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The potential impact of nanomedicine on 
COVID-19-induced thrombosis

Peije Russell    1,2,3, Lars Esser1,2, Christoph E. Hagemeyer    3  & 
Nicolas H. Voelcker    1,4,5 

Extensive reports of pulmonary embolisms, ischaemic stroke and 
myocardial infarctions caused by coronavirus disease 2019 (COVID-19), 
as well as a significantly increased long-term risk of cardiovascular 
diseases in COVID-19 survivors, have highlighted severe deficiencies in our 
understanding of thromboinflammation and the need for new therapeutic 
options. Due to the complexity of the immunothrombosis pathophysiology, 
the efficacy of treatment with conventional anti-thrombotic medication 
is questioned. Thrombolytics do appear efficacious, but are hindered by 
severe bleeding risks, limiting their use. Nanomedicine can have profound 
impact in this context, protecting delicate (bio)pharmaceuticals from 
degradation en route and enabling delivery in a targeted and on demand 
manner. We provide an overview of the most promising nanocarrier systems 
and design strategies that may be adapted to develop nanomedicine for 
COVID-19-induced thromboinflammation, including dual-therapeutic 
approaches with antiviral and immunosuppressants. Resultant targeted and 
side-effect-free treatment may aid greatly in the fight against the ongoing 
COVID-19 pandemic.

The coronavirus disease 2019 (COVID-19) pandemic continues to strain 
health-care systems globally, with 615.6 million cases and 6.5 million 
deaths reported worldwide as of September 20221. COVID-19 involves 
the (re)infection with severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), which can result in a variety of symptoms and complica-
tions. The impact of this pandemic is likely to be felt for the foreseeable 
future due to the emergence of new variants of concern such as Delta 
(B.1.617.2) and Omicron (B.1.1.529) and low vaccination rates in many 
countries. Particularly detrimental to the mortality associated with 
SARS-CoV-2 is its tendency to cause a hypercoagulable state, result-
ing in extensive reports of COVID-19-induced thrombosis2, including 
incident rates as high as 49% in patients admitted to intensive care 
units3. Reports include arterial, venous and microvascular thrombosis, 
most commonly resulting in pulmonary embolism, stroke, deep vein 
thrombosis (DVT) and myocardial infarction, in order of frequency3. 

A high correlation between thrombotic markers and patient mortality 
has also been established, indicating that there is a need to improve 
current treatment approaches2. Furthermore, a recent study indicated a 
substantial long-term risk for cardiovascular disease—including throm-
boembolisms—in patients with COVID-19, even if hospitalization did 
not occur4. Hence, COVID-19-related thrombosis is likely to remain a 
major challenge for some time to come.

Several aspects of COVID-19-induced thrombosis make it a 
unique challenge compared with conventional thrombosis. In 
non-COVID-19-related thrombosis, coagulation is commonly trig-
gered by the exposure of blood to pro-thrombotic stimulants upon 
rupture of atherosclerotic plaques, resulting in atherothrombosis. 
These plaques are often a result of poor diet, lack of exercise and/or 
smoking5. In contrast, COVID-19-related thrombosis occurs relatively 
frequently in otherwise healthy individuals, suggesting other pathways 
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remain highly invasive and are limited by the location of the thrombus16. 
In particular, thrombi causing pulmonary embolisms, as frequently 
observed in patients with COVID-19, are complex to reach and are thus 
rarely removed in such manner. Therefore, calls have been made for 
administration of thrombolytics as clot-busting therapeutics to treat 
COVID-19 symptoms17.

Thrombolytics, such as tPA or urokinase, stimulate plasmin and 
subsequently the cleavage of fibrin, resulting in degradation of the 
thrombus. Hence, several thrombolytics (streptokinase, urokinase 
and alteplase) have been approved for the treatment of pulmonary 
embolism18, with the latter also being approved for the treatment 
of acute ischaemic stroke19. Clinical reports indicate that adminis-
tration of thrombolytics is also effective in the context of patients 
with COVID-19, as they may assist the overwhelmed thrombolytic 
system20–22. Unfortunately, thrombolytic treatment has limitations, 
such as the premature degradation of the thrombolytic enzymes by 
systemic proteolytic enzymes. Most damaging, however, is their sub-
stantial haemorrhagic risk23. To monitor for such disastrous bleeding 
effects, administration occurs only in hospitals, prolonging the time to 
treatment and increasing treatment costs. Therefore, there is a critical 
need to improve the delivery of thrombolytics and reduce their side 
effects, potentially enabling on-the-spot treatment of patients with 
COVID-19 experiencing acute thrombotic events.

Nanomedicine for delivery of thrombolytics
Nanotechnology has been vital in the ongoing fight against SARS-CoV-2 
owing to the successful development and approval of two lipid 
nanoparticle-based messenger RNA vaccines24. Furthermore, nano-
medicine is also a promising strategy towards improving thrombo-
lytic treatment via the delivery of thrombolytics with nanoparticles. 
Although such an approach is yet to be developed and tested for 
COVID-19-induced thrombosis due to the novelty of the disease, it 
has gathered widespread preclinical attention for the treatment of con-
ventional atherothrombosis. Here, incorporation of the thrombolytic 
agent into nanoparticles enhances the effective dosage by increasing 
the circulation time and providing protection against premature deg-
radation by systemic enzymes25. Thus, overall dosage may be reduced, 
mitigating the haemorrhagic risk. In addition, nanoparticles function 
as a scaffold to introduce further functionality, such as active targeting 
and responsive drug release without compromising loading capacity, 
further improving efficacy and reducing side effects26,27. Preclinical 

of activation are to blame6. A common theory is that SARS-CoV-2 can 
infect vascular endothelial cells, causing damage to vascular walls and 
instigating a systemic immune response, resulting in immunothrom-
bosis (Fig. 1)7. It should be noted that the pathophysiology in this sche-
matic, particularly the immune response, is simplified, as several of the 
signaling pathways are poorly understood as of yet. Regardless, more 
in-depth accounts have been provided in recently published reviews7,8.

