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a b s t r a c t

Venous thrombosis (VT) is defined by the formation of a blood clot within a vein, leading to partial

or complete obstruction of blood flow. This condition may result in severe sequelae, including chronic

thromboembolic pulmonary hypertension and post-thrombotic syndrome. As a multifactorial and episodic

disorder, VT constitutes a significant contributor to global morbidity and mortality. In this review, we first

seek to provide a comprehensive understanding of the intricate pathophysiological mechanisms underly-

ing VT. Next, the diagnostic challenges posed by the nonspecific nature of clinical signs and symptoms

were explored, offering an overview of current strategies aimed at enhancing diagnostic accuracy. Fur-

thermore, treatment modalities for VT, primarily consisting of anticoagulation therapy, along with throm-

bolysis or surgical intervention when indicated, are discussed in detail. Considering the urgent need for

safer and more effective therapeutic options, the development of nanoparticle-based drug delivery sys-

tems (DDS) capable of specific sites of thrombosis is crucial. Thus, this review further examines recent

advancements in DDS for the treatment of VT. Finally, we will evaluate the prospects and significant

challenges currently facing the field, offering a comprehensive overview of the research and treatment

of VT.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Venous thrombosis (VT) occurs when a blood clot, made of fib-

rin, erythrocytes, platelets, and leukocytes, forms in a vein, causing

partial or complete blockage of the blood vessel. VT is a disorder

with substantial morbidity and mortality rates worldwide, which

represents the third most prevalent vascular disease, following my-

ocardial infarction and stroke [1]. VT encompasses a range of disor-

ders, including superficial vein thrombosis (SVT), deep vein throm-

bosis (DVT), and pulmonary embolism (PE) [2]. SVT arises from the

formation of clots in veins located near the skin’s surface, com-

monly in the legs or arms. As superficial veins drain into the deep

veins, untreated SVT can progress to DVT [3]. DVT results from the

abnormal coagulation of blood within the deep veins, which im-

pedes blood return to the heart. The thrombus may propagate ret-

rogradely or anterogradely, potentially involving the entire venous
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system of the lower extremities and causing swelling and pain in

the affected limbs [4]. If a thrombus in the deep vein dislodges

and travels to the pulmonary arteries, it can cause PE, resulting

in impaired pulmonary circulation and respiratory dysfunction [5].

Notably, DVT and PE are collectively termed as venous thromboem-

bolism, representing distinct stages of the same disease [6].

VT is a multifactorial and episodic disease whose pathophysiol-

ogy is commonly explained by the Virchow’s triad, encompassing

stasis, endothelial injury, and hypercoagulability [7]. It is generally

believed that VT originates within the valve cusps of large veins,

regions vulnerable to stasis, a significant reduction or cessation of

venous blood flow [8]. The resultant stasis creates localized hy-

poxia, inducing endothelial cells (ECs) dysfunction and endothelial

injury, which may lead to the downregulation of the natural an-

ticoagulant properties of ECs, thereby fostering hypercoagulability.

Increasing evidence suggests inflammation and coagulation are in-

tricately linked through a bidirectional interplay, forming a vicious

cycle that promotes thrombus formation and progression [9,10].

In general, therapeutic strategies targeting these pathological fea-

tures, specifically stasis, endothelial injury, hypercoagulability, and

inflammation, are crucial in mitigating VT [11,12].

https://doi.org/10.1016/j.cclet.2025.111983
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The complex pathogenesis of VT, combined with the nonspecific

nature of its clinical signs and symptoms, leads to a low clinical

detection rate as well as a high incidence of underdiagnosis and

misdiagnosis, which ultimately results in elevated mortality [13].

The diagnostic approach to suspected VT involves a comprehensive

evaluation strategy, including clinical probability assessment, mea-

surement of D-dimer levels, and imaging [14]. The combination

of clinical pretest probability assessment and D-dimer testing pro-

vides a noninvasive and rapid approach for ruling out VT. However,

such methods can be affected by various clinical conditions due to

their limited sensitivity and specificity, confirmatory imaging re-

mains typically required [15]. Regrettably, universal imaging for all

suspected VT cases is impractical, as diagnostic imaging modalities

are not only time-consuming and costly but also carry risks of ra-

diation exposure and potential adverse effects, including contrast-

induced nephropathy or allergic reactions [16]. Therefore, selective

use of diagnostic modalities is crucial for reducing diagnostic er-

rors, lowering healthcare costs, and enhancing diagnostic accuracy,

ultimately facilitating the development of personalized diagnostic

and therapeutic strategies for VT patients [17].

The primary treatment for VT focuses on promoting thromboly-

sis, restoring vascular patency, preserving valve function, and pre-

venting the development of chronic thromboembolic pulmonary

hypertension and post-thrombotic syndrome [18]. In patients with

suspected VT, anticoagulation should be initiated promptly, pend-

ing diagnostic confirmation, provided that the risk of bleeding is

deemed low. Fixed-dose direct oral anticoagulants (DOACs) have

emerged as the preferred treatment for acute VT in most pa-

tients, eliminating the need for routine pharmacologic monitor-

ing [19]. Compared to conventional anticoagulation, thrombolysis

has demonstrated efficacy in not only alleviating pain and edema

but also preventing damage to the venous valves. Nonetheless, it

is often associated with an increased risk of bleeding. In patients

with proximal DVT, the use of vena cava filters has been shown

to effectively reduce the short-term risk of PE although their im-

pact on long-term mortality remains uncertain [20]. As therapeutic

strategies continue to evolve, the indications and efficacy of vari-

ous treatments are becoming better defined [21].

