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A Strategic Roadmap for the Development
of an Oral Thrombolytic Agent

The Current Landscape of Oral Thrombolysis: An
Existential Analysis

The fundamental query regarding the existence of an orally administered drug for the
dissolution of pre-formed blood clots reveals a complex landscape where established

medical practice diverges sharply from emerging research paradigms. The most direct
and unequivocal answer to this question is that no FDA-approved or clinically utilized

thrombolytic drug currently exists for oral administration 11 28. All standard-of-care
thrombolytics, including tissue plasminogen activator (tPA), urokinase, reteplase, and
tenecteplase, are exclusively administered intravenously (IV) due to profound challenges

related to bioavailability, stability, and systemic clearance 11 19 27, These agents, while
highly effective when delivered directly into the bloodstream at the site of a vascular
occlusion, are rendered inert by the harsh conditions of the gastrointestinal (GI) tract.
Their susceptibility to denaturation by gastric acid, rapid proteolytic degradation by
digestive enzymes, and swift hepatic clearance upon first-pass metabolism make oral

delivery an insurmountable barrier for conventional enzymatic thrombolytics 19 28. The
short plasma half-life of tPA, for instance, is approximately 4-6 minutes, a characteristic
that underscores its reliance on continuous infusion or a single high bolus dose to
maintain therapeutic concentrations, a strategy entirely incompatible with oral

administration 19 21,

However, the absence of approved oral thrombolytics does not imply that the principle is
scientifically impossible. The literature contains two notable, albeit distinct, examples
that establish a crucial proof-of-concept: Trombovazim® and Nattokinase.
Trombovazim® represents the most significant precedent for a systemically active oral
protease. It is composed of subtilisin, a serine protease, which has been chemically

immobilized onto polyethylene glycol (PEG) using an electron-beam 'axis-technology' ¢ .
This chemical modification was designed to enhance its stability and preserve its
enzymatic activity. In a multicenter, randomized, double-blind, placebo-controlled
clinical trial involving patients with lower limb deep vein thrombosis, Trombovazim®
demonstrated remarkable efficacy. At a dose of 4800 Units per day, it achieved a 74.7%
rate of revascularization and complete thrombus dissolution in all recipients of that dose



9 . Critically, this potent effect was achieved without any reported adverse events,

including hemorrhagic complications, suggesting a favorable safety profile 9 . The
technology reportedly enabled an enteral bioavailability of 18%, a substantial figure for a
protein-based drug, though significantly lower than the near-complete absorption

required for many therapeutics 9 . Despite its promising clinical data, Trombovazim®
remains a niche product, highlighting that achieving bioavailability is only one part of the
challenge; regulatory approval, manufacturing scalability, and market competition
present further hurdles.

The second example, Nattokinase (NK), is a serine protease derived from the bacterium

Bacillus subtilis var. natto 12. Unlike Trombovazim®, Nattokinase is widely marketed as
a dietary supplement rather than a regulated pharmaceutical drug. Nevertheless, human
clinical evidence supports its functional oral bioavailability and clot-dissolving activity

12, Studies have shown that oral administration of Nattokinase leads to significant
decreases in key markers of coagulation and thrombosis, including plasma fibrinogen

(-9%), factor VII (-14%), and factor VIII (-17%) in cardiovascular disease patients 12. Its
mechanism of action is multifaceted, extending beyond direct fibrin hydrolysis to include
the inhibition of Plasminogen Activator Inhibitor-1 (PAI-1) and the upregulation of

endogenous tissue-type plasminogen activator (tPA) 12. While not an FDA-approved
drug, Nattokinase provides compelling evidence that certain proteases can survive the GI
environment, be absorbed into circulation, and exert a measurable physiological effect on
the hemostatic system. These two cases collectively demonstrate that while the path is
fraught with difficulty, the concept of an orally active thrombolytic is not purely
theoretical. They establish a foundation upon which modern pharmaceutical science can
build, shifting the focus from simply finding an existing drug to designing a sophisticated
delivery system capable of overcoming the formidable barriers to oral peptide and protein
delivery.

