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ARTICLE INFO ABSTRACT
Keywords: Platelets play a pivotal role in many physiological and pathological processes, with their special
Cardiovascular disease targeting/adhering properties towards infarcted myocardium, injured or dysfunctional endothe-

Coronary heart disease
Drug delivery

Platelet

Nanomedicine

lium, and growing thrombus. Leveraging the site-targeting/adhering property, a variety of
platelet-inspired targeting delivery ( PITD ) designs have been developed, the majority of which
are reached by hitchhiking live platelets, cloaking nanoparticles with platelet membranes and
mimicking platelet functions. With PITD, drugs or regenerative cells can directly reach targeted
sites with minimized systematical distribution thus being of great clinical benefits. Coronary heart
disease (CHD) is a major health burden worldwide. Plenty of PITD designs have shown promising
outcomes for the treatment of CHD in preclinical models, especially in thrombolysis and post-
percutaneous coronary intervention (post-PCI) anti-restenosis. Besides, PITD applications in
cardiac protection and atherosclerotic plaque imaging are also under investigation. What’s more,
the potential benefits of PITD in the field of cell-based therapy are also attracting growing
attention since it may resolve the problem of low arriving and retention efficiency, which are also
particularly discussed in this review. In brief, our focus is putting on PITD strategies designed for
the treatment of CHD, which hopefully can facilitate further optimization of this direction.

1. Introduction

Coronary heart disease (CHD) is a leading cause of morbidities and mortalities on a global scale [1]. Myocardial ischemia and
necrosis are followed by ventricular remodeling, dilatation, and heart failure owing to the poor regenerative potential of adult car-
diomyocytes [2]. Though the rapid advancement in pharmacological and interventional therapeutics has resulted in a significant
decrease in mortality, practical treatment efficiency is still of unmet clinical need. In terms of traditional revascularization treatments,
percutaneous coronary intervention (PCI), the most widely applied coronary vascular recanalization strategy, can save hypoxic car-
diomyocytes, preserve cardiac function and lead to a better prognosis for selected patients [3]. Though the rapid progress in the
procedures [4], stents [5], and intracoronary imaging [6,7], PCI is not totally free from stent-related complications [8] such as in-stent
restenosis and thrombosis. Intravenous thrombolysis is another important revascularization approach for patients presenting with
ST-segment elevation myocardial infarction (STEMI). However, systemic bleeding complications are also an important issue of clinical
concern. Above mentioned problems partially originate from the low delivery efficiency of drug administration at the targeted lesions,
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Table 1

Studies of PITD for CHD therapy in animal models.

Strategy Cell/Cargo Animal Delivery  Quantification of targeting/Retention Functional improvement Refs.
model
Cell-based therapy
Platelet Allogeneic PBMCs Mouse iv. Significant accumulation in heart 3 h post I/R injury tCardiac function [31]
hitchhiking No accumulation 24 h post I/R injury |Fibrosis
tCapillary density
lInflammatory response
Allogeneic iVPCs Mouse iv. Serious pulmonary entrapment tCardiac function [32]
|Fibrosis and infarct size
TNeovascularization
Endogenous EPCs Mouse iv. Enhanced accumulation in the MI area 1Cardiac function [36]
|Fibrosis
TNeovascularization
tCardiomyocytes proliferation
Endogenous EPCs Mouse iv. Increased accumulation in the MI area tCardiac function [37]1
|Infarct size
tNeovascularization
tCardiomyocytes proliferation
Membrane CSCs Rat and i.c. Boosted retention in heart 24 h post-injection tCardiac function [38]
fusing porcine Very little persistence 4 weeks post-injection lInfarct size
Membrane Paracrine factors of Mouse iv. 14.9-fold higher concentrations in the infarcted area compared with 1Cardiac function [45]
cloaking CSCs Rat iv. bare nanocells TNeovascularization [46]
Carvedilol Mouse iv. 3.4- and 8.6-fold higher concentrations in the heart than in the liver = tCardiomyocytes proliferation [49,
MSC-derived EVs and kidney respectively tActivation of endogenous stem/progenitor cells 51]
Increased accumulation in I/R regions |Heart remodeling
Increased circulation time than EVs tCardiac function
Increased targeting ability to monocytes/macrophages/injured IMyocardial cell apoptosis
endothelial cells tCardiac function
|Inflammatory response
tCardiac function
|Heart remodeling
TNeovascularization
Resolvin D1 Mouse iv. Increased accumulation in the MI area tNeovascularization [50]
Circulating EVs Mouse iv. Increased retention in I/R heart 24h post-injection tCardiac function [52]
|Heart remodeling
|Fibrosis
1Neovascularization
tCardiac function
|Heart remodeling
|Infarct size
Platelet DOPC Mouse iv. Increased targeting ability to monocytes but not endothelial cells tCardiac function [54]
mimicking Increased accumulation in the infarcted heart |Inflammatory response
miR-21 mimics Mouse iv. Increased targeting ability to monocytes/macrophages |Inflammatory response [55]
Increased accumulation in the heart |Fibrosis
TNeovascularization
1Cardiac function
Thrombolytic therapy
Platelet SK Mouse iv. Increased localization in the thrombosed carotid | The time of vessel occlusion [61]
mimicking Enhanced binding to thrombus -associated active platelets |Bleeding time
uPA Increased targeting to activated platelets 1Thrombolysis [62]