Thrombolytic and anticoagulant agents, including heparin,

urokinase plasminogen activator (uPA), and tissue plasminogen ac-

tivator (tPA), are commonly utilized in management of VT due to

their ability in dissolving or inhibiting thrombus formation [22].

However, these drugs have some limitations, such as short half-

lives, susceptibility to allergic reactions, and potential inactivation

[23]. Therefore, the effective delivery of therapeutic agents to the

thrombus site, with enhanced local drug concentration and mini-

mized systemic side effects, is essential [24]. Since the emergence

of nanomedicine in the late 1990s, numerous nanoparticle (NP)-

based drug delivery systems (DDS) have been developed, includ-

ing polymeric NPs, metal NPs, silica NPs, carbon-based nanostruc-

tures, and metal-organic frameworks [25]. By optimizing the shape,

size, physicochemical properties, and surface area-to-volume ra-

tio of these NPs, it is possible to improve their half-life in blood

circulation, targeting efficiency, and bioavailability, as well as re-

duce toxicity [26]. Therefore, DDS, leveraging nanotechnology and

thrombus-specific targeting, hold promise to improve VT therapy

by maximizing efficacy while minimizing off-target effects [27].

Although several reviews have reported the pathogenesis, di-

agnosis, or conventional treatments of VT [28], there remains a

paucity of systematic summaries regarding NP-based DDS for VT

management. To our knowledge, this represents the first compre-

hensive review evaluating both the clinical translation potential of

these technologies and their synergistic effects with existing thera-

pies. We begin by a thorough exploration of their pathophysiology,

with particular emphasis on the roles of immune cells and coag-

ulation factors in the embolization process. We then summarize

the current diagnostic and therapeutic practices, with the objective

of proposing an integrated platform for the detection and man-

agement of VT. Finally, we review the NP-based DDS employed in

therapy, analyzing their advantages and limitations, with the aim

of developing more streamlined and effective thrombus-targeted

treatments in the future. These advancements are crucial for en-

hancing the clinical efficacy and safety of targeted antithrombotic

therapies.

2. Pathophysiology of VT

Virchow’s triad, the cornerstone model for understanding

thrombus formation in VT, has been progressively refined through

advances in cellular and molecular pathophysiology (Fig. 1). In-

creasing evidence now underscores the pivotal roles of inflam-

mation and oxidative stress in VT pathogenesis [29]. The follow-

ing section will examine the pathogenesis of VT in light of these

emerging insights.

2.1. Stasis

Stasis, characterized by the transition from pulsatile to stream-

line flow, results in severe hypoxia in the deeper regions of the

venous valve cusps, ultimately causing endothelial dysfunction and

damage [30]. Local hypoxia triggers the nicotinamide adenine din-

ucleotide phosphate oxidase system, leading to excessive reactive

oxygen species (ROS) production. ROS serves as a stimulus for the

activation of ECs, triggering the exocytosis of Weibel-Palade bodies,

which subsequently fuse with the plasma membrane to release P-

selectin and vWF, facilitating the recruitment of neutrophils, leuko-

cytes, platelets, and tissue factor (TF)-positive particles to the ves-

sel wall [31]. TF-positive particles and monocytes activate the FVII-

dependent coagulation cascade, while platelets adhere to activated

ECs or leukocytes, forming small and heterogeneous aggregates

that further amplify the local coagulation response [32,33].

2.2. Endothelial dysfunction

The pathogenic mechanisms of VT are closely interconnected

and often initiated by damage to the vascular wall [34]. Oxida-

tive stress-induced endothelial dysfunction represents a critical

pathogenic factor in VT. Oxidative stress drives the direct reac-

tion between ROS and nitric oxide (NO) in ECs, generating per-

oxynitrite, which mediates both oxidative and nitrosative damage

to cellular membranes, proteins, and DNA, while concurrently re-

ducing NO bioavailability and promoting thrombus formation [35].

Additionally, inflammation induces an imbalance favoring procoag-

ulant and antifibrinolytic components, shifting vascular ECs from

an anticoagulant and anti-inflammatory phenotype to a proinflam-

matory and prothrombotic state [36].

2.3. Hypercoagulability

Hypercoagulability is a pathophysiological state characterized

by excessive activation of coagulation pathways due to hereditary

or acquired risk factors, concomitant with impaired anticoagulant

and fibrinolytic systems, leading to a pathological predisposition

to thrombosis [37]. From a genetic perspective, thrombosis can

arise from two main mechanisms, including the loss of function

of endogenous anticoagulant pathways, as well as the hyperacti-

vation of procoagulant pathways [38–40]. Additionally, increasing

evidence reveals a bidirectional relationship between inflammation

and thrombosis: inflammatory mediators promote coagulation fac-

tor release, increasing thrombotic risk, while coagulation activation

stimulates pro-inflammatory factors that amplify the inflammatory

response [41,42].
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Fig. 1. VT is thought to originate in the valvular sacs of large veins, which are prone to stasis leading to hypoxia or inflammation. Procoagulant activation of venous ECs

increases the expression of adhesion molecules like P-selectin and E-selectin, facilitating the binding of leukocytes and platelets. Activated leukocytes express TF, triggering

the extrinsic coagulation pathway and thrombin production. Increased ROS production decreases endothelial NO production, leading to the release of vWF and P-selectin

from Weibel-Palade bodies, which enhances platelet aggregation and activation. Finally, fibrin, vWF, and neutrophil extracellular traps (NETs) form a scaffold for platelet and

erythrocyte adhesion, promoting thrombus formation and growth.

3. Diagnosis of VT

Timely and accurate diagnosis is crucial for appropriate preven-

tion and treatment of thrombus extension, thus reducing in mor-

bidity and mortality associated with VT. Due to the nonspecific

nature of symptoms in VT, diagnosis based solely on clinical pre-

sentation is unreliable. Therefore, a comprehensive diagnostic ap-

proach is adopted, incorporating clinical probability assessment, D-

dimer testing, and imaging (Fig. S1 in Supporting information) [43].

