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Background: Pulmonary thromboembolism, a pathological condition characterized by the occlusion of pulmonary vasculature by
free-circulating thrombus, constitutes the third leading cause of cardiovascular-related mortality. Among conventional therapeutic
approaches to manage the disease, systemic intravenous thrombolysis is hindered by inherent pharmacokinetic and pharmacodynamic
limitations, including a short biological half-life, high requisite dosages, and an increased risk of hemorrhagic transformation. Given
the critical need for prompt pulmonary reperfusion, this study introduces a dual-targeted therapeutic strategy employing fucoidan-
functionalized, thrombolytic discoidal polymeric microparticles. This dual-targeted approach leverages the physicochemical properties
of disc-shaped particles, which exhibit shape-dependent accumulation in the lungs, together with the biological binding affinity
provided by the marine-derived component, fucoidan.

Methods: A top-down lithographic fabrication technique was employed to synthesize discoidal microparticle systems for physico-
chemical targeting to the pulmonary vasculature, providing precise control over the system’s geometry and uniform drug encapsulation
efficiency. Furthermore, a PLGA polymeric matrix was positively modified to incorporate fucoidan onto its matrix surface, which is
a sulfated polysaccharide with high-affinity interactions for P-selectin expressed on activated platelets in the nanomolar range. In vitro
and in vivo thrombolysis assays were conducted to assess the therapeutic efficacy of microparticles.

Results: The proposed discoidal systems coupled with the fucoidan showed rapid accumulation due to their shape and selective
interaction with activated platelets. Approximately 50% of the injected microparticles exhibited preferential accumulation within
15 minutes post-injection, and a significant portion remained over assay times. The fucoidan functionalization enhanced the targeting
potential, yielding a 4.65- and 1.48-fold increase under static and dynamic flow assays, respectively (all p<0.01). Although dramatic
dissolution was not achieved using the proposed system in comparison with rtPA, alongside in vitro and in vivo investigations, the
systems exhibited a more prolonged and dose-dependent lytic potential.

Conclusion: The proposed systems may offer an alternative to conventional systemic thrombolysis coupled with adjunctive
pharmacological interventions.
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Introduction

Pulmonary thromboembolism, characterized by vessel occlusion in the lungs due to abnormal thrombus formation, is
a third leading cause of mortality among cardiovascular diseases.'”” Statistical data acquired in the United States
demonstrate a gradual increase in morbidity and mortality rates associated with this condition.> Additionally, the global
spread of severe acute respiratory syndrome coronavirus 2 (COVID-19) has significantly heightened the risk of venous
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thromboembolism, further emphasizing the urgency of addressing this disease.*® Current standard therapies for
pulmonary thromboembolism include thrombolytic agents such as recombinant tissue plasminogen activator (rtPA),”*
anticoagulants (eg, unfractionated heparin, low-molecular-weight heparin, fondaparinux, warfarin, vitamin
K antagonists), and reperfusion strategies.” Among them, the administration of thrombolytic agents remains the most
intuitive and powerful strategy for dissolving thromboembolic structures. However, these agents encounter significant
limitations, including short half-lives, the requirement for high dosages, restricted applicability in patients with unstable
hemodynamics, and an increased risk of hemorrhagic complications.'®'" These limitations restrict their therapeutic
efficacy and clinical relevance.'” These challenges underscore the pressing need for innovative therapeutic strategies to
improve the pharmacodynamics of these agents.

Drug delivery systems (DDS) offer a promising alternative to address these limitations. DDS refers to a specially
designed platform that is intended to enhance the therapeutic efficacy of target drugs beyond the capabilities of
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conventional methods.'*'* By enabling controlled release, precise localization, and stabilization of therapeutic
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thrombolytic DDS can ensure that lytic agents are delivered to their action site with optimal concentration
and release rate. Criteria of effective thrombolytic DDS should (1) incorporate thrombolytic agents, (2) perform as
targeted delivery within the lesion site, and (3) ensure rapid interaction with thromboembolic formations. Due to a rapid
clearance of nanoparticles by the reticuloendothelial system (RES), larger microparticles, where they do not pose embolic
risk themselves, have been proposed as more advantageous due to their slower clearance rates.””> Among nonspherical
microparticles, discoidal particles with an approximate size of 3 pm have continuously demonstrated superior retention
within the RES, particularly in the pulmonary system, due to their preferential accumulation property and vascular
margination behavior.?*2® These particles tend to move alongside the vascular walls, thereby enhancing their interaction
with elongated thromboembolic formations.?”-*® Consequently, these physicochemical capabilities of discoidal particles
could be beneficial for handling pulmonary thromboembolism.

Polymeric discoidal particles exhibit versatility to be modified with targeting moieties. One of the targeting moieties
for circulating thromboembolic is a fucoidan. Fucoidan is a sulfated polysaccharide derived from marine sources and
exhibits nanomolar affinity with P-selectin on activated platelets that are major components of thrombus.***" An
underlying molecular basis of this interaction is the functional similarity of fucoidan to the natural ligand, P-selectin
glycoprotein ligand-1 (PSGL-1).>° Typically, the structural features of Sialyl Lewis X (sLe*) and sulfated tyrosine in
PSGL-1 enable binding to P-selectin via its C-type lectin domain.*' Although fucoidan does not contain sLe* or sulfated
tyrosine residues, its sulfated fucose units can mediate strong interactions with P-selectin, thereby facilitating a high-
affinity binding. Such sLe*-mimicking molecule has been widely investigated for interacting with P-selectin, as well as
other types of selectins.’** Current studies have demonstrated the efficacy of fucoidan-functionalized DDS combined
with thrombolytic agents in lysing clots and reducing thromboembolic burden.**>® Building upon this rationale, we
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developed a dual-targeted DDS that integrates both physicochemical and biological targeting mechanisms. The targeting
capabilities of the proposed particles are derived from their unique discoidal shape and fucoidan functionalization,
respectively. We hypothesize that this dual-targeted approach enhances the therapeutic efficacy of thrombolytic agents by
enabling more precise and targeted drug delivery.

Material and Methods

Materials and Reagents

The poly(lactic-co-glycolic acid) (PLGA; 50:50; MW:25,000-35,000) was provided by Akina Inc (USA). Branched
polyethyleneimine (branched-PEIs; MW: ~25,000), 1,3-dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide
(NHS), dimethyl sulfoxide (DMSO), dichloromethane (DCM), poly(vinyl alcohol) (PVA; MW:9000-10,000), fucoidan
from fucus vesiculosus, dialysis bags (molecular weight cut-off (MWCQO):12,400), thromboplastin from rabbit (3—4 mg
per vial), calcium chloride (CaCl,) dihydrate, Nile red, and collagen type I solution were purchased from Sigma-
Aldrich (USA). Slide-A-Lyzer mini dialysis unit (MWCO:10,000) and bicinchoninic acid (BCA) assay kits were
provided by Thermofisher Scientific (USA). Polydimethylsiloxane (PDMS) silicone elastomer base and its curing
agent were purchased from Dow Corning (USA). FITC-labeled CD62p antibody solution was provided by BD
Bioscience (USA). DyLight649-labelled IgG derivative against GPIbB for labeling platelets in vivo (X649) was
provided by Emfret analytic (Germany). The 4% paraformaldehyde (PFA) solution was purchased from Biosesang
(South Korea).