(continued on next page)
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Table 1 (continued)

Strategy Cell/Cargo

Animal

0 32 Supir X

Delivery ~ Quantification of targeting/Retention Functional improvement Refs.
model
tPA Mouse iv. Increased accumulation in the regions of clot formation |The time of vessel occlusion [65]
25-fold accumulation at regions of vascular occlusion 1The safety of thrombolytic therapy
1Clot-lysing
|Unwanted bleeding and neurotoxicity
r-tPA Rabbit ia. 1The rate of recanalization [65,
66]
Membrane tPA Rat and iv. Increased adhesion to damaged endothelial cells TMitochondrial respiratory chain function [70]
cloaking Mouse Increased accumulation at the site of the target thrombus 1Thrombolytic activity
tCapillary angiogenesis
|Infarct size
|fibrosis
|Inflammatory response
Anti-restenotic therapy
Platelet DEX Rat Increased adhesion and uptake in HAECs and higher retention |Restenosis [82]
mimicking
Membrane JQ1 Rat iv. Increased homing capacity to the balloon-injured carotid artery wall ~ tRe-endothelialization [88]
cloaking |Development of neointima
IL-10 Rat iv. No significance in the binding ability to macrophages |Proliferation of SMCs and ECs [89]
Increased accumulation at the site of vascular injury |Phenotypic transformation of SMCs
|Neointima area
Atherosclerosis imaging
Membrane MRI contrast agent Mouse iv. Increased binding ability to foam cells and activated ECs 1Observation at the site of atherosclerotic plaque at different [91]
cloaking Increased targeting ability stages of development

Abbreviations: PBMCs, peripheral blood mononuclear cells; iVPCs, induced vascular progenitor cells; EPCs, endothelial progenitor cells; CSCs, cardiac stem cells; EVs, extracellular vesicles; MSC,
mesenchymal stem cell; i.v., intravenous; i.c., intracoronary; i.a., intraarterial; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; I/R, ischemia-reperfusion; MI, myocardial infarction; uPA, urokinase
plasminogen activator; SK, streptokinase; tPA, tissue plasminogen activator; UK, urokinase; DEX, dexamethasone; HAEC, human aortic endothelial cells; SMCs, smooth muscle cells; ECs, endothelial cells;
MRI, magnetic resonance imaging.
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thus being accompanied by low local concentrations of delivered drugs and undesirable systemic side effects [9]. Therefore the precise
targeted drug delivery approaches which can optimize drug distribution in long peripheral circulation are necessary and valuable in
clinical practice.

The concept of targeting drug delivery was originally developed for cancer treatment [10] and soon applied in other clinical fields
for its great practical potential [11]. Ideally, with targeted delivery platforms, intravenously administered drugs can precisely exert
their effects only at the targeted sites, so off-target distribution and blood clearance can be thus minimized. Nevertheless, it is difficult
to find a wonderful strategy with sophisticated in vivo targeting ability and excellent biocompatibility to realize efficient targeted drug
delivery for CHD. Platelets, known as circulating blood cells, play an essential role in several pathological progress of CHD including
thrombosis, inflammation, and cardiac regeneration [12], inspiring researchers to come up with many targeted delivery systems. As
sensitive sentinels of vessel integrity, these small, anucleate disc-shaped cells [13] can promptly target and adhere to injured vessels
and progressing thrombi, which is mainly mediated by surface molecules such as GPIb-V-IX, GPVI, and GPIIb/Illa [14]. Compared with
other targeting strategies, platelet-inspired targeting delivery (PITD) presents advantages of both general cell-based delivery such as
excellent biodegradability and immunocompatibility, and its unique characteristics including natural site-specific targeting and
appropriate half-life [15]. Therefore, platelets, platelet-mimics, and their membrane derivatives have undergone intensive in-
vestigations and yielded great potential for targeted realization of the treatment for CHD with the help of rapidly developing
biotechnology (Table 1).

