a filter paper (2 mm � 2 mm)
saturated by 7.5% FeCl3 solution for 1 min to form a carotid
thrombus. At specified time points, the carotid artery was imaged
using a stereo zoom microscope. The fluorescent intensity of
rhodamine 6G was analyzed using Image J software.

To access therapeutic efficacy of FeCl3-induced carotid arterial
thrombus, the mice were intravenously injected with rhodamine 6G
(0.5 mg/kg) to label platelets. After 5 min, the carotid artery was
covered with a filter paper (2 mm� 2 mm) saturated by 7.5% FeCl3
solution for 1min to form a carotid thrombus. After 5min, uPA, uPA/
PLTs, or NO@uPA/PLTs were intravenously injected. At specified
time points, the carotid artery was imaged using a stereo zoom mi-
croscope. The fluorescent intensity of rhodamine 6G was analyzed
using Image J software. In addition, the carotid artery was treated
with FeCl3 for 1 min once again at 1.5 h after injection of NO@uPA/
PLTs. After 30 min, the fluorescent image of carotid artery was
collected using a stereo zoom microscope. The fluorescent intensity
of rhodamine 6G was quantified using Image J software.
2.15. Safety evaluation

The mice were intravenously injected with uPA, uPA/PLTs,
NO@uPA/PLTs, and PBS. After 12 h, a small cut 2 cm away from
the tail end was made. Then the time required for the tail to stop
bleeding was recorded. The blood of mice treated with uPA, uPA/
PLTs, NO@uPA/PLTs, and PBS was obtained to access the
coagulation indicators, including aPTT, FIB, PT, and TT. And the
heart, liver, spleen, lung, kidney, and brain were collected for
H&E staining.

2.16. Statistical analysis

All data were presented as mean � standard deviation. Compar-
ison and analysis of multiple groups were conducted by one-way
analysis of variance (ANOVA). Statistical significance was
considered at P < 0.05, and the levels of significance were indi-
cated as *P < 0.05, **P < 0.01, and ***P < 0.001.

3. Results

3.1. Preparation and characterization of NO@uPA/PLTs

The uPA and arginine (Arg)-coloaded platelet delivery system
(NO@uPA/PLTs) was prepared by anchoring uPA in the cellular
membrane and intracellularly encapsulating Arg (see Methods). A
phospholipid-linked uPA was synthesized by conjugating residual
amino groups of uPA with NHS-PEG3400-DSPE (uPA-PEG3400-
DSPE) to anchor uPA in the cell membrane. The successful syn-
thesis of uPA-PEG3400-DSPE was validated by polyacrylamide gel
electrophoresis. In comparison to uPA, uPA-PEG3400-DSPE
demonstrated a significant shift in the gel (as indicated with ar-
rows in Fig. 2A), suggesting an increase in molecular size. The
effect of covalent conjugation of PEG3400-DSPE on uPA enzy-
matic activity was quantified using the chromogenic substrate S-
2444. As shown in Supporting Information Fig. S1, uPA-PEG3400-
DSPE exhibited enzymatic activity almost identical to that of uPA.
To prepare NO@uPA/PLTs, uPA-PEG3400-DSPE and Arg were
incubated with platelets freshly isolated from whole blood at
different ratios. The loading efficiency and capacity of uPA were
2.57% and 38.5 mg/6 � 109 platelets, respectively (Supporting
Information Fig. S2A). Arg displayed a loading efficiency of
9.83% and loading capacity of 59.0 mg/6 � 109 platelets
(Fig. S2B). The successful chimerization of uPAwas confirmed by
Western blot analysis (Fig. 2B). The lysate of NO@uPA/PLTs
possessed a clear band of uPA in the Western blot gel, which was
absent when uPA (without PEG-DSPE conjugation) was directly
incubated with platelets. The morphology of NO@uPA/PLTs was
visualized using both transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) (Fig. 2C). NO@uPA/
PLTs showed a spherical morphology with a mean diameter of
1.5e2 mm. The stability of anchored uPA in serum was investi-
gated by monitoring the fluorescent change of Cy5-labeled uPA
(NO@Cy5-uPA/PLTs, see Methods). After 24 h of incubation
with mouse serum, 50% NO@Cy5-uPA/PLTs remained
(Supporting Information Fig. S3A and S3B). The fluorescent
probe DAF-FM DA was used to measure the NO generation of
NO@uPA/PLTs. As shown in Fig. 2D, DAF-FM could be clearly
observed in the microscopic image of NO@uPA/PLTs, indicating
the successful production of NO. Meanwhile, colocalization of
Cy5 and DAF-FM in NO@Cy5-uPA/PLTs (Fig. 2E) further
verified the successful preparation of the platelet-based co-de-
livery system with due functions.

