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Thrombosis or embolism is the leading cause of death and long-term adult disability worldwide. To reduce
the risk of thrombosis and hemorrhaging in patients, a facile and versatile method was developed to
fabricate microcapsules for targeted antithrombotic drug delivery. The microcapsules were prepared via
oxidative polymerization of dopamine on polystyrene microspheres, followed by immobilization of
fibrinogen onto the surface of poly(dopamine) layers. Subsequently, microcapsules were obtained by
removing the cores with THF. Nattokinase was loaded into the microcapsules via diffusion. The loading
amount was approximately 0.05 mg g~ at 37 °C, and the loading efficiency was nearly 75%, based on
the initial concentration of nattokinase in PBS. The release of nattokinase was a gradual process at 37 °C,
and the activity of the targeted activated platelets was highly efficient. The antithrombotic activity of the

nattokinase microcapsules was evidenced by the sharp dissolution of fibrin clots and the blood clotting
Received 19th May 2018 time ind A gradual rel hanism of platelet-inspired mi l d for targeted
Accepted 2nd July 2018 ime indexes. gradual release mechanism of platelet-inspired microcapsules used for targete
antithrombotic therapy was proposed. This strategy for targeted antithrombotic drug delivery, which

DOI: 10.1039/c8ra04273] lowers the demand dose and minimizes side effects while maximizing drug efficacy, provides a potential
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1 Introduction

The obstruction of blood flow to the heart, lungs and brain is
the leading cause of death and long-term adult disability
worldwide."” This disease-causing arterial obstruction is caused
by blood platelets, which activate, adhere to the vascular wall,
and then form a fibrin meshwork, finally perpetuating and
stabilizing as a platelet plug.** The balance between the
formation of fibrins from fibrinogen during proteolysis by
thrombin and hydrolysis of fibrin clots by plasmin plays
a significant role in preventing thrombosis.” Plasminogen
activator and plasmin-like proteins are the two kinds of
antithrombotic drugs used to decrease the risk of thrombosis.®
Platelet inhibitors, such as aspirin and clopidogrel, can be used
to reduce thrombosis as well.” However, an undesirable
increase in bleeding is produced when these agents are
administered at their most efficient antithrombotic doses.®
Thus, it is urgent to design a thrombolytic delivery system that
can administer drugs to target thrombi and increase the local
drug concentration, without affecting platelet function. Natto-
kinase (NK) is a fibrinolytic enzyme?® that acts directly to degrade
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new way to treat life-threatening diseases caused by vascular disruption.

the fibrin in blood clots via hydrolysis or its ability to convert
plasminogen to plasmin, reducing the thrombi faster and
without increasing the risk of bleeding.* Therefore, loading NK
into a controlled delivery system is a promising approach to
achieve targeted antithrombosis.

Pathologic thrombus formation in the arterial system occurs
when diseases lead to unwarranted platelet activation, resulting
in a local aggregation of platelets, as well as other blood cells
and plasma proteins.'™* During platelet activation, large
quantities of glycoproteins (GPs), such as GPIIb/IIIa, GP IX, and
GP V, are expressed on the surfaces of platelets. Theses glyco-
proteins can bind most of the agonists, including von Wille-
brand factor (VWF), collagen and fibrinogen (Fib), which render
platelets highly adhesive by attaching to vessel walls and
stabilizing platelet plugs through cohesive interactions between
platelets.” Inspired by the adhesion of activated platelets,
synthetic particles'*'® have been fabricated to mimic the shape,
size and elasticity of natural platelets, and thus investigate
migration and wall interactions.'”*®* However, it is still a chal-
lenge to integrate the physical-mechanical properties and bio-
logical functions of platelets into platelet-mimetic particles for
targeted antithrombotic drug delivery.