The current consensus is that the immune response is enacted by 
three components, namely, systemic inflammation, activation of the 
complement system and formation of neutrophil extracellular traps 
(NETs), through a process known as NETosis. Inflammation and comple-
ment activation are known to contribute to conventional thrombosis, 
but the involvement of NETosis appears to be unique to the COVID-19 
pathophysiology (Box 1). Together, these processes lead to upregula-
tion of three components—activated platelets, tissue factor and throm-
bin—which are connected in a positive feedback loop and contribute 
to thrombogenesis9,10. Thrombin facilitates cleavage of fibrinogen to 
form fibrin, which combined with activated platelets and red blood 
cells (RBCs) forms a thrombus. Hence, their upregulation explains 
the thrombogenicity of the immune response. Furthermore, break-
down of the blood clots (thrombolysis) is also hindered. Normally, clot  
degradation is facilitated by cleavage of fibrin to D-dimer by plas-
min, as stimulated by tissue plasminogen activator (tPA). However, 
clinical studies of patients with COVID-19 indicate that thrombolysis is  
hindered by upregulation of plasminogen activator inhibitor-1, result-
ing in the thrombolytic system becoming overwhelmed11.

Prospective treatment of COVID-19-induced 
thrombosis
Current clinical treatment of COVID-19-induced thrombosis relies pri-
marily on low-molecular-weight heparin (LMWH) as an anticoagulant12. 
LMWH inhibits thrombin activation and subsequent fibrin production, 
as well as reducing inflammation. Unfortunately, clinical results do 
not show a consistent benefit, with thrombotic events still occurring 
despite anticoagulant treatment13,14. Furthermore, anticoagulants are 
inefficient at removing pre-existing blood clots. Therefore, alternative 
treatment options need to be considered to achieve recanalization 
of (partially) occluded vessels. This process must be fast to limit tis-
sue damage, which occurs rapidly upon occlusion of a blood vessel15. 
Surgical interventions such as percutaneous transluminal coronary 
angioplasty or mechanical thrombectomy may be sufficiently rapid, but 
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Fig. 1 | Pathophysiology of COVID-19-induced thrombosis. Thrombosis 
appears to be a result of endothelial damage caused by SARS-CoV-2 infection 
stimulating an excessive immune response. It should be noted that the pathways 
involved are simplified, as they are highly complex and poorly understood as 
of yet. Following this immune response, formation of a thrombus is stimulated 
by upregulation of tissue factor (shown in yellow), and activation of platelets. 

It should be noted that several other coagulation markers are also involved, 
including von Willebrand factor, factor VIII and tumour necrosis factor-α. 
Finally, upregulation of plasminogen activator inhibitor-1 (PAI-1) also prevents 
breakdown of the clot by inhibiting the endogenous thrombolytic pathway. 
Figure created with BioRender.com.
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studies in rodents and some large animals such as canines have shown 
promising results; however, transition to clinical trials has been ham-
pered by safety concerns and poor scalability, which is partially due 
to complex design. Therefore, this Review aims to highlight design 
approaches within this field with high translatability, and which may 
be adapted to the treatment of COVID-19-induced thrombosis.

Thus far, a wide range of nanoparticle systems has been developed 
for the treatment of acute thrombosis, which can largely be divided into 
liposomal, polymeric, inorganic and cell-derived nanoparticles (Fig. 2). 
Of these, liposomes and polymeric nanoparticles have seen the most 
use. Liposomes have gained widespread interest throughout many 
disease areas, due to their commercial success, ease of production 
and ability to incorporate a wide range of therapeutics28,29. Polymeric 
nanoparticles, which have also seen commercial success in the form 
of poly(lactic-co-glycolic acid) (PLGA) nanoparticles, display similar 
relative ease of production, while providing greater control over drug 
release than liposomes30, which are prone to leakage and non-specific 
release due to degradation28. Such solid-core polymeric nanoparticles 
are limited to surface loading, which reduces their loading capacity 
and exposes the thrombolytic payload to enzymatic degradation. 
Hence, polymersomes are of interest, although these vesicle struc-
tures provide limited benefits over liposomes yet show increased 
complexity of production31. Inorganic nanoparticles have also become 
popular, mainly due to their inherent multifunctionality, which enables 
production of highly sophisticated nanocarriers without increasing 
the synthesis complexity. Such functionality includes hyperthermia 
induced by near-infrared radiation32 or magnetic stimulation33,34, and 

even accumulation at the site of thrombosis via magnetic guidance33. 
Mesoporous inorganic nanomaterials are of particular interest due to 
their increased drug-loading capacity compared with their solid coun-
terparts. Unfortunately, many inorganic materials require complex 
surface modification to mitigate toxicity of the raw material, which may 
still pose a safety risk upon clearance and degradation in the body35.