Preparation of PLGA Bound to Branched PEls (PLGA-PEIs)

We utilized the PLGA as the matrix of proposed particles. The PLGA was functionalized with branched PEIs (PLGA-
PEIs) to electrostatically incorporate their matrix with fucoidan. More detailed, the PLGA-PEIs were synthesized using
a typical DCC-NHS coupling reaction. The PLGA, DCC, and NHS (1:20:20, molar ratio) were dissolved in 5 mL of
DMSO to activate the terminal carboxyl groups under 550 RPM for 1 hour at room temperature, followed by adding
branched PEIs to couple with PLGA. The reaction was maintained for 24 hours at room temperature under a constant 550
RPM. The unreacted components were removed using a dialysis bag with a pore size of 12,400 of MWCO for 72 hours.
The mixture was freeze-dried for 24 hours, and the final product was collected.

General Procedure of Lithography-Based Top-Down Fabrication

The proposed carriers, fucoidan-functionalized thrombolytic discoidal polymeric particles, were fabricated by
a lithography-based top-down fabrication method found elsewhere.'®** Briefly, this fabrication was performed as
follows: (1) fabrication of master template, (2) fabrication of semi-permanent template using PDMS, (3) fabrication of
disposable template using PVA, (4) loading components of particles into a disposable template, (5) and collecting
particles. A more detailed description of each step is presented in the following subsections.

Synthesis of Control Discoidal Polymeric Particles

The silicon (Si) master template was fabricated via electron beam lithography, with each well designed to have
a diameter of 3.0 um and a height of 1.5 um. A mixture of silicone elastomer base and curing agent (10:1, v/v) was
prepared and cast into the master template to fabricate a semipermanent PDMS mold. The mold was then cured in an
oven at 60 °C for 6 hours. Subsequently, 48 grams of PVA dissolved in 800 mL of distilled water were poured into the
PDMS mold and incubated at 37 °C for 12 hours to synthesize disposable PVA film. For the control particles, referred to
as discoidal polymeric particles (DPPs) in this article, 70 mg of PLGA-PEIs was dissolved in a co-solvent solution of
100 uL. DCM and chloroform, then uniformly loaded onto the PVA film. The solvent mixture was evaporated in an oven
at 37 °C. The dried PVA film was then immersed in 400 mL of distilled water with magnetic stirring (200 RPM) for
90 minutes to facilitate DPPs collection. A filtration was conducted sequentially with two membrane filters (100 pm
nylon and 1.2 pm membrane) to remove PVA debris. The DPPs retained on the 1.2 pum membrane filter were collected by
centrifugation at 4000 RPM for 90 seconds. The particle suspension was subsequently freeze-dried, and the final product
was stored at 4 °C until further use.
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Synthesis of Experimental Discoidal Polymeric Particles

The experimental discoidal polymeric particles included the following types: fucoidan-functionalized discoidal particles
(FDPPs), rtPA-carrying thrombolytic discoidal particles (RDPPs), and fucoidan-functionalized rtPA-carrying thrombo-
lytic discoidal particles (FRDPPs). Hereafter, all denotations for particles will be presented in their abbreviated forms
unless otherwise specified. The procedures for synthesizing these particles were analogous to the above subsection,
except for the loading components. More detailed, a 100 pL of rtPA solution (PBS; 15 mg mL ") was prepared together
with PLGA-PEIs solution for synthesizing overall rtPA-relevant thrombolytic particles. The fucoidan functionalization
procedure was performed by adding the fucoidan solution (PBS; 1 mg mL™") into each type of collected particle by
rotating for 30 minutes to allow electrostatic binding. Each formulation was collected after centrifugation at 4000 RPM
for 90 seconds. All particles were freeze-dried until further usage.

Characterization of Particles

Fourier Transform Infrared Spectroscopy (FT-IR)

A conjugation of branched PEIs with the PLGA matrix was confirmed using FT-IR spectra of dried formulation (FT-IR,
Perkin Elmer, USA). Three different spectra of PLGA, branched PEIs, and PLGA-PEIs were compared with each other.

Hydrodynamic Size and {-Potential

All particles were dissolved in distilled water for measuring hydrodynamic diameter and (-potential. The diameter was
measured using the Multisizer (Multisizer 4e Coulter Counter; Beckman Coulter, USA) due to the nonspherical shape of
discoidal particles. The C-potential of particles was evaluated using a standard Zetasizer (Nano ZS90; Malvern
Instruments, UK).

Morphology

Morphology was acquired using a scanning electron microscope (SEM; JSM-7800F; JEOL, Japan) and standard
fluorescence imaging due to its size in the microscale. More detailed for SEM imaging, the acceleration voltage was
fixed at 1.0 kV with an emission current of ~89.8 pA, while the working distance was maintained at approximately
4.0 mm. The magnification ranged from 4000% to 15,000x depending on the sample, and the system was operated under
high vacuum conditions (~1.9 x 10~* Pa). Since the discoidal microparticles were synthesized with thrombolytic drugs
covalently conjugated to Rhodamine B, fluorescence imaging was employed to assess their morphology characteristics at
the microscale.

Encapsulation Efficiency and Drug Loading

The encapsulation efficiency (EE) and drug loading (DL) were quantified using a standard BCA assay. The investigated
loading mass of rtPA was 0.5, 1.0, 1.5, and 2 mg. The drug was incorporated during the synthesis stage. In order to
estimate the amount of drugs in the carriers, a 25 pL aliquot of each particle solution dissolved in organic solvent (1 mg
mL ") was reacted with BCA stock solutions. A standard curve was prepared using a serially diluted rtPA solution
ranging from 500 to 0 ug. The amount of drugs was estimated by using the standard curve. All BCA reactions were
conducted according to the manufacturer’s protocol. The optical density was measured at 562 nm using a multi-mode
reader (Epoch, BioTek, USA) after a 30-minute incubation. EE was calculated as the percentage of the actual amount of
drug encapsulated within the particles relative to the initial amount of drug used for loading. DL was determined as the
percentage of the mass of the particles that consisted of the encapsulated drug.