Polymer microparticles with well-defined structures and
adaptable properties have potential applications in drug
loading and controlled release, because they often possess
a structurally intact hollow capsule achieved by dissolution of
the template.”® Polydopamine (PDA), formed by oxidation of
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dopamine, is composed of dihydroxyindole, indoledione, and
dopamine units.”® It is easy to create an adhesive coating on
a variety of materials through the spontaneous oxidative poly-
merization of dopamine,® to provide a versatile, functional
platform for secondary reactions.”® By combining polymer
microparticles and a PDA coating, a drug delivery carrier with
biocompatibility and antioxidant activity can be prepared, in
which NK can be loaded as an antithrombosis agent.****

Previously, we fabricated PDA-coated micro/nano-particles
and investigated the platelet-particle surface interactions.”
Here, our continuing work was extended to modify the PDA@PS
coating, to subsequently obtain microcapsules by removing
their cores with THF. The size and the morphology of the
microparticles were assessed using SEM. NK loading and
release were monitored via high-performance liquid chroma-
tography. Finally, the NK-loaded microcapsules were used to
target platelets alone and as an antithrombosis therapy in
a complex blood environment.

2 Materials and methods

2.1. Chemicals and materials

Monodisperse PS particles (3 um diameter) were purchased from
Suzhou Nano-micro Technology Company (China). Dopamine,
Fib and thrombin were purchased from Sigma-Aldrich. Nattoki-
nase (NK, 410 IU g~ ') was obtained from Wako (Japan). Tris(hy-
droxymethyl)Jaminomethane (Tris, pH 8.5) was purchased from
Shanghai Dingguo Biotechnology Company (China). Tetrahy-
drofuran (THF, analytical grade) was obtained from Shanghai
Chemical Reagent Co., Ltd., and used without further purifica-
tion. Phosphate-buffered saline (PBS 0.01 M phosphate buffer,
pH 7.4), used for NK loading, fibrinolysis, and blood clotting
experiments, was freshly prepared. Other reagents were AR grade
and used without further purification.

2.2. Preparation of PDA-Fib microcapsules

The PDA coating on the surface of the PS microspheres was
formed through the in situ spontaneous oxidative polymeriza-
tion of dopamine. 10 pL of PS microspheres (100 ug mL™ ') was
added to Tris/HCI (10 mM, pH 8.5) buffer with 0.15 mg mL ™"
dopamine to prepare PDA-coated PS particles (PS@PDA). The
mixed solution was stirred for a predefined period at 37 °C, and
then centrifuged at 3000 rpm, followed by washing with Tris/
HCI buffer until the supernatant became colorless. The ob-
tained PS@PDA particles were added into PBS solution with
0.5 mg mL ™" Fib and stirred for 6 h at room temperature. After
washing with distilled water and freeze-drying, Fib-bonded
microparticles (PS@PDA-Fib) were formed.

The uncrosslinked PS microspheres could be easily etched by
THF solution. First, 1 mg of PS@PDA-Fib microparticles was
added to 4 mL of THF solution. PDA-Fib microcapsules were ob-
tained by etching the PS cores from the PS@PDA-Fib microparti-
cles with THF.*® After stirring at room temperature for 24 h, the
solution was centrifuged at 3000 rpm and washed with water and
ethanol at least three times to remove the residual solvent. Lastly,
the microparticles were dried in a vacuum oven overnight at 30 °C.
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2.3. NK loading and delivery

NK was loaded into PDA-Fib microcapsules via concentration-
controlled diffusion. PDA-Fib microcapsules (1 mg) were
added to 5 mL of PBS solution containing 1 wt% bovine serum
albumin (BSA), 0.05 wt% Tween 20, and 1 mg mL ™' NK.>” BSA
was used as a blocking agent to prevent non-specific binding
when PDA-Fib microcapsules interacted with NK and to main-
tain the activity of NK. The combined use of Tween 20 and BSA
provided the best conditions to decrease most of the non-
specific binding. The mixture was placed on a shaking table
overnight at 20 °C. Then, the solution was centrifuged at
3000 rpm and washed with deionized water at least three times.
After drying in a vacuum oven overnight at 30 °C, NK-loaded
PDA-Fib microcapsules were obtained.

NK-loaded PDA-Fib microparticles were incubated in PBS
solution at room temperature. Then, 1 mL of particle solution
was collected at 10 min to 3 h, and the release of NK was
monitored via high-performance liquid chromatography
(Waters 600 HPLC, evaporative light scattering detector) using
a standard calibration curve. Acetonitrile was used as the
mobile phase with the injection volume of 10 pL, and the run
time was 10 min at the absorbance wavelength of 230 nm.?® The
total loading concentration was assumed to be the equilibrium
concentration of released NK.