In contrast, cell-derived nanoparticles have gained considerable 
interest due to their high biocompatibility. This approach is particu-
larly interesting for the treatment of acute thrombosis, as vesicles 
derived from RBCs or platelets can be used to generate nanoparti-
cles displaying endogenous thrombus-binding proteins, enabling a 
natural affinity for blood clots27,36. Such an approach also drastically 
improves the pharmacokinetics associated with nanoparticle sys-
tems. Compared with non-cloaked nanoparticles, RBC-derived and 
platelet-membrane-derived nanoparticles showed 3 and 1.5 times 
longer circulation times, respectively, which may be highly beneficial to 
extend the thrombolytic effect36. Chen et al.36 indicated this may be due 
to reduced elimination of these membrane-derived vesicles through 
the reticuloendothelial system, as macrophage uptake was decreased 
by 69.0% (RBC cloaked) and 70.2% (platelet cloaked). Unfortunately, 
the production of such endogenously derived vesicles at large scale is 
still challenging, limiting their translational potential37.

As an alternative to mimicking the membrane physiology of 
endogenous cells, Colasuonno et al.25 aimed to instead mimic their 
physical structure by utilizing more scalable polymeric nanoparticles. 
Specifically, RBCs were mimicked, as these cells have a long circulation 
time and can pass through even the smallest capillaries despite their 

Box 1

Activation pathways of SARS-CoV-2-induced NETosis and 
subsequent thrombosis
Activation of neutrophils leads to formation of a NET, which involves 
lysis of the membrane and extracellular excretion of a DNA scaffold 
lined with antibacterial proteins. This process, known as NETosis, can 
trap and degrade a wide range of foreign bodies, thus proving vital 
in the body’s innate immune response106. Unfortunately, excessive 
neutrophil activation and subsequent NETosis is frequently observed 
in patients with COVID-19, with detrimental consequences, including 
thrombogenesis10. This activation of neutrophils by SARS-CoV-2 
infection occurs through a combination of direct and indirect 
pathways.

Direct activation involves infection of neutrophils themselves 
by SARS-CoV-2. Veras et al.107 showed that this is commonly 
mediated by binding of the virus to ACE2 followed by internalization, 
and that inhibition of this pathway decreases NET production 
significantly. Following infection, pro-NETosis mediators are 
upregulated intracellularly, including ROS108, and interleukin-8 via 
a self-reinforced production loop109. Directly stimulated NETosis is 
viral-load dependent; hence, viable SARS-CoV-2, able to replicate 
intracellularly, causes increased NETosis when compared with an 
inactivated version of the virus107,108.

Indirect activation, in contrast, is not strictly viral-load dependent, 
and may occur through any of three pathways. First, SARS-CoV-2 
can activate platelets, which in turn trigger neutrophil activation, 
through a pathway that may even occur at low viral loads110. Second, 
infection of epithelial cells and macrophages stimulates production 
and excretion of proinflammatory mediators from said cells into the 
extracellular environment, resulting in activation of neutrophil111. 
Finally, overexpression of various antibodies in response to 

SARS-CoV-2 infection may also stimulate NETosis. Critically, anti-NET 
antibodies become upregulated, which inhibit NET breakdown in 
severe COVID-19 cases112.

Following NETosis, the NETs promote recruitment of all three 
components of the positive feedback loop illustrated in Fig. 1, 
thereby triggering thrombosis. Thrombin production is initiated 
by combination of the released DNA with serum factor XII113 while 
platelet activation is initiated by histones released as a by-product 
of the DNA excretion114. Neutrophils are also shown to upregulate 
tissue-factor expression as a response to complement activation 
induced by SARS-CoV-2, resulting in NETs with high levels of 
tissue factor10. Altogether, these three pro-thrombotic factors 
stimulate local formation of thrombi with a unique pathophysiology. 
Conventional pulmonary embolisms commonly result from 
dislodged thrombi originating from DVT traveling into the lung 
microvasculature115. In contrast, patients with COVID-19 primarily 
suffer from pulmonary embolisms with a complete absence of DVT116. 
This indicates in situ thrombogenesis, which can be explained by 
the localized formation and adherence of NETs to the site of lung 
infection. Notably, this altered source of thrombosis probably also 
affects the make-up of the thrombi. Conventional thrombi causing 
pulmonary embolisms stemming from DVT generally contain few 
platelets117. In contrast, the prominent role of platelets in COVID-
19-induced thrombosis, and thrombocytopenia (low systemic platelet 
counts) observed in patients with COVID-19118, indicate that platelets 
are being incorporated into these thrombi. Hence, alternative 
treatment options may be applicable to treat this form of pulmonary 
embolism.
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large size due to their soft, discoidal shape. Thus, the authors produced 
soft, discoidal tPA-conjugated polymeric nanostructures25. These nano-
structures showed superior thrombolytic efficacy in vivo over spherical 
nanoparticles, reducing more blood clots and to a greater extent. This 
was conceivably due to improved adhesion to the blood clots combined 
with longer circulation times25. Liver and kidney accumulation of the 
discoidal nanoconstructs was comparatively lower, indicating elimina-
tion via the reticuloendothelial system is affected by the shape of the 
nanoparticles25. Due to these promising results, together with its scal-
ability, this approach may have high translational potential, although 
its efficacy in COVID-19 models remains to be tested.