This review focuses on the application of PITD in cell-based therapy, thrombolysis, and anti-restenosis after stent implantation.
PITD has shown great potential in cardiac regeneration with stem cells that can be viewed as special drugs via increasing the rates of
homing and retention of transplanted cells [16]. With PITD, targeting delivered thrombolytic drugs can revascularize culprit arteries
with seldom hemorrhages [17]. In addition, anti-restenosis drugs with PITD can attenuate this common post-PCI complication without
another invasive procedure, while these drugs are given invasively by eluted in stents or coated on balloons in the current clinical
practice. Besides, PITD also attracts increasing attention for atherosclerotic plaque imaging (Fig. 1).

1.1. PITD for cell-based therapy

Cell-based therapy with implanting autologous or allogeneic stem cells is paying growing attention to its potential contribution
towards cardiac repair and regeneration [18]. Among this inflammation plays an important role in post-MI cardiac repair and
remodeling and the monocyte/macrophage is the focus of the process [19]. In theory, implanted cells can improve cardiac function
through directly replenishing the lost cardiomyocytes and/or exerting indirect impacts including paracrine effects [20] and
immune-stimulatory effects [21]. However, the low rates of homing and retention of implanted cells into the targeted sites in vivo are
the most important reasons for being incapable of translation in clinical practice during a recent couple of decades [22]. Only less than
10% of implanted cells remain alive in the heart regardless of the delivery routes 24h after administration [23,24], since they are

Applications of PITD Types of PITD

.“ d Suitable for endogenous cells
or intravenously delivered
cell-orginated secretom ;

Cell therapy

Platelet hitchhiking

’ . Suitable for intracoronarily
Thrombolysis S delivered heterogenous cells;
PITD Membrane fusing
— . R
nti-restenosis (S Borrowing almost complete
g v

v targeting ability of platelet;

Atherosclerosis imagin

& gv Mimicking partial targeting
ability of platelet;
Easy to reach commercial
production;

Platelet mimicking

Fig. 1. Major designs and applications of platelet-inspired targeting delivery (PITD) for coronary heart disease (CHD)

The applications of PITD for the treatment of CHD concentrate on cell-based therapy, thrombolysis, anti-restenosis, and atherosclerosis imaging. In
general, PITD could be divided into four types [1]: platelet hitchhiking [2]; membrane fusing [3]; membrane cloaking [4]; platelet mimicking. Their
main features are briefly outlined.
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usually spilled over quickly from the myocardium and washed out by the bloodstream [25]. Therefore, the targeting delivery of
implanted cells might be the promising method to improve retention, regulate myocardial inflammation, and ultimately enhance
therapeutic efficacy. PITD could be a promising approach to facilitating intravenous delivery and the increased retention of infused
cells in the heart. Besides, quiescent platelets are recruited and activated by strong agonists such as damaged endothelium, exposed
sub-endothelial tissue, and non-physiological shear flow conditions [26,27]. Platelets also play a part in the mobilization of autologous
progenitor/stem cells [28] by augmenting their targeting and adhesive properties after they are released from the bone marrow in
response to myocardial infarction (MI) [29]. Above all, these properties enable platelets and their derivatives to be ideal performers for
targeting the delivery of cells in the treatment for CHD.

1.1.1. Applications of platelet hitchhiking

Different from small-molecule drugs, donor cells are big in size, therefore it is practicable to take advantage of live platelets such as
platelet hitchhiking with the support of various synthetic antibodies including bispecific, biorthogonal and direct membrane-
decorating antibodies.