The following section outlines four widely used clinical diagnostic

methods for VT (Table S1 in Supporting information).

3.1. Clinical probability assessment

The initial step in the diagnostic algorithm for suspected VT is

the clinical pretest probability assessment to guide risk stratifica-

tion and inform subsequent diagnostic testing. Predictive probabil-

ity can be evaluated through clinical prediction rules, which are

developed through multivariate regression modeling on patient co-

horts, aiming to identify independent clinical predictors of VT [44].

Commonly used clinical prediction rules include the Wells Score

and Modified Geneva Score for suspected PE, and the Wells Score

for suspected DVT [45,46]. However, traditional clinical probability

assessment often fails to capture the complex interactions among

multiple risk factors. Artificial neural networks, a type of machine

learning algorithm, can enhance DVT risk stratification by analyz-

ing key variables, such as sex, age, D-dimer levels, and Wells score

components [47]. By mimicking the brain’s learning process, arti-

ficial neural networks optimize their predictive accuracy, allowing

for more precise individualized risk assessment.

3.2. D-dimer testing

D-dimer is a fibrin degradation product resulting from the

breakdown of thrombin-generated fibrin clots by fibrinolytic en-

zymes which reflects the dynamics of coagulation and fibrinolysis

in vivo and serves as a key marker of hypercoagulable states and

thrombosis [48]. D-dimer testing demonstrates high sensitivity

(>93%) for ruling out VT, therefore negative D-dimer results are

particularly valuable in excluding VT. However, D-dimer exhibits

relatively low specificity (approximately 50%), primarily because

elevated levels can also result from various factors such as ad-

vanced age, pregnancy, infections, chronic inflammatory states,

and malignancies [49]. Consequently, positive D-dimer results

necessitate further confirmation of VT through imaging [50].

Advanced D-dimer detection methods, such as mass spectrometry,

electrochemical analysis, and optical immunoassays, outperform

traditional immunoassays in sensitivity, specificity, and analytical

precision [51]. These innovations may significantly improve the

accuracy and reliability of D-dimer testing.

3.3. Compression ultrasonography

Compression ultrasound, a routine non-invasive modality, has

largely replaced venography as the primary diagnostic tool for

DVT. The technique encompassed two main approaches, includ-

ing whole-leg compression ultrasound and limited compression ul-

trasound. Whole-leg compression ultrasound evaluates the entire

deep venous system, from the groin to the calf, while limited com-

pression ultrasound targets the popliteal and femoral veins [52].

Additionally, the technique is less effective in obese patients, in

veins of cast-immobilized limbs, and in pelvic veins. In such in-

stances, alternative imaging modalities such as computed tomogra-

phy (CT) venography, magnetic resonance venography, or magnetic

resonance direct thrombus imaging are often preferred [53]. Re-

cently, an artificial intelligence (AI)-guided compression ultrasound

(ThinkSono Guidance system) with remote expert review for DVT

can be a safe and effective method to reduce the number of duplex

ultrasound scans and D-dimer testing needed [54].

3.4. Computed tomography pulmonary angiography (CTPA)

The continuous advancement of non-invasive diagnostic tech-

niques has led to the replacement of ventilation-perfusion scan
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and pulmonary angiography by CTPA as the first-line imaging

modality for PE due to its superior sensitivity and specificity

[55]. CTPA provides clearer and more intuitive visualization of the

thrombus location, size, shape, and degree of vascular obstruction

in the pulmonary arteries, aiding in both diagnosis and assessment

of PE severity [56]. Recently, photon counting CT has emerged

as an advanced CT technique, utilizing an energy-resolved pho-

ton counting detector to enhance spatial resolution, reduce noise,

improve contrast, and minimize radiation exposure, while also al-

lowing for the use of alternative contrast agents [57,58]. Similarly,

low-dose CTPA with iterative reconstruction maintains diagnostic

accuracy and image quality at significantly lower radiation levels

[59]. Therefore, combining additional imaging techniques in clini-

cal practice may improve both the detection rate and safety of PE

diagnosis [60,61].

4. Conventional treatment strategies for VT

Antithrombotic drugs can be classified into three major cat-

egories based on their mechanisms of action: anticoagulants,

thrombolytics, and antiplatelet agents (Table S2 in Supporting

information). Risk stratification is essential for identifying high-

risk patients and facilitating the timely initiation of thrombolysis,

interventional treatment, or surgery as appropriate [62]. This

section reviews commonly employed treatment approaches in

clinical practice (Fig. 2).

4.1. Anticoagulation

Anticoagulation therapy is a key approach for the prevention

and treatment of VT, which can inhibit thrombus extension, pro-

mote thrombolysis, and enhance vascular recanalization, thereby

reducing the incidence and mortality of PE [63]. In the acute phase

of VT, rapid-acting parenteral anticoagulants are typically used to

achieve immediate therapeutic anticoagulation and minimize early

Fig. 2. Conventional treatment strategies for VT. (A) Anticoagulation. VT is initially

treated with fast-acting parenteral anticoagulants, which activate antithrombin to

inactivate thrombin and Factor Xa. (B) Thrombolysis. Thrombolysis breaks down

the clot, restoring vein patency. (C) Interventional treatment. Interventional treat-

ment involves inserting a device at the embolism site to dissolve and remove the

thrombus through various physical methods. (D) Surgical thrombectomy. Surgical

thrombectomy refers to the surgical removal of the thrombus from the vein.

recurrence and mortality [64]. Parenteral anticoagulation should

be continued until the international normalized ratio reaches the

therapeutic range, after which patients should transition to long-

term anticoagulants (e.g., warfarin) for a minimum of 3 months

[65].