3.2. NO@uPA/PLTs preserve the bioactivity of platelets

The rapid elimination of uPA in plasma impairs its thrombolytic
effect7. The Cy5-labeled platelets (Cy5-PLT, Cy5-uPA/PLTs, Cy5-
NO@uPA/PLTs) were injected into ICR mice via the tail vein. The



Figure 2 Preparation and characterization of NO@uPA/PLTs. (A) SDS-PAGE gel of PEG-DSPE-conjugated uPA (uPA-PEG-DSPE). (B)

Anchored uPA on the platelet membrane characterized using Western blot. Lysates of unmodified platelets (PLTs), uPA-anchored platelets (uPA/

PLTs) and uPA/Arg-coloaded platelets (NO@uPA/PLTs) with equal protein amounts were subjected to gel electrophoresis. (C) Representative

TEM and SEM images of PLTs and NO@uPA/PLTs. Scale bar indicates 1 mm. (D) Generation of NO in platelets treated with Arg by DAF-FM

DA fluorescence staining. Scale bar indicates 50 mm. (E) Representative confocal images of NO@uPA/PLTs. NO was stained with DAF-FM DA

(green); uPA was stained with Cy5 (red); scale bar indicates 5 mm.
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NO@uPA/PLTs and uPA/PLTs showed a systemic circulation
duration similar to that of free platelets (Fig. 3A and B, Supporting
Information Fig. S4). Approximately 45% of NO@uPA/PLTs
remained in the blood 5 h after injection (Fig. 3C). Compared with
free uPA, the blood circulation time of uPA was enhanced after
anchored on the platelet membrane. NO@uPA/PLTs activated by
thrombin exhibited an amorphous morphology with multiple
tentacles and secreted vesicles with a particle size of approxi-
mately 200 nm (Fig. 3D and E), similar to the behavior of normal
platelets (Supporting Information Fig. S5A and S5B). These re-
sults suggested that loading uPA and Arg did not affect the normal
physiological functions of the platelets. Meanwhile, platelet mi-
croparticles (PMPs) were shed from the activated NO@uPA/PLTs,
which were significantly smaller than the resting platelets and
helped chimaeric uPA quickly dissolve the thrombus at the
thrombus site36. NO@uPA/PLTs could aggregate in response to
the activation of thrombin or ADP, similar to normal platelets,
which was reflected in the change in absorbance of the NO@uPA/
PLT suspension at 650 nm (Supporting Information Fig. S6)37.
Platelets have a natural affinity for inflamed vascular endothelium
and fibrinogen38,39. Within vascular injury or inflammation,
vascular endothelial cells express high levels of adhesion mole-
cules on their surface to enhance their interaction with platelets or
leukocytes40. TNF-a-stimulated HUVECs were used to mimic
activated endothelial cells to evaluate the binding capacity of
NO@uPA/PLTs in vascular endothelial cells. The expression of
ICAM-1, VCAM-1, and E-selectin in HUVECs after activation by
TNF-a was elevated. As shown in Supporting Information Fig. S7,
the increase in ICAM-1 expression was the most obvious, showing
a level 28 times higher than that in resting cells (Fig. S7D). To test
binding with HUVECs, Cy5-NO@uPA/PLTs were incubated with
activated and inactivated WGA-Alexa 488-labeled HUVECs. As
shown in Fig. 3F and Supporting Information Fig. S8, NO@uPA/
PLTs could bind and interact with activated HUVECs. The same
experimental results were also observed in the PLT group
(Supporting Information Fig. S9). To investigate whether
NO@uPA/PLTs could bind to fibrinogen, NO@uPA/PLTs
dispersed in calcium-free Tyrode’s buffer containing thrombin or
not were incubated with Cy5-labeled fibrinogen. After stimulation
with thrombin, NO@uPA/PLTs were activated and had a strong
affinity for fibrinogen (Fig. 3H). The fluorescence intensity of
activated NO@uPA/PLTs associated with fibrinogen was stronger
than that of the rest (Supporting Information Fig. S10). The
enhanced adhesion of inflammatory endothelial cells and fibrin
can give NO@uPA/PLTs a better thrombolytic effect. Dynamic
thrombolysis assessment was used to appraise the in vitro
thrombolysis capacity of NO@uPA/PLTs. The dynamic throm-
bolysis capacity was assessed by flowing NO@uPA/PLTs over
Cy5-labeled fibrin clots in the parallel plate flow chamber system
(Fig. 3I). The fibrinolytic effect was evaluated by imaging the red
fluorescent clot and observing the fading of red fluorescence under
an inverted fluorescence microscope. During the 35-min obser-
vation period, there was no obvious fading of red fluorescence in
the PBS group, indicating no obvious fibrin degradation. At the
end of observation, the residual fibrin clot fluorescence in the uPA
group (10 mg/mL) was still 39.5% of that at the original time
point. The uPA group (30 mg/mL) effectively lysed clots within
10 min (significant fading of red fluorescence) (Supporting
Information Fig. S11). There was no significant difference in the
fibrinolytic effect between the NO@uPA/PLT group (10 mg/mL)