This context is essential for understanding the user's request. Aspirin, a cornerstone of
cardiovascular prevention, works by inhibiting platelet aggregation, thereby preventing

clots from forming in the first place 25. Its primary drawback is the increased risk of

bleeding, a trade-off accepted for its proven benefits in secondary prevention 25. An ideal
oral thrombolytic would represent a fundamentally different class of therapy—a "clot
buster" rather than a "clot preventer. This approach carries its own set of risks, primarily
the potential for uncontrolled systemic fibrinolysis leading to hemorrhage. However, the
ultimate goal is to find a balance where the drug selectively dissolves pathological clots
while sparing normal hemostasis. The development of such a drug requires a multi-
pronged strategy that addresses the core challenges of GI survival, absorption, and
targeted action. The subsequent sections of this report will dissect these challenges and



outline the strategic pathways—ranging from advanced formulations of direct-acting

enzymes to indirect modulation of the body's own fibrinolytic machinery—that constitute

a viable roadmap for pharmaceutical development.

Drug Candidate

Trombovazim®

Nattokinase
(NK)

FGFC1 (BIIB131)

Tiplaxtinin
(PAI-039)

DS-1040

TS23

Mechanism of Action

Subtilisin (serine
protease) immobilized

on PEG ¢

Serine protease from

Bacillus subtilis 12

Allosteric activator of

plasminogen 63

Small-molecule

inhibitor of PAI-1 15

Small-molecule

inhibitor of TAFIa 29

Monoclonal antibody
against a2-antiplasmin

29

Administration
Route

Oral

Oral
(Supplement)

Oral

Oral

Oral

Intravenous

Key Clinical Findings & Status

18% enteral bioavailability; 4800 U/day dose achieved 74.7%
revascularization in DVT patients with zero reported adverse events

9.

Decreased plasma fibrinogen (-9%), factor VII (-14%), factor VIII
(-17%) in CVD patients; also inhibits PAI-1 and upregulates tPA 12.

Well-tolerated in Phase I; reduced infarction area and neurological
deficit in murine stroke models; extends therapeutic window beyond

tPA 58 64 . Currently in Phase III trials for ischemic stroke 58.

Reduced thrombus weight and increased venous blood flow in rat

models without prolonging bleeding time 38 39.

Increased fibrinolysis in Phase I human trials but development
discontinued after Phase II failure in acute pulmonary embolism 29

35,

In Phase II clinical trial for submassive pulmonary embolism; showed
dose-dependent reduction in a2-antiplasmin and D-dimer with no

significant bleeding 29 36.

Overcoming the Gastrointestinal Barrier: Core

Formulation Challenges and Solutions

The development of an orally administered thrombolytic agent is fundamentally

constrained by the severe physiological barriers posed by the gastrointestinal (GI) tract.

Any large macromolecule, particularly a protein-based enzyme, must successfully

navigate a sequence of hostile environments to reach the systemic circulation in a

therapeutically active form 5 6 . These challenges can be conceptualized as three

sequential hurdles: gastric acid stability, proteolytic degradation, and intestinal epithelial

absorption. The low bioavailability observed with even the most successful orally

delivered peptides and proteins, such as semaglutide (~1%) and octreotide (~0.7%),

serves as a stark reminder of the magnitude of this problem 4 . A thrombolytic enzyme,

typically much larger and more complex than these approved drugs, faces an even

greater challenge.



The first major hurdle is the acidic environment of the stomach. Gastric fluid can rapidly
denature proteins, rendering them inactive. To circumvent this, pharmaceutical

formulations often employ pH-sensitive enteric coatings 5 . These polymers are designed
to remain intact in the low-pH stomach but dissolve once the formulation reaches the

more neutral pH of the small intestine, where absorption primarily occurs 5 . This
ensures the payload is released in a more hospitable environment. The second barrier is
the relentless assault of proteolytic enzymes throughout the GI tract. Pepsin in the
stomach and a host of pancreatic and brush-border peptidases (such as trypsin and
chymotrypsin) in the small intestine are specifically evolved to break down dietary

proteins, and they will readily attack a foreign therapeutic enzyme 6 . Protection
strategies are therefore critical. One approach involves co-administering localized,
transient protease inhibitors, such as citric acid, which can modulate the local

microenvironment to reduce enzymatic activity 5 . Another, more robust strategy is

encapsulation within protective carrier systems, such as nanoparticles, which physically

shield the enzyme from these degradative enzymes 1 30.