1.1.1.1. With bispecific antibody. The construction of bispecific antibodies involves connecting two different recognition domains on
the antibody molecule, which can be different antibody fragments, such as Fab, Fc, and scFv. As a type of synthetic antibody, bispecific
antibodies can spontaneously bind to two receptors with the same affinity [30]. For example, by pre-incubating peripheral blood
mononuclear cells (PBMCs) and Tand-scFvgca.1.+Gpib/i1as this antibody can link PBMCs to circulating platelets for the PITD by its two
tandemly linked scFvs which respectively link to stem cell antigen-1 (Sca-1) receptor abundant on PBMCs and GPIIb/Illa receptor
highly expressed on activated platelets. With Tand-scFvgca-1-+Gpb,/1m, PBMCs can hitchhike platelets and thus be directly brought to the
ischemic myocardium. The targeted-PBMCs are remarkably accumulated in the myocardium and lead to a more significant increase in
left ventricular ejection fraction (LVEF) and neovascularization, and a reduction in cardiac fibrosis and inflammatory reactions than
those in the untargeted-PBMCs group after 4 weeks [31]. Tand-scFvsca-1+Gpib/ma iS also tested in induced vascular progenitor cells
(iVPCs) with abundant Sca-1 [32]. iVPCs belong to partly reprogrammed induced pluripotent stem cells (iPSCs) which have the
definite developmental potential for revascularization and stimulate the growth of coronary collaterals [33]. Though trapped by the
pulmonary microvasculature, intravenously injected targeted-iVPCs reduce infarct size, and fibrosis, enhance vessel density and
restore cardiac function. Moreover, Pennapa et al. [34] develop new polymeric nanoparticles prepared from poly lactic-co-glycolic
acid (PLGA), which are designed to be coated with GPIba, the binding site of a platelet receptor complex to von Willebrand factor
(vWF) and CD34, a surface marker of endothelial progenitor cells (EPCs), respectively. The Tand-scFvcps34. gpibg Nanoparticles can
capture EPCs to the endothelial injured site to repair the injured vascular wall and simultaneously accelerate endothelium
regeneration.

1.1.1.2. With bioorthogonal antibody. Another way to achieve platelet hitchhiking is the bioorthogonal click reaction, an extremely
selective and biocompatible chemical reaction that can bind two different antibodies together [35]. Taking advantage of pretargeting
and bioorthogonal chemistry, Li et al. [36] constructed a pretargeting and bioorthogonal chemistry (PTBC) system for PITD aiming to
facilitate the natural mobilization of autologous EPCs in response to MI. In the PTBC system, CD34 antibodies (targeting of EPCs) and
CD41 antibodies (targeting of platelets) are first modified using bioorthogonal azide (Az) and dibenzocyclooctyne (DBCO) attached
polyethylene glycol (PEG) derivative, respectively. After injecting DBCO polymer (DBCO-PEG-CD41) to pretarget circulating platelets
and with the help of the natural infarct-targeting effect of platelets, these antibodies concentrate at the infarcted area via platelet
hitchhiking. After 48h of pretargeting interval, azide-modified CD34 (Az-PEG-CD34) is then given and binds to EPCs. Then Az groups
on the EPCs recognize and react with DBCO groups on platelets via bioorthogonal click reaction. As EPCs are engaged with platelets
and accumulate in the infarcted area for cardiac repair, promoted angiogenesis, improved cardiac functions, and decreased fibrosis are
observed in the MI mice after four weeks. This two-step capturing strategy can minimize the potential possibility of thrombosis because
cells and platelets are linked together in the targeted area instead of the vessels.

1.1.1.3. With direct membrane-decorating antibody. Another PITD for cell therapy is also associated with antibodies and CD34* EPCs,
in which the CD34 antibodies are directly decorated on the platelet surface [37]. CD34-armed platelets (P-CD34) can effectively
capture circulating CD34"EPCs and guide them to the injured cardiac regions without causing thrombosis or any cytotoxicity. With
capture efficiency at about 33.6%, intravenously injected P-CD34 significantly increases EPC concentrations in infarcted areas and
leads to substantial neovascularization and improvement of cardiac function after 4 weeks in MI mice.

1.1.2. Applications of membrane fusing

Though none of the above-mentioned animal experiments show increased thrombosis, applying complete and live platelets is
potentially the risk of promoting coagulation through intracellular machinery. This problem can be solved by applying pure platelet
membranes. Since giving up cytoplasmic proteins can eliminate intracellular reaction crusade which may activate uncontrollable
coagulation, and the infarct-targeting ability of platelets that largely relies on surface glycoproteins is almost unaffected.