Figure 3 Biological characterization of NO@uPA/PLTs in vitro and in vivo. Blood circulation retention properties of uPA/PLTs (A) and

NO@uPA/PLTs (B). (C) The percentage of uPA/PLTs or NO@uPA/PLTs occupying whole blood platelets at the corresponding time points

(n Z 3). (D) Representative TEM and SEM images of activated NO@uPA/PLTs and released PMPs. Scale bar indicates 1 mm. (E) Size dis-

tribution of NO@uPA/PLTs and PMPs. (F) Representative confocal images of uPA/PLTs or NO@uPA/PLTs binding to HUVECs (scale bar

indicates 50 mm). Nuclei were stained with DAPI (blue). HUVECs were labeled with WGA-Alexa 488 (green). NO@uPA/PLTs were labeled with

Cy5 (red). Scale bar indicates 50 mm. (G) Flow cytometry profiles of inactivated uPA/PLTs and activated uPA/PLTs incubated with Cy5-Fib. (H)

Flow cytometry profiles of inactivated NO@uPA/PLTs and activated NO@uPA/PLTs incubated with Cy5-Fib. uPA/PLTs and NO@uPA/PLTs

incubated with PBS only were used as negative controls. (I) Thrombotic degradation efficiency of NO@uPA/PLTs within 35 min in the dynamic

thrombolysis model. Data are the means � SD (n Z 3). *P < 0.05. ns, not significant.