4.2. Thrombolysis

Thrombolysis effectively dissolves thrombus and restores ve-

nous patency through either systemic administration or catheter-

directed delivery of thrombolytic agents [66], which converts plas-

minogen to plasmin, resulting in fibrinolytic degradation of throm-

botic clots [67]. In clinical practice, systemic thrombolysis is pri-

marily used for massive PE, promoting rapid reperfusion and re-

ducing mortality and recurrence in severe cases [68,69]. Compared

to systemic thrombolysis, targeted catheter-directed thrombolysis

using side-hole infusion catheters achieves localized thrombus dis-

solution with significantly reduced thrombolytic dosage, while en-

hancing local drug concentration and contact area, thereby mini-

mizing bleeding risk and improving safety profiles [70,71].

4.3. Interventional treatment

Interventional treatment is a minimally invasive approach that

delivers therapeutic devices to the site of vascular embolism via

puncture [72]. Percutaneous mechanical thrombolysis utilizes a

catheter-based mechanical device to remove thrombus through ro-

tational cutting, ultrasonic fragmentation, and rheological aspira-

tion [73]. Unlike treatments that dissolve, fragment, or aspirate

thrombi, the placement of an inferior vena cava filter does not di-

rectly treat VT. Instead, it serves as a physical barrier to prevent

thrombus migration from the lower extremities to the lungs [74].

4.4. Surgical thrombectomy

Surgical thrombectomy is an effective method for thrombus re-

moval, rapidly alleviating venous obstruction and preserving valve

function. This procedure can be performed retroperitoneally, via

femoral vein incision, or through a femoral-popliteal collateral ap-

proach [75]. In current clinical practice, surgical thrombectomy

is primarily indicated for patients with large emboli, particularly

when thrombolysis is ineffective or contraindicated [76]. Surgical

thrombectomy may be a useful strategy to prevent further severe

thromboembolism in cases at high risk of embolism [77].

5. NP-based DDS for the prevention and treatment of VT

Antithrombotic drugs exhibit diverse physicochemical proper-

ties due to their distinct chemical structures. In terms of solubility,

highly water-soluble drugs like heparin dissolve easily, enabling

rapid systemic absorption and fast action [78]. Conversely, poorly

soluble drugs like clopidogrel often have low bioavailability,

requiring specialized formulations to enhance dissolution and

absorption. Currently, most clinically used antithrombotics are

administered systemically, which lacks thrombus-specific target-

ing capability. Additionally, some drugs exhibit short half-lives

(1–2h), requiring continuous intravenous infusion to maintain

therapeutic plasma concentrations. Oral administration presents

additional challenges, including degradation by digestive enzymes

and instability in the acidic gastrointestinal environment. The most

critical concern is the elevated risk of hemorrhage—a potentially

life-threatening complication resulting from improper applica-

tion of antithrombotic agents. Under physiological conditions,

disruption of endothelial barrier integrity exposes tissue factor

in extravascular spaces, providing a compensatory hemostatic

mechanism. However, when drug-induced vascular dysfunction
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combines with impaired coagulation, this synergy promotes blood

extravasation [79]. Anticoagulants exacerbate bleeding risk by

prolonging clotting time while increasing capillary fragility and

permeability. Therefore, it is urgent to develop efficient delivery

systems for the prevention and treatment of VT [80].

NPs have emerged as a promising DDS, facilitating the incor-

poration of multimodal therapeutic strategies to improve targeted

delivery efficacy (Table S3 in Supporting information) [81,82].

Organic NPs, including liposomes, polymeric NPs, and dendritic

macromolecules, are composed of biodegradable materials, while

inorganic NPs encompass metal, ceramic, and semiconductor-

based NPs [83]. Additionally, biomimetic membrane technology

has advanced to a stage where cellular membrane-coated NPs are

gaining attention for their improved biocompatibility and ability

to evade immune system clearance [84]. Therefore, the rational

design of NP-based DDS holds promise for extending circulation

time, minimizing drug-related side effects during transit to the

target site, and achieving precise temporal and spatial localization

of drug action [85]. This section highlights recent advances in

NP-based DDS for the prevention and treatment of VT (Table S4 in

Supporting information).