2.4. Targeting activated platelets

Fresh blood collected from a healthy rabbit was immediately
mixed with 3.8 wt% sodium citrate solution at a dilution ratio of
9: 1. This study was performed in strict accordance with the
NIH guidelines for the care and use of laboratory animals (NIH
Publication no. 85-23 Rev. 1985) and was approved by the
Ethical Committee of the Chinese Academy of Sciences (Beijing,
China). Platelet rich plasma (PRP) was obtained from the
supernatant after centrifugation of whole blood at 1000 rpm for
15 min. PS, PS@PDA, PS@PDA-Fib and NK microcapsules were
incubated with platelets at 37 °C for 30 min with stirring to
assess the targeting properties of Fib-bonded PDA. This was
followed by deposition of the particles on polymer substrates
for SEM analysis (XL 30 ESEM FEG, FEI Company).

2.5. Fibrinolysis activity assay

Fib was dissolved in PBS (pH 7.4) at a concentration of 3 mg
mL ™. Then, 100 pL of Fib solution was transferred into 96-well
plates, followed by the addition of 20 pL of thrombin (5 U mL ™)
to form a fibrin clotting. Next, 100 pL samples of a PBS
suspension of PS@PDA-Fib (0.5 mg mL ') and a PBS suspen-
sion of NK-loaded microcapsules (0.5 mg mL ") were added
separately to 96-well plates, which were immediately placed in
a microplate reader. The absorbance measurements at 630 nm
were recorded every 1 min for 130 min. Meanwhile, 200 uL of
PBS was added to 96-well plates and analyzed as a blank control.

2.6. Whole blood clotting time

The anticoagulant properties of PDA-Fib and NK-loaded
microcapsules were evaluated using fresh rabbit blood, by the

This journal is © The Royal Society of Chemistry 2018
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clotting time method. Briefly, 15 pL of fresh blood and 15 pL of
PBS suspension with microcapsules (0.5 mg mL~") were mixed
and dropped onto the polymer substrates, followed by incuba-
tion at 37 °C for a given time. Then, 3 mL of deionized water was
added to stop the reaction. The concentration of free hemo-
globin in water was measured using a TECAN absorbance
reader (TECAN GENIOS, Austria) at 540 nm. The relative
absorbance of 30 uL of whole blood diluted by 3 mL distilled
water was assumed to be 100. The blood clotting index (BCI) of
a biomaterial can be quantified using the following equation:*

As
BCI(%) = 7= x 100% (1)

0
where A and A, represent the absorbance of the sample and
fresh blood, respectively.

3 Results and discussion

3.1. Fabrication and characterization of microcapsules

Platelet-inspired particles (PDA-Fib) were synthesized via the
oxidative polymerization of dopamine on PS microspheres,
after which Fib molecules were immobilized on the surface of
the PDA layer, followed by etching of the PS core with THF
(Fig. 1). The obtained microcapsules were used to load and
release NK for antithrombotic activity by diffusion.** Fib mole-
cules immobilized on the surface of PDA have a high affinity to
platelet membrane glycoproteins, such as GP IIb/IIla and GP V,
which play a crucial role in hemostasis. Thus, combined with
the specific recognition of Fib and the fibrinolysis of NK, NK-
loaded microcapsules can target activated platelets and
deliver NK to the site of thrombi for antithrombotic therapy.
The monodisperse PS microspheres of 3 um diameter were
used as an initial template. Dopamine was spontaneously
polymerized and oxidized into quinine and rearranged into 5,6-
dihydroxyindole. It then polymerized to form a PDA coating on
the PS microspheres.** Next, Fib molecules were conjugated
onto the PDA-coated microspheres via the reaction of amino
groups on the surface of PDA and carboxyl groups on Fib. The
structures and compositions of the samples have been reported

GP Il b/IIa

p Dopamme g Flbrmogen
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in our previous work,* and bovine serum albumin and Fib were
grafted onto the surfaces of PS@PDA particles for interacting
with blood platelets.