2006 Songli Wang et al.



Figure 4 Inhibitory ability of NO@uPA/PLTs against HUVEC apoptosis and platelet activation. (A) Quantification of NO generated by

NO@uPA/PLTs incubated with different concentration of Arg using the Griess reaction (n Z 3). (B) Protective effects of NO generated by

NO@uPA/PLTs on H2O2-induced HUVECs (n Z 3). (C) Fluorescent images of HUVECs activated by H2O2 after incubation with NO@uPA/

PLTs. The scale bar indicates 50 mm. (D, E) Fluorescent images of FDA-labeled platelet aggregation. Platelets were incubated with PBS, uPA/

PLTs, or NO@uPA/PLTs, and were activated by thrombin or ADP. The scale bar indicates 50 mm. (F, G) Number of platelet clumps in each field

of view in five randomly selected areas under a fluorescence microscope. (H, I) Thrombin-induced (or ADP-induced) aggregation rates of platelets

pretreated with PBS, uPA/PLTs, NO@uPA/PLTs (nZ 3). (J) The expression of P-selectin in ADP-induced platelets pretreated with uPA/PLTs and

NO@uPA/PLTs by flow cytometry. (K) Flow cytometry to evaluate the expression of P-selectin in thrombin-induced platelets pretreated with uPA/

PLTs and NO@uPA/PLTs. (L) The percentage of activated platelets measured by flow cytometry (n Z 3). (M) Mean fluorescence intensity of

activated platelets measured by flow cytometry (n Z 3). (N) Representative confocal immunofluorescence images of carotid artery sections after

different treatments. Red: uPA; blue: nuclei; green: ICAM-1. Scale bar indicates 50 mm. Data are shown as the mean � SD (n Z 3). *P < 0.05.

n.s., not significant.
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and the uPA/PLT group (10 mg/mL), which was significantly
stronger than that of the uPA group (10 mg/mL) (Supporting
Information Fig. S12).

3.3. NO@uPA/PLTs attenuate HUVEC apoptosis and inhibit
platelet activation

The NO generation of NO@uPA/PLTs was confirmed by using
DAF-FM DA to image NO generation by fluorescence micro-
scopy. As shown in Fig. 2D and Supporting Information
Fig. S13, NO@uPA/PLTs showed obvious green fluorescence
that was maintained for up to 7 h. This is because loaded Arg can
continuously generate NO under the action of NOS in platelets41.
The level of nitrite in NO@uPA/PLTs was further quantitatively
measured using the Griess reagent42. After loading Arg,
NO@uPA/PLTs continuously generated NO and maintained the
NO concentration at 4 mmol/L for up to 7 h, which was signif-
icantly increased compared with normal platelets (Fig. 4A).
Inflamed endothelial cells can still recruit platelets to adhere to
and accumulate in the damaged site of the blood vessel treated
with thrombolytics, causing re-embolization43,44. HUVECs were
treated with H2O2 (200 mmol/L) to assess the antioxidant activity
of NO@uPA/PLTs (Fig. 4B). After the addition of H2O2

(200 mmol/L), a significant reduction in cell viability was
observed, and the cell survival rate was reduced to
36.1 � 4.625%. There was no significant difference in cell



Figure 5 In vivo targeting and therapeutic efficacy of NO@uPA/PLTs in the thrombin-induced pulmonary embolism mouse model. (A)

Fluorescence images of uPA/PLTs biodistribution and NO@uPA/PLTs biodistribution in the major organs of the PE model and healthy mice. (B)

Fluorescence intensity of uPA/PLTs or NO@uPA/PLTs in the lung tissues (n Z 3). (C) Fluorescent images of the lung tissues harvested from the

mice after different treatments. The pulmonary embolism was labeled with Cy5. (D) Fluorescence intensity of Cy5 in lung tissues with different

treatments (n Z 3). (E) Ex vivo fluorescent imaging of lung sections from PE mice after treatment with different Cy5-labeled uPA preparations.

