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ABSTRACT

Atherosclerosis (AS) is a progressive inflammatory disease, and thrombosis most likely
leads to cardiovascular morbidity and mortality globally. Thrombolytic drugs alone cannot
completely prevent thrombotic events, and treatments targeting thrombosis also need to
regulate the inflammatory process. Based on the dynamic pathological development of
AS, biomimetic thrombus-targeted nanoparticles HMTL@PM were prepared. Hirudin and
lumbrukinase, effective substances of traditional Chinese medicine, were self-assembled
under the action of tannic acid and Mn?*. HMTL@PM dissociated in the weakly acidic
microenvironment of atherosclerosis and exhibited excellent therapeutic effects, including
alleviating inflammation, dissolving thrombus, anticoagulation, and promoting cholesterol
efflux. HMTL@PM effectively regulated the progression of AS and provided a new perspective
for the development of drug delivery systems for AS therapy, which holds important
research significance for reducing the mortality of cardiovascular and cerebrovascular
diseases.
© 2024 Published by Elsevier B.V. on behalf of Shenyang Pharmaceutical University.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Atherosclerosis (AS), the major cause leading to high mortality
from cardiovascular disease, is a persistent inflammatory
disease with complex pathophysiology that progresses
dynamically marked by infiltration of inflammatory cells and

* Corresponding authors.

lipid deposition forming atherosclerotic plaques [1,2]. The
initiation, occurrence, development and thrombus formation
in atherosclerosis are all influenced by inflammation. In
the early stage of AS, vascular endothelial injury causes the
infiltrated macrophages to engulf the oxidized low-density
lipoprotein (ox-LDL) and form foam cells, accelerating plaque
formation and calcification [3,4]. In the progressive stage,
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foam cells accumulate to form atherosclerotic plaques,
vulnerable plaques are prone to rupture due to inflammation,
hemorheology and other factors, activating the coagulation
system, and platelet aggregation forms thrombi [5]. Persistent
and occlusive thrombosis in the late stage leads to vascular
stenosis, causing ischemic injury, which may give rise to
clinical complications including myocardial infarction, as
well as angina and stroke [6]. Therefore, removing thrombi
and improving inflammation become the first choice for the
treatment of atherosclerosis.

Platelets and the coagulation cascade are effective targets
for anti-thrombotic therapy, but the use of thrombolytic
drugs alone cannot completely prevent thrombotic events [7].
It indicates that there are still other mechanisms, such as
inflammation, that have not been fully addressed, leading to
therapeutic gaps [8]. Growing evidence points to the necessity
for the thrombosis-targeting medications to inflammation-
regulation, which adds to their positive benefits [9-11].
On the other hand, anti-inflammatory therapy can also
decrease thrombotic instances. Thrombosis is closely related
to inflammation, which promotes thrombosis by damaging
the vascular endothelium, activating platelets and the
clotting system, and increasing white blood cell involvement.
Anti-inflammatory therapy can reduce endothelial damage,
inhibit platelet and coagulation system activity, and reduce
overall inflammation levels, thus effectively preventing
and controlling thrombosis [12-14]. Traditional Chinese
medicine (TCM) exhibits advantages in atherosclerosis
treatment with multiple mechanistic approaches and
fewer adverse reactions. The combination therapy of
"Leech-Pheretima" has been proven to have excellent
efficacy against AS. Hirudin (HV), as a natural thrombin-
specific inhibitor, can irreversibly bind to thrombin to form
tight non-covalent complexes, inhibiting the coagulation
of fibrinogen and the action of thrombin on platelets,
exhibiting efficient inhibition of platelet aggregation and
thrombus formation, with broad prospects for application in
cardiovascular diseases prevention and treatment [15-18].
Lumbrukinase (LK), extracted from the TCM pheretima, is
a complex protein of fibrinolytic enzyme, which reduces
the expression of vascular endothelial cell calcium-binding
protein (VE-cadherin) by regulating the NF-«B pathway,
inhibiting fibrinogen activation, reducing the infiltration of
inflammatory macrophages, thus alleviating inflammation
[19-22]. Additionally, LK can directly degrade fibrinogen in the
blood, activate plasminogen to plasmin, further accelerating
thrombus dissolution.

Due to the specificity of AS treatment, drugs need to meet
the requirements of long circulation and precise targeting.
Inspired by biological systems in nature, biomimetic drug
delivery technologies have drawn a lot of interest lately
[23-25]. This technology typically mimics natural mechanisms
to achieve targeted effects, accurately delivering drugs to
target sites, with good biocompatibility and safety, enhancing
the therapeutic effects of drugs [26]. Biomimetic drug delivery
systems can be broadly categorized into cells modified with
targeting ligands, nanocarriers coated with cell membranes,
and whole cells. Inspired by the responsive aggregation of
platelets at thrombus sites, platelet membrane biomimetic
nanocarrier systems offer a new opportunity for targeted

therapy of atherosclerosis. Platelet membranes possess good
biocompatibility, exhibit a natural homing effect to thrombus,
and show a tendency towards sites of vascular endothelial
injury and secondary microthrombi [27-32]. They emit the
signal of "don’t eat me” in order to prevent phagocytose and
clearance from the reticuloendothelial system, therefore
promoting prolonged circulation throughout the body
[33-35].

On account of its polyphenol structure, tannic acid is
capable of self-assembling with mental ions to form a metal-
phenol network (MPN) structure under coordination, which
can then encapsulate drugs and achieve pH responsive
release [36,37]. In the selection of metal ions, studies have
demonstrated that certain metal ions are associated with
an increased risk of developing atherosclerotic diseases. For
instance, calcium ions have been shown to accelerate the
calcification of plaque in lesion sites. While Mn?* plays
an important role in lipid metabolism and can affect the
synthesis and metabolism of cholesterol and fatty acids. Mn?*
could maintain normal lipid metabolism, thereby reducing
lipid deposition in artery walls. Additionally, manganese ions
have the potential to serve as imaging agents in future studies
[38].

Herein, this work designed a novel biomimetic thrombus-
targeted nanoparticle. The biomimetic nanoparticles,
encapsulated with platelet membranes containing HV and
LK, were prepared to actively target atherosclerotic thrombus
sites and effectively ameliorate thrombus and inflammation
(Fig. 1). Tannic acid-mediated self-assembly imparted the
nanoparticles with the ability to respond to dissociate in
response to the weakly acidic environment of thrombus. HV
inhibited thrombin activity to inhibit thrombus formation,
and combined with lumbrukinase’s effects on dissolving
thrombus and regulating inflammation, aimed to achieve
the purpose of treating atherosclerosis. We believed that
this biomimetic nanoparticle overcome the limitations of AS
treatment, prolonged drug circulation in the blood, reduced
toxic side effects, significantly improved efficacy, reduced
drug frequency, achieved stable drug release, and ultimately
achieved efficient, long-lasting and safe therapeutic effects.