The final and arguably most formidable barrier is the intestinal epithelial cell layer itself.
This barrier is designed to be impermeable to large molecules. Paracellular transport,
which occurs between the cells, is restricted to molecules smaller than approximately 22—

30 Angstréms, far too small for a typical enzyme 6 . Transcellular transport, which
involves passing directly through the cells, is hindered by the lipid nature of the cell
membranes and the presence of efflux pumps like P-glycoprotein, which actively expel

foreign substances back into the gut lumen 6 . Therefore, enhancing permeability is
paramount. Several technologies have been developed to address this. Some permeation
enhancers, like sodium N-(8-[2-hydroxybenzoyl]amino) caprylate (SNAC), used in the
FDA-approved oral semaglutide, work by locally raising gastric pH, protecting the drug
from degradation, and promoting monomerization and transcellular absorption by

fluidizing lipid membranes 4 . Other agents, such as lauroyl-L-carnitine, function by
temporarily modulating the tight junctions between epithelial cells, increasing

paracellular transport 5 . More advanced strategies involve engineering carriers that can
exploit natural cellular uptake mechanisms. For instance, some nanoparticle platforms
are designed to be taken up by M-cells in the gut-associated lymphoid tissue (Peyer's
patches), which are specialized for transporting macromolecules from the gut lumen into
the underlying tissue 24. Furthermore, innovative biological systems, such as outer
membrane vesicles (OMVs) produced by engineered bacteria, have been shown to
penetrate the intact gut epithelium via pinocytosis and dynamin-dependent transcytosis,
providing a natural pathway for delivering encapsulated proteins to systemic circulation

3 44 45,



The complexity of these challenges necessitates a sophisticated, integrated formulation
strategy rather than a single solution. Successful oral delivery of therapeutic proteins and
peptides (TPPs) requires a multi-faceted approach that combines protection from
degradation with enhancement of absorption. The principles applied to develop oral
semaglutide and oral octreotide provide a valuable blueprint. Semaglutide uses SNAC as
a permeation enhancer to achieve its modest but clinically meaningful ~1%

bioavailability 4 . Octreotide utilizes Transient Permeation Enhancer® (TPE®)
technology with sodium caprylate in an oily suspension to achieve ~0.7% bioavailability

4 . Both drugs demonstrate that despite extremely low absorption rates, sufficient
systemic exposure can be achieved to produce a therapeutic effect, validating the overall
strategy. For a thrombolytic enzyme, however, the required dose may be orders of
magnitude higher than for a GLP-1 receptor agonist, making optimization of every aspect
of the delivery system—from coating and protection to absorption and stability—
absolutely critical. The choice of carrier material, whether it be a synthetic polymer, a
lipid, or a biological vesicle, will dictate the system's ability to withstand the GI
environment and interact with the intestinal wall. The success of various nanoparticle
systems in animal models, such as the use of chitosan-HPMCP-heparin nanoparticles for

oral heparin delivery 1 , or the demonstration of systemic delivery of uricase-loaded

OMVs 3 , provides strong proof-of-concept that these advanced technologies can indeed
overcome the intestinal epithelial barrier. Ultimately, the feasibility of an oral
thrombolytic hinges on the ability to design a delivery vehicle that can act as a "Trojan
horse," protecting its powerful enzymatic payload through the treacherous journey of the
GI tract and delivering it effectively into the bloodstream where it can perform its clot-
dissolving function.

Pathway I: Direct Delivery of Thrombolytic Enzymes via
Advanced Nanocarriers

The most direct approach to fulfilling the user's vision of an orally administered clot-
dissolving agent is to deliver a thrombolytic enzyme directly into the systemic circulation.
This pathway bypasses the need to stimulate the body's own fibrinolytic system and
instead provides the lytic capability externally. The immense challenge, as previously
discussed, lies in ensuring the enzyme survives the gastrointestinal (GI) tract and is
absorbed into the bloodstream. The consensus in modern pharmaceutical research points
toward advanced nanocarrier systems as the most promising solution to this problem.
Nanoparticles offer a versatile platform that can be engineered to protect a protein



payload from degradation, enhance its permeability across the intestinal epithelium, and
potentially target it to sites of pathology. A variety of nanoparticle types have been
explored for this purpose, each with unique advantages and characteristics.