Cumulative Release Profile of rtPA From Carriers

A cumulative release profile of rtPA from the particles was assessed using dialysis. A 300 pL aliquot of FRDPPs solution
(PBS; 1 mg mL ") was loaded into dialysis units with a cut-off size of 10,000 MWCO. The released drug was collected
at the bottom of an Eppendorf tube filled with 1.4 mL of PBS. All measurements were conducted at 37 °C. Released
profiles were evaluated throughout 48 hours. The released drugs were quantified using the BCA assay. The solution
containing released drugs was reacted with the BCA stocks, and optical density was measured following the analogous
procedure as described in the above Encapsulation efficiency and drug loading subsection.

10284 ‘s Drug Design, Development and Therapy 2025:19



Choi et al

Stability Test

The stability of the particles was assessed by monitoring changes in their hydrodynamic size. A 10 pL sample of particles
(1 mg mL™") was diluted with 20 mL of the specific buffer (ISOTON II Diluent). Two different media—PBS and 30%
fetal bovine serum (FBS)-were prepared to investigate particle stability. The variations in hydrodynamic size were
measured over time. Particle stability was quantified by comparing the initial particle size to subsequent measurements
and presented as a percentage of the initial size.

Animal

All animal experiments were approved by the Institutional Animal Care and Use Committee of the Korea Institute of
Science and Technology (KIST-IACUC-2024-054) and conducted in accordance with institutional guidelines for animal
welfare. Experiments followed the Laboratory Animal Act and Animal Protection Act of Korea, and adhered to
internationally recognized principles, including the 3Rs (Replacement, Reduction, and Refinement). All rats were housed
in standardized cages measuring 280x220 x 130 mm® (length x width x height). Each mouse cage accommodated five
animals. Food and water were provided ad libitum via containers placed on the cage lids. In vitro blood clots were
fabricated using blood acquired from Sprague-Dawley (SD) rats weighing 280 g through heart puncture. In vitro
fucoidan-mediated static/dynamic targeting examinations were established using blood acquired from C57BL/6 mice.
The pulmonary thromboembolism examinations were performed using 6-week-old female C57BL/6 mice.

In vitro Thrombolysis

In vitro blood clots were fabricated for the thrombolysis assay as previously described.!>!'® More detailed, 70 pL of
freshly collected blood was mixed with 20 U (1 kU mL™") of thrombin and incubated in a shaking incubator at 70 RPM
for 30 minutes to produce highly retracted blood clots. The retracted clots were gently washed with PBS to remove
unreacted blood components. Blood clots exhibiting excessive hemolysis during the washing process were excluded from
further thrombolysis analysis. For in vitro thrombolysis, a blood clot was placed in a well of a 24-well plate, with each
well containing 1.5 mL of PBS. The doses of either naive rtPA or rtPA-loaded particles (ie, RDPPs and FRDPPs) were
adjusted to deliver 10 pg of rtPA per well. The thrombolysis reaction was conducted at 70 RPM in a shaking incubator
for 180 minutes. The optical density measured at 415 nm was utilized to estimate the extent of blood clot dissolution due
to peak absorbance of hemoglobin leakage. The thrombolysis observations were recorded at intervals of 30 or
60 minutes.

In vitro Targeting Examinations

Static Targeting Capability

A static targeting potential of FRDPPs was evaluated via immunohistochemistry. Briefly, in vitro blood clots were
prepared and fixed with 4% PFA solution overnight. The fixed clots were cryo-sectioned at a thickness of 20 pm using
a cryostat (Leica CM1950, Germany). Each section was incubated with 190 pL of FITC-labeled, diluted antibody
solution to identify P-selectin on the activated platelets and stored at 4 °C overnight. Excess and unbound antibodies were
removed by washing the slides twice with PBS. To investigate fucoidan-mediated binding, two types of particles were
prepared: DPPs as a control and FRDPPs as the final formulation. Both particles were loaded with Nile red (0.5 mg
mL ") to visualize under fluorescence imaging. A 60 pL sample from each type (PBS; 0.3 mg mL ') was applied to the
sectioned slide. After washing with PBS three times, the static capability of each particle type was assessed using
a Nikon Eclipse TS100 fluorescence microscope (Nikon Instruments Inc., Japan). A mean fluorescence intensity (MFI)
surrounding P-selectin on the activated platelets was quantified using ImageJ software.®’

Dynamic Targeting Capability

The dynamic targeting capability of FRDPPs was evaluated using microfluidic channels. To induce shear stress-mediated
platelet activation/aggregations, linear channels within the microfluidic chip were coated with 10 pL of collagen type
I solution (5 mg mL™") and stored at 4 °C overnight. Before dynamic experiments, all channels were rinsed with 1 mL of
PBS to remove excess coating materials. Fresh blood acquired from mice was circulated through the channel for
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5 minutes using a pulsatile pump to induce platelet activation. The channels were then washed with 50 mL of PBS for
1 minute to remove unreacted blood components. Subsequently, the FITC-labeled, diluted antibody solution (PBS; 20
ng mL™") was circulated within the channel to directly label P-selectin. Two types of particles were prepared to assess the
dynamic targeting capability of fucoidan-functionalized particles, as described above: DPPs and FRDPPs. A particle
solution (PBS; 0.5 mg mL ") was circulated through the channel for 5 minutes at a velocity of 57 cm-s ', which was
close to venous conditions in the pulmonary region. The evaluation of dynamic targeting was conducted following the
procedure outlined in the above static targeting capability subsection. Quantification of dynamic targeting was performed
by measuring the MFI within platelet aggregates using the same software.

Pulmonary Thromboembolic Rodent Model

A pulmonary thromboembolism model was established in 6-week-old female C57BL/6 mice, with slight modifications
based on previous reports.*®** Thromboplastin derived from rabbit was utilized to induce the model. Mice were
anesthetized intraperitoneally with a mixture of Zoletil 50 and Rompun (3:1, v/v). A vial containing 3—4 mg of
thromboplastin was dissolved in 4 mL of 10 mM CaCl, solution to achieve a concentration of approximately 1 mg
mL™". Due to the low solubility of thromboplastin in the solvent, the thromboplastin solution was continuously sonicated
using a standard bath sonicator to ensure complete dissolution before use. Several doses of thromboplastin (0-600 pg)
were initially screened to determine critical and sub-lethal dose ranges for the model. Doses exceeding 100 ug were not
further tested, as this range approached the critical threshold. A criterion for sub-lethal dose was based on the observation
of macroscopic acute/severe symptoms of pulmonary thromboembolism, such as shock or respiratory distress. The
thromboplastin solution was administered via tail vein injection.

In vivo Imaging System (IVIS) Analyses of Pulmonary Thromboembolism

The intensity of circulating platelets in vivo was measured using the IVIS. The mice were treated with thromboplastin
solution (50 pg/100 pL) to induce thromboembolism, followed by being administered 100 pL of DyLight649-labeled,
diluted X649 antibodies 15 minutes post-thromboplastin injection to label circulating platelets. We hypothesized that
relatively high signals of platelets corresponded to thromboembolic formation. The dilution of the antibody solution
depended on the weight of the mouse, following the manufacturer’s guidelines. Representative organs, including the
heart, lungs, spleen, liver, and kidneys, were harvested 20 minutes post-injection of the labeling antibodies to confirm the
distribution of embolism. The quantitative measurement of thromboembolism was defined as total radiant efficiency per
organ, which was assessed using the IVIS Lumina Series III system (Perkin Elmer, USA).