5.1. Polymeric NPs

Polymeric NPs refers to solid colloidal particles with size rang-

ing from 10nm to 1000nm [86]. Self-assembled polymer systems,

such as polymeric drugs, protein-polymer conjugates, and poly-

meric micelles, can be functionalized with antibodies or antibody

fragments to enable precise targeting to specific organs, tissues,

or even cells [87–89]. Polymeric NPs can be prepared either

from preformed polymers or by directly polymerizing monomers

directly through conventional polymerization or polymerization

reactions. The particle size and surface charge vary depending on

the type of polymer used [90]. Among various polymers, chitosan,

a naturally occurring cationic polymer characterized by biodegrad-

able and non-toxic properties, is suitable for the delivery of a

wide range of macromolecules. Pazhani et al. developed edoxaban

tosylate monohydrate-loaded chitosan NPs (ETM-CS-NPs) using

the tripolyphosphate ion-gelation method, creating chitosan-based

shielded NPs for enhanced bioavailability of orally administered

Edoxaban tosylate monohydrate. ETM-CS-NPs prolonged activated

partial thromboplastin time to 75 s (peak at 4h), compared to

the free drug’s maximum of 78 s at 2h, demonstrating sustained

release and more stable anticoagulation. Oral Edoxaban tosylate

monohydrate administration faces major clinical limitations due

to its low bioavailability and poor gastrointestinal absorption,

resulting from its high anionic charge density, large molecular size,

and enzymatic degradation susceptibility. This novel nanoplate-

form may result in safer and more effective treatment choices for

VT patients, lowering the possibility of bleeding problems from

systemic anticoagulant medication. As the first-line medication

low-molecular-weight heparin (LMWH), a hydrophilic natural

glycosaminoglycan, is recommended for DVT treatment due to its

potent anticoagulation. However, LMWH is only available as par-

enteral route which restricts its clinical applicability. Fan et al. pre-

pared LMWH-loaded NPs (pH-TCS/OCMCS@LMWH) by ionic cross-

linking the positively charged amino groups of thiolated chitosan

and o-carboxymethyl chitosan with the negatively charged HP55

[91,92]. Seven-day oral administration of pH-TCS/O-CMCS@LMWH

(200 IU/100g) reduced wet and dry thrombus weights by 70%

and 67.4%, respectively, representing 4.05-fold and 11-fold greater

efficacy than free LMWH. Besides, Paliwal et al. quaternized chi-

tosan to enhance its efficacy as an absorption enhancer at neutral

pH, and then proposed an alternative N-trimethyl chitosan (TMC)

chitosan-based nano-system to enhance the oral bioavailability

of LMWH [93]. Pharmacokinetic studies showed TMC-NPs had

2.4-fold higher bioavailability (0.39%) than free LMWH. Fluores-

cence imaging confirmed enhanced intestinal uptake of TMC-NPs

versus both CS-NPs and free dye within 1h. This system showed

improved intestinal epithelial permeability and drug absorption.

Hence, this nanoplatform holds promising clinical application

for oral delivery of LMWH, paving the way for improved DVT

treatment.

DVT during pregnancy can lead to a range of severe com-

plications, including PE, recurrent miscarriage, and fetal growth

restriction, posing significant threats to maternal-fetal health.

Given the unique physiological characteristics of pregnancy, NPs

with combined antithrombotic, anti-inflammatory, and antiox-

idant properties, along with limited transplacental transport

capacity, represent a safe and effective therapeutic strategy for

pregnancy-associated DVT. In line with this, Cheng et al. designed

a biologically active amphiphilic compound (TLH) by simulta-

neously conjugating two bioactive and biocompatible moieties

(i.e., Tempol and linoleic acid (LA)) onto LMWH that assembles

into multifunctional NPs (TLH NPs) for treating gestational DVT

[94]. LMWH is a clinically well-recognized antithrombotic agent

that does not cross the placental barrier, while its associated

bleeding risks may contribute to adverse pregnancy outcomes. In

rat models of gestational DVT, TLH NPs could effectively target

and dissolve thrombi, achieving approximately 70% reduction in

thrombus weight and over 50% decrease in length, while restoring

vascular patency, and prevent the recurrence of thromboembolism.

Importantly, TLH NPs demonstrate no observable maternal or

fetal toxicity at doses up to 10-fold higher than the therapeutic

concentration. The promising results encourage further clinical

translation studies of the examined nanotherapies for DVT or other

cardiovascular diseases during pregnancy.

To investigate the impact of nanodrug on lower extremity DVT

and its correlation with susceptibility genes, Chang et al. con-

structed primary NP using lauric acid and stearic acid (LSA), then

fabricated CTAB-HAuCL4-TEOS (CHT) complexes through the incor-

poration of cetyltrimethyl ammonium bromide, chloroauric acid,

and tetraethyl orthosilicate [95]. Subsequently, these components

were conjugated with urokinase to prepare UK-LSA-CHT nanocom-

posites. The study revealed that the G and T alleles of the NOS3

rs1799983 polymorphism may represent key risk factors for the

development of lower extremity DVT. UK-LSA-CHT significantly

lowered endothelin-1, interleukin-6, and nuclear factor-κB levels

within 12h post-surgery compared to urokinase and LSA controls,

indicating thrombotic microenvironment stabilization through dual

suppression of endothelial activation and inflammation. These re-

sults highlighted its potential for DVT therapy. In addition to

natural enzymatic proteins and antithrombotic drugs, the degra-

dation of biopolymers by free radicals from chemical reagents

provides an effective approach for clot dissolution [96]. Because

of their inherent reactivity, the generation of radicals must be

tightly controlled and localized to prevent collateral damage by

freely diffusing species. In this context, Walker et al. synthesized

a water-soluble PEGylated gold NP combined with enediyne di-

amine (Z)-octa-4-en-2,6-diyne-1,8-diamine, generated 1,4-diradical

species upon visible light excitation [97]. These photothermal rad-

icals created macroporous structures (>2.0 μm) in the fibrin ma-

trix while decreasing 1.5–2.0 μm micropores. Quantitative analysis

showed a 10% increase in macropore ratio and enhanced overall

porosity after irradiation. This microchannel formation within the

initially dense thrombus network ultimately enabled complete clot

perfusion. This approach has broad clinical therapeutic potential,

provided its unique mechanism—the localized, on-demand gener-

ation of radicals via photothermal activation, proves effective for

managing VT.