Liposomes, which are spherical vesicles composed of phospholipid bilayers, are a well-
established nanotechnology platform. They have been extensively investigated for the
parenteral (intravenous) delivery of thrombolytics like tPA and streptokinase to improve

their pharmacokinetic profile and reduce bleeding complications 13 14 21 47, The
principles of stability and targeting developed for IV use are directly transferable to the
design of oral formulations. For instance, liposomes can be loaded with plasmin and
decorated with ligands that bind to components of a thrombus, such as activated platelets

or fibrin, enabling targeted delivery 13. In one study, clot-targeted thrombin-cleavable
nanoparticles (CTNPs) based on liposomes were able to release plasmin locally at the site
of a clot, demonstrating effective fibrinolysis in vitro and in zebrafish models while
avoiding the rapid systemic neutralization of free plasmin by a2-antiplasmin, thus

significantly reducing off-target bleeding risk 13. Similarly, solid-lipid nanoparticles
(SLNPs) and polymeric nanoparticles (e.g., PLGA) have been evaluated for oral delivery
in ischemic stroke models, showing enhanced brain bioavailability and neuroprotective

effects for various compounds 24. These systems can encapsulate a thrombolytic enzyme,
shielding it from the harsh GI environment and facilitating its passage across the

intestinal wall 24 48,

Another highly promising class of nanocarriers is based on biopolymers, with chitosan
being a prominent example. Chitosan is a natural polysaccharide that is mucoadhesive
and can enhance permeability. Researchers have developed pH-responsive chitosan
nanoparticles combined with hydroxypropyl methylcellulose phthalate (HPMCP) to
enable oral delivery of heparin, an anticoagulant 1 23. This formulation demonstrated
>90% encapsulation efficiency, a 2.5-fold increase in clotting time compared to free
heparin, and protection from degradation in simulated gastric fluid, confirming the
viability of this approach for oral delivery of a large, sensitive molecule 1 . Streptokinase
has also been formulated into PEG-grafted chitosan nanoparticles to improve its
biological half-life and reduce immunogenicity, although these studies focused on
parenteral administration 30. The adaptability of chitosan-based systems makes them a
strong candidate for the oral delivery of a proteolytic thrombolytic.

Perhaps the most innovative and biologically inspired approach involves the use of Outer
Membrane Vesicles (OMVs). Engineered strains of Escherichia coli Nissle 1917 (EcN) have
been outfitted with a modified type zero secretion system (TOSS) that allows them to

package therapeutic enzymes into OMVs 3 44 . These OMVs exhibit remarkable



properties for oral delivery. They have been shown to resist proteolysis in simulated
intestinal fluid, penetrate the intact gut epithelium via pinocytosis and dynamin-
dependent transcytosis, and enter systemic circulation, with the encapsulated enzyme

remaining fully functional 3 44.In murine models of hyperuricemia, oral administration
of EcN producing uricase-loaded OMVs resulted in a significant reduction in serum uric
acid levels, outperforming controls and demonstrating the successful delivery of a

therapeutic enzyme to the systemic circulation 3 44. This technology provides a
powerful biological model for packaging and delivering a thrombolytic enzyme orally.
The physical mechanism of spontaneous OMV transmembrane endocytosis under
physiological conditions has been theoretically validated, providing a strong rationale for

its feasibility 45.

Beyond simple encapsulation, advanced nanoplatforms incorporate features for targeting
and controlled release. Clot-targeted nanoparticles (CTNPs) are engineered with surface
ligands that specifically recognize and bind to activated platelets (via peptides like
CGSSSGRGDSPA) or fibrin (via peptides like cyclo-AC-Y(DGI) C(HPr) YGLCYIQGK-Am)

13 32, Once bound to the thrombus, these particles can be triggered to release their
payload. For example, some systems utilize a thrombin-cleavable linker that destabilizes
the nanoparticle in the thrombin-rich environment of a fresh clot, releasing plasmin

precisely where it is needed 13. Biomimetic nanoparticles, such as those coated with
platelet membranes, leverage the innate ability of platelets to home in on thrombi,

offering another powerful targeting strategy 49 50. These sophisticated designs aim to
maximize the therapeutic index by concentrating the enzyme's activity at the site of the
pathological clot while minimizing systemic exposure and the risk of hemorrhage.

In summary, the direct delivery of thrombolytic enzymes via advanced nanocarriers
represents a technically feasible, albeit challenging, pathway. The success of this
approach depends less on discovering a new, miraculously stable enzyme and more on
designing a sophisticated delivery vehicle. The choice of carrier material (lipid, polymer,
bacterial vesicle), the inclusion of targeting ligands, and the control over drug release
kinetics will be the defining factors of success. The extensive preclinical research
demonstrating the ability of various nanoparticle systems to protect, absorb, and deliver
proteins orally provides a strong foundation for moving forward with this strategy. The
next steps would involve selecting a lead enzyme (e.g., Nattokinase, Destabilase, or a
genetically engineered variant), encapsulating it within a chosen nanoparticle platform,
and conducting rigorous preclinical testing to evaluate its efficacy in dissolving clots and
its safety profile in relevant animal models of thrombosis.