Finally, a vital consideration in the design of nanomedicine for 
COVID-19-induced thrombosis is their ability to stimulate NETosis. 
Several papers have reported nanoparticle-induced NETosis, which 
may aggravate the thrombogenic nature of the SARS-CoV-2 infection. 
Thus far, nanoparticle-induced NETosis has been reported for nano-
particles based on silver38, gold39,40, iron oxide41,42, manganese oxide41, 
graphene oxide43, cationic lipids44, polystyrene45 and nanodiamonds45, 
although further research may reveal other materials exhibiting similar 
behaviour. There is as-of-yet contention over whether this is caused by 
the nanoparticles themselves or their dissolution products46. Several 
studies have reported that smaller nanoparticles (<100 nm) are more 
prone to inducing NETosis than larger nanoparticles, supposedly due 
to their increased surface-area-to-volume ratio39,45. Hence, NETosis 
may be mitigated by increasing the particle size. Surface functionali-
zation with biocompatible layers of human serum albumin or dextran 
has also been shown to reduce the NET-generating properties of iron 
oxide nanoparticles42, providing another strategy for minimizing 
NETosis. Interestingly, several papers have indicated that the addition 
of polyethylene glycol—which is normally seen as highly biocompat-
ible—does not reduce NETosis40, and may even aggravate it41. Due to 
these variabilities, it is suggested that nanomedicines designed to treat 
COVID-19-induced thrombosis are optimized and tested pre-clinically 
for their ability to generate NETosis, to avoid potential pro-thrombotic 
effects.

Targeting of nanoparticles to COVID-19-induced 
thrombosis
In general, nanoparticles are cleared by the liver and spleen and accu-
mulation at the site of thrombosis is limited, reducing their efficacy and 
specificity. Micrometre-sized particles may be used instead, as these 
particles can accumulate in the microvasculature of the lungs, treating 
localized thrombosis and thromboinflammation. However, caution 
must be exercised as microparticles >10 μm are able to occlude lung 
capillaries47. Localized accumulation of nanoparticles may be achieved 
through decoration of the particles with ligands with affinity for compo-
nents of the thrombi, which has widely been investigated for treatment 
of conventional atherothrombosis (Table 1). As these components also 
play a central role in COVID-19-induced thrombosis, decoration of 
nanoparticles with such ligands may be highly beneficial. It should be 
noted that the functional optimization of active targeting is complex; 
for example, a study showed that only 3.5% of proteins conjugated to a 
particle had an appropriate orientation for receptor recognition48, and 
that the ligand surface density can affect targeting too49. Furthermore, 
the addition of targeting ligands adds complexity; hence, scalability 
must be considered to ensure high translational potential.

To avoid this added complexity, therapeutics with inherently high 
affinity for thrombi may be utilized. For instance, the previously dis-
cussed discoidal polymeric nanostructures include tPA conjugated to 
the surface, where tPA’s notable affinity for fibrin and multivalent adhe-
sive interactions have been suggested to contribute to an improved 
thrombolytic efficacy25. Alternatively, LMWH, which has seen wide-
spread clinical use in the treatment of COVID-19-induced thrombosis, 
selectively targets P-selectin on activated platelets, and provides effec-
tive targeting when applied to nanomedicine50. Fucoidan, a complex 

polysaccharide derived from algae with anticoagulant properties, 
displays two orders of magnitude higher affinity for the same target 
(dissociation constant Kd = 1.2 × 10–9 M)51. This, in combination with 
its Food and Drug Administration (FDA) approval, sparked the use of 
fucoidan in several thrombus-targeted nanoparticle systems, including 
poly(isobutylcyanoacrylate) nanoparticles52, manganese oxide53 and 
mesoporous silica-coated gold nanorods54.

Small peptides to target fibrin or activated platelets have been 
utilized by several groups, due to their ease of scalability and low 
immunogenicity55. However, the greatest targeting efficiency was 
observed when a synergistic approach combining multiple ligands was 
applied. For example, decorating liposomes with both platelet- and 
fibrin-binding peptides enhanced their thrombus-anchorage efficacy 
compared with using only one of them56. Interestingly, at high (beyond 
5 mol%) total ligand density, the clot-anchorage capability decreased, 
indicating ligand conjugation must be optimized to ensure high tar-
geting affinity57. Combining a fibrin-binding peptide with an activat-
able cell-penetrating peptide also improved targeting efficacy and 
especially promoted penetration into the thrombus58. Unfortunately, 
peptides often have poor proteolytic stability and have in general a 
lower affinity compared with, for instance, antibodies.

Due to the favourable high affinity of antibodies, several groups 
have explored the use of antibodies, seeing preclinical success also in 
large animal models. In a canine model, conjugation of an anti-fibrin 
monoclonal antibody (Kd = 1.0 × 10–9 M) to a perfluorocarbon nano-
particle resulted in increased accumulation at the thrombus59. In addi-
tion, a single-chain antibody was developed for activated αIIb/β3 
using phage display60 and poly(2-oxazoline)-based polymer capsules 
modified with this antibody were found to specifically target acti-
vated platelets61. Again, optimization of the conjugation of the ligands 
onto the nanoparticles is essential, including consideration of (1) the 
conjugation site of the linker to preserve affinity and warrant correct 
orientation, and (2) the density of the antibody on the nanoparticle 
surface62. Although production of antibodies is dearer than small 
peptides, scalability is not an issue, as evident from their considerable 
therapeutic market share63.