To confirm the thromboplastin dose-dependent intensity of thromboembolism, mice were injected with thromboplas-
tin at varying doses (0, 35, and 50 ug/100 uL). The subsequent procedures, including labeling, organ harvesting, and
quantification of fluorescence intensity in the lungs, were conducted to the protocol described above paragraph.

The physicochemical accumulation of particles into the lungs was validated using Cy5.5-labeled FRDPPs. A 200 pL
solution of particles (PBS; 2 mg mL™") was administered intravenously. The time-dependent accumulation of labeled
particles was analyzed in the ex vivo lungs at onset, 15, 30, and 60 minutes post-injection.

To assess the therapeutic potential of FRDPPs, a comparative study was conducted using rtPA and FRDPPs. The
doses of therapeutic agents were calibrated to 6 and 10 pg of rtPA. Following the establishment of thromboembolic
model mice, the animals were treated with either PBS, rtPA, or FRDPPs via tail vein injection. The lungs were harvested
30 minutes post-injection, and fluorescence intensities were measured using the IVIS.

Statistical Analyses

Almost all data were presented by the mean and standard error of the mean (mean+s.e.m) in the respective figure, unless
otherwise stated. Statistical comparison among groups over 3 groups was verified with one-way ANOVA, followed by
Tukey’s multiple comparison post hoc analyses using Python Scipy API. Statistical comparison between the two groups
was performed by an unpaired #-test using the same API. Statistical significance was presented as *p<0.05, **p<0.01 in
the respective figure.
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Results

Particles Characterization

The coupling of PLGA with branched PEIs was achieved through a conventional DCC—NHS reaction. The FT-IR spectra
of three substances confirmed the success of the binding process (Figure la). In the FT-IR spectra of PLGA-PEISs,
characteristic peaks were observed at 1638 cm ' and 1557 cm ™', corresponding to C=O stretching (Amide I) and
N-H bending coupled with C-N stretching (Amide II), respectively. Additional peaks at 1371, 1334, and 1247 cm™ ' were
identified as characteristic of C-N stretching and N-H bending vibrations (Amide III). This result shows the formation of
amide bonds between PLGA and branched PEIs and a successful reaction.

A top-down fabrication technique was employed to produce microparticles with highly uniform size and precise
geometric characteristics. We designed the shape of particles as a disc. Fundamental properties of particles, such as
hydrodynamic size, (-potential, and shape, were first measured. The hydrodynamic size of DPPs, FDPPs, RDPPs, and
FRDPPs was 3005+464, 28244423, 3028+520, and 28204138 nm, respectively (meants.d; n=5). A similarity of
hydrodynamic size across these formulations indicates that neither drug loading nor fucoidan functionalization had
a statistically significant effect on their hydrodynamic size (all p>0.05). As shown in Figure 1b, the {-potential exhibited
variations between groups depending on the loading materials. The {-potential of DPPs was 11.90+£1.25 mV, revealing
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Figure | Characterization of particles. (a) FT-IR spectra of PLGA, PEls, and PLGA-PEIs, confirming the successful integration of PEls into the PLGA matrix. Black arrows
indicate characteristic amide bond formations. (b) {-potential measurements of DPPs, FDPPs, RDPPs, and FRDPPs, illustrating the surface charge variations among different
formulations, depending on loading materials. (c) Representative SEM image of FRDPPs, revealing a disc-like morphology. Scale bar: | pm. (d) Standard curve regression
using serially diluted rtPA solution to estimate encapsulation efficiency (EE) and drug loading (DL). (e) EE and DL depending on the amount of added drugs (input), showing
a highest DL when 1.5 mg of rtPA was loaded within the polymeric structure (all n=5). (f) Representative fluorescence image of FRDPPs containing fluorescently labeled
rtPA, demonstrating even spatial distribution of rtPA. Scale bar: 10 um. (g) Cumulative release profile of rtPA from the polymer over time due to natural polymer hydrolysis
(n=5). A half-time for drug release from the carriers is approximately 7.13 hours. (h) Stability test based on size variations in PBS and 30% FBS, showing the most rapid
degradation among all tested buffers in the FRDPPs group (all n=5).
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a positive charge. Functionalization with fucoidan resulted in a shift to a negative {-potential (—10.42+1.19 mV), which
was attributed to the intrinsic negative charge of fucoidan. When rtPA was incorporated into the polymer matrix, the C-
potential remained at a positive value (5.26+1.88 mV). The final formulation, FRDPPs, exhibited a {-potential of —15.10
+0.90 mV.

The structural characteristics of FRDPPs were directly assessed via SEM imaging, confirming a disc-like morphology
(Figure 1c). Based on the analysis of SEM images, the average diameter and pitch of these particles were 2.64+0.15 um
and 1.21£1.71 pum, respectively (meants.d; n=5). These values were closely aligned with specifications of the Si master
template fabricated with a diameter of 3.0 um and a pitch of 1.5 um using the lithography technique. A slight
discrepancy in such dimensions was likely due to the evaporation of organic solvents during the loading stage, as it
promoted a compact loading of components into the wells in the PVA film. Importantly, the particle size and morphology
remained controllable and showed minimal variations across different formulations using the top-down fabrication
approach.

The quantification of EE and DL in the carriers was conducted using a BCA assay (Figure 1d and e). Interaction
between BCA stocks and rtPA can induce a colorimetric change due to the nature of the protein, thereby facilitating the
generation of the standard curve for estimation of drug loading. The regressed standard curve is depicted in Figure 1d.
The particles were fully dissolved in organic solvent to allow drug release from the polymer matrix. The assay solution
reacted with a solution containing leakage drugs and stocks resulted in a purple-like coloration, which was indicative of
protein presence. The optical density exhibited a positive correlation with increasing loaded drug amounts. As a top-
down fabrication approach offers the advantage of producing particles with uniform physicochemical properties rather
than entrapping drugs within their structures, the estimated EE was relatively low, saturating at approximately 1-3%
depending on the loading mass (Figure le, n=5). The highest DL was estimated at the loading mass of 1.5 mg. To further
investigate the spatial distribution of rtPA within the polymeric matrix, a fluorescent dye was covalently conjugated to the
drug molecules. The fluorescence image showed a homogeneous distribution of rtPA within the polymeric structures
(Figure 1f). This observation suggests drug encapsulation and a uniform distribution of rtPA throughout the synthesized
particles.