Pathway II: Indirect Activation of Endogenous
Fibrinolysis with Orally Bioavailable Small Molecules

An alternative and potentially more tractable strategy for developing an oral thrombolytic
agent involves indirectly promoting the body's own natural clot-busting system, known as
fibrinolysis. Instead of administering a protease directly, this approach uses an orally
bioavailable small molecule to inhibit key endogenous regulators that suppress
fibrinolysis. By removing these brakes, the body's own plasminogen activators (like tPA
and uPA) can more effectively convert plasminogen into plasmin, the enzyme that
ultimately degrades fibrin clots. This strategy avoids the immense challenge of delivering
a fragile protein through the GI tract and instead leverages the principles of medicinal
chemistry to create a stable, orally active drug. This pathway has yielded several
promising clinical candidates, particularly those targeting Plasminogen Activator
Inhibitor-1 (PAI-1).

PAI-1 is the principal physiological inhibitor of both tissue-type (tPA) and urokinase-type

(uPA) plasminogen activators, making it a prime therapeutic target 18 61, Inhibiting
PAI-1 enhances endogenous fibrinolysis and has been shown to synergize with tPA,
allowing for lower doses of the thrombolytic agent to be used, which can translate to a

reduced bleeding risk 10. Among the various PAI-1 inhibitors developed, Tiplaxtinin
(also known as PAI-039) stands out as the most extensively studied orally efficacious

compound 15 37. It is a small-molecule indole oxoacetic acid derivative that was
identified through structure-activity relationship (SAR) optimization for biochemical

potency, physiological effect, and favorable pharmacokinetic properties 15. In preclinical
studies, oral administration of tiplaxtinin to rats with induced venous thrombosis
produced dose-dependent reductions in thrombus weight and significantly increased the

return of venous blood flow 38 39. Crucially, this pro-thrombolytic effect was achieved
without prolonging tail bleeding time or causing spontaneous hemorrhage, indicating a
favorable safety window where antithrombotic efficacy is separated from bleeding risk

39 . Tiplaxtinin's success in preclinical models demonstrates that orally bioavailable small
molecules can effectively modulate the fibrinolytic cascade to achieve therapeutic benefit

18 35,

Building on the success of early candidates, research continues to identify novel PAI-1
inhibitors. RS5614 is an orally administered small-molecule inhibitor that uniquely
targets the vitronectin-binding site of PAI-1, which prevents its stabilization and promotes

its degradation 62. After over a decade of optimization, RS5614 has progressed to human
clinical trials for indications including anti-aging, cancer, and lung diseases, with nearly



400 subjects having been dosed without any problematic side effects reported 62.
Another interesting discovery is annonacinone, a natural acetogenin that potently inhibits
PAI-1 (in vitro IC50 = 9 = 1 uM) and, in combination with low-dose rtPA, significantly

increased recanalization incidence and reduced thrombus size in a murine intravital

microscopy model without reported bleeding events 40. Marine-derived compounds also
show promise; FGFC1, a marine fungal alkaloid, acts as an allosteric activator of
plasminogen, inducing an open conformation that enhances reciprocal activation and
plasmin generation 58 63 . After demonstrating safety and tolerability in a first-in-human
Phase I trial, FGFC1 advanced to a Phase II trial in ischemic stroke patients, where it
showed a 0% rate of symptomatic intracerebral hemorrhage compared to 3% in the
placebo group 58. Its current status in a large Phase III trial underscores the potential of

this indirect activation strategy 58.