Being inspired by this strategy, Tang et al. [38] created the platelet-nanovesicle-fused cardiac stem cells (PNV-CSCs) by decorating
the surface of CSCs with PNVs through membrane fusion. PNVs are small particles derived from platelets which carry all of platelet
membrane glycoproteins. Therefore, PNV-CSCs possess the infarct-targeting ability from platelets and the whole efficacy of CSCs. In
animal studies, PNV-CSCs exhibit superior retention and engraftment propensities, correspondingly resulting in improved cardiac


https://cn.bing.com/dict/search?q=glycoprotein&amp;FORM=BDVSP6&amp;mkt=zh-cn

Y. Jiang et al. Heliyon 10 (2024) e27166

function and reduced infarct size compared with undecorated CSCs. Considering the size of CSCs [39] and the necessity of avoiding
entrapment in pulmonary circulation, PNV-CSCs are suitable for intracoronary injection which is more acceptable in clinical practice.

Compared with platelet hitchhiking, PITD based on membrane fusing technology is fast, straightforward, and non-platelet-like
aggregation. However, cell-based therapy is always in debate since the so-called CSCs are now widely regarded to be heteroge-
neous and unable to directly differentiate into cardiomyocytes [40]. Actually, though the animal studies of CSCs show a reproducible
improvement in cardiac function of the ischemic heart, several indirect effects such as paracrine behaviors [41], endothelial differ-
entiation [40], and acute inflammatory responses [42] can partly explain the benefits. In general, this PITD strategy is practically
applicable, and relevant studies related to other donor cells with definite differentiation potential should be carried on in the future.

1.1.3. Applications of membrane cloaking

The technology of membrane cloaking is also utilized in PITD during cell-based therapy. But the cargo delivered is not cells per se,
but cell-secreted factors. As above mentioned, the paracrine effect is one of the prevalent explanations for the benefits related to adult
human cell-based therapy [20]. For example, paracrine factors generated by CSCs showed similar therapeutic benefits compared with
CSC implantations [43]. Besides, adult human cells secrete a wide variety of paracrine factors after transplantation, which can promote
cardiac repair by influencing adjacent host cells in spatial manners [44]. Compared with whole cell transplantation, the “cell-free”
strategy, which means purely leveraging secreted factors instead of seeking direct transdifferentiation, emerges as a new direction and
is more suitable for intravenous injection.

Given the obstacle of low homing rate, the platelet-inspired nanocells (PINCs), collaborating platelet membrane with a core of
paracrine factors from cardiac stromal cells (a type of adult human cells), is a potential PITD strategy for “cell-free” strategy to effi-
ciently target to infarcted heart and exert therapeutic effects [45]. Systematically administered PINCs are shown with higher con-
centrations in the infarcted heart than in the liver or kidney, thus resulting in improved cardiac function and mitigated ventricular
remodeling in the mice with ischemia-reperfusion (I/R) injury. Besides, Zhou et al. [46] also demonstrate the targeting
ischemic-damaged myocardial tissue ability and the protective postinjury cardiac function of platelet-membrane-encapsulated Car-
vedilol. Extracellular vesicles are considered to be intercellular communication carriers [47]. Moreover, the role of extracellular
vesicles as conveyors in immune responses has already been demonstrated [48]. Extracellular vesicles based on PITD can provide new
ideas for immune regulation therapies for CHD. In the mouse model of myocardial I/R injury, the intravenously injected platelet
membrane-modified extracellular vesicles (P-EVs) based on the membrane fusion method mainly bind with circulating monocytes into
the ischemic myocardium and released the functional miRNAs, which regulate immune microenvironment to realize cardiac repair by
polarizing the inflammatory macrophages (M1 phenotype) to reparative macrophages (M2 phenotype) [49]. Besides, Weng et al. [50]
developed a platelet-targeted delivery platform by hybridizing the platelet membrane with liposomes. The release of
anti-inflammatory Resolvin D1 in LPs promotes the transformation of macrophage phenotype and clearance of dead cells, effectively
preserving cardiac function in myocardial I/R-induced mice. In addition to facilitating anti-inflammation effects, the P-EVs delivery
system can enhance the angiogenesis potency to protect against acute myocardial injury and cardiac remodeling after I/R [51,52]. In
general, the application of membrane cloaking brings about a novel therapeutic option for CHD patients and deserves further study.

1.1.4. Applications of platelet mimics

Platelet mimics refer to synthetic particles mimicking the appearance, physiochemical properties, and/or functions of live platelets,
which are related to a wide variety of biotechnological designs.