It was found that myeloid-related protein 14 (MRP-14), a key

regulator of vascular inflammation and thrombosis, was identified
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as an optimal molecular target for cardiovascular nanomedicine

[98,99]. Accordingly, Park et al. developed an MRP-14-targeting de-

livery system to achieve tissue specificity [100]. Through screen-

ing, suitable MRP-14-targeting peptides were identified and con-

jugated to vectors, such as tobacco mosaic virus (TMV) and cow-

pea mosaic virus (CPMV) to formulate NPs. Fluorescence imag-

ing analysis revealed that CPMV-MTP2 and TMV-MTP2 showed

2.5- and 2-fold stronger thrombus fluorescence signals than PE-

Gylated controls, confirming MRP-14 targeting enhances NP accu-

mulation. CPMV-MTP2 treatment also reduced thrombus weight

and area by approximately 50% versus phosphate buffered saline

(PBS) group. Therefore, these NPs demonstrated a favorable pro-

file that has broad clinical potential for the development of next-

generation diagnostics and safer therapeutic interventions, with

the goal of reducing disease burden and improving long-term out-

comes. Furthermore, Wei et al. introduced a novel pH-responsive

prodrug nanodelivery platform for antithrombotic agents [101]. The

system, based on polymeric prodrugs synthesized via Schiff base

bonding with polyethylene glycol (PEG), self-assembled into mi-

celles in aqueous solutions with diosgenin derivatives as the core

and PEG as the corona. The prodrug micelles extended tail bleeding

time to 703 s, significantly longer than aspirin (666 s), diosgenin

(577 s), and the control group (344 s), indicating reduced bleeding

risk. Additionally, prodrug micelles and diosgenin decreased infarct

volumes from 37.73% to 21.64% and 30.45%, respectively. These

diosgenin-based pre-drug micelles demonstrated reduced bleed-

ing risk and effectively prevented thrombosis, providing a new in-

sight for developing a novel selective carrier system for thrombus-

targeted therapy.

5.2. Mesoporous silica NPs

Mesoporous silica NPs are nanoscale porous materials com-

posed of silica molecules with large pore sizes [102]. Their unique

topology enables the independent functionalization of three dis-

tinct structural domains: the silica framework, the nanopore chan-

nels, and the outermost surface, which are particularly well-suited

for integrating essential drug delivery functions [103]. Their uni-

form mesoporous structure, ease of functionalization, and excellent

biocompatibility have garnered significant attention for biomedical

uses. However, this unique pore structure offers high drug load-

ing capacity and excellent prevention of drug crystallization, but

poses a risk of drug leakage [104]. Xu et al. developed urokinase-

loaded gold-mesoporous silica core-shell NPs, a thrombus-targeting

nanoplatform [105]. Upon near-infrared (NIR) irradiation, the pho-

tothermal effect of gold NPs induces a phase transition in the eu-

tectic mixed fatty acids, facilitating the controlled urokinase re-

lease from the nanopores. Under static in vitro conditions, NPs with

NIR irradiation achieved complete thrombus dissolution within

60min (with visible color lightening), significantly outperform-

ing urokinase alone (partial dissolution at 120min), NIR alone

(90min), and untreated controls (no dissolution). These results

opened up new prospects for clinically developed controllable and

accurate delivery of thrombolytic agents for thrombus sites in the

body.

In recent years, both unfractionated heparin (UH) and uroki-

nase, commonly used antithrombotic agents, have shown efficacy

in treating VT, but their combined use in direct therapy has

been found to significantly reduce their therapeutic effectiveness.

To address this issue, Zhong et al. developed a multifunctional

and sequential drug-release thrombolytic platform consisting of

polydopamine-modified hollow mesoporous silica NPs (HMSNs)

loaded with UH and urokinase, augmented by dual physical mech-

anisms, NIR-II irradiation and air bubbles [106]. Under NIR-II irra-

diation, UH released rapidly within 30min, followed by sustained

urokinase release triggered by D-menthol phase transition-induced

microbubbles, achieving 80.67% ± 2.15% cumulative release by

40min, significantly higher than the non-irradiated control (17.33%

± 1.82%), confirming the photothermal-microbubble synergy.

These results will provide new ideas for the clinical development

of safe, efficient, rapid, and accurately targeted thrombolytic drugs

in some deeper tissue area. In addition to the NIR-assisted physical

therapy described above, optimizing the size of the NP delivery

system to ensure physical compatibility can further enhance its

efficacy in various thrombolytic therapies. Accordingly, Wang et al.

developed mesoporous silica NPs coated with platelet membranes

(PM) of different sizes for the delivery of urokinase [107]. Their

study demonstrated that UNP-L showed efficacy similar to 200U/g

urokinase in VT achieving a 53.23% ± 7.82% occlusion rate and

reducing thrombus wet weight to 8.61±1.16mg/cm. In arterial

thrombosis, UNP-S performed comparably to high-dose urokinase,

with a 63.29% ± 9.10% occlusion rate and 63.29±9.10mg/cm

thrombus wet weight. The hematoxylin and eosin (H&E) staining

results also illustrated intermediate/small particles showed lim-

ited VT efficacy and larger particles displayed reduced arterial

thrombosis effectiveness. These findings suggested that adjusting

the particle size of the nano delivery system enabled targeted

thrombolysis of both arterial and venous thrombi.

5.3. Magnetic NPs

Magnetic NPs are a class of materials with strong magnetic

properties, typically consisting of a magnetic core made of metal

oxides such as iron, cobalt, or nickel, surrounded by a shell of

polymer, silica, or hydroxyapatite [108,109]. Due to their biocom-

patibility, low toxicity, ease of surface modification, and magnetic

properties, magnetic NPs have found wide applications in disease

detection and treatment, particularly as drug carriers in targeted

DDS and as effective agents for hyperthermia-based therapies

[110,111]. Leveraging these advantages, Ouyang et al. developed

a magnetic-targeted DDS with photothermal properties, where

polyethyleneimine and iron oxide NPs (Fe3O4) functionalized

black phosphorus nanosheets for heparin delivery [112]. In vitro

and in vivo studies demonstrated that this system exhibited high

heparin loading capacity, precise magnetic targeting, and excellent

biocompatibility, with enhanced thrombolytic efficacy under NIR

laser-assisted photothermal treatment.