Given the critical urgency associated with pulmonary thromboembolism, the design of DDS prioritizes the efficient
and rapid release of thrombolytic agents from carriers. Therefore, we investigated a release profile of the particles
(Figure 1g). As a result, in vitro release kinetics of particles demonstrated that approximately 18% of the encapsulated
drug was released within the first hour, primarily due to the hydrolytic degradation of the polymeric matrix. Overall,
approximately 18%, 30%, 37%, 53%, 78%, and 93% of the drugs were released from the carriers at 1, 2, 4, 8§, 24, and
48 hours under hydrolytic conditions, respectively (n=35). The stability assessments concerning the size variations
revealed that the polymeric structures underwent a slightly accelerated degradation upon functionalization with fucoidan
and rtPA (Figure 1h, n=5). This enhanced degradability suggests potential benefits in addressing the acute therapeutic
demands of pulmonary thromboembolism. Irrespective of formulation type, all particles exhibited a pronounced tendency
to degrade more rapidly in complex biological environments, such as FBS.

In vitro Thrombolytic Potential of Particles
The thrombolytic efficacy of particles was evaluated using an in vitro blood clot dissolution model (Figure 2). The blood
clots exhibiting spontaneous hemolysis under washing steps were excluded to ensure experimental reliability. The size,
morphology, and uniformity of the fabricated blood clots were meticulously standardized to minimize variability using
a tube model.">'¢

As anticipated, treatment with PBS resulted in negligible thrombolytic activity, with dissolution values remaining
relatively constant across all time points. The slight reddish coloration observed in the assay medium across investigated
time points could be attributed to mechanical agitation rather than the thrombolytic action of drugs (Figure 2a; along
30-180 minutes). The typical thrombolysis snapshots of PBS, DPPs, and FDPPs (left panel of Figure 2a) showed
a minimal lytic potential. In contrast, the formulations containing rtPA—namely, rtPA solution, RDPPs, and FRDPPs—
showed significantly enhanced thrombolytic activity, as depicted in the right panel of the same figure This result suggests
that the incorporation of rtPA was the primary factor for thrombolysis in our design.
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Figure 2 In vitro thrombolytic potential of the synthesized particles. Various particle formulations were evaluated for in vitro thrombolysis. (a) Representative thrombolysis
images over time (0, 30, 60, 120, and 180 minutes) following treatment with PBS, rtPA, DPPs, RDPPs, FDPPs, and FRDPPs. Dose of rtPA was maintained at 10 ug across all
groups. (b) Quantification of blood clot dissolution over the incubation period. Sample sizes were n=/0-/ | for PBS, n=8-9 for rtPA and FRDPPs, and n=9 for DPPs, FDPPs,
and RDPPs, with outliers excluded. (c) Quantification of the clot dissolution rate per minute. While a rapid decline in lytic potential was observed in the rtPA group over the
time, that of FRDPPs tended to be maintained over the investigated period. Sample sizes included n=8 for rtPA and FRDPPs, and n=/0 for RDPPs, with outliers removed.
Statistical significance was determined using one-way ANOVA followed by Tukey’s post hoc analysis. Significance levels are indicated as *p<0.05, **p<0.01, and ns (no
statistical difference). All data are presented as meants.e.m.

A degree of initial dissolution across investigated groups was not significantly different, supporting initial control
over fabricated blood clots was well established (Figure 2b; 30 minutes; p=ns). A comprehensive quantitative analysis
revealed that direct rtPA treatment induced a rapid thrombolytic reaction within the initial 60 minutes, while RDPPs and
FRDPPs exhibited relatively lower thrombolytic activity during this early phase (Figure 2b; 60 minutes). However, both
particle-based formulations achieved thrombolytic potential comparable to naive rtPA after 120 minutes. The primary
advantage of these formulations lies in their ability to sustain drug activity over time, as depicted in Figure 2c. Although
the initial dissolution rate per minute of all groups was similar, the thrombolytic activity of rtPA declined sharply over the
assay time, showing approximately 73% of its initial thrombolytic activity lost by 120 minutes. In contrast, both rtPA-
carrying particles, RDPPs and FRDPPs, tended to maintain consistent thrombolytic activity and led to significant
differences in the dissolution rate compared to the rtPA group beyond 60 minutes post-treatment. The value for
FRDPPs remained consistently high during the 60-120 minute interval and started to decline over time. As
a prolonged thrombolytic effect was not observed in the RDPPs group, it could be interpreted that the fucoidan
functionalization contributed to the protracted thrombolytic effect through expected biological interactions.
Unfortunately, all rtPA-containing formulations did not present considerable blood clot dissolution; however, modifica-
tion with fucoidan offered superior thrombolytic efficacy by extending the therapeutic duration of rtPA.

In vitro Biological Targeting Potential of Particles
Although our previous in vitro results demonstrated that fucoidan functionalization tended to aid in sustaining thrombo-
lytic potential over time more effectively than the naive rtPA, a significant enhancement in clot dissolution was not
observed in terms of quantifiable dissolution. This complicates the interpretation of the biological binding effects of
fucoidan. Therefore, it was necessary to validate whether the proposed particles exhibited direct biological binding
interactions with clots (Figure 3).

In order to investigate the fucoidan-mediated binding capability of FRDPPs, two distinct in vitro binding assays were
conducted: static and dynamic binding evaluations. The static binding assay was designed using transverse sections of
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Figure 3 In vitro biological targeting potential of proposed particles. (a) Representative images depicting static targeting of particles toward P-selectin on the platelets,
showing an increased affinity of FRDPPs in clot sections. Scale bar: 100 pm. (b) Representative images of dynamic targeting toward P-selectin, even highlighting the superior
targeting efficiency of FRDPPs under fluidic conditions. White arrows for DPPs and FRDPPs binding on the activated platelets. Scale bar: 15 pm. (c) Quantitative analysis of
MFI for static and dynamic binding. The upper and lower panels correspond to MFI values within field of view (FOV) for clot sections and platelet aggregates, respectively
(n=10 and n=12 for static binding; n=6 and n=5 for dynamic binding for DPPs and FRDPPs). Statistical significance was assessed using an unpaired t-test; **p <0.01. All data
are presented as meants.e.m.

blood clots (Figure 3a). The fixed and frozen-sectioned clots with a thickness of 20 um were incubated overnight with
anti-CD62p antibodies before exposure to the formulated particles for visualizing activated platelets within the section.
Multiple rigorous washing steps were performed to eliminate potential biases arising from nonspecific and gravitational
binding. We hypothesized that biological binding capability could be confirmed even after the samples were labeled with
these antibodies, with high nanomolar affinity. As a qualitative analysis, typical static examination revealed a substantial
enrichment of FRDPPs in labeled clot sections, even after extensive washing, indicating their superior targeting affinity
compared to non-functionalized counterparts (Figure 3a).