On the way from the spleen to the infarcted heart, the recruited monocytes are reported to interact with circulating platelets [53].
Cheng et al. [54] mimic the monocyte-platelet interaction by creating platelet-like proteoliposomes (PLPs) which carry whole platelet
membrane proteins of the surface. When being systematically injected, PLPs hitchhike circulating monocytes which act as a “shuttle
bus” and target to infarcted heart. After infiltrating in the targeted areas, compared with purely injecting Cobalt protoporphyrin IX
(CoPP), the PLPs are shown to enhance the therapeutic effect of CoPP, which can induce strong heme oxygenase-1 expression in the
heart, thus downregulating the expression of several proinflammatory genes, and eventually improve cardiac function. Another
experiment also uses platelet mimics to regulate the phenotype of macrophages to facilitate anti-inflammation effects [55]. Under the
coating of PLPs, mesoporous silica nanospheres with a payload of miR-21, an anti-inflammatory agent, bind to Ly6C" monocytes that
show chemotaxis toward the injured heart, and then be carried to the injured areas. Then miR-21 directly enters the cytoplasm of
monocytes to realize the reparative reprogramming of the inflamed macrophages derived from it. In vivo, administration of the
resulting formula can effectively preserve the cardiac function of mice undergoing myocardial I/R. The prominent advantage is that
platelet biomimetic technology organically mimics the targeting property of the platelet membrane. Besides, the minimal invasiveness
and biological safety also make this nano-platform a promising approach to cell-based therapy.

1.2. PITD for thrombolytic therapy

Despite the primary PCI being the predominant revascularization strategy for patients with STEMI, thrombolysis remains an
important strategy, especially in those districts with poor healthcare provisions. The Regular thrombolytic drugs are plasminogen
activators (PAs), including urokinase plasminogen activator (uPA), streptokinase (SK), and tissue plasminogen activator (tPA) [56].
However, the utilization of thrombolysis is limited by the narrow therapeutic time window and hemorrhagic complications. These
obstacles are derived from undesirable off-target fibrinolytic actions associated with the traditional delivery of PAs [57]. In order to
make PAs exert their pharmacological actions exactly at the site of thrombi, several targeted delivery strategies are under investigation
[58-60], and PITD is the most promising one. In the process of thrombosis, activated platelets are recruited to the thrombus and link
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with each other through interaction between surface glycoproteins. The PITD aims to use the thrombus-targeting and adhering ability
of platelets in this process. Generally, PITD for thrombolytic therapy is mostly achieved by platelet-mimicking drug carriers and
membrane cloaking strategy as demonstrated below.

1.2.1. Platelet mimics
The aims for targeting thrombolysis usually mimic thrombus-targeting or shear-inspired adhesion properties of platelets, with the
help of accurate site-specific drug release.

1.2.1.1. Ligands/antibodies binding and enzyme-triggered releasing. Some delivery platforms use ligands or antibodies decorated
nanoparticles along with an enzyme-triggered release system for thrombolysis. Pawlowski et al. [61] developed the platelet
microparticle-inspired nanovesicles (PMINs) to precisely send SK to the site of thrombi. They decorate liposomal vesicles with
high-selective hetero-multivalent peptide ligands which can specifically bind to both stimulated GPIIb/IIIa and P-selectin on activated
platelets. The precise release of SK is triggered by phospholipase-A2 (sPLA2), a thrombus-relevant enzyme that is abundant in the
atherothrombotic microenvironment in a concentration-dependent way. PMINs do not interact with circulating quiescent platelets,
they are degraded when they stick to activated platelets in a sPLA2 abundant place, namely the site of thrombi. The active
platelet-directed thrombus site-selective delivery and enzyme-triggered release of thrombolytic drug can render targeted fibrinolytic
action and minimize off-target systemic side effects. Unlike PMINs whose binding is mediated by hetero-multivalent ligands, an active
thrombolytic agent, uPA, is successfully encapsulated in the polymer carrier system that merely targets stimulated integrin GPIIb/IIla
on activated platelet surfaces. These multifunctional polymer capsules are cleavable by the serine protease thrombin to trigger the
release of the thrombolytic agent uPA at the area of acute thrombosis [62].