2. Materials and methods
2.1. Materials

Recombinant HV, LK and LPS were obtained from Yuanye
Bio-Technology Co., Ltd. (China). Tannic acid and MnCl,
were sourced from Macklin Biochemical Technology Co.,
Ltd. (China). NaOH was provided by Aladdin Biochemical
Technology Co., Ltd. (China). Mouse peripheral blood platelet
separation solution kit was purchased from TBD Co., Ltd.
(China). Kinase buffer (10x) was supplied by MesGen
Biotechnology Co., Ltd. (China). Fibrinogen was acquired
from Meilun Biotechnology Co., Ltd. (China). Thrombin, ox-
LDL and total cholesterol (TC) content assay kit were obtained
from Solarbio Science & Technology Co., Ltd. (China). ATP
(100 mM, nuclease-free), PMSF, DAPI, BCA protein assay kit,
coomassie blue staining kit, reactive oxygen species assay kit,
cell counting kit-8, modified oil red O staining kit, and Kinase-
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Fig. 1 - Schematic illustration of ameliorating thrombus and inflammation realized by HMTL@PM with plaque-targeting for

atherosclerosis therapy.

Lumi™ plus luminescent kinase assay kit were all sourced
from Beyotime Biotechnology Co., Ltd. (China). Additionally,
the Omni-Easy™ One was utilized.

2.2. Construction and characterization of HMTL@PM

2.2.1. Construction of HUTL@PM

The HMTL@PM were fabricated by mixing HV, LK, MnCl, and
TA in one pot through the TA-Mn?* cross-linking action, and
further coating platelet membranes on the surface through
ultrasound (Fig. 2A). The detailed construction steps were
as follows: 500 pl HV (1 mg/ml) and 500 pl LK (1 mg/ml)
were dropped into the mixing solution of TA and MnCl,
(mass ratio, TA: MnCl,=2:1). The solution was ultrasonic for
1 min, and the NaOH (0.1 mol/l) was used to adjust the
pH to 7.0 under intense agitation, then stirred at 25 °C
overnight. The HMTL (nanoparticles that have not been coated
with platelet membrane) were collected by centrifugation
(13,000 r/min, 10 min), washed with ultrapure water for 3
times to remove unreacted raw materials, and stored at
4 °C after lyophilization. Whole blood was isolated from the
orbital vein of BALB/c mice and anticoagulated using EDTA-
K,. The procedures were adapted from previously reported
methods [39]. Purified platelets were obtained using the
Mouse peripheral blood platelet separation solution kit. Added
200 pl PBS that contained 1 mM PMSF and carefully pipetted
to resuspend the purified platelets. Then repeatedly frozen-

thawed at —80 °C to isolate the platelet membranes from the
platelets. Following centrifugation (4,000 g, 3 min, 4 °C) and
washing with ultrapure water for 3 times, the purified platelet
membranes (PM) were suspended in a mixture containing
1 mM PMSF and HMTL followed by sonication (mass ratio,
platelet membrane protein: nanoparticle=1:1). The excess
HMTL were removed by centrifugation (4,000 g, 3 min, 4 °C).

2.2.2.  Morphological characterization of HUTL@PM

The morphology of HMTL, PM and HMTL@PM was visualized
by TEM. Using Malvern Zetasizer, the hydrodynamic size and
zeta potential of HMTL, PM and HMTL@PM were measured in
PBS.

2.2.3.  Verification of the platelet membrane coating
SDS-PAGE was applied to identify the protein content for the
purpose to analyze the protein profiles of PM, HMTL and
HMTL@PM. Initial voltage was set to 70 V firstly, which is
adjusted to 85 V after the sample is electrophoresed to the
separation gel. Using the Coomassie Blue Staining Kit, the
whole gel was dyed on a shaker for 2 h, and the color was
removed overnight with ultrapure water.

2.2.4.

and LK
To examine whether the tannic acid affects the measurement
of total protein concentration, tannic acid solution with

Qualitative and quantitative methods to determine HV
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concentration gradient was set up and determinated by BCA
Protein Assay Kit. Similarly, the standard curve of TA-Mn?+
complex was established, the absorbance was the vertical
coordinate and the protein concentration was the horizontal
coordinate. In a range of 200-600 nm, the absorption spectra
of HV, LK, TA and TA-Mn?* complex solutions with a certain
concentration were detected and compared. According to the
characteristic absorption peak of TA-Mn?*, the concentration
gradients (0, 1, 2, 4, 6, 8, 10, 15, 20, 30 and 40 pg/ml) were set
up to determine the absorbance at 350 nm and the standard
curve was established. Precisely weighed 5 mg HMTL in 4 ml
ultrapure water, then added 1 ml 5% HNO;3; and incubated
for 24 h to promote the release of HV and LK. With the
use of BCA Protein Assay Kit, total protein concentration
of HMTL was calculated. The interference of tannic acid
on the determination of total protein concentration could
be eliminated by combining the established standard curve
above. The content of LK was measured by Kinase-Lumi™
Plus Luminescent Kinase Assay Kit, and the standard curves of
ATP and LK were established respectively. Finally, the content
of HV was calculated.

2.2.5. Assessment of loading capacity and encapsulation
efficiency

With the aim to choose the optimum drug reaction
dosage, mixed different quantities of tannic acid
with 1 mg HV and LK (mass ratio, polypeptide:
polyphenol=1:1,1:2,1:3,1:4,1:5,1:6,1:7,1:8) to prepare HMTL.
Measurement of particle size and zeta potential on the
preparations with various proportions were performed. The
drug loading efficiency (LE) of HV and LK were calculated
according to the following formula, as well as encapsulation
percentage (EN). The standard curve of Mn?* was established
by ICP-MS, and the loading efficiency of Mn?* in HMTL@PM
was determined.