As previously mentioned, the use of endogenously derived mem-
branes in nanoparticles affords the benefit of inherent targeting capa-
bilities, while also providing extended pharmacokinetic profiles. To 
this end, platelet and RBC membranes are both of interest; hence, their 
targeting capabilities were compared in two separate studies27,36. Inter-
estingly, Xu et al.27 found that platelet membranes provided superior 
thrombus targeting, whereas Chen et al.36 indicated that RBC mem-
branes had higher affinity. This discrepancy can be attributed to the 
activation status of the platelet membranes, which varied between the 
studies, their affinity following activated platelets > RBC > inactivated 
platelets. As 81% of platelet membrane proteins are preserved in the 
coating, one might expect use of such activated platelet membranes 
may worsen thrombosis due to the activation of thrombogenesis27. 
However, despite the presence of adhesion-associated proteins αIIb/
β3, CD62p and P-selectin, no effect on aggregation of other platelets 
was observed27. Nonetheless, it is critical to consider the source of 
platelet membrane to prevent potential (allogeneic) immune response. 
Finally, the therapeutic agent must also be considered. For instance, 
the Gong group utilized RBC-coated nanoparticles, as the incorporated 
drug (tirofiban) is an antagonist of the platelet αIIb/β3 receptor and 
could potentially compromise the targeting capability of an activated 
platelet membrane64.

The vital role of neutrophils in the COVID-19 thrombotic 
pathophysiology makes this is another target of high interest. A 
neutrophil-targeting approach is particularly interesting for early 
treatment, as the thrombus does not need to be formed yet for this 
targeting to be effective. For instance, Cruz et al.65 recently developed a 
short peptide sequence (CGEAIPMSIPPEVK) with affinity for neutrophil 
elastase, which is only expressed by activated neutrophils. Decoration 
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of liposomes with said ligand enabled specific targeting of activated 
neutrophils, and subsequently promoted accumulation at the site of 
thrombosis. A dual targeting strategy also including a platelet-targeting 
peptide (DAEWVDVS) enabled binding to activated platelet–neutrophil 
complexes in a DVT mouse model65. These complexes are highly preva-
lent following SARS-CoV-2 infection; therefore, this targeting approach 
may also enable efficient therapy for COVID-19-induced thrombosis.

Responsive nanomedicines for COVID-19-induced 
thrombosis
Targeted therapy of thrombosis may also be achieved through devel-
opment of responsive nanocarriers, which selectively release throm-
bolytics on demand. A wide range of stimuli have been studied for this 
purpose thus far, although not all approaches appear to be applica-
ble to COVID-19-induced thrombosis. For instance, nanomedicines 
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Fig. 2 | Design strategies for thrombolytic nanomedicine. Strategies with 
high relevance to the treatment of COVID-19-induced thrombosis are shown. a, A 
comparison of the nanoparticle types, with benefits and limitations provided as 
a consideration for the design of clinically relevant thrombolytic nanomedicine. 
Thrombolytics are depicted as red ovals to indicate the relevant loading 
approaches. As depicted, the cell-derived vesicles contain endogenous surface 

receptors and ligands naturally present after production. b–d, Targeted delivery 
(b) and responsive delivery (c) may also be utilized to further improve efficacy 
and specificity of thrombolytic therapy for COVID-19-induced thrombosis, which 
degrades blood clots through stimulation of the thrombolytic pathway (d). 
Figure created with BioRender.com.
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responsive to external stimuli such as magnetic fields and ultrasound 
rely on input from a trained professional. This complicates treatment; 
hence, the development of drug delivery systems with responsive-
ness to internal stimuli appears more conducive to the required rapid 
treatment of COVID-19-induced thrombosis. In addition, despite the 
success of shear- and pH-responsive nanomedicine in acute ischaemic 
stroke models66,67, such approaches should also be disregarded due 
to the absence of these stimuli in pulmonary embolisms, which is the 
most common thrombotic complication in patients with COVID-19 at 
87% (ref. 3). Various other approaches do appear to be highly relevant 
to COVID-19-induced thrombosis, and are therefore outlined below.

Enzyme-induced drug release is a widely used paradigm as it is 
highly selective and efficient68. Examples of enzymes that are upregu-
lated in COVID-19-induced thrombosis that may be exploited for this 
purpose include secreted phospholipase-A2 (sPLA2)69 and thrombin9. 
sPLA2 is produced by activated platelets and inflammatory cells70, 
and can cleave the SN-2 ester bonds in glycerophospholipids. Hence, 
Pawlowski et al.57 developed streptokinase-loaded liposomes, which 
exhibited disruption of the liposomal bilayer upon sPLA2-induced 
cleavage, followed by burst release of the thrombolytic agent. This nan-
oparticle system enabled thrombolysis with an efficacy comparable to 
free streptokinase in a carotid arterial thrombosis mouse model, while 
negating the bleeding complications of the free drug. Furthermore, 
this simple nanocarrier system holds considerable clinical potential, 
due to the scalability and previous regulatory approval of liposomes. 
However, as liposomes tend to suffer from non-specific leakage of the 
payload, release of the thrombolytic was observed even in the absence 
of sPLA2 (ref. 57). In addition, sPLA2 is involved not only in stimulation 
of thrombogenesis by COVID-19 but also in other aspects of COVID-19 
pathophysiology69. Hence, further in vivo studies in COVID-19 animal 
models are required to determine whether such an approach results 

in drug release specific to the site of thrombosis, or whether systemic 
release and subsequent bleeding might be observed.

