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Abstract 

Among cardiovascular diseases, thrombotic diseases such as ischemic heart disease and 

acute ischemic strokes are the most lethal, responsible by themselves for a quarter of 

worldwide deaths. While surgical treatments exist, they may not be used in all situations 

and systemic thrombolytic drug injection, such as recombinant tissue plasminogen 

activators (rtPA), often remains necessary, despite serious limitations including short 

therapeutic window, severe side effects and failure to address the complex nature of 

thrombi. This prompted intense research into alternative thrombolytics or delivery 

methods, including nanomedicine. However, most nanoparticles face issues of stability, 

biocompatibility or synthesis robustness; among them, polymeric nanoparticles, though 

usually versatile and biocompatible, sometimes lack robustness and may involve toxic or 

complex synthesis. Here, we present polysaccharide hydrogel nanoparticles, designed 

with an improved microemulsion-based approach which allowed a critical size reduction 

from microparticles to 315 nm nanoparticles. They were decorated with fucoidan, a 

sulfated polysaccharide capable of high affinity binding to P-selectin, a thrombi biomarker. 

These nanoparticles exhibited a good stability, adequate size, biocompatibility and 

targeting capacity, and could be loaded with two different drugs, rtPA (fibrin degradation) 

or DNase I (degradation of neutrophil extracellular traps, or NETs), to exert thrombolysis. 

Notably, improved synergic thrombolysis was demonstrated on NET-containing thrombi, 

while in vivo thrombolysis shed light into improved thrombolysis of rtPA-loaded 

nanoparticles at 50% and 10% the recommended dose without secondary embolization. 

These safe, robust and easy-to-make nanoparticles could provide effective delivery 

strategies for thrombolytic treatments, while demonstrating the potential of 

polysaccharide nanoparticles as drug delivery agents. 

https://doi.org/10.1021/acsnano.4c17049
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Introduction 

Cardiovascular diseases (CVDs) have been responsible for the most deaths worldwide 

in recent years, causing around 20 million deaths in 2021 alone.1 Thrombotic diseases 

such as ischemic heart disease (IHD) and acute ischemic stroke (AIS) are the two top 

killers among them, and they remain respectively at the second and fourth place (behind 

COVID19 pandemic) in leading causes for disability-adjusted life years (DALYs) 

worldwide in 2021. There are multiple factors that can explain recent increasing trends in 

CVDs, including diabetes, high blood pressure, population aging, and health inequities 

among others. The burden of AIS and IHD is generally expected to continue increasing, 

making both prevention and improving therapeutic treatment critical. For ischemic 

diseases such as IHD and AIS, insufficient blood flow causes tissue infarction and usually 

results from thrombi (blood clots) occluding blood vessels in the heart (myocardial 

infarction, MI) or the brain (AIS).2 While the exact composition of these thrombi can vary 

widely depending on the etiology and site of occlusion, they contain mostly fibrin, which 

is essential for the thrombus formation and mechanical strength, as well as various cell 

types including red blood cells (RBCs), immune cells or platelets.2 However, other 

components were shown to be critical, such as Von Willebrand Factor (VWF) or neutrophil 

extracellular traps (NETs), which are DNA and protein networks released by neutrophils 

through a specific form of cell death known as NETosis.3  

Several “clot busters” thrombolytic drugs exist. In the case of AIS, intravenous 

thrombolysis was introduced in 1995:4 a recombinant tissue plasminogen activator (rtPA) 

enzyme, alteplase, is intravenously administered in order to activate plasminogen into 

plasmin, which will degrade fibrin in the thrombus. Despite its current place as a golden 

standard treatment, the drug half-life in circulation is less than 10 min, recanalization is 

low (around 20%),5 and due to severe side effects (e.g., neurotoxicity, hemorrhagic 

transformations) and a short therapeutic window, only few patients are eligible: less than 

10% AIS patients were treated with rtPA in the US in 2018.6 In 2015, endovascular 

therapy (EVT) was introduced and demonstrated promising results, with a reported 

recanalization of more than 90% in certain patients;7 however, it remains currently limited 

to large and medium vessel occlusions and therefore only 5% of all AIS patients in the 

US received EVT up to 2021, with few potentially eligible.8 Furthermore, it has been 

https://doi.org/10.1021/acsnano.4c17049
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recently found that the complex composition and structure of thrombi might impair 

thrombolytic approaches,3 with the extensive presence of NETs in AIS thrombi linked to 

rtPA resistance.9 Notably, several groups have provided evidence that DNase I, which 

may degrade NETs, could improve the thrombolysis of arterial thrombi.9–11 

Thus, multiple nanomedicine approaches have been reported to improve thrombotic 

disease treatment.12,13 Indeed, the vectorization of certain drugs through nanoparticles 

(NPs) directly to the thrombus could increase drug circulation time, avoid systemic side 

effects and reduce the total drug amount to be delivered. Interestingly, the size and shape 

of NPs can affect their distribution inside the blood flow due