LE(%) = Wioaded drug/wtotal nanoparticles X 100%

EN(%) = Wioaded drug/wtotal drug X 100%

2.2.6. Release profiles in vitro of HV-LK loaded HMTL@PM
Utilizing the dialysis method, the release profiles in vitro of
HV-LK loaded HMTL@PM was investigated. Briefly, to simulate
the drug release of HMTL@PM in the normal physiological
environment, atherosclerotic plaque site and acid lysosomes
of macrophages, varying pH values of PBS (7.4, 6.5 and 5.0)
were used as the release medium. 10 mg HMTL was dispersed
in PBS (pH 7.4) and packed into a dialysis bag (100 kDa).
Immersed it in the corresponding simulated release media
for different times (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 8,
12, 16, 20 and 24 h) at 37 °C while shaking continuously at
100 r/min. The same volume of prewarmed fresh PBS was
quickly introduced after 1 ml external medium was removed
at the designated time points. The contents of HV and LK were
calculated respectively. Three duplicates of the experiment
were conducted and the mean + SD of the results was
expressed.

2.2.7. Biocompatibility assay

For hemocompatibility assay, red blood cells (RBCs) were
collected by centrifugation (1,500 r/min, 15 min) after whole
blood had been anticoagulated with heparin sodium, followed
by multiple PBS washes. Incubated HMTL@PM (50, 100, 150 and
200 pg/ml) with 2% RBCs suspension at 37 °C for 2 h After
centrifugation (3,000 r/min, 5 min), the absorption at 540 nm
was used to calculate the amount of hemoglobin present in
the supernatant. ddH,0 was set as the positive group and
negative control was saline group. According to the following
formula, the hemolysis rate was determined.

ASample - ANegative

Hemolysis (%) = x 100%

Apositive — ANegative

For the test of platelet aggregation, plasma-rich platelets
(PRP) were collected from whole blood (1,500 r/min, 20 min).
100 pl PRP was mixed with PBS, HV (1 mg/ml), LK (1.25 mg/ml),
HMTL@PM (2 mg/ml) and thrombin/CaCl, (1:5, v/v) in 96-well
plate. Measured the absorbance of mixture at 650 nm in 1 h.

2.2.8. Stability test

The stability of platelet membrane proteins during 1-
week storage was studied. Specifically, we extracted platelet
membrane proteins on HMTL@PM at Day 1, 3, 5 and 7,
then targeting function-related proteins GPVI and CD47
were selected for WB experiments. The storage stability
of HMTL@PM was assessed by regularly monitoring its
hydrodynamic size and zeta potential stored in ddH,0 at
4 °C for a month, every 3 d Additionally, the hydrodynamic
size and zeta potential of HMTL@PM in RPMI 1640 (10% FBS)
at 37 °C were examined to mimic a more actual blood-
like environment. Moreover, the drug content in HMTL@PM
solution during 1-week storage was measured to determine
whether the HV or lumbrokinase was leaking.

2.3. In vitro studies

2.3.1.  Evaluation of cell toxicity

The cytotoxicity of HMTL and HMTL@PM on RAW264.7 cells
and HUVEC cells was investigated by assessing cell viability
by Cell Counting Kit-8. Briefly, being seeded in 96-well plates
(1 x 10* cells per well), cells were cultured overnight. HMTL or
HMTL@PM were added to the sample group treating for 24 h
(10,20,50, 75 and 100 pg/ml). The blank wells and the cells with
blank medium were designated as the blank and the control
group. Next, added 100 pl 10% CCK-8 solution into well, then
left it in darkness for 2 h. The absorbance was determined at
450 nm, and calculated the cell viability based on the formula
that follows:

ODSample — ODglank
ODcontrol — ODplank

Cell viability (%) = x 100%

2.3.2. Uptake of HMTL@PM by macrophage and HUVEC

To simulate the pathological inflammatory microenvironment
of atherosclerosis, a competitive assay was performed.
RAW264.7 cells and HUVEC cells were divided into normal
cells and inflammatory cells stimulated with 1 pg/ml LPS.
Being seeded in a 25 mm confocal dish (1 x 10> cells
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per dish), cells were cultured overnight. Then treated with
ICG, ICG-labeled HMTL and ICG-labeled HMTL@PM for 4 h
(ICG: 20 pg/ml). After that, washed with PBS, added 4%
paraformaldehyde for fixation, and labeled with DAPI. The
laser confocal microscopy (CLSM) was used to observed
finally.

2.3.3. ROS-scavenging and anti-inflammatory capacity of
HMTL@PM

The levels of ROS were detected by a reactive detection kit.
RAW?264.7 were seeded in a 25 mm confocal dish (5 x 10°
cells per dish). After culturing overnight, treated with HMTL or
HMTL@PM for 4 h, which was added 1 pg/ml LPS concurrently.
Fresh medium was given to the normal group, while 1 pg/ml
LPS was utilized to stimulate the model group. Next, 10 pM
DCFH-DA probe was added, then incubated at 37 °C for 20 min.
Washed with DMEM to remove the excess DCFH-DA and
observed by CLSM.

Levels of cytokines including TNF-«, IL-1e, IL-18, IL-10,
MCP-1, IFN-y, iNOS, VEGF and «-SMA were detected by ELISA
kit. RAW?264.7 were seeded in 6-well plates (5 x 10° cells per
well), then cultured with 1 pg/ml LPS overnight. Then treated
with HV, LK, HMTL and HMTL@PM for 24 h (ATU: 300 U/ml).
The blank DMEM were set as the negative control, while
DMEM with 1 pg/ml LPS was the positive control. Collected
the cell culture medium and the supernatant was obtained by
centrifugation (1,000 g, 20 min).

2.3.4. Binding affinity of HMTL@PM to activated platelets
Platelets were collected in a laser confocal dish and incubated
with thrombin/CaCl, for 0.5 h, during which time platelet
activation was induced. Then labelled platelets with CM-Dil.
The samples were treated with ICG-HMTL or ICG-HMTL@PM
for 1 h Next fixed with paraformaldehyde and observed under
CLSM.

2.3.5. In vitro clot lysis test

The whole blood was mixed with an appropriate amount
of thrombin (1 U/pl) and CaCl, (5 mg/ml), then stored at 4
°C for the clot formation. Following precise weighed (W),
treated with HV, LK, HMTL (pH 7.4), HMTL@PM and HMTL (pH
5) for 2 h at 37 °C (ATU=5,000 U/ml). Then transferred the
supernatant to measure the absorbance at 540 nm and 340 nm
respectively. After removing the remaining supernatant, to
cancel the thrombolysis, the clots were cleaned with PBS and
weighed (W,). Calculated the thrombolysis rate according to
the formula:

Wi -W,

W, x 100%

Thrombolysis rate (%) =

2.3.6. Anticoagulant effect assay

By centrifugation (1,500 r/min, 20 min), PRP were extracted
from whole blood. 100 pl PRP was mixed with thrombin/CacCl,
(1:5, v/v) in 96-well plate. Before fibrin clot formation, HV (1
mg/ml) and HMTL@PM (2 mg/ml) were added in PBS was set
as the negative group and thrombin/CaCl, was the positive
group. The absorbance of mixture was detected at 650 nm
within 1 h.