Thrombin, in contrast, is highly specific to acute thrombosis; thus, 
off-target drug release from thrombin-sensitive nanoparticles may 
be less likely. Thrombin stimulates cleavage of fibrinogen to fibrin; 
hence, thrombin sensitivity can be introduced through incorporation 
of peptides mimicking its binding site on fibrinogen. Gallwitz et al.71 
performed an in-depth study to identify the preferred sequences, with 
LTPRGWRL showing the highest cleavage efficiency. Thus, several 
nanoparticle systems have used this or similar peptides to deliver 
thrombolytics in response to the presence of thrombin. For instance, 
Xu et al.26 conjugated recombinant tissue plasminogen activator (rtPA) 
to the surface of their platelet membrane nanovesicles through a 
thrombin-cleavable peptide. Beside the highly specific responsive 
release observed, this cleavage also revealed a cell-penetrating peptide 
motif, increasing penetration into the thrombus26. Unfortunately, 
surface loading as applied here probably has limited loading capacity 
and introduces susceptibility to premature degradation by systemic 
enzymes. Hence, a core-loaded system, such as proposed by Zhang 
et al.53, may be more promising. Here, urokinase was loaded into the 
pores of mesoporous manganese dioxide (MnO2), and conjugation of 
fucoidan through a thrombin-cleavable peptide to the surface pre-
vented release while simultaneously providing targeting. This system 
displayed impressive in vivo thrombolytic capabilities and exhibited 
a low haemorrhagic risk53.

Interestingly, the MnO2 particles also acted as hydrogen peroxide 
(H2O2) scavengers, which may be highly beneficial in the treatment  
of COVID-19-induced thrombosis. An increase in reactive oxygen  
species (ROS), such as H2O2, is a chemical biomarker of thrombosis, 
as ROS promote platelet activation and inflammation72. Upregulated 
ROS levels were also reported in patients with COVID-19, contributing 

Table 1 | Overview of the targeting ligands employed for active targeting of thrombi and their molecular targets

Ligand Target Advantages and challenges

Peptides cRGD98,99 Platelet (αIIb/β3) + Small size
+ Cheap, scalable production
+ Low immunologic response
− Poor proteolytic stability
− Lower affinity
− Often require spacers
− Platelet targeting may be insufficient in venous thrombi

Linear RGD sequence100 Platelet (αIIb/β3)

CQQHHLGGAKQAGDV101 Platelet (αIIb/β3)

(C)DAEWVDVS57,65 Platelet (P-selectin)

CREKA64,102 Fibrin

c-AC-Y(DGI)C(HPr)YGLCYIQGK-Am56 Fibrin

GPRPP103 Fibrin

Antibodies Single-chain antibody60 Platelet (αIIb/β3) + Highest affinity
+ Highest specificity
− Potential immunogenicity
− High cost of production
− Orientation needs to be correct
− Platelet targeting may be insufficient in venous thrombi

NIB 1H1059 Fibrin

Ter119104 RBC (glycophorin A)

Polysaccharides Fucoidan52–54 Platelet (P-selectin) + High affinity
+ Anticoagulant properties
+ Ease of synthesis
+ FDA approved
− Lower affinity than antibodies
− Platelet targeting may be insufficient in venous thrombi

Heparin50 Platelet (P-selectin)

Cell membranes Platelet27,36 (αIIb/β3, CD62p, GPIb/IX/V) Platelet (αIIb/β3) + High affinity
+ Multiple molecular recognition
+ Long circulation time
− Source of membrane must be considered.
− Activation of the membrane must be considered.
− Scaling remains an issue

Platelet (P-selectin)

Platelet (GPVI)

Fibrin

Von Willebrand factor

RBC27,36,64 (CD47, CD61) Fibrin

Others Gelatin (collagen)105 Von Willebrand factor + Simple targeting strategies
− Lower affinity

tPA25 Fibrin
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to many aspects of the pathophysiology. Therefore treatment with 
antioxidants has been identified as a promising approach against 
COVID-19 symptoms73. The ability of the MnO2 nanoparticles to reduce 
H2O2 levels by up to two-thirds compared with a control in vitro may 
therefore be of great benefit53. Alternatively, Mei et al.74 developed 
tPA-loaded polymeric nanoparticles, which contained 4-amino-2,2,6,
6-tetramethylpiperidine-1-oxyl (4-amino-TEMPO) as H2O2 scavengers. 
This enabled a reduction of ROS levels in rat brains after ischaemic 
stroke to a level comparable to healthy brains. The protective effect of 
this was profound, as seen by a haemorrhagic propensity indistinguish-
able from the saline control74. Although the ischaemic stroke model 
used here may not accurately mimic COVID-19-induced thrombosis, 
these results and the reported impact of ROS in COVID-19 pathophysiol-
ogy warrant further testing of such systems in COVID-19 models. Thus, 
a system that delivers thrombolytic agents as well as provides ROS 
scavenging may enable treatment of COVID-19-induced thrombosis 
while simultaneously relieving COVID-19-related oxidative stress.

Immunosuppressant and antiviral 
nanomedicines
An alternative or complementary approach to the use of thrombolytics 
for the treatment of COVID-19-induced thrombosis may be the admin-
istration of therapeutics that suppress infection or the subsequent 
immune response. This has been an approach of great interest in the 
general treatment of COVID-19, with various clinical trials underway. 
This includes the immunosuppressants tocilizumab75, a complement 
activation inhibitor, and recombinant human deoxyribonuclease 
(rhDNase)76, a NETosis inhibitor, which have reached Phase III and Phase 
II, respectively. Antiviral agents have seen even greater success, with 
molnupiravir and paxlovid receiving regulatory approval77,78. Several 
virucidal, virus-trapping and immunosuppressant nanomedicines 
have been developed and tested for treatment against COVID-19  
(Fig. 3). The effect of these nanomedicines in reducing infection and 
the linked immune response may also translate into a lower thrombosis 
risk by limiting the underlying stimulatory pathways.