1.2.1.2. Shear-triggered releasing. Except for ligand interactions, the platelet reactions towards high fluid shear are also mimicked.
After stenosis happens, fluid shear stress will locally increase by one or two orders of magnitude [63]. This abnormal high shear stress
is a strong agonist for quiescent platelets, which can activate the adhesion of platelets to the surface of adjacent narrowed vessels [64].
A biomimetic strategy called shear-activated nanotherapeutics (SA-NTs) is invented by mimicking this reaction for the treatment of
acute vascular thrombotic occlusion [65]. As platelet mimics (=4 pm), SA-NTs can stably flow in normal bloodstream but break up into
individual nanoparticles (<200 nm) and release tPA under pathological levels of shear (>100 dyne/cm?2). Share-targeted delivery of
tPA using SA-NTs shows an efficient clot dissolution ability in animal models with mesenteric injury, fatal pulmonary embolism, and
carotid vessel occlusion [65,66]. Though thrombolysis with SA-NTs is of great practical value for partial vascular occlusive lesions, this
strategy cannot replace normal interventional processes for total occlusive lesions. Under these circumstances, the guiding wire is
indispensable to create an arterial flow channel inside thrombi, while SA-NTs cannot release without high shear stress.

1.2.2. Platelet membrane cloaking

Inspired by an “all-in-one” drug delivery platform to treat multiple myeloma and its common complications of vascular obstruction
by leveraging platelet membrane [67,68], a platelet membrane-cloaked argatroban-loaded polymeric nanoparticle (PNPayg) is
developed for thrombus therapy. The PNP4,, can rapidly and preferentially target the thrombosed vessels and remarkably suppress
thrombus formation and the levels of inflammatory cytokines [69]. Guo et al. [70] constructed a thrombus-targeting and responsive
biomimetic nanoparticle (PTPN) to treat MI sequentially spatially and temporally. PTPN, loaded with thrombolytic effect tPA, targets
the thrombus due to the thrombus homing property of the surface-coated platelet membrane and disintegrates in response to slightly
acid conditions, thereby releasing tPA to re-open the infarcted arteries. Besides, Liu et al. [71] designed a platelet membrane-cloaked
nanotube biomimetic delivery system with enhanced thrombolytic efficiency. Nanotubes (NTs) have an excellent clot-penetration
property, loading a protein thrombolytic drug urokinase (UK) and grafting platelet-targeting arginine glycine-aspartic peptide
(RGD) on the surface. After the platelet membrane cloaking on NT-RGD/UK, the NTs can target delivery UK and penetrate deeply into
the thrombus clots to recanalize blood vessels. In general, the platelet membrane-cloaked nanoparticle delivery strategy provides a
promising platform for targeted drug delivery to eliminate the emergence of thrombi and minimize their side effects.

1.3. PITD for anti-restenotic therapy

Stent implantations are widely used to completely restore the lumen diameter of stenotic or obstructive coronary arteries for CHD
patients. However, arterial damage following stent implantations may lead to neointimal hyperplasia and vascular smooth muscle cell
proliferation, even result in in-stent restenosis (ISR), a common cause of the second interventional operation for post-PCI [72,73]. ISR
means a reduction in lumen diameter inside stents, which usually results in recurrent angina or even MI [73,74]. The introduction of
new-generation drug-eluting stents (DESs) has dramatically attenuated this problem with locally released immunomodulatory and/or
anti-proliferative agents, but considering the large population treated with DESs, the rate of ISR is still non-ignorable [75-78].
Currently, the optimal treatment for ISR has not reached a consensus. A variety of approaches such as balloon angioplasty, cutting or
scoring balloon, DESs, and bypass grafting surgery are utilized in clinics, but they all demand extra invasive operations [79]. Under
conditions of restenosis, the activated endothelium shows an up-expression of adhesion markers, like P-selectin, E-selectin, and
vascular cell adhesion molecule [6], resulting in the targeting and further adhering of circulating platelets. PITD can mimic this re-
action by attaching man-made ligands or cloaking with platelet membrane, and then release antiproliferative drugs in appropriate
amounts at the site of restenosis.
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1.3.1. Platelet mimics

Under restenotic conditions, targeting endothelium with nanoparticles to deliver the drug attracts the main attention. Lin et al. [80]
imitated platelet binding ability towards activated endothelium by conjugating nanoparticles with GPIba, known for its platelet
adhesion under high shear stress conditions, the predominant and special hemodynamic of lumen stenosis [81]. Then for practical use,
nanoparticles made by degradable material PLGA carry dexamethasone, a widely used immune suppressant to reduce the intimal
hyperplasia [82]. When reaching restenotic sites, these platelet-mimicking nanoparticles can adhere to both P-selectin which is highly
expressed on damaged endothelial cells [83], and vVWF deposited on subendothelial matrix [84]. Compared with their naked coun-
terpart, these GPIba-conjugated nanoparticles exhibit a higher targeted and controlled drug delivery ability to the restenotic site, and
further in vivo verification is needed before the actual clinical application.