The samples were further deposited onto a thermoplastic
elastomer substrate to analyze the morphologies of the micro-
particles and microcapsules before and after PS etching. SEM
images of PS, PS@PDA and PS@PDA-Fib microspheres and
a PDA-Fib microcapsule are shown in Fig. 2. The PS micro-
spheres with a diameter of 3 um have clear and smooth borders.
After PDA and Fib modification, the surfaces of the PA@QPDA
microspheres are rough, due to the polymerization of PDA, and
some tiny bumps are apparent on the surfaces of the PS@PDA-
Fib microspheres. The size of the PS@PDA microspheres is
approximately 3.4 um (Fig. S11), which is similar to that of
natural platelets. Significantly, after the PS core was etched, the
size of particles became larger, the size distribution widened
(Fig. S271), and the microspheres collapsed into microcapsule
structures (Fig. 2d). The size of the microcapsules is larger than
4 um (Fig. S27). This hollow microcapsule is an excellent carrier
to load drugs or other functional molecules and release them at
target sites.' When the etching time was 12 h, the PS core was
removed entirely (Fig. S1: fourth line); when the etching time
was just 3 h, the PS core was etched partly (Fig. S1:1 third line).
Some crushed microcapsules in Fig. S11 proved that the PS core
was gradually removed and the inner wall was full of coarse
nicks. In the next loading and release system, fully etched
microparticles were used to load NK for targeted therapy.

3.2. NK loading and release

NK is a thrombolytic enzyme that possesses plasminogen acti-
vation activity and directly digests fibrin through limited
proteolysis. The fibrinolysis activity is retained in blood for
more than 3 h.** The encapsulation of NK into PDA-Fib micro-
capsules was accomplished by mixing dry PDA-Fib microcap-
sules in a PBS solution containing BSA, Tween 20 and NK for
12 h at room temperature. After equilibrium encapsulation, the
NK-loaded microcapsules were obtained by centrifugation.
Fig. 3 shows the release of NK from the microcapsules in PBS at

Fig. 1 Schematic illustration of the preparation of NK-loaded PDA particles and targeted drug delivery to the site of platelet plugs.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 SEM images of (a) PS microspheres; (b) PS@PDA microparticles; (c) PS@PDA-Fib microparticles; and (d) PDA microcapsule.

25 °C and 37 °C. It is evident that the release of NK at 37 °C is
slightly quicker than that at 25 °C and the final released amount
is larger as well. The cumulative release of NK at 37 °C is almost
45% in 30 min. After that, the speed of release slows down to
a gradual release. The slow release of NK at 37 °C is similar to
what would be observed under physiological conditions, espe-
cially in the case of thrombolysis in blood. Moreover, the release
is limited by the diffusion of drug through the matrix structure.
Assuming equilibrium release is equivalent to the loading
amount of NK, the loading amount of NK is approximately
0.05 mg g~ at 37 °C, and the loading efficiency is nearly 75%
based on the initial concentration of NK in PBS. Thus, the
loaded NK microcapsules, with high loading and release effi-
ciency at the site of thrombi, can be used for slow drug release
and have potential for thrombolysis in blood.
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Fig. 3 Release profile of NK from PDA-Fib microcapsules (errors:
mean + SD; n = 3).
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3.3. Targeting activated platelets

Targeting activated platelets to release antithrombotic drugs
plays a key role in the treatment of thrombosis.*® Platelets are
activated and form pseudopodium when the coagulation
pathway is initiated. NK-loaded PDA-Fib microcapsules are
excellent carriers to target activated platelets in blood by inter-
acting with Fib and then dissolving a thrombus by gradually
releasing NK molecules. PS@PDA-Fib and NK-loaded micro-
capsules were incubated with platelet rich plasma solution at
37 °C for 30 min under stirring to target activated platelets. They
were then deposited on polymer substrates to check their tar-
geting properties. For comparison, the targeting ability of PS
and PS@PDA particles was determined at the same time. Fig. 4
shows SEM images of microparticles interacting with platelets
and free NK interacting with platelets as a reference. During
stirring, platelets were activated. The adhesion and spreading of
platelets were observed on the surface of PS microspheres, and
nonspecific interactions led to PS aggregation (Fig. 4a and f).
After PDA modification, no platelets adhered on the surfaces of
the PS@PDA particles (Fig. 4g) because of the excellent hemo-
compatibility of PDA. Here, we also found that the platelets and
PS@PDA particles were discrete and performed almost no tar-
geting. In contrast, PS@PDA-Fib showed high targeting ability
to recognize activated platelets (Fig. 4h). Several platelets
adhered or spread on one PS@PDA-Fib microparticle, which
can maximize drug efficiency during thrombolysis when plate-
lets adhere and aggregate in blood. The affinity of the platelet-
inspired microparticles is mainly due to the specific interac-
tions between Fib and glycoproteins on the surfaces of activated
platelets.** Compared with PS microparticles, PS@PDA-Fib
microparticles have the advantage of acting as a drug carrier
with high targeting ability, rather than inducing aggregation