Recent studies have shown that thermosensitive liposomes

enable targeted drug release at the temperature corresponding to

their lipid gel-liquid crystal phase transition, which significantly

improving the efficacy of antitumor therapies during hyperthermic

treatments [113]. Building on this concept, Hsu et al. developed a

polyethylene glycol-modified thermosensitive magnetic liposome

system for the magnetic-targeted delivery of recombinant tissue-

type plasminogen activator (rtPA) to thrombus sites [114]. This

system allows for temperature-controlled, triggered drug release in

the presence of an alternating magnetic field. The results demon-

strated that the thrombolytic activity of TML-rtPA at 43 °C was

superior to that at 37 °C, attributed to the synergistic effects of

enhanced drug release and increased enzyme activity at elevated

temperatures. These NPs represented a promising magnetic-

targeted nanodrug system with temperature-responsive drug

release capabilities, potentially improving clinical thrombolytic

therapy.

5.4. Liposomes

Liposomes are spherical vesicles composed of amphiphilic

phospholipids, where a lipid bilayer encapsulates an aqueous core

[115]. This unique amphiphilic property enables liposomes to ef-

ficiently encapsulate and deliver a broad spectrum of drugs, pro-

tecting them from natural degradation processes, such as enzy-
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matic breakdown and immune or chemical inactivation [116,117].

Since the primary components of liposomes are lipids naturally

found in cell membranes, they exhibit excellent biocompatibil-

ity and biodegradability [118]. However, the incorporation of non-

physiological additives can enhance the delivery efficiency and

bioavailability of liposomes, though they may also introduce po-

tential toxicity as a result of chemical modifications [119]. Cationic

liposomes, commonly employed as non-viral vectors for gene de-

livery, utilize their positive charge to electrostatically interact with

and condense negatively charged DNA molecules. Inspired by the

structural similarities between DNA and LMWH, Bai et al. de-

veloped PEGylated cationic liposomes as a promising vehicle for

inhalable LMWH formulations [120]. Safety and efficacy evalua-

tions of these inhalable PEG-liposomal formulations demonstrated

that once-every-other-day inhalation dosing yielded comparable

effects to once-daily subcutaneous administration with respect to

clot reduction, without inducing significant lung damage. Addi-

tionally, in a feasibility study evaluating this formulation for the

treatment of DVT and PE, conventional distearoyl-sn–glycero-3-

phosphoethanolamine liposomes, as well as long-circulating PEGy-

lated liposomes (DSPE-PEG-2000 and DSPE-PEG-5000), were pre-

pared using a hydration method to assess their anticoagulant

and antithrombotic properties [121]. The results indicated that

PEG-2000-modified liposomes administered daily or alternate-day

for 8 days equally reduced thrombus weight (0.6±0.1mg and

0.6±0.7mg, respectively), matching daily subcutaneous LMWH ef-

ficacy (0.5±0.5mg). In contrast, alternate-day free LMWH showed

inferior results (3.5±0.6mg), confirming PEG-2000 liposomes en-

able less frequent dosing without compromising efficacy. These re-

sults suggested that inhalable pegylated liposomes of LMWH could

be a potential noninvasive approach for DVT and PE. Additionally,

these liposomes significantly reduced thrombus weight and ac-

celerated thrombus clearance in DVT. Furthermore, a clinical trial

evaluating the efficacy and safety of a topical liposomal heparin

spraygel (LHSG) was conducted involving 46 outpatients presenting

clinical signs of SVT [122]. The trial demonstrated that LHSG was

comparable to subcutaneous LMWH injections in terms of pain re-

lief and erythema reduction, with no significant adverse effects in

the LHSG group. These results suggested that LHSG and LMWH of-

fer similar efficacy and safety for the topical management of SVT.

Notably, to our knowledge, this represents the sole clinical trial to

explore the application of nanotechnology for treating VT.

Recent studies have highlighted the specific binding affinity of

the RGD peptide for activated platelet GPIIb/IIIa, establishing it

as an ideal ligand for thrombus targeting. In this context, Liang

et al. developed cRGD-functionalized urokinase liposomes (cRGD-

UK-LIP) aimed at enhancing thrombolytic efficacy and extending

the half-life of urokinase [123]. Histological analysis of 60 ran-

domly selected pulmonary arterioles (80–120μm) revealed that

the cRGD-UK-LIP treatment group exhibited significantly fewer

thrombus-containing vessels (6.7±3.2) compared to both the UK

group (10.3±2.6) and the APMTE/NS control group (14.5±0.7),

with thrombi displaying looser organization and higher recanal-

ization rates. Despite these advancements, localized treatment

of DVT remains challenging due to the presence of extensive

obstructive zones and significant thrombus thickness [124]. To

overcome these challenges, Yang et al. engineered a thrombus-

responsive, whole-layer infiltrating, non-pharmacological liposome

responsive to thrombin for imaging-guided DVT treatment [125].

This liposome employed a dual-targeting strategy utilizing surface-

modified cell-penetrating peptide and a fibrin-binding ligand (PFP-

ACPP-FTP). Upon exposure to low-intensity focused ultrasound,

the perfluoropentane core of the liposome underwent rapid va-

porization, facilitating thrombus disruption and reduction in size,

thereby enabling effective non-pharmacological ultrasonic throm-

bolysis. After 60min of LIFU treatment, dual-targeted PFP-ACPP-

FTP achieved 47.8% ± 9.1% thrombus reduction in 60min - sig-

nificantly greater than single-targeted (PFP-ACPP: 34% ± 8.9%;

PFP-FTP: 30.1 % ± 5.6%), non-targeted PFP (26.3 % ± 3.7%), and

saline control (7.4 % ± 2.5%), demonstrating synergistic targeting’s

superior thrombolytic efficacy. This non-invasive and highly lo-

calized non-pharmacological thrombolytic strategy represented an

improvement over existing clinical approaches by minimizing sys-

temic side effects compared to conventional long-term drug ther-

apies. Moreover, Fan et al. proposed an innovative therapeutic ap-

proach that utilized ultrasound to activate acoustic sensitizers, trig-

gering an acoustochemical reaction that generated toxic ROS [126].