2.3.7. Effects of hmtl@pm on foam cell formation

RAW264.7 and HUVEC were seeded in 6-well plate (RAW?264.7:
2 x 10° cells per well, HUVEC: 1 x 10° cells per well).
Treated with HV, LK, HMTL or HMTL@PM and co-incubated
with 1 pg/ml LPS and 50 pg/ml ox-LDL for 48 h The blank
group was incubated with fresh medium, while the model
received 1 png/ml LPS and 50 pg/ml ox-LDL alone. Subsequently,
stained by Oil Red O Staining Kit. After fixated with 4%
paraformaldehyde, lipid droplets could be observed under the
optical microscope.

2.3.8. Lipid-adjustment experiment

The cell culture medium was collected centrifugated (1,000 g,
20 min) to obtain the supernatant. Washed cells with PBS
and isopropyl alcohol was added as extraction solution (1 ml
isopropyl alcohol per 5 million cells). Scraped by a cell scraper
then transferred the cell suspension to EP tube, and dispersed
cells by ice bath ultrasonication (300 W, ultrasound for 2 s,
interval for 3 s, total 3 min). The cell lysate was obtained to
be measured by centrifugation (10,000 g, 10 min). The content
of TC in cell culture medium and cell lysate of each group was
determined by the TC Content Assay Kit.

2.3.9. Hemorrhagic risk assessment

For the purpose of evaluation on the hemorrhagic risk of
HV-LK loaded HMTL@PM, BALB/c mice were chosen for the
tail bleeding experiment. Divided the mice into four groups
at random (n = 3) and anesthetized, then the mice were
intravenously injected through the tail vein (saline, HV, LK and
HMTL@PM). Half an hour later, a sharp lancet was used to cut
off about 1 cm from the tail end, then promptly immersed in
prewarmed saline. The time at which spontaneous bleeding
stopped was recorded.

2.4. In vivo studies

2.4.1. Establishment and treatment of atherosclerotic mice
Followed by a three-month high-fat diet, ApoE-/- mice
developed into the atherosclerotic mice and assigned to five
groups at random (n = 5). While the other groups received
treatments with HV, LK, HMTL, and HMTL@PM (ATU: 120 U/g),
the model group were given saline. All formulations were
administered at one-d interval for a treatment cycle of 14 d
and the high-fat feed was replaced with a normal feed during
treatment.

2.4.2. Thrombus-targeting and biodistribution analysis

Using ICG-labelled HMTL and ICG-labelled HMTL@PM,
we examined the thrombus-targeting ability and tissue
biodistribution of HMTL@PM in atherosclerotic mice.
Atherosclerotic mice were assigned to three groups at random
(n = 3) and injected with ICG, ICG-labelled HMTL or ICG-
labelled HMTL@PM (ICG: 4 mg/kg). At predefined timepoints,
the mice were anesthetized by isoflurane inhalation for in
vivo fluorescence imaging. Furthermore, the main organs
and the aortas were removed for fluorescence imaging at the
time point of the strongest fluorescence signal. All of the MFI
were analyzed by Living Image software. Then the fresh heart
and aortic tissues were collected for a frozen longitudinal
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section of the aortic valve in order to further investigate the
thrombus-targeting ability of HMTL@PM.

2.4.3. Oilred O staining of aorta

Euthanized the atherosclerotic mice, the aortas were
removed and fixated in 4% paraformaldehyde after excising
the residual adipose tissue and connective tissue on the
adventitia of vessels. Stained the plaques within the aortas
by Modified Oil Red O Staining Kit. After rinsing with PBS,
the aortas were soaked in the oil red O working solution and
boiled preheated at 100 °C for 1 h, then washed repeatedly
with ddH,O until the solution is pale pink or colorless. At last,
carefully dissect the entire aorta longitudinally, laying it flat
on a white background to take a photo and the plaque area
was quantified using Image] software.

2.4.4. Serum biochemical test

After the 2-week treatment cycle, blood was collected from
the atherosclerotic mice and centrifuged (3,000 g, 10 min).
Collected the supernatant and determined the levels of
blood lipids including total cholesterol (TC), high-density
lipoprotein cholesterol (HDL-c), triglycerides (TG) and low-
density lipoprotein cholesterol (LDL-c) were assayed in each
sample. Moreover, the levels of IL-10, IL-6, IL-1¢, TNF-¢, IL-
18, IFN-y, MCP-1, iNOS, VEGF and «-SMA in the serum were
detected using ELISA kit.

2.4.5. Histology and immunohistochemistry of the aortic roots
For the histology, aortas of each group were removed
and fixated after treatment. Afterwards, H&E and Masson’s
trichrome were applied to stain the paraffin sections of
aortic roots. Sections were treated with antibodies against
CD68 and «-SMA in preparation for the immunohistochemical
assay. The semiquantitative analysis was calculated by Image]
software.

2.4.6. Safety evaluation

Body weight of atherosclerotic mice was recorded within 14 d
Following treatment, collected the whole blood and removed
the main organs including heart, lung, kidney, spleen and liver.
Blood routine examination and H&E staining were conducted
so as to evaluate the biocompatibility in vivo.

3. Results and discussion
3.1.  Basic characterization of HUTL@PM

3.1.1. Morphological characterization

As shown in Fig. 2B, HMTL revealed a uniform particle
size of roughly 50 to 70 nm, appeared spherical and
generally dispersed. Platelet membrane exhibited a particle
size around 200 nm and presented a structure of nano-bubble
(Fig. 2C). It provided evidence of the effective encapsulation
of PM at the outer layer of HMTL (Fig. 2D). The hydrated
particle size of HMTL, PM, and HMTL@PM were 133 =+
9.83, 256.83 + 37.58 and 154.1 + 11.36 nm, respectively.
(Fig. 2E). The particle size increased after PM coating, which
further indicated the successful encapsulation. Moreover, it
depicted that the high negative electrical characteristics of

the platelet membranes contributed to the surface charge
of the HMTL@PM (—29.8 + 0.9 mV), which was much more
negative than that of HMTL (—13.83 &+ 2.8 mV). Encapsulation
may enhance the stability of HMTL@PM, as indicated by the
greater absolute value of the zeta potential, which was linked
to a more stable system. Furthermore, platelet membrane
fragments were formed after freeze-thaw circulation and
ultrasound, and the membrane fusion was achieved after
coating with nanoparticles. Therefore, the hydrated particle
size of HMTL@PM was higher than that of HMTL and smaller
than that of the PM alone.