The scale bar indicates 100 mm. (F) Quantitative analysis of the thrombus area in the lung tissues after different treatments (n Z 3). (G)

Representative H&E staining of lung sections from PE mice after different treatments at 2 h after induction. Scale bar indicates 100 mm. Data are

shown as the mean � SD (n Z 3). *P < 0.05. n.s., not significant.
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viability between the PBS group and the uPA/PLT group, indi-
cating that uPA/PLTs had no protective effects. Interestingly,
NO@uPA/PLTs markedly suppressed H2O2-induced cytotox-
icity, and the cell survival rate increased to 65.62 � 8.348%. The
intracellular level of ROS in H2O2-treated HUVECs was
measured by confocal microscopy (Fig. 4C). Compared with the
uPA/PLT group, NO@uPA/PLTs effectively reduced the level of
ROS in HUVECs, exhibiting outstanding HUVEC protective
effects. It is important that sufficient NO is provided at the
vascular lesion site to inhibit platelet activation and aggregation
and subsequent thrombosis37. The fluorescence platelet clumps
induced by platelet agonists were used to evaluate the platelet
aggregation inhibition effect of NO@uPA/PLTs. As shown in
Fig. 4D and E, most platelets treated with PBS and uPA/PLTs
aggregated into large clumps, but platelets treated with
NO@uPA/PLTs were scattered, and the number of clumps was
significantly reduced (Fig. 4F and G). Then, the absorbance of
the platelet suspension was measured at 650 nm to evaluate
platelet aggregation37. Neither uPA/PLTs nor NO@uPA/PLTs-
induced aggregation of platelets, as evident from Supporting
Information Fig. S14. After the addition of platelet agonists,
platelets treated with PBS were activated, and aggregation rates
reached 76.39 � 11.93% (thrombin-induced) and
82.21 � 15.88% (ADP-induced), which were similar to those of
platelets treated with uPA/PLTs. However, after incubation with
NO@uPA/PLTs, platelet aggregation was significantly inhibited,
and aggregation rates reached 43.69 � 16.26% (thrombin-
induced) and 54.43 � 10.01% (ADP-induced). This finding
suggests that NO@uPA/PLTs can reduce the risk of thrombosis
reformation by reducing platelet activation and aggregation. NO
inhibits platelet activation and aggregation via elevation of
cGMP levels and reduction of P-selectin expression45,46. The
antiplatelet effect of NO@uPA/PLTs was investigated by eval-
uating the P-selectin expression of platelets. After incubation
with NO@uPA/PLTs, the platelets stained with P-selectin anti-
body were measured by flow cytometry. As shown in Fig. 4J and
K, P-selectin expression in platelets treated with uPA/PLTs was
increased, and the percentage of activated platelets reached
49.77 � 5.650% (ADP-induced) and 47.93 � 7.191% (thrombin-
induced). In contrast, NO@uPA/PLTs significantly inhibited the
expression of P-selectin and reduced the activation rate to
18.07 � 7.298% (ADP-induced) and 18.43 � 6.357% (thrombin-
induced) (Fig. 4L and M). uPA, which accumulates in vascular
injury, can help prevent the recurrence of thrombi. To evaluate
the accumulation ability of NO@uPA/PLTs in vascular injury,
fluorescence images of frozen sections of injured carotid arteries
were collected. The results of the experiment are shown in
Fig. 4N. Green fluorescence (anti-ICAM-1) identified the site of
carotid vascular injury. The uPA (0.5 mg/kg) and uPA (5 mg/kg)
groups exhibited weak red fluorescence signals at the injury site,
indicating low concentrations of uPA at the carotid injury site,
while the uPA/PLT (0.5 mg/kg) group and NO@uPA/PLT
(0.5 mg/kg) group exhibited strong red fluorescence signals,
indicating a high concentration of uPA at the site of carotid ar-
tery injury, showing that the carried uPAwas effectively enriched
at the thrombus site to quickly exert the thrombolytic effect and
inhibit the reformation of the thrombus. The above experimental
results strongly verified the excellent antioxidant capabilities and
superior injured carotid artery accumulation of NO@uPA/PLTs,
which was beneficial to reverse the high oxidation situation at
the injured blood vessel site and inhibit the reformation of
thrombi.
3.4. NO@uPA/PLTs enhance the thrombolysis of uPA in a
mouse model of thrombin-induced pulmonary embolism