Virucidal nanoparticles have seen much interest to prevent infec-
tion and replication of the virus in the body79. Besides loading antiviral 
therapeutics into nanoparticles, the use of nanomaterials with inherent 
virucidal properties is an interesting approach. To this end, nanoparti-
cles based on silver80,81, polylysine82 and glycyrrhizic acid83 have been 
investigated. These nanoparticles may bind to SARS-CoV-2, disrupt-
ing its integrity and subsequently preventing infection of endothe-
lial cells and replication (Fig. 3a). In vivo testing of their efficacy has 
thus far been limited to the glycyrrhizic acid nanoparticles, which 
decreased infection and improved survival in a SARS-CoV-2 mouse 
model83. Interestingly, both silver and polylysine nanoparticles showed 
a positive correlation between their antiviral activity and their surface 
charge80,82. This was rationalized by an improved interaction with the 
viral particles, which display a negative charge at physiological pH. 
Furthermore, silver nanoparticles displayed size-dependent virucidal 
properties with 10 nm nanoparticles exhibiting optimal SARS-CoV-2 
inhibition, whereas 100 nm nanoparticles were entirely ineffective80,81. 
Once optimized, all nanoparticles displayed exceptional capacities 
to suppress viral replication, making the use of these nanomaterials a 
promising approach for the prevention of COVID-19-induced throm-
bosis. However, despite promising biocompatibility when in their 
nanoparticulate form, the cytotoxicity related to silver and glycyrrhizic 
acid, and potential stimulation of NETosis may complicate their use81,83.

Alternatively, several groups have utilized angiotensin-converting 
enzyme-2 (ACE2)-expressing membranes to produce nanoconstructs 
that competitively bind and trap SARS-CoV-2, lightening the viral load 
(Fig. 3b)84–87. ACE2 plays a critical role in SARS-CoV-2 binding and infec-
tion, and is highly expressed in kidney cells (HEK293), macrophages 
(THP-1) and lung spheroid cells (LSCs). Hence membranes derived from 
these cells provide excellent inherent targeting, binding and trapping 

of SARS-CoV-284–87. Li et al.87 showed that LSCs express higher levels 
of ACE2 than HEK293 cells, resulting in improved SARS-CoV-2 neu-
tralization by LSC-derived nanoparticles, thus making this approach 
preferable. However, use of macrophage-derived vesicles may be the 
most appropriate, as Tan et al.84 showed that said nanoparticles not 
only reduced the viral load but also prevented NETosis by inhibiting 
proinflammatory factors. As upon infection the immune system’s 
overactivation contributes heavily to the severity of COVID-19 symp-
toms, such an approach may be highly beneficial in the prevention 
of COVID-19-induced thrombosis88. Furthermore, nanostructures 
formed from these endogenously derived membranes display high 
biocompatibility, and can be core-loaded with a therapeutic84. Complex 
large-scale production of cell-derived nanoparticles does still consti-
tute a substantial hurdle to their translational potential. However, it 
is expected that this obstacle may be overcome in the future as more 
efficient methods are established.

Also of consideration is the route of administration of these anti-
viral nanoparticles, with inhalable formulations gathering notable 
interest for the treatment of COVID-19 due to the localized delivery 
directly to the primary site of infection89. In contrast, intravenous injec-
tion, as is often used to administer nanomedicine, results in systemic 
delivery and often undesirable accumulation in the liver. Hence, Li 
et al.87 designed their LSC-derived nanovesicles to be nebulized and 
inhaled. Viral clearance was subsequently improved substantially in 
mice infected with SARS-CoV-2 mimicking viruses. Accumulation in 
the lungs could be observed even after 72 hours, indicating localized 
delivery and prolonged protection87. This is consistent with in-human 
studies of inhaled nanoparticles, which have indicated that accumula-
tion of nanoparticles in the lungs is followed by translocation to the 
bloodstream via passive diffusion for an extended period of time90. In 
contrast, the intravenously administered HEK293- and THP-1-derived 
nanoparticles appeared to be entirely localized to the liver after only 
24 hours84,86. Further studies should be performed to ensure adequate 
elimination and biocompatibility. Regardless, inhalable antiviral nano-
medicine appears to be a promising approach towards the localized 
treatment of COVID-19.

As an alternative approach to limiting the immunothrombotic 
response to SARS-CoV-2 infection, the effect of NETosis may also 
be mitigated by degrading the extracellular trap components. This 
area of research has thus far been led by the Park group, who utilized 
PLGA–dopamine91 and melanin-like nanoparticles92 to deliver rhDNase. 
rhDNase breaks down the DNA fibres present in NETs, hence reduc-
ing the thrombogenicity related to NETosis (Fig. 3c). Park et al. were  
able to deliver said therapeutic with a higher stability compared  
with free rhDNase; thus, this approach enabled significantly improved 
reductions in NETosis levels in blood samples of patients with  
COVID-19 and a sepsis mouse model91,92. A previous study showed  
that reducing NETosis in an identical sepsis model reduced throm-
bosis93; hence, it is expected that these particles may exhibit a  
similar effect.