The dynamic binding assay was conducted using a microfluidic line-channel system to simulate physiological shear
conditions. Freshly drawn blood from the mice was circulated within a collagen-precoated channel to induce platelet
activation under flow (Figure 3b). Given the somewhat high velocity (v = 57 cm-s '), passive sedimentation of particles
was deemed negligible, thereby allowing for an accurate assessment of specific binding interactions. As presented in
Figure 3b, the trend of dynamic binding was similar to that of the static assay, showing enhanced affinity for shear-
activated platelets compared to non-functionalized counterparts (see white arrows for FRDPPs binding on activated
platelets).

Consistently, the quantitative analysis of both static and dynamic binding assays demonstrated that FRDPPs
enhanced the biological targeting efficiency in comparison with DPPs. FRDPPs exhibited a 4.65-fold increase in
binding affinity under static conditions and a 1.48-fold increase under dynamic flow conditions, as shown in Figure 3¢
(all p<0.01). These results further emphasize the role of fucoidan functionalization in promoting efficient platelet
targeting, which could enhance thrombolytic therapy by facilitating selective clot dissolution while minimizing off-
target effects. These findings underscore the role of fucoidan functionalization in improving the targeting efficiency of
polymeric DDS, thereby enhancing their potential for selective thrombolytic therapy under physiologically relevant

conditions.
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In vivo Pulmonary Thrombolysis of Particles
The pulmonary thrombolysis was performed using the thromboplastin-inducible pulmonary thromboembolic model
(Figure 4). A bolus injection of thromboplastin is a well-documented method for inducing pulmonary
thromboembolism.**~° A preliminary dose-escalation study was conducted to determine the sub-lethal threshold of
thromboplastin dose for 6-week-old female mice (Figure 4a). The dose criteria were to induce a survival rate of up to
50%. The thromboplastin solution was prepared at a concentration of 1 mg mL™' and administered via tail vein injection.
As a result, the survival profile revealed that the dose of 50 ug (100 pL; 50 puL of stock plus the remaining 50 pL of PBS
buffer) induced a moderate state of pulmonary thromboembolism. All mice administered the dose above 70 pg exhibited
acute symptoms and ultimately succumbed to the conditions (ie, all died). Therefore, the thromboplastin dose for
subsequent studies was determined at 50 pg with the same volume as described above. This dosage was considered to
be the optimal dose for our model, as evidenced by an approximate 60% survival rate among the experimental cohort.
In order to confirm the extent of thromboembolic burden in the lungs following thromboplastin injection, fluores-
cently labeled antibodies that targeted circulating platelets were administered to model mice (Figure 4b). These
antibodies, conjugated with DyLight649 immunoglobulin derivatives, have been extensively utilized for real-time
in vivo thrombus visualization.**' We hypothesized that the fluorescence intensity of these antibodies in the major

organs correlated with thromboembolic accumulation, as thromboembolic formations coincide with enriched and
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Figure 4 In vivo pulmonary thrombolysis potential of FRDPPs. (a) Survival rate depending on thromboplastin dose, indicating that doses exceeding 50 ug approach the sub-
lethal threshold. All mice administered doses above 70 pg exhibited acute symptoms of pulmonary thromboembolism. The determined dose for this study was 50 ug. (b)
Representative IVIS images. (b-i) Visualized IVIS intensity of harvested major organs, showing the lungs displayed the highest signal intensity among all examined organs. (b-ii)
Visualized IVIS intensity of lungs from mice treated with varying thromboplastin doses (0, 35, and 50 pg), revealing dose-dependent thromboembolic accumulation in the
lungs. All organ images in (b-i and b-ii) are displayed with the same radiant efficiency scale (min—-max fixed) to enable direct comparison. (c) A preferential accumulation of
disc-shaped FRDPPs in the lungs, peaking at |5 minutes post-injection and remaining at elevated levels up to 60 minutes, as shown by the quantification of particle retention
in the lung tissues (all n=5). (d) Quantification of total radiant efficiency in the lungs. Administration of 50 pg thromboplastin significantly increased thromboembolic signals
(p=0.011). Treatment with either rtPA or FRDPPs reduced the efficiency levels to values comparable to the control group. PE: pulmonary thromboembolism-induced group.
(e) Dose-dependent reduction in radiant efficiency in rtPA and FRDPP-treated groups. Data for 6 ug cases were normalized to directly compare with 10 ug cases. Statistical
significance was determined using one-way ANOVA followed by Tukey’s post hoc analysis or unpaired t-test; *p<0.05, **p <0.01, and ns (no statistical difference). All data are
presented as means.e.m.

Drug Design, Development and Therapy 2025:19 hetps: 10291



Choi et al

activated platelets. Representative IVIS imaging of ex vivo major organs showed that the most prominent signal was
localized to the lungs (Figure 4b—i), supporting that the thromboplastin could induce pulmonary thromboembolism.
Furthermore, a dose-dependent escalation in thromboembolic deposition was evident across the tested dose range
(Figure 4b—ii). The strongest pulmonary thromboembolic signal was observed in the 50 ug group under standardized
imaging parameters, reinforcing the dose-dependent progression of thromboplastin-induced thromboembolism.

The shape-dependent physicochemical targeting efficiency of FRDPPs was analyzed using the IVIS (Figure 4c).
Model mice were administered 200 puL of Cy5.5-conjugated FRDPPs (PBS; 2 mg mL "), and pulmonary accumulation
was evaluated at 0, 15, 30, and 60 minutes post-injection. Quantitative analyses revealed that 48.7+£6.27, 28.7+8.44, and
30.3+8.11% of the injected particles accumulated in the lungs at these respective time points (mean+s.d; all n=35). A rapid
accumulation of discoidal particles was observed within the 15 minutes post-injection, and also a large portion of the
injected carriers remained in the lung vasculature over the investigated time (p=ns between 30 and 60 minutes). These
results further support that a substantial proportion of disc-shaped particles rapidly localize to the pulmonary vasculature,
likely contributing to the sustained degradation of pulmonary thromboembolic through prolonged retention within the
lung region.