Next, the targeted thrombolytic efficacy of NO@uPA/PLTs was
confirmed using a mouse thrombin-induced pulmonary embolism
model47. The in vivo biodistribution of NO@uPA/PLTs in mice
with pulmonary embolism was first investigated. Compared with
the healthy mice, Cy5-NO@uPA/PLTs accumulated in the lung
tissue of pulmonary embolism mice, as proven by the higher Cy5
fluorescence intensity in the lung tissue (Fig. 5A). The results of
ROI analysis showed that the fluorescence intensity of NO@uPA/
PLTs in the lungs of pulmonary embolism mice was 5.4-fold that
of normal mice (Fig. 5B). Owing to the natural tendency of
platelets to thrombus, NO@uPA/PLTs showed a better accumu-
lation in pulmonary thrombus. Then, Cy5-labeled fibrinogen was
used to evaluate the thrombolytic effect of NO@uPA/PLTs in the
pulmonary embolism in vivo (see Methods). Two hours after
intravenous injection of uPA, uPA/PLTs, or NO@uPA/PLTs, the
lung tissues of the mice were imaged by IVIS, and the fluores-
cence intensity of Cy5-labeled fibrinogen was quantified through
ROI analysis. The uPA group (0.5 mg/kg) showed limited
thrombolytic effects, as proven by the higher Cy5 fluorescence
intensity in the lung. The uPA/PLT group (0.5 mg/kg) and the
NO@uPA/PLT group (0.5 mg/kg) both exhibited excellent
thrombolytic effects on pulmonary embolism (Fig. 5C and D).
Their Cy5 fluorescence intensity in the lung was similar to that of
the uPA group (5 mg/kg) due to the ability to specifically target
pulmonary embolism. To further confirm whether NO@uPA/
PLTs specifically targeted pulmonary embolism, lung sections of
embolized mice were observed using a confocal microscope. As
displayed in Fig. 5E, a high Cy5-NO@uPA/PLT signal existed at
the FITC-labeled pulmonary embolism site in the NO@uPA/PLT
group, in contrast to the lower Cy5-labeled uPA signal observed
in the uPA group. Haematoxylin and Eosin (H&E) staining was
also used to evaluate the thrombotic area of lung tissues. A large-
scale embolism of pulmonary blood vessels was observed in the
lungs of the PBS group (Fig. 5F). When treated with a high dose
of uPA (5 mg/kg), the area of vascular embolism was obviously
reduced. Only a few pulmonary blood vessels with embolization
were observed in the lungs of the uPA/PLT group (0.5 mg/kg)
and the NO@uPA/PLT group (0.5 mg/kg) (Fig. 5G). The results
indicated that the chimerization of uPA on platelets promoted the
pulmonary accumulation of uPA and the ability to specifically
target the embolic site of blood vessels. The above findings
indicated that the thrombolytic capacity of uPA was enhanced
after chimerizing uPA to platelets.

3.5. NO@uPA/PLTs prevent thrombotic recurrence in the mouse
model of FeCl3-induced carotid arterial thrombosis

Next, the FeCl3-induced carotid arterial thrombosis mouse model
was established to assess the thrombolytic effect of NO@uPA/
PLTs. Rhodamine 6G was injected into mice through the right
jugular vein to label platelets, and the thrombus size, reflected by
the fluorescence intensity of rhodamine 6G, was monitored in real
time to evaluate the inhibitory effect of different uPA preparations
on thrombosis (Fig. 6A). The fluorescence intensity of rhodamine
6G remarkably increased in the carotid artery of the PBS-treated
mice, indicating FeCl3-induced carotid arterial thrombosis for-
mation. Treatment with free uPA (0.5 mg/kg) had a slight inhib-
itory effect on thrombosis, as evidenced by a fluorescence
intensity similar to that of the PBS group. By comparison, uPA/



Figure 6 In vivo therapeutic efficacy and re-embolism prevention of NO@uPA/PLTs in FeCl3-induced carotid arterial thrombosis models. (A)