Other key targets in the fibrinolytic cascade also offer opportunities for pharmacological
intervention. Thrombin-Activatable Fibrinolysis Inhibitor (TAFIa), once activated by
thrombin, removes C-terminal lysines from degraded fibrin, which are essential binding
sites for plasminogen and plasminogen activators. Inhibiting TAFIa thus enhances
fibrinolysis 10. DS-1040, an oral small-molecule inhibitor of TAFIa, was evaluated in a
Phase I study where it successfully reduced TAFIa activity and shortened clot lysis time in
healthy subjects without affecting bleeding time 29 . While its Phase II trial in patients
with acute submassive pulmonary embolism did not meet its primary endpoint, leading
to the discontinuation of its development, the initial proof-of-concept for oral TAFIa
inhibition remains valid 29 35. Finally, a2-Antiplasmin (a2AP) is the primary inhibitor of
plasmin itself. Neutralizing a2AP prevents the premature deactivation of plasmin, thereby
amplifying the final lytic step. TS23 is a monoclonal antibody against a2AP that has
entered Phase II clinical trials for submassive pulmonary embolism, where it has
demonstrated a dose-dependent reduction in a2-antiplasmin levels and D-dimer without

significant bleeding episodes, validating this therapeutic strategy 29 36.

The table below summarizes key orally active or orally deliverable agents that promote
endogenous fibrinolysis.



Agent Name

Tiplaxtinin
(PAI-039)

RS5614

FGFC1 (BIIB131)

Annonacinone

DS-1040

Destabilase

Class / Type

Small

Molecule

Small

Molecule

Marine Fungal
Alkaloid

Natural
Product

Small

Molecule

Enzyme

Molecular
Weight

Not Available

Not Available

869 Da

Not Available

Not Available

Not Available

Primary Target

PAI-1

PAI-1

Plasminogen

PAI-1

TAFIa

Stabilized Fibrin

Cross-links

Key Feature / Finding

Most extensively studied oral PAI-1 inhibitor; reduced

thrombus weight in rat models without prolonging bleeding

time 38 39,

Binds to vitronectin site, promoting degradation; advanced to

human clinical trials with a good safety profile 62.

Allosteric activator; advanced to Phase III for ischemic stroke;

0% sICH vs 3% placebo in Phase II 58 64 .

Potent inhibitor; potentiated rtPA-induced recanalization in

mice without bleeding 40.

Demonstrated increased fibrinolysis in Phase I; development

discontinued after Phase II failure 29 35.

Leech-derived enzyme that specifically hydrolyzes €(y-Glu)-
Lys isopeptide bonds without systemic plasminogen

activation 16.

In conclusion, the indirect activation pathway offers a clear and validated roadmap for

the development of an oral thrombolytic. The existence of multiple, structurally diverse,

orally bioavailable small molecules that effectively inhibit key negative regulators of

fibrinolysis provides a strong starting point. The focus for pharmaceutical developers

should be on optimizing these lead candidates for improved pharmacokinetics, selectivity,

and safety, followed by rigorous clinical evaluation to confirm their efficacy and favorable

risk-benefit profile in patients with thrombotic disorders.

Pathway III: Hybrid Strategies and Future Frontiers in

Targeted Thrombolysis

While the direct delivery of enzymes and the indirect activation of endogenous pathways

represent two distinct and viable strategies, the most advanced frontier of thrombolytic

research lies in hybrid approaches that combine elements of both. These innovative

strategies aim to create a system that delivers a thrombolytic agent with exquisite

specificity to the site of a pathological clot. The central hypothesis behind this approach is

that by concentrating the lytic activity precisely where it is needed, it becomes possible to

achieve maximal efficacy while simultaneously minimizing systemic exposure and the

associated risk of hemorrhage. This paradigm shift from systemic to targeted

thrombolysis is being driven by advances in nanotechnology, biomaterials science, and

synthetic biology. Although many of these cutting-edge concepts are still in the preclinical



stage and primarily explored for parenteral delivery, their underlying principles are
directly applicable to the design of a future oral formulation.

At the heart of this strategy are clot-targeted nanoparticles (CTNPs). These are
nanocarriers, such as liposomes or polymeric micelles, that are decorated with ligands
designed to bind specifically to components that are uniquely expressed on or within a

thrombus 13 32 47, Common targets include activated platelets and fibrin deposits.
Ligands can be peptides, antibodies, or aptamers that recognize receptors like P-selectin,
GPIIb/IIIa, or von Willebrand factor (vWF) on the surface of activated platelets, or they
can bind directly to exposed sequences within the fibrin meshwork, such as the RGD

motif 19 32. Once the nanoparticle binds to the thrombus, it can then release its payload,
which could be a traditional thrombolytic enzyme like plasmin or a plasminogen activator

like tPA 13. The advantage of this approach is profound. In a study using CTNPs loaded
with plasmin, the targeted delivery system allowed for effective fibrinolysis in a
microfluidic model, whereas free plasmin was completely ineffective because it was

neutralized by a2-antiplasmin within seconds of entering the bloodstream 13. This
dramatically reduces the off-target bleeding risk inherent to systemic thrombolysis.