A precise control of dose between rtPA and FRDPPs was performed to compare in vivo pulmonary thrombolysis
efficacy. Since circulating platelets are naturally present in the pulmonary vasculature, the average baseline total radiant
efficiency in the lungs was quantified at approximately 4.6x10° (Figure 4d; Control). The induction of moderate
pulmonary thromboembolism was achieved using 50 pg of thromboplastin (Figure 4d; PE), resulting in an approximately
twofold increase in radiant efficiency compared to the control group (p=0.011). Unfortunately, the treatment of rtPA or
FRDPPs only exhibited a decrease in the mean signal intensity relative to the 50 pg thromboplastin-treated group and did
not show statistical significance (all p=ns). Consistent with in vitro observations, a pronounced therapeutic effect was
only observed when comparing across different dose groups (Figure 4¢). At a reduced dose of 6 pg, neither rtPA nor
FRDPPs demonstrated a significant thrombolytic effect, with statistical analysis indicating no meaningful differences
between the 50 pg thromboplastin group and the 6 pg rtPA- or FRDPPs-treated groups. To allow for intra-group
comparison, values measured at 6 ug were normalized within their respective groups before direct comparison with the
10 pg dose. While the dose of rtPA to 10 pg did not show any dose-escalation reduction in the thromboembolism (p=ns),
administration of 10 pg FRDPPs resulted in a decrease to 62% of the corresponding 6 ng values (p=0.036). These
findings suggest that dose escalation of FRDPPs may be essential for eliciting an effective thrombolytic response, in
contrast to rtPA, which failed to demonstrate enhanced efficacy under equivalent dosing conditions.

Discussion

In this study, a dual-targeted thrombolysis system was developed utilizing fucoidan-functionalized thrombolytic discoidal
particles, and their thrombolytic potential was investigated. The formulated FRDPPs were designed to exhibit dual-
targeting capabilities for abnormal thromboembolic formations by leveraging both physicochemical and biological
targeting mechanisms. Each targeting potential resulted from their discoidal shape, favorable to target the lungs

24-2 .. . . . . 2 4
¢ and additional fucoidan functionalization,?®-3%-34-3¢

physically respectively.

The effectiveness of this system can be largely attributed to the utilization of PLGA as the particle matrix, which
enables precise modulation of the release profile of therapeutic agents through adjustments in the lactic-to-glycolic acid
ratio.”* In general, the release behavior of PLGA-based microparticles is strongly influenced by this ratio, thereby
affecting both encapsulation efficiency and release kinetics. Previous studies have demonstrated that PLGA with a 50:50
ratio undergoes faster degradation than other common formulations (eg, 75:25, 65:35), likely due to its balanced
hydrophilic—hydrophobic composition.**** The higher glycolic acid content in the 50:50 formulation contributes to
increased hydrophilicity, leading to more rapid and preferential degradation. Considering the time-sensitive nature of
pulmonary thromboembolism, PLGA with a higher glycolic acid content represents a more suitable matrix candidate.
Furthermore, the biocompatible and biodegradable properties of PLGA make it highly suitable for a broad range of
biomedical applications, including thrombolysis,'®***> despite the inherent hemorrhagic risks associated with the
therapeutic agent, rtPA.'%!" Notably, the chemical versatility of PLGA polymers allows for the incorporation of diverse

functional moieties, thereby expanding their potential for targeted drug delivery. In this study, cationic PLGA-PEI
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polymers were synthesized to integrate a biological targeting moiety, specifically the polysaccharide fucoidan. This
modification was accomplished via a conventional DCC-NHS coupling reaction, which facilitated the introduction of
positive charges into the PLGA matrix through the conjugation of branched PEIs. The formation of amide bonds within
the spectral range of 1200~1700 cm ' confirmed its successful reaction (Figure 1a). The binding capability of fucoidan-
functionalized particles was further validated by (-potential measurements comparing DPPs with fucoidan-functionalized
particles (FRDPPs or FDPPs), where the functionalized groups exhibited slightly negative surface charges (Figure 1b).
The resulting particles displayed well-defined physicochemical characteristics, demonstrating uniformity in size
(Figure lc and f). The physicochemical uniformity of particles suggests their potential efficacy in treating lung-related
diseases.

In our top-down fabrication process, the direct loading of protein-based drugs into polymeric structures is not
inherently relevant to a “closed packing of payloads”.'® Due to the porous nature of PLGA polymers, the hydrophilic
regions of rtPA inevitably remain exposed on the outer surface of the system during synthesis, resulting in a reduced drug
loading capacity per particle (Figure 1d and e). This observation is consistent with our previous finding, which reported
significantly low encapsulation efficiency when utilizing this fabrication protocol.'® The partial exposure of rtPA has also
been documented in the study employing 1 pm-sized particles, where tPA was chemically conjugated to the PLGA
matrix.*® In this case, drug entrapment occurred both within the polymeric matrix and on its surface. Although our
fabrication method showed a lower EE compared to the approach involving chemical conjugation, it offers a key
advantage by eliminating the need for a purification step. By directly loading materials onto a disposable PVA film, our
approach significantly simplifies the fabrication process. The streamlined procedure requires only minimal processing
steps while ensuring that an adequate amount of rtPA for thrombolysis is encapsulated both within the particle matrix and
on its surface, thereby maintaining sufficient thrombolytic efficacy. The precision and reproducibility of this top-down
fabrication method support its scalability for large-scale biopharmaceutical production. By reducing procedural complex-
ity and eliminating purification steps, this approach enhances efficiency and clinical feasibility for cost-effective
thrombolytic therapies.

An important characteristic of our system is that the fragmented exposure of rtPA on the matrix can contribute to its
efficacy for systemic thrombolysis while reducing the inherent side effects of rtPA. Notably, systemic thrombolysis via
bolus injection of rtPA has been largely restricted to patients at high risk of pulmonary thromboembolism (approximately
23-30% of cases) due to the potential risk of hemorrhagic transformation. This limitation constrains the use of rtPA in
patients predisposed to bleeding complications.*’*® Furthermore, thrombolytic particles designed for direct exposure of
rtPA to the bloodstream may still pose a risk of drug dissociation during systemic circulation, potentially leading to off-
target effects and systemic hemorrhage.'” Consequently, the DDS with excessive thrombolytic agent loading may not be
optimal for the treatment of thrombotic disorders, including pulmonary thromboembolism. Instead, controlled/targeted
DDS is likely to be more suitable for these diseases.

As demonstrated in Figure 2a and b, despite their limited EE capacity, it was sufficient to induce effective
thrombolysis while exhibiting a lower lytic potential during the early phase of investigation (ie, < 60 minutes) compared
to free rtPA. The sustained thrombolytic activity, characterized by a stable dissolution rate over time, was maintained
throughout the assay period (Figure 2c) and was primarily driven by the gradual hydrolysis of the polymer matrix.
Notably, the number of particles investigated in this study was controlled such that the total rtPA dose within the
suspension remained equivalent to 10 pg. Considering that approximately 37% of rtPA was freely dissociated from the
carriers within 4 hours (Figure 1g), a significantly lower drug dose (below 10 pg) was sufficient to achieve effective
thrombolysis in the initial phase. Under shaking conditions, the enhanced dissolution rate observed for FRDPPs between
60—-120 minutes may be attributed to the interaction between fucoidan and P-selectin on the activated platelets,
a phenomenon not prominently observed in the free rtPA and RDPP groups. This strong affinity-based binding of
FRDPPs to in vitro thrombi likely contributed to the sustained thrombolytic activity over the assay duration. Therefore,
the unique characteristics of FRDPPs, including their controlled drug exposure and electrostatic binding capability, may
help mitigate the risk of hemorrhagic transformation while maintaining thrombolytic efficacy. Additionally, these

microscale particles are less likely to accumulate in parenchymal tissues, thereby reducing the incidence of hemorrhagic
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events. However, further investigations should be warranted to assess the potential risks associated with the dissociation
of rtPA from the carriers and its systemic effects, which are beyond the scope of this article.'®!’