Schematic illustration of the experimental schedules for the FeCl3-induced carotid arterial thrombosis model. The uPA preparations were injected

before thrombosis. (B) Representative fluorescent images of the carotid arteries of the mice after treatment with different uPA preparations at the

corresponding time points. (C) Quantification of the rhodamine 6G fluorescence intensity in panel B (n Z 3). (D) Schematic illustration of the

experimental schedules for the FeCl3-induced carotid arterial thrombosis models. The uPA preparations were injected 5 min after thrombosis. (E)

Representative fluorescent images of the carotid arteries after treatment with different uPA preparations at the corresponding time points. (F)

Quantification of the rhodamine 6G fluorescence intensity in panel E (n Z 3). (G) Schematic illustration of the experimental schedules for the

sequential FeCl3-induced carotid arterial thrombosis models. (H) Representative fluorescent images of the carotid arteries of the mice after

treatment with different uPA preparations at the corresponding time points. (I) Quantification of the rhodamine 6G fluorescence intensity in panel

H (n Z 3). Scale bar indicates 400 mm. Data are shown as the mean � SD (n Z 3). *P < 0.05. n.s., not significant.
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PLTs and NO@uPA/PLTs effectively inhibited thrombosis and
maintained low fluorescence intensity of rhodamine 6G within
60 min (Fig. 6B and C). uPA/PLTs and NO@uPA/PLTs remark-
ably suppressed thrombus formation owing to their ability to
adhere to the vascular lesion site to provide sufficient uPA. Next,
the thrombolytic effect of NO@uPA/PLTs on carotid artery
thrombus was evaluated (Fig. 6D). High-dose intravenous infusion
of uPA (5 mg/kg) effectively dissolved the existing thrombus, and
no increase in intravascular fluorescence intensity was seen at
60 min. As expected, owing to superior thrombus targeting
properties and longer circulation duration of platelets, uPA/PLTs
and NO@uPA/PLTs can quickly dissolve newly formed thrombi at
a dose of 0.5 mg/kg, which was consistent with the thrombolytic
effect of the uPA (5 mg/kg) group (Fig. 6E and F). The inhibition
of thrombus recurrence of NO@uPA/PLTs was further investi-
gated in the sequential FeCl3-induced thrombosis mouse model
with secondary injury (Fig. 6G)48. The fluorescence intensity of
the mouse carotid artery after two inductions with FeCl3 was
monitored by a stereomicroscope (see Methods). In the uPA
(5 mg/kg) group and the uPA/PLT group, a markedly higher
fluorescence intensity of rhodamine 6G was observed in throm-
botic mice after secondary FeCl3 induction than after the first
induction, while in the NO@uPA/PLT group, there was no sig-
nificant difference in the fluorescence intensity of rhodamine 6G
between the primary FeCl3 induction and secondary FeCl3 in-
duction. Moreover, the NO@uPA/PLT group had notably lower
fluorescence intensity of rhodamine 6G than the uPA/PLT group
after the secondary FeCl3 induction (Fig. 6H and I). The above
experimental results indicated that NO@uPA/PLTs had an excel-
lent ability to prevent the recurrence of thrombi owing to their
ability to inhibit platelet activation and aggregation and protect
HUVECs.

3.6. Safety evaluation

Tail vein bleeding time was used to evaluate the haemorrhagic
risks of uPA/PLTs and NO@uPA/PLTs (Supporting Information
Fig. S15A). In contrast to the uPA group (5 mg/kg), which
exhibited a longer bleeding time, the uPA/PLTs group and
NO@uPA/PLTs group did not show any significant changes in
bleeding time. Moreover, the blood and major organs were
collected 24 h after administration of different uPA preparations.
The serum levels of blood coagulation parameters were quantified,
including aPTT (activated partial thromboplastin time), FIB
(fibrinogen), PT (prothrombin time), and TT (thrombin time)
(Fig. S15B‒S15E). There was no significant difference in
blood coagulation parameters among the PBS, uPA/PLTs, and
NO@uPA/PLTs treatment groups. However, the uPA group
(5 mg/kg) exhibited significant changes in these parameters,
indicating a high risk of bleeding. For histopathology, the heart,
liver, spleen, lung, and kidney were stained by H&E and observed
using a microscope (Fig. S15F). There were no obvious patho-
logical changes in the uPA/PLT group or NO@uPA/PLT group.
Due to the enhanced thrombolytic effect, NO@uPA/PLTs reduced
the dosage of uPA, and showed better coagulation system and
organ safety.
4. Discussion