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 SEM images of microparticles interacting with platelet rich plasma: (a and f) PS microspheres; (b and g) PS@PDA microspheres; (c and h)

PS@PDA-Fib microspheres; (d and i) NK microcapsule; (e and j) free NK.

and recognition between microparticles and platelets. Signifi-
cantly, when the NK-loaded microcapsules interacted with
platelets, few platelets were found in the system (Fig. 4d). This
suggests that the released NK can dissolve activated platelets,
thus preventing a thrombus from forming. Moreover, the
number of adhered platelets (described in the ESIf) further
confirms the thrombolysis activity of the NK-loaded microcap-
sules. Therefore, the modification of PDA endows the micro-
particles with blood compatibility, and Fib molecules can target
with high efficiency. Furthermore, the release of NK from the
microcapsules leads to remarkable thrombolysis activity.

3.4. Antithrombotic activity of NK microcapsules

To evaluate the antithrombotic activity of the NK-loaded PDA
microcapsules, 100 pL of a suspension of the platelet-inspired
microcapsules in PBS was put into a 96-well plate in the pres-
ence of fibrin clots at 37 °C. The fibrin clots were pre-generated via
the thrombin-mediated conversion of fibrinogen to fibrin.*> For
comparison, 100 pL PBS, NK solution, and PS@PDA-Fib were
respectively dropped into 96-well plates in the presence of fibrin
clots. After mixing for 1 min, these samples were measured with
a microplate reader for kinetic absorbance at 630 nm at 1 min
intervals for 130 min. Fig. 5 shows the effect of the NK-loaded
microcapsules on thrombosis. The intensity of the absorbance at
630 nm (ODg3) reflects the mass of the fibrin clots and the
intensity of the PBS control without fibrin clots was considered as
the baseline (curve e). In the sample of PBS with fibrin clots, the
intensity of fibrin clots remains nearly constant within the
measurement period, indicating that the fibrin clots in PBS are
stable, and no thrombolysis happens. In contrast, the intensity of
the fibrin clots with NK decreases sharply and reaches baseline at
approximately 70 min, confirming the fibrinolytic activity of pure
NK. The intensity of fibrin clots with the NK microcapsules
decreases first (curve ¢) in an identical way to the decline of fibrin
clots with pure NK (curve d), and then slightly fluctuates from
50 min to 100 min, finally decreasing again to steady value. These
results suggest the sharp dissolution of fibrin clots and the quick
diffusion of NK from the microcapsules during the first stage. After
a stable stage, the release of NK from the microcapsules is
restarted and continues to dissolve the fibrin clots. Thus, the first
release is from the non-specific adsorbed NK on the surface of the

This journal is © The Royal Society of Chemistry 2018

microcapsules and the second release is the gradual diffusion
from the inside of the microcapsules. By contrast, the intensity of
fibrin clots with PS@PDA-Fib microparticles remains almost
steady (curve b), proving that microparticles without NK loading
have little effect on clot dissolution. Therefore, platelet-inspired
microcapsules possess high antithrombotic activity with the
release of NK.