To further enhance specificity and control, these nanocarriers can be engineered to
respond to the unique microenvironment of a thrombus. For example, thrombi are rich in
the enzyme thrombin. Nanoparticles can be designed with a cleavable linker that holds
the payload in place until it encounters thrombin, at which point the linker is cut,

triggering the release of the drug directly at the clot site 13. Another environmental cue
is high shear stress, which is characteristic of blood flowing through a narrowed vessel
containing a clot. Shear-stress-responsive nanoparticles have been developed that release
their cargo only when subjected to these high-shear forces, ensuring drug delivery is

spatially confined to the region of vascular obstruction 47 60. These responsive systems
add another layer of precision, ensuring that the thrombolytic agent is unleashed only
under the correct pathological conditions.

Biomimicry represents another powerful avenue for creating targeted nanotherapeutics.
Platelets are naturally attracted to sites of vascular injury and thrombus formation. By
camouflaging a synthetic nanoparticle with a membrane derived from platelets,
researchers can create a "Trojan horse" that is inherently recognized and recruited to the
clot 49 50. Platelet membrane-coated PLGA nanoparticles loading lumbrokinase, for
instance, demonstrated effective thrombolysis with a reduced risk of hemorrhage
compared to standard rtPA in murine models 49. Similarly, hollow mesoporous Prussian
blue nanomedicine co-loaded with rtPA and Prussian blue has been shown to exhibit
robust thrombus targeting, ROS scavenging, and enhanced fibrinolysis, leveraging the



platelet membrane's intrinsic homing capabilities 49 . This biomimetic approach harnesses
the body's own navigational systems to guide a therapeutic payload to its destination.

Looking even further ahead, the convergence of nanotechnology with other fields opens
up entirely new possibilities. Exosome-based biohybrid nanorobots integrate the natural

targeting and immune tolerance of extracellular vesicles with engineered nanomaterials

51, These systems could be propelled by ultrasound or guided magnetically to a
thrombus, carrying a payload of thrombolytic agents that are released upon reaching the

target site 51. Ultrasound-propelled exosome nanorobots are explicitly cited for

applications in clot dissolution 51. Furthermore, the concept of disrupting clots
mechanically, rather than enzymatically, is gaining traction. Near-infrared (NIR)-
triggered nano-armor-piercing projectiles, for example, release nitric oxide (NO) bubbles
that generate a mechanical force to disrupt the clot, a process that does not rely on

systemic fibrinogen depletion and thus carries a very low risk of bleeding 47 60.

While these hybrid strategies are complex and resource-intensive, they represent the
pinnacle of thrombolytic innovation. The development of an orally delivered version of
such a system would be a monumental achievement. It would require combining the best
practices from all previous pathways: a robust nanoparticle platform capable of surviving

the GI tract (from Pathway I), perhaps employing a biological carrier like OMVs 3 |
loaded with a thrombolytic agent, and decorated with targeting ligands and/or stimuli-
responsive linkers (from Pathway III). Such a system would theoretically solve the dual
problems of GI survival and systemic safety simultaneously, representing the ultimate
realization of the user's vision for a safe and effective oral thrombolytic. The path to
realizing this vision begins with foundational in vitro and in vivo proof-of-concept studies

to validate the core principles of oral delivery and targeted action in preclinical models.

Synthesis and Actionable Recommendations for
Pharmaceutical Development

In synthesizing the comprehensive analysis of the provided research, it becomes clear
that the development of an orally administered drug for the dissolution of blood clots is a
scientifically grounded, albeit formidable, endeavor. The initial premise—that no such
drug currently exists—is accurate; however, this void is filled by a rich tapestry of
innovative research that outlines multiple viable pathways forward. The core challenge is
not a lack of potential agents but a series of profound delivery hurdles that must be



overcome. Based on this deep research, a strategic roadmap can be proposed, prioritizing
approaches based on their maturity, risk profile, and alignment with modern
pharmaceutical development principles.