The combination of deep tissue penetration capabilities of mechan-

ical ultrasound with the thrombolytic efficacy of urokinase enabled

the development of an acoustic-responsive nanoliposomal capsule

(ULU). Digital subtraction angiography showed no flow restora-

tion in control, liposome, or ultrasound-only groups. Free urokinase

achieved only partial recanalization by 60min, whereas ULU+US

therapy produced complete thrombolysis (major recanalization at

15min; full restoration by 30min). The results represented good

thrombolytic properties for acute PE, which provides a new strat-

egy for clinical acute pulmonary embolism thrombolysis.

5.5. Cell membrane camouflaged NPs

Cell membrane camouflaged NPs, consisting of a NP core en-

veloped by a cell membrane, represent an innovative class of

biomimetic nanotherapeutics. These NPs replicate the biological

functions of their source cells, enabling immune evasion, pro-

longed circulation time, and targeted delivery to disease sites

through the homing properties of membrane proteins [127–129].

Initially, these biomimetic NPs were fabricated using a co-extrusion

process, wherein erythrocyte membrane shells were combined

with poly(lactic-co-glycolic acid) (PLGA) cores to form a core-

shell structure. Subsequently, a variety of cell membranes, includ-

ing those derived from platelets, albumin, cancer cells, and ex-

osomes, have been explored as carriers for drug delivery across

diverse therapeutic areas [130–133]. In addition to drug delivery,

biomimetic membrane technology holds promise for applications

in image-guided photothermal therapy (PTT), photodynamic ther-

apy (PDT), immunomodulation, and detoxification [134]. Notably,

PM-coated NPs have emerged as a promising strategy for throm-

bosis targeting, capitalizing on the biological link between DVT,

inflammation, and platelets. The presence of membrane proteins

such as CD62p and CD41, on the platelet surface endows the en-

capsulated NPs with crucial biological properties, including im-

mune evasion and precise clot targeting [135]. In the context of

PM-based thrombolytic therapies, Li et al. first reported a platelet-

mimetic porphyrin-based, covalent organic framework-engineered

melanin nanoplatform (HMPC@PM), which combined hirudin with

PTT and PDT therapies for targeted thrombus treatment [136]. The

study demonstrated that HMPC@PM effectively extended the circu-

lation half-life of hirudin and enabled targeted accumulation at the

thrombus site, leveraging the natural thrombus-homing properties

of the PM. Additionally, the combination PTT/PDT significantly en-

hanced thrombolytic efficacy (85.7 %) while preventing secondary

embolism of large fragments. Subsequent high-loading (97%) and

sustained-release hirudin (14 days) effectively inhibited thrombus

recurrence without inducing thrombocytopenia. The tremendous

biosafety and efficacy indicated that this short-term thrombolytic

and long-term anticoagulant nanosystem has a promising future in

thrombosisrelated diseases. PM-derived NPs facilitate multimodal

imaging, enabling a deeper understanding of the role of platelet

membrane proteins in platelet-mimetic, targeted drug delivery at

the molecular level [137]. Xiao et al. developed a platelet-derived

aminated mesoporous silica NPs (AMSNP) to co-deliver recombi-

nant hirudin, a direct thrombin inhibitor, and apixaban, a factor Xa
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inhibitor, to sites of DVT [138]. The distribution and aggregation of

these bionic nanoplatforms at the DVT site were monitored using

multiple imaging techniques. The results demonstrated that PM-

modified AMSNPs exhibited a significantly prolonged plasma elim-

ination half-life of 7.31h, compared to 0.58h for unmodified AM-

SNPs. This extended circulation characteristic markedly enhanced

the drug’s in vivo retention time, enabling effective elimination of

DVT lesions while achieving therapeutic efficacy at half the dosage.

In this investigation, the potential for increased platelet aggrega-

tion was counteracted by the incorporation of recombinant hirudin

within the NPs. The promising safety profile and specific therapeu-

tic benefits of nanoplateform suggested potential clinical utility.

6. Conclusions and perspectives

VT is a major vascular disease with a multifactorial etiology and

diverse clinical manifestations, posing significant challenges for ac-

curate diagnosis and effective treatment. The primary goal of VT

treatment is to prevent thrombus extension, embolism, cardiopul-

monary failure, mortality, recurrence, and long-term complications.

Due to patient variability in age and physical condition, treatment

strategies must be individualized. Anticoagulation therapy remains

the cornerstone of VT management and is typically combined with

other therapies, such as pharmacologic thrombolysis and surgical

intervention for optimal outcomes. Given the structural and func-

tional diversity of therapeutic agents, it is crucial to select appro-

priate carriers and delivery strategies to achieve precise thrombus-

targeted drug delivery. NPs, as emerging drug delivery vehicles, of-

fer significant potential to enhance drug localization at the target

site while minimizing systemic and off-target effects. The integra-

tion of NPs with external stimuli, such as magnetic fields, NIR light,

and ultrasound, further augments thrombolytic efficacy, while po-

tentially reducing the risk of bleeding and other adverse outcomes.

Currently, to our knowledge, apart from the aforementioned clin-

ical trial, no additional approved clinical trials exist investigating

NP-based DDS for VT treatment. Nevertheless, these innovative ap-

proaches hold promise for improving VT management and are ex-

pected to optimize patient prognosis and quality of life in the fu-

ture. The discussion of key considerations is provided in Text S1

(Supporting information).
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