Persistent issues with the direct intravascular administration of
thrombolytic agents include their induction of systemic
fibrinogenolysis, which causes increased hemorrhagic risk, and
their short half-life. While nanotechnology-enabled targeted de-
livery systems have shown the ability to increase circulatory safety
and persistence by encapsulating thrombolytic agents in nano-
particles, the potential immunogenicity of synthetic materials and
the complex modification methods of targeted preparations limit
their further applications. In this study, inspired by the glyco-
sylphosphatidylinositol anchoring protein on the plasma mem-
brane, uPA was anchored onto the platelet surface by the lipid
insertion method. Through lipid insertion technology, uPA was
stably retained on the surface of the platelet membrane and was
not released into the blood during circulation, thereby preventing
the increased risk of bleeding caused by fibrinogenolysis. Due to
the intrinsic in vivo long circulation characteristics of platelets, the
combination of uPA with platelets can extend its half-life in vivo.
On the other hand, the inherent thrombus affinity of platelets
enabled the targeted delivery of uPA to thrombi, which was
beneficial for enhancing the thrombolytic effect. The harnessing
of platelets as thrombolytic agent carriers provides a simple and
effective thrombosis treatment strategy without an urgent need to
design complex targeted nanocarriers. Covalent modifications
have also been used to bind thrombolytic proteins to biological
membranes by functionalizing platelet membrane glycopro-
teins11,21,47. This indiscriminate modification may lead to the loss
of function of adhesion molecules and receptors in platelet
membranes. In contrast, the lipid insertion method did not change
the structure of membrane proteins or induce or inhibit platelet
activation, thereby maintaining the normal physiological functions
of platelets.

Importantly, co-loading the uPA/Arg platelet delivery system
(NO@uPA/PLTs) can reduce the reformation of thrombi
compared with that observed for uPA/PLTs. Due to natural platelet
tropism, Arg was efficiently delivered to the thrombus site by
platelets, and the release of NO in the lesion in situ inhibited the
activation and aggregation of platelets and protected endothelial
cells. NO@uPA/PLTs can effectively prevent re-embolism in the
first stage of thrombosis.

In our study, the effectiveness and safety of uPA/PLTs and
NO@uPA/PLTs were demonstrated in a mouse thrombosis model.
More research is needed on the effectiveness of thrombolysis in
large animals, including safety assessments in primates, to achieve
clinical applications. Intravenous infusion of platelets has been used
to treat the symptoms of thrombocytopenia caused by thrombo-
poiesis. The source and purity of platelets are the main factors
restricting their clinical application. At present, platelets for clinical
use are obtained by separating whole blood. The presence of white
blood cells in platelet concentrates cause accelerated platelet
clearance and the appearance of allogeneic immunity after multiple
injections49,50. Although it is possible to avoid allogeneic immune
reactions by infusing autologous platelets, this may increase the
burden on the patient and carry some medical risks. Recently, large-
scale production of high-purity platelets in vitro has been ach-
ieved51,52. The engineered platelet-based drug delivery platform has
good prospects for clinical application.

In summary, we successfully constructed a uPA/Arg coloaded
platelet delivery system, which provided a unique combination to
achieve targeted delivery of uPA to thrombi, prolong the duration
of uPA circulation and prevent the recurrence of thrombi with
limited haemorrhagic risks. This engineered platelet-based drug
delivery platform offers an integrated strategy for solving the
drawbacks of thrombolytic agents and has great potential to
improve the current state of thrombus treatment.
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