The most pragmatic and immediately actionable recommendation is to prioritize
Pathway II: Indirect Activation of Endogenous Fibrinolysis with Orally Bioavailable
Small Molecules. This strategy offers the lowest technical risk and builds upon the most
mature and clinically validated concepts. The existence of multiple orally bioavailable
small molecules that effectively inhibit key regulators of fibrinolysis, such as Tiplaxtinin

(PAI-039) and FGFC1, provides a strong portfolio of lead candidates 39 58. These
molecules are designed to be chemically stable, orally absorbed, and to act on systemic
targets, thereby bypassing the immense difficulty of delivering a fragile protein. The
successful progression of compounds like FGFC1 into late-stage clinical trials for ischemic

stroke validates this therapeutic paradigm 58. An immediate action plan should focus on
selecting a lead candidate from the PAI-1 or TAFI inhibitor classes. While Tiplaxtinin is a
well-characterized option, exploring newer chemical scaffolds like the marine-derived
FGFC1 or the natural product annonacinone could yield compounds with superior

pharmacokinetic or safety profiles 40 58. The subsequent phase would involve a focused
medicinal chemistry program to optimize the selected lead, improving its half-life,
bioavailability, and target selectivity. Clinical development should be structured to first
demonstrate proof-of-concept for enhanced fibrinolysis in Phase 1/1I trials, measuring
pharmacodynamic endpoints like euglobulin clot lysis time and D-dimer levels, before
advancing to pivotal efficacy trials in patient populations at high risk for thrombosis.

A second, complementary strategy is to explore the advanced formulation of natural
proteases (Pathway I). This path directly addresses the user's initial desire for a "clot
dissolver" and builds upon the encouraging, albeit limited, precedents set by

Trombovazim® and Nattokinase 9 12. The rationale here is to take a known, potent
fibrinolytic enzyme and package it within a sophisticated delivery vehicle capable of
navigating the GI tract. The selection of a robust nanoparticle delivery platform, such as
the engineered outer membrane vesicle (OMV) system which has already demonstrated

the ability to deliver enzymes orally 3 44, or a proven lipid/polymer system like SLNPs

or liposomes 13 24 is a critical first step. Following platform selection, a panel of natural
proteases, including Nattokinase, Destabilase (which targets stabilized fibrin cross-links
and may have a better safety profile) 16, and potentially others, should be evaluated for
their suitability. This path would heavily rely on protein engineering techniques, such as
cyclization to enhance protease resistance or retro-enantio isomerization to create D-

amino acid versions that are highly resistant to serum proteases, to improve the stability

and longevity of the payload 2 . Preclinical development would involve rigorous in vitro



clot lysis assays followed by in vivo studies in animal models of thrombosis to quantify
efficacy and, critically, to assess the bleeding risk compared to non-targeted delivery
methods.

Finally, Pathway III: Hybrid Strategies and Future Frontiers, should be considered a
long-term, high-risk, high-reward objective. The concept of an orally delivered, clot-
targeted nanoparticle represents the ultimate goal: a therapy that maximizes local
efficacy while minimizing systemic toxicity. While the complexity of designing such a
system is immense, the potential payoff in terms of a vastly improved therapeutic index is
enormous. The initial steps should be dedicated to foundational feasibility studies. This
would involve in vitro experiments to demonstrate that a chosen nanoparticle platform
can successfully encapsulate a thrombolytic enzyme, remain stable in simulated GI fluids,

and release its payload in response to a relevant trigger, such as thrombin 13. Following
positive in vitro results, a rodent model of thrombosis should be used to test the in vivo
proof-of-concept, comparing the efficacy and safety of the targeted oral nanoparticle
against a non-targeted oral formulation and a standard intravenous thrombolytic. Success
in this area would likely require interdisciplinary collaboration between experts in
nanotechnology, synthetic biology for ligand design, and materials science.

To summarize, the development of an oral thrombolytic is a multi-pronged challenge that
can be approached with varying levels of risk and technological readiness. The most
direct path to a commercially viable drug in the medium term lies in the indirect
activation of the body's own fibrinolytic system using orally bioavailable small molecules.
This strategy capitalizes on a validated therapeutic paradigm and leverages the strengths
of modern medicinal chemistry. Simultaneously, pursuing the advanced formulation of
natural proteases offers a parallel track that directly fulfills the user's original vision. The
ultimate frontier of targeted nanotherapeutics, while requiring significant investment and
collaboration, holds the promise of a truly transformative therapy. By following this
strategic roadmap, pharmaceutical developers can systematically de-risk the project and
move closer to realizing the potential of an oral agent for the treatment of thrombotic
disease.
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