3.1.2.  Verification of the platelet membrane coating
Constructing biomimetic nanoplatforms is essential to
studying drug biocompatibility and active targeted delivery. In
this work, HMTL was encapsulated using platelet membranes
to prepare biomimetic HMTL@PM. As shown in Fig. 2F,
there were no protein bands in the HMTL group, and the
protein bands of HMTL@PM group matched that of PM group,
indicating that HMTL@PM completely retained the membrane
protein on platelet membrane. Platelet surface contains a
variety of membrane proteins, glycoprotein like GPVI and
GPIbIX-V are widely believed to be a necessary factor in the
formation of platelet aggregation on collagen surface under
the action of blood flow [40]. CD47 can bind to the SIRP-« on the
surface of macrophages, and cause tyrosine phosphorylation
in the immunoreceptor tyrosine inhibitory motif, then lead
to dephosphorylation of downstream pathway proteins,
finally inhibit macrophage phagocytosis [41]. In addition,
the sample strip of PM and HMTL@PM was compared with
Marker strip. The WB results was shown in Fig. S1. It indicated
that HMTL@PM still retained the membrane protein on PM
even after ultrasonic cavitation, which proved that HMTL@PM
probably possessed the possibility of thrombus targeting
adhesion and immune escape function in composition.

3.1.3. Assessment of drug loading capacity and encapsulation
efficiency

The UV spectra of HV, LK, tannic acid and Mn?*-tannic
acid complex at 200-600 nm were investigated, and the
results were shown in Fig. 2G. The maximum absorption
wavelength of tannic acid redshifted from 278 to 350 nm after
the formation of complex with Mn?*. The standard curve 1
(y = 0.0242x+0.0189, R?=0.9997) of absorbance of Mn?*-tannic
acid complex with different gradient concentrations at 350 nm
is considered for quantitative analysis (Fig. S2). Similarly,
Mn?*-tannic acid complex with different concentration
gradients was set up for determination of BCA protein
concentration, then the standard curve 2 (y = 0.007246x-
0.01165, R?>=0.9989) was established (Fig. S3). The interference
of tannic acid on the determination of total protein was
eliminated by combining the two standard curves. The
content of LK was detected by Luminescent Kinase Assay
Kit, the standard curve 3 of ATP and standard curve 4
of LK was established as shown in Fig. S4 and Fig. S5.To
optimize the drug loading conditions of HMTL@PM, the
hydrated size and zeta potential of HMTL with different
polypeptide/polyphenol mass ratios were shown in Fig.
S6. As the tannic acid ratio increased, the particle size
of HMTL kept growing. When the polypeptide/polyphenol
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Fig. 2 - Construction and characterization of HMTL@PM: (A) The construction of HMTL@PM,; (B) TEM of HMTL, scale bar:

50 nm; (C) TEM of PM, scale bar: 500 nm; (D) TEM of HMTL@PM, scale bar: 100 nm; (E) The particle size and zeta potential of
HMTL, PM and HMTL@PM,; (F) SDS-PAGE analysis of PM, HMTL and HMTL@PM; (G) UV-Vis-NIR absorption spectrum of HV,
LK, tannic acid and Mn2+-TA; (H) The drug loading and encapsulation efficiency of HMTL with various peptide/polyphenol
mass ratios; (I, J) Cumulative release of HV or LK from HMTL@PM at various pH (5.0, 6.5, 7.4); (K) Stability of GPVI and CD47

on platelet membrane during 1-wk storage (1 d, 3 d, 5d and 7 d) (n = 3);(L) Stability of HMTL@PM in DMEM with 10% FBS
during 72 h storage (n = 3).

mass ratios at 1:1, 1:2, 1:3, 1:4, 1:5 and 1:6, they did not about 321.27 + 23.79nm. Fig. 2H demonstrated that within
fluctuate much, around 133.03 + 9.83 nm and —-15.47 + a certain range, as the amount of tannic acid increased,
1.72 mV, respectively. When the polypeptide/polyphenol mass the drug loading and encapsulation efficiency of HV and
ratio increased to 1:7 and 1:8, the zeta potential remained LK increased as well. When the polypeptide/polyphenol
about —15.47 + 1.72 mV, while the particle size reached mass ratio reached 1:6, the drug loading of HV and LK
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exhibited the highest, and the encapsulation efficiency was
moderate. The drug loading of HV and LK was 8.31% =+
0.44% and 14.95% + 0.25%, the encapsulation efficiency was
31.45%=+ 1.35% and 62.29% =+ 2.91% repectively. The mixture
ratio of polyphenol/peptide was evaluated by combining
the drug loading and encapsulation rate of HV and LK,
and the optimal ratio 1:6 was obtained through screening.
Moreover, the loading efficiency of Mn?+ in HMTL@PM was
2.15% + 0.06%. The standard curve of Mn?* was shown in
Fig. S7.

3.1.4. Release profiles in vitro of HV-LK loaded HUTL@PM
The release profiles of HV and LK were shown in Fig. 2I
and 2J. Under normal conditions (pH 7.4), the release of
HV and LK from HMTL within 24 h was 8.77% + 0.38%
and 8.43% + 0.39%, respectively, indicating relative stability
of the formulation under normal physiological conditions.
In pH 6.5, the release ratio reached 78.64% + 1.50% and
76.53% =+ 6.68% within 24 h, respectively, which significantly
increased compared to normal physiological conditions.
Within macrophage lysosomes (pH 5.0), due to stronger
acidity, more tannic acid-metal complexes dissociated thus
resulting in a release of HV and LK at levels of 82.84% =+ 5.00%
and 83.20% =+ 5.35% within 24 h, slightly higher than that at
pH 6.5. The results indicated that HMTL possessed excellent
pH-responsive capacity and had the potential to release HV
and LK in simulated acidic pathological microenvironments
at atherosclerotic plaque sites. Phenolic compounds contain
a large number of dihydroxyphenyl or trihydroxy phenyl
groups, which have high = electron content and aromaticity,
providing an effective negative binding site for cation-x
interactions to form cations, self-assembly to form MPN, the
coordination effect will be weaken under acidic conditions
by the regulation of pH [42]. The researchers mixed different
metal ions with various natural polyphenols to prepare a
large number of different kinds of MPN to achieve the pH-
responsive release. Guo has previously reported the pH-
dependent behavior of coordination between Fe3* and TA
[43]. Yin has developed a tannin-assisted biomineralization
strategy to encapsulate the protein drugs by complexing TA
and Mn?* to selectively dissociate and release the drug in
an acidic tumor environment [44]. Similarly, this study relied
on the complexation of TA with Mn?* through coordination
bonds, which allowed HMTL to form rapidly and disassemble
in response to pH.