Despite these promising results, such antiviral or immunosup-
pressant approaches are limited to the prevention of thrombogenesis 
similar to LMWH, and can therefore not effectively remove pre-existing 
thrombi. Hence, the development of dual-therapeutic nanomedi-
cine based on these antiviral or immunosuppressant nanoparticles 
co-loaded with a thrombolytic is suggested as a promising approach 
towards the holistic treatment of COVID-19-induced thrombosis. It 
should be noted that such dual-therapeutic strategies do introduce 
additional challenges. The loading of therapeutics must be well opti-
mized, to ensure both therapeutic effects are achieved at adequate 
efficacy while avoiding toxicity. This increased complexity may only be 
acceptable if the scalability of synthesis is ensured, which is an obstacle 
many nanomaterials are currently limited by. Regardless, this appears 
to be an avenue of research with the potential to greatly improve the 
treatment of COVID-19-induced thrombosis if further investigated.
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Outlook
The development of nanomedicine to treat COVID-19-induced throm-
bosis may have a great impact on improving patient outcomes world-
wide. Current challenges to reaching clinical uptake lie primarily in 
the novelty of the virus, a lack of testing in COVID-19-specific animal 
models, as well as the translatability of current nanomedicines. Our 
understanding of the immunothrombotic pathophysiology stimulated 
by SARS-CoV-2 infection is still limited, but it appears to vary drastically 
from conventional thrombosis. This probably means that conventional 
thrombosis animal models are non-representative; hence, COVID-19 
models or models of immunothrombosis, such as sepsis models, should 
be utilized instead. Although sepsis models are relatively easy to estab-
lish and operate, their relevance to COVID-19-induced pathophysiology 
of immunothrombosis remains to be confirmed94. COVID-19 models 
introduce higher complexity, as conventionally utilized animals such 
as mice and canines show innate insusceptibility to SARS-CoV-2 infec-
tion and can therefore not be used95,96. However, highly representative 
immunothrombosis in response to SARS-CoV-2 has been observed in 
minks, Roborovski dwarf hamsters and rhesus macaques95. Despite 
the added complexity, these models ensure higher accuracy in deter-
mining the clinical potential of nanomedicine for the treatment of 
COVID-19-induced thrombosis and should therefore be explored.

In general, clinical adoption of nanomedicine for cardiovascular 
diseases has remained lower than other disease areas, such as cancer, 
due to a higher translational hurdle. In particular, concerns regarding 
safety and cost have limited clinical trials of nanomedicine97. Nano-
medicine for COVID-19-induced thrombosis will probably face the same 
hurdles; thus, advances in this field should be informed by translatable 
design to minimize these challenges going forward. Primarily, this 

includes the choice of nanomaterial utilized. Regulatory-approved 
nanomaterials utilized in other areas, such as liposomes, PLGA nano-
particles and iron oxide nanoparticles, may at this time produce faster 
translatable systems. However, these systems can suffer drawbacks 
regarding payload loading and leakage; hence, focusing on improving 
scalability and assessing the safety of alternative nanomaterials, which 
negate these issues, may be more beneficial in the long term. Sophis-
ticated approaches such as post-modifications introducing targeting 
of thrombi have delivered promising preclinical results. However, the 
balance between sophistication and ease of synthesis of such design 
approaches must be considered to ensure both safety and scalability. 
This includes both the choice of targeting ligand (Table 1) and the 
design of stimuli-responsive systems, which—despite the encourag-
ing results—require further research to optimize current approaches 
or investigate alternative opportunities as to afford clinically relevant 
targeted nanomaterials.

Besides the challenges involved in the design of nanomedicine 
for COVID-19-induced thrombosis, this area also provides exciting 
opportunities for the development of highly powerful, yet translatable 
nanomedicines. Here, the application of multifunctional nanomateri-
als appears particularly promising. For instance, H2O2-scavenging 
nanoparticles were earmarked as these enable simultaneous 
anti-inflammatory effects while delivering thrombolytic therapeutics, 
which is particularly relevant in the treatment of COVID-19. Virucidal 
or virus-trapping nanoparticles are also of interest, due to their proven 
efficacy against SARS-CoV-2 infection. Finally, the use of immuno-
suppressants to reduce NETosis has been highlighted as a promis-
ing strategy to prevent thrombogenesis. In particular, co-delivery 
of thrombolytics in antiviral or immunosuppressant nanoparticles 
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ACE2-presenting 
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• Kidney cells
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• Lung spheroid cells
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• rhDNase-presenting
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+

+

+

+
+

+

+ +

+

+ +

++

Thrombosis
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Fig. 3 | Mechanism of action of antiviral and immunosuppressant 
nanoparticles. a, Virucidal nanoparticles associate with the virus through 
interaction of the positive nanoparticle surface (red) with the negatively charged 
virus particles, following by stimulation of lysis of the virus envelope. b, Virus-
trapping nanoparticles competitively bind to SARS-CoV-2 via the ACE2 receptors 
(blue) present on their surface, preventing infection of endothelial cells.  

c, Immune-suppressing nanoparticles are surface-loaded with rhDNase (yellow), 
which breaks down the DNA strands (purple strands) to mitigate excessive 
NETosis. Thus, through all three approaches, the excessive immune response to 
SARS-CoV-2 infection may be limited, potentially aiding in preventing COVID-19-
induced thrombosis. Figure created with BioRender.com.
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may be promising to remove existing blood clots as well as prevent 
further COVID-19-induced thrombogenesis. Formulation of inhalable 
nanomedicine may also ensure localized delivery directly to the site 
of infection. Despite the added challenges related to such a strategy, 
it is expected that such nanomedicines may aid greatly in treating the 
unique pathophysiology of COVID-19-induced thrombosis, justifying 
further research in this exciting field to fill critical gaps.
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