Repetitively, the optimization of thrombolytic therapy hinges on the precise and controlled delivery of pharmacolo-
gical agents to the thromboembolic lesion while minimizing off-target effects and systemic dissemination. Traditional
thrombolytic approaches are significantly impeded by rapid systemic clearance, nonspecific biodistribution, and an
elevated propensity for hemorrhagic sequelae. Systemic administration of thrombolytics frequently results in subther-
apeutic concentrations at the thrombus site, necessitating increased dosages that, in turn, exacerbate the risk of
deleterious complications. In response to these limitations, DDS integrating targeted thrombolytic modalities have
been extensively explored for enhanced thrombolysis, incorporating a range of stimulus-responsive platforms such as

20,21,49,50 31756 and electrostatic-based strategies.** ¢ For

magnetically guided carriers, ultrasound-mediated carriers,
example, magnetic nanoparticles conjugated with thrombolytic agents can be precisely directed to thrombi using
externally applied magnetic fields, facilitating enhanced local drug accumulation and superior clot degradation while
concurrently mitigating systemic toxicity. Similarly, ultrasound-sensitive carriers enable spatially localized thrombolysis
via insonation, leveraging cavitation-induced microstreaming and enhanced clot permeability to optimize drug release
kinetics. Various ultrasound-responsive vehicles, including echogenic liposomes, microbubbles, and phase-change
nanodroplets, have been developed to capitalize on acoustic cavitation, thereby achieving enhanced intrathrombus
penetration while maintaining a high therapeutic index. Beyond externally controlled DDS, endogenous targeting
mechanisms, similar to the fucoidan binding, present an autonomous and clinically translatable alternative, circumvent-
ing the necessity for external activation devices. In the present study, we developed FRDPPs designed for molecularly
targeted thrombolysis. The targeting efficacy of FRDPPs was systematically evaluated under both static and physiolo-
gically relevant dynamic flow conditions, as demonstrated in Figure 3. Consistent with prior literature,***> FRDPPs
exhibited enhanced targeting efficiency under both conditions. Given the hemodynamic parameters of pulmonary
circulation (v of 4470 cm-s™" in venous conduits®’ and 60—100 cm's " in arterial networks’®), active targeting remains
a viable therapeutic approach for venous thromboembolism. The high binding affinity of fucoidan for P-selectin (K4 =
1.2 nM) surpasses that of conventional polysaccharides such as heparin and dextran sulfate, a property attributed to the
structural homology between sulfated fucose moieties in fucoidan and sLe, motifs in PSGL-1. This molecular mimicry
facilitates high-affinity interaction with P-selectin, thereby enhancing thrombus localization and optimizing therapeutic
outcomes.”’

An essential characteristic of systemically circulating thrombolytic carriers is their ability to directly interact with
thromboembolic deposits under physiological flow conditions, independent of immune-mediated clearance. Conventional
lung-targeted therapeutic strategies have predominantly relied on either inhalation or intravenous administration to
enhance drug bioavailability and efficacy.””®® As emphasized in this study, the physicochemical properties of discoidal
particles confer a unique advantage for lung-targeted thrombolysis, increasing their propensity to engage with throm-
boembolic obstructions upon intravenous administration. Specifically, oblate discoidal particles with tailored aspect ratios
(ARs) exhibit preferential localization within the RES, particularly in the pulmonary vasculature, kidneys, and spleen.
The biodistribution profile of these particles is strongly dictated by their dimensional characteristics, with optimal
accumulation occurring within the 150 nm to 7 um range. Particles smaller than 20 nm are rapidly eliminated via
renal clearance, limiting their efficacy for sustained therapeutic action.””®' Therefore, the size of FRDPPs with 3 yum is
suitable for targeting the lungs’ vasculature. As demonstrated in Figure 4c, approximately 50% of the injected particles
accumulated in the lungs within the first 15 minutes post-injection, with a significant fraction persisting for at least
60 minutes. Consistent with prior literature, these physicochemical attributes of FRDPPs substantiate their potential as an
effective platform for targeted thrombolytic intervention in pulmonary vasculature.**

Despite the promise of the developed thrombolytic system, several critical limitations remain. For example, the
intervention did not reduce mortality in models of severe pulmonary thromboembolism. In murine subjects administered
a lethal dose of thromboplastin (> 50 pg), bolus injection of rtPA or FRDPPs failed to prevent fatality following the onset
of acute thrombotic symptoms (data were not shown). Given that FRDPPs demonstrated a dose-dependent reduction in
the severity of pulmonary thromboembolism, further investigations are warranted to optimize the dosing strategy and
therapeutic regimen to maximize thrombolytic efficacy. This dual-targeted approach may be better suited for patients

10294 ‘e Drug Design, Development and Therapy 2025:19



Choi et al

presenting with mild to moderate thromboembolic events. Furthermore, our results underscore the necessity of adjunctive
pharmacological interventions, such as anticoagulants, to improve therapeutic outcomes. The strategic integration of
thrombolytic and anticoagulant therapies, coupled with continuous monitoring, may significantly enhance patient
prognosis and therapeutic success.

Conclusion

This study introduces fucoidan-functionalized, rtPA-loaded discoidal polymeric particles as a dual-targeted platform for
pulmonary thromboembolism, integrating physicochemical targeting by disc-shaped microparticles (~3 um) with biolo-
gical affinity via fucoidan—P-selectin interactions. Our results demonstrated rapid and preferential pulmonary accumula-
tion, with approximately 50% of the injected particles localizing in the lungs within 15 minutes and a substantial fraction
persisting for at least 60 minutes. Fucoidan-mediated binding was systematically assessed under both static and dynamic
flow conditions, confirming superior performance of fucoidan-functionalized particles. Based on these effects, this dual-
targeting strategy produced a more sustained thrombolytic effect between 60 and 120 minutes in in vitro thrombolysis
assays compared to free rtPA.

However, despite these promising findings, the proposed drug delivery system did not reduce mortality in a severe
thromboembolism model with a lethal thromboplastin dose, suggesting that its therapeutic potential may be more suitable
for mild-to-moderate events. Taken together, this approach provides dose-responsive thrombolysis with sustained activity
and target engagement, although its superiority over native rtPA remains inconclusive. Future investigations should focus
on optimizing dosing strategies, elucidating particles—thrombus interactions in vivo, and exploring combination therapies
with adjunct anticoagulants to enhance clinical translatability.
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