3.1.5. Stability test

GPVI and CD47 protein were selected for WB experiments,
the results were shown in Fig. 2K. We also conducted a semi-
quantitative analysis of WB results in Fig. S8. The results
showed that there was no significant difference in platelet
membrane protein content during the 1-wk storage. The
particle size and zeta potential did not significantly alter over
one month, implying that the HMTL@PM was stable during
storage (Fig. S9). Furthermore, HMTL@PM was also be stable in
the serum-containing medium within 72 h, suggesting that it
might show favorable stability in the blood (Fig. 2L). The drug
content in HMTL@PM solution to determine whether the HV
or LK was leaking. The results were shown in Fig. S10. The
results showed that a small amount of HV and lumbrokinase

were detectable in the HMTL@PM solution within 1 wk, and
the levels increased slightly with prolonged storage. >90%
of the drugs were encapsulated in the nanoparticles and
remained stable. The results above showed that HMTL@PM
possess good stability.

3.2.  Specific thrombus-targeting and selective
inflammatory cells uptake

3.2.1. Thrombus-targeting and biodistribution analysis
Following administration at a certain time point,
atherosclerotic mice received in vivo fluorescence imaging.
(Fig. 3A). The results were shown in Fig. 3B and 3F. Ex vivo
fluorescence distribution of liver, spleen, lung, kidney, aorta
and heart after treatment with ICG, ICG-labelled HMTL
or ICG-labelled HMTL@PM for 6 h were shown in Fig. 3C
and 3G The mice treated with ICG and ICG-labelled HMTL
showed systemic distribution, most of the fluorescence
signals were concentrated in liver, less in spleen, lung
and kidney. ICG-labelled HMTL@PM presented a time-
dependent targeting distribution, and the aorta near the
heart exhibited the obvious fluorescence signals within the
first 6 h, suggesting that the accumulation of biomimetic
nanoparticles at the plaque site gradually increases with time
and reaches a peak value at 6th h, while the fluorescence
at the plaque site decreases at the 8th h due to metabolic
excretion. The frozen longitudinal sections were shown in
Fig. 3D, and the quantitative average fluorescence intensity
was shown in Fig. 3H. The results showed that compared
with the HMTL group, HMTL@PM could effectively reach
the site of aortic valve, that is, the site of atherosclerotic
lesions. On the basis of in vivo and in vitro fluorescence
imaging results, this study further fully demonstrated the
thrombus-targeting ability of HMTL@PM, and provided
support for the release of encapsulated drugs in its anti-
atherosclerotic therapy. The above results indicated that
the platelet membrane-coated HMTL@PM possessed a
good ability to actively target thrombus and accumulate in
plaques.

3.2.2. Selective uptake of HMTL@PM by activated platelets
and inflammatory cells

The binding affinity of HMTL@PM to activated platelets was
assessed. The results showed that after HMTL@PM treatment,
the green fluorescence in platelets was stronger than that in
HMTL treatment group, indicating the potential of HMTL@PM
targeting activated platelets (Fig. S11). For utilization in AS
therapy, the ability of HMTL@PM to be uptake and function
efficiently inside is significant [45]. Additionally, we also
explored the uptake of HMTL@PM by normal and LPS-
stimulated cells due to the inflammatory microenvironment
of atherosclerosis. The comparative analysis of the uptake of
ICG-labelled HMTL and ICG-labelled HMTL@PM by RAW264.7,
HUVEC, LPS-stimulated RAW264.7 and LPS-stimulated HUVEC
was shown in Fig. 3E, the mean fluorescence intensity was
calculated (Fig. 31 and 3J). For normal cells, ICG-labelled
HMTL@PM showed a steady rise in the average fluorescence
intensity in HUVEC comparing to ICG-labelled HMTL, while
there is no significance in RAW?264.7. For LPS-stimulated, the
uptake of ICG-labelled HMTL@PM was significantly greater
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Fig. 3 - Specific thrombus-targeting and selective inflammatory cells uptake. (A) Establishment atherosclerotic mice and in
vivo fluorescence imaging; (B) Targeted thrombus fluorescence imaging experiments of ICG, ICG-labelled HMTL or
ICG-labelled HMTL@PM at consecutive time points; (C) Fluorescence distribution images of liver, spleen, lung, kidney, aorta
and heart after treatment with ICG, ICG-labelled HMTL or ICG-labelled HMTL@PM for 6 h; (D) Frozen longitudinal section of
the tricuspid valve, scale bar: 100 pm;(E) Cellar uptake of ICG, ICG-labelled HMTL or ICG-labelled HMTL@PM in RAW264.7,
activated RAW264.7, HUVEC and activated HUVEC. Scale bar: 20 pm; (F) Quantitative average fluorescence intensity of mice in
vivo; (G) Quantitative average fluorescence intensity of main organs and aortas ex vivo; (H) Quantitative average fluorescence
intensity of frozen longitudinal section (n = 5); (I, J)) Quantitative average fluorescence intensity in RAW264.7 and HUVEC.

than that of ICG-labelled HMTL, contributing to the platelet
membrane’s strong affinity for inflammatory cells. In general,
inflammatory cells more selectively ingested and efficiently
absorbed HMTL@PM. Platelets exhibit a high affinity for
inflammatory macrophages, with specific receptor-ligand
interactions facilitating improved uptake. Platelets possess
numerous receptors, including P-selectin, E-selectin, and
GPIIb/Illa, which can interact with ligands on the surface of

macrophages, such as P-selectin glycoprotein ligand-1 (PSGL-
1) and integrin. This interaction enables platelets to adhere to
inflammatory macrophages [46-48].
3.3.  Anti-inflammatory capacity
Inflammation-alleviation is essential to AS management
since it is a typical chronic inflammatory disease [49-51].
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Anti-inflammatory process of HMTL@PM.

Overproduction of ROS will bring out oxidative stress,
which subsequently damages cells and ultimately causes
inflammation. Therefore, the ROS-scavenging effect of
HMTL@PM was investigated (Fig. 4A and 4B). ROS was
rarely produced in normal macrophages and the levels
of ROS were greater in LPS-stimulated cells. Whereas
the green fluorescence of macrophages was significantly
weakened after co-incubation with HMTL or HMTL@PM,
indicating that the preparation had good ROS clearance
ability. However, there was no significant difference in HMTL
and HMTL@PM. Based on the analysis of cell uptake, it
may be that macrophages own a good ability to uptake
nanoparticles, thus decreased intracellular ROS levels had no
significant effect on whether or not the platelet membranes
were coated. Furthermore, Levels of cytokines detected
by ELISA after different treatment, including TNF-«, IL-1c,
IFN-y, IL-18, IL-10, iNOS, MCP-1, «-SMA and VEGF, were
shown in Fig. 4C-4H and Fig. S12. HMTL@PM significantly
lowered the levels of IL-1«, IL-18 and IFN-y, which are
pro-inflammatory cytokines, thus alleviating inflammation.
Studies have suggested that IL-18 is the latter being a major
pro-inflammatory mediator of AS [52]. As the results shown in
Fig. 4D, compared with HV and lumbrokinase monotherapy,
HMTL@PM group could significantly reduce the levels of
anti-inflammation factor IL-18, which indicated HMTL@PM

possessed great anti-inflammatory capacity. Decreased MCP-
1 content thus decreased the tendency of monocytes to the
site of inflammation; VEGF levels were decreased to inhibit
angiogenesis. To a certain extent, iNOS levels were increased
to promote NO production and platelet aggregation was
prevented. TNF-¢, IL-10 and «-SMA were not significantly
affected. Overall, the anti-inflammatory process of HMTL@PM
was shown in Fig. 41.

3.4.  Evaluation of thrombolysis ability

3.4.1. In vitro clot lysis test

As shown in Fig. 5A, following incubation, the solution
containing HMTL (pH=5) appeared a noticeable turbidity
in the supernatant, and the volume of blood clot was
considerably decreased. The mass of the clot was weighed
both before and after the therapy to determine the
thrombolytic efficiency. In contrast to PBS, HV, LK, HMTL
(pH 7.4), HMTL@PM, the dissolution efficiency of HMTL (pH
5) group exhibited the highest, about 62.12% + 4.11%. Both
HV and LK were thrombolytic to a certain extent, and the
thrombolytic rate of HMTL is significantly higher than that
of monotherapy (Fig. 5B). A similar trend could be observed
in the amount of hemoglobin and fibrin in the supernatant
following clot lysis. (Fig. 5C).
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Fig. 5 - Evaluation of thrombolysis ability. (A) Images of changes in blood clot and supernatant after treatment with PBS, HV,
LK, HMTL, HMTL@PM or HMTL+pH=5; (B) Thrombolytic rates after different treatments; (C) Hemoglobin and fibrin
absorbance following treatments; (D) Platelets aggregation rate after treatment with various groups, including PBS,
thrombin/CaCl,, HV or HMTL@PM,; (E) Oil red staining was performed after different preparation interacted with foam cell.
Scale bar:100 pm; (F) Analysis of oil red staining in RAW264.7 quantitatively; (G) Analysis of oil red staining in HUVEC
quantitatively; (H) Intracellular cholesterol content after different treatment interacted with foam cells; (I) Extracellular
cholesterol content after different treatment interacted with foam cells.

3.4.2. Anticoagulant effect assay
As shown in the Fig. 5D, when incubated with
Thrombin/CaCl,, platelets appeared rapid aggregation.

During the incubation with HV, the platelet aggregation rate
of HMTL@PM was lower, indicating that HV successfully
prevented platelet activation, thus ameliorated blood clot
formation.

3.4.3. Effects of HMTL@PM on foam cell formation

One of the primary characteristics of atherosclerotic lesions is
the formation of foam cells [53-56]. Consequently, we stained
the intracellular lipid droplets then investigated whether
HMTL@PM therapy could decrease the formation of foam cell
(Fig. SE). RAW 264.7 and HUVEC subjected to LPS and ox-LDL
treatment displayed a considerable increase of intracellular
lipid droplets in cells. Additionally, foam cells performed

attenuation following varying treatment. In addition, via
treatment with HV and HMTL@PM, the development of foam
cell formation could be dramatically inhibited (Fig. S5F and
5G).

3.4.4. Lipid-adjustment experiment

The formation and accumulation of lipid foam cells promote
the occurrence and development of atherosclerosis [57].
Therefore, the cholesterol contents inside and outside the
foam cells were detected respectively, and the results were
shown in Fig. SH and S5I. The intracellular cholesterol
content of the model group was higher, indicating that the
foam cells engulfed a large amount of ox-LDL. Compared
with model group, HV group, LK group, HMTL group and
HMTL@PM group all promoted cholesterol efflux to different
extent. The intracellular cholesterol content of HMTL@PM
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groups showed a significant decrease trend, while the
extracellular cholesterol content was significantly increased,
which indicated that HMTL@PM could promote cholesterol
efflux in foam cells to regulate lipid metabolism, and its
regulatory effect was better than that of HV or LK alone.

3.5.  Evaluation of anti-atherosclerosis effects in vivo

3.5.1. Oil red O staining of aorta

The atherosclerotic mice were successfully established with
high-fat diet and treated with HMTL@PM for 14 d as shown in
Fig. 6A. Using oil red O to stain the gross diseased area of the
aorta, so as to evaluate the anti-atherosclerosis therapeutic
effect of HMTL@PM in vivo. The quantitative analysis of the
staining results and staining area was shown in Fig. 6B. The
model group showed more stained areas in general, while
the stained areas of HV group, LK group, HMTL group and
HMTL@PM were reduced to varying degrees, indicating that
each group had an inhibitory effect on the formation and
development of atherosclerotic plaques. Further quantization
of the staining area of oil red O indicated that the biomimetic
nanoparticles HMTL@PM could significantly reduce the lesion
area of atherosclerotic plaque thus ameliorate thrombus
(Fig. 6C).

3.5.2.  Serum biochemical test

The contents of TC, HDL-c, TG, and LDL-c in serum
of atherosclerotic mice after treatment were respectively
detected, and the results were shown in Fig. 6D-6G. Compared
with HV, LK or HMTL group, HMTL@PM could significantly
reduce the contents of TC, HDL-c, TG, and LDL-c in blood,
especially the content of TG, but has little effect on the content
of HDL-c. Therefore, HMTL@PM could significantly reduce
blood lipid, which was conducive to reducing the uptake of
ox-LDL by inflammatory cells, thereby reducing the foam cells
formation to inhibit the development of AS. Serum cytokine
levels in each group were detected by ELISA, and the detection
results were displayed in Fig. 6H and S13. HMTL@PM could
significantly reduce the contents of pro-inflammatory factors
IL-1e, IL-6, IL-1B, IFN-y, MCP-1 and VEGF, and to a certain
extent increase the levels of anti-inflammatory factors IL-
10 and iNOS. The pro-inflammatory factors TNF-« and «-
SMA were not significantly affected. The levels of serum
inflammatory factors were decreased in LK group and HV
alone group, but the efficacy was less than that in HMTL@PM

group.

3.5.3. Histology and immunohistochemistry of the aortic roots
For the purpose to examine the composition of atherosclerotic
plaques, histochemical analysis of aortic root sections was
performed (Fig. 6I-6L). H&E stain revealed the vascular
plaque’s location, and compared to the saline group, the
HMTL@PM group’s plaque area was significantly smaller.
Moreover, in the HMTL@PM group, there was more collagen
surrounding the plaques, as shown by Masson’s trichrome
staining. In addition, anti-CD68 staining demonstrated
that treat with HMTL@PM could successfully decreased
macrophage infiltration. «-SMA antibody staining revealed
a significant accumulation of smooth muscle cells in the
HMTL@PM group’s aortic roots, which was thought to be

advantageous for atherogenesis. To sum up, HMTL@PM
therapy may increase smooth muscle cell recruitment,
decrease macrophage infiltration, inhibit inflammatory factor
expression and plaque development, thus ameliorate the
progression of AS.

3.6.  Safety evaluation

3.6.1. Biocompatibility assay

Fig. 7A showed that in comparison to the positive group, the
hemolysis rate of HMTL@PM was below 5%, demonstrating
outstanding hemocompatibility. Additionally, compared
to thrombin/CaCl,, HMTL@PM will not induce platelet
aggregation leading to thrombus over time (Fig. 7B).

3.6.2. Hemorrhagic risk assessment

The hemorrhagic risk of HMTL@PM was further assessed
through the measurement of tail-vein bleeding time. As
shown in Fig. 7C, because of the blood system’s inherent
hemostatic properties, mice treated with PBS could be
observed complete blood coagulation approximately 3 min
after bleeding. Administration of free HV or lumbrokinase,
the tail bleeding time was significantly prolonged, suggesting
that its fibrinolytic activity was strong and accompanied with
non-specific bleeding side effects. The tail bleeding time was
significantly different in HMTL@PM-treated atherosclerotic
mice from those in HV and LK-treated atherosclerotic mice,
which means the HMTL@PM could reduce the side effects of
HV and LK thus minimize the hemorrhagic risks.

3.6.3.  Evaluation of cell toxicity

Macrophages and endothelial cells are related to the
progression of atherosclerosis, the safety of HMTL and
HMTL@PM was assessed. As shown in Fig. 7D and S14, the
assay showed that the viability was all better than 90% after
incubation with various concentration of HMTL or HMTL@PM.
On the one hand, the encapsulation of polypeptides mediated
by tannic acid, a natural polyphenolic compound, can stay
away from the toxic side effects caused by the use of chemical
crosslinking agents; on the other hand, platelet membrane
confers high biocompatibility, thereby reducing any toxicity.
Hence, HMTL@PM were not significantly cytotoxic, and
the platelet membranes coating further enhanced cell
safety.

3.6.4. Safety assay in vivo

Changes in weight of mice during the treatment showed
that the body weight did not fluctuate significantly in each
group and showed a trend of continuous increase (Fig. S15).
Furthermore, all index from the clinical biochemical analysis
and complete blood count were within the normal range. The
leukocyte index of HMTL@PM group was significantly lower
in contrast to the saline group, indicating that the treatment
relieved inflammation of atherosclerotic mice (Fig. 7E-7L).
In the H&E sections of all treatment groups, it showed no
obvious damage, with the exception of the saline group, whose
liver sections showed fatty vacuoles as a result of constant
high-fat diet feeding. (Fig. 7M). In conclusion, it suggested
that HMTL@PM administration was safe at the study-tested
dosage.
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Fig. 6 — Evaluation of anti-atherosclerosis ability in vivo. (A) Establishment and treatment of atherosclerotic mice; (B) Oil red
O staining of aorta after different treatments; (C) Analysis of oil red O staining quantitatively; (D-G) Levels of blood fat,
including TC, HDL-c, TG, and LDL-c; (H) Cytokine levels of atherosclerotic mice after treatment with different treatment,
including IL-1¢, IL-6, IL-18, IFN-y, VEGF, MCP-1, and iNOS; (I) H&E, Masson, anti-CD68 and «-SMA staining of aortic root after
different treatments. Scale bar:250 pm; (J) Analysis of Collagen/Plaque area quantitatively; (K) Analysis of
Macrophage/Plaque area quantitatively; (L) Analysis of -SMA/Plaque area quantitatively.
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Fig. 7 - Safety evaluation. (A) Hemolysis rate of RBCs after incubation with different concentrations of HMTL@PM (n = 3); (B)
Platelet aggregation assay of different groups, including thrombin/CacCl,, LK, HV, HMTL@PM and PBS; (C) Tail-vein bleeding
time experiment with different treatments (n = 3); (D) Cell viability of RAW264.7 after treatment with HMTL or HMTL@PM at
various concentrations (n = 3); (E-L) The routine blood test of atherosclerotic mice after treatments (n = 3); (M) H&E staining
of atherosclerotic mice after treatments. Scale bar: 100 pm.
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4, Conclusion

In summary, a novel biomimetic thrombus-targeted
nanoparticle HMTL@PM had been successfully developed
for co-deliver HV and lumbrokinase, aiming to ameliorate
thrombus and inflammation for atherosclerosis therapy.
HMTL@PM exhibited controllable drug release in acidic
environment with favorable hydrodynamic size. Meanwhile,
HMTL@PM could preferentially accumulate at the thrombus
site and selectively uptake by inflammatory cells related
to the homing effect of platelet membrane. This targeted
accumulation effectively curbed the progression of
inflammation, which achieved through ROS-scavenging
properties and cytokines-regulation. Moreover, leveraging the
thrombolysis ability of HV and LK, it manifested efficacious
thrombus elimination. Treatment in vivo demonstrated
HMTL@PM could effectively suppress the development of
AS, characterized by tremendous biocompatibility. Overall,
the biomimetic thrombus-targeted nanoparticle presented a
favorable therapeutic efficacy and hold significant potential
for the atherosclerosis therapy.
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