The antithrombotic activity of the NK-loaded microcapsules
was further confirmed by whole blood clotting. The BCI repre-
sents the absorbency ratio of blood solution interacting with the
microcapsules to the absorbency of the fresh blood solution. In
principle, a more considerable BCI means a better anticoagu-
lant property.*® Fig. 6 shows the BCI changes of PDA-Fib
microcapsules and NK-loaded microcapsules with time.
Diluted blood was used as a control. Clearly, there is no
difference in the BCI values within 120 min among the diluted
blood, PDA-Fib and NK-loaded microcapsules. This indicates
that no clotting happens within 120 min for all the samples
(=90%). After 180 min incubation, the BCI values of diluted
blood and PDA-Fib microcapsules are below 60%, while that of
the NK-loaded microcapsules is still higher than 90%. The
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Fig. 5 The antithrombotic activity of (a) PBS with fibrin clots; (b) PDA-

Fib microcapsules with fibrin clots; (c) NK-loaded microcapsules with

fibrin clots; (d) NK pure solution with fibrin clots; and (e) PBS as

a control. Absorbance at 630 nm (ODg30) reflects the mass of the fibrin

clots.
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Fig. 6 Blood clotting time indexes (BCls) of diluted blood, fresh blood
with PDA-Fib microparticles and fresh blood with PDA-Fib-NK
microparticles.

sample containing the NK-loaded microcapsules exhibits no
clotting, but the diluted blood and PDA-Fib microcapsule
samples become coagulant. These results are consistent with
the fibrinolytic activity. The antithrombotic activity of the NK-
loaded microcapsules is evident within 180 min, even though
the release of NK goes down to a stable level within 130 min
(Fig. 5). This is because the activity of NK can be maintained for
3 h at least.?” Astonishingly, no clotting is generated in the NK-
loaded microcapsule sample within 240 min (inset photo-
graph), and the BCI value is maintained above 80%. Therefore,
the BCI values provide direct evidence of the high antith-
rombotic effect of the NK-loaded microcapsules. Blood clots are
mainly composed of platelets, red blood cells and fibrins
formed from Fib during proteolysis by thrombin.’® Meanwhile,
the formed fibrins can be hydrolyzed by plasmin. NK exhibits
plasminogen activator activity and is more sensitive to the
cleavage of cross-linked fibrins by directly digesting fibrin
through limited proteolysis.* Thus, the mechanism of platelet-
inspired microcapsules used for targeted antithrombotic drug
delivery and release is proposed. Firstly, NK-loaded microcap-
sules target the activated platelets where the clot forms, and
then interact with the platelets in the clot with a high affinity.
Secondly, the NK molecules from outside and inside of the
microcapsules are released gradually and cleave the fibrins in
the clots. Lastly, the high local concentration of NK facilitates
fibrinolysis and clot dissolution. The mechanism is schemati-
cally described in the top of Fig. 6.

4 Conclusions

A facile and versatile method was used to fabricate NK-loaded
platelet-inspired microcapsules for targeted antithrombotic
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drug delivery. This method used PS as a template and PDA as
a spacer to immobilize Fib and provide high hydrophilicity.
After etching the PS core, a hollow microcapsule was obtained
to load NK and perform fibrinolysis in PBS and antithrombosis
in blood. The strategy was based on Fib-bound microcapsules
that were loaded with NK, which had a high affinity for targeting
activated platelets through the interactions between Fib and
glycoproteins on the surface of platelets in the blood clots. In
this way, the loaded microcapsules exhibited plasminogen
activity to induce clot dissolution. The NK-loaded microcap-
sules with a high loading amount can be regulated to release NK
slowly at the site of thrombi. The loading amount of NK was
approximately 0.05 mg ¢~ ' at 37 °C, and the loading efficiency
was nearly 75% based on the initial concentration of NK in PBS.
The fibrinolytic activity and BCI values proved that the NK-
loaded microcapsules possess high antithrombotic activity.

This strategy for targeted antithrombotic drug delivery,
which lowers the demand dose and minimizes side effects while
maximizing drug efficacy, provides a potential treatment for
life-threatening diseases caused by vascular obstruction. PDA
could be substituted with other biocompatible and biodegrad-
able polymers, such as polyethylene glycol and poly(lactide-co-
glycolide). NK can be replaced with other antithrombotic agents
as well. Thus, our work provides new insight into controlling
drug release in targeted antithrombosis treatment with low side
effects and high efficiency.
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