1.3.2. Platelet membrane cloaking

Traditional anti-restenosis agents inhibit ISR at the cost of undifferentiated delayed arterial endothelialization, activating local
immune reaction, and pro-thrombogenic environments, leading to suppression of neointimal hyperplasia and re-endothelialization
[85,86]. A recently developed PITD for anti-stenosis treatment focuses on the site-targeting ability of platelet membranes to deliver
novel anti-restenosis agents. Based on nanoclusters (loaded with a cell-permeable small molecule JQ1, a novel anti-restenosis inhibitor
with unique endothelial protecting function [87]), which are coated with platelet membranes, Wang et al. [88] create an
endothelium-protective anti-restenotic system by combining small molecule JQ1 and PITD. These nanoclusters are intravenously
injected in the rat models of restenosis with the traditional anti-restenosis agent rapamycin as control. The results show that both JQ1
and rapamycin-loaded nanoclusters obviously suppress neointimal hyperplasia, but JQ1-loaded nanoclusters concurrently preserve
the recovering ability of the endothelium, while the re-endothelialization of the rapamycin-loaded group is significantly inhibited.
Because vascular restenosis is closely related to the inflammatory reactions in the injured area, Li et al. [89] prepare the platelet
membrane-coated nanoparticle loaded with an anti-inflammatory cytokine IL-10. The ability to target vascular restenosis and regulate
macrophage polarization has been demonstrated, eventually exerting the anti-restenosis effect in a rat model of angioplasty-induced
vascular injury. Overall, these novel designs provide an endothelium-protective and inflammation-reduced anti-restenosis therapy via
innovations in both drug and delivery methods, which are promising to be available for anti-restenosis therapy in clinics.

1.4. PITD for imaging of atherosclerosis

Atherosclerotic plaque is the most common culprit of CHD [90]. As to the assessment of plaque progression, noninvasive imaging
means are of great importance. However, the existing technologies and tools like coronary computed tomography angiography provide
just physical detections of coronary lesions, rather than biological development of the plaques. In order to provide a better imaging
method for the diagnosis and assessment of atherosclerotic lesions, biomimetic nanoparticles are prepared by coating platelet
membranes around a synthetic nanoparticulate core containing magnetic resonance imaging (MRI) contrast agents inside. The platelet
membrane-coated nanoparticles (PNPs) can be used to distinguish the presence of plaques from surrounding zones with MRI scanning.
Except for regions with clear plaque formation, subclinical areas of arteries susceptible to plaque formation can also be distinguished
[91]. In order to early detect atherosclerosis, A platelet membrane with foam cell targeting is wrapped around the
naphthalimide-based fluorescent probe for recognition of cellular reactive oxygen species (ROS). Under the recognition of intracellular
ROS, fluorescence signals can be observed in the thoracic aorta of early atherosclerotic rats. Compared with other diagnostic methods,
this strategy can be used to offer physicians additional information about the asymptomatic stage (the stage of foam cell formation
without the plaques taking shape) and facilitate optimal decision-making in clinical practice.

1.5. Limitation and perspective

Despite significant progress in PITD-related research, to translate PITD into practical application, there are still existing issues
including safety, efficiency, and production need to be addressed. Firstly, the risk of thrombosis must be thoroughly evaluated because
of platelet thrombogenic function. Secondly, the possibility of immunological attack introduced by synthetic components still exists for
platelet mimics, which also needs to be prudently considered. Thirdly, practical issues like production, storage, and transportation
need proper settlements. For the future direction of PITD, the most important issue is that a more intelligent PITD will be developed to
achieve personalized treatment by taking into account individual differences among patients. In addition, gene editing technology will
be used to modify molecules on the surface of platelet membranes to enhance their targeting and delivery capabilities. Moreover, the
development of platelet-mimicking particles can reach commercial production more easily because of their pure human-made
materials.

2. Conclusion

The present review demonstrates the strategy of utilizing the targeting and adhesion ability of platelets to facilitate drug delivery
for the treatment of CHD. Agents or therapeutic cells can be protected from blood dispersion and directed to aimed sites by hitchhiking
live platelets, leveraging platelet membranes, and mimicking platelet function. These PITD designs benefit from an enhanced un-
derstanding of the biological properties of platelets and the rapid development of formation engineering and chemical conjugating
technologies. Given the serious burden of CHD worldwide, further investigations of PITD strategy are required before accelerating into
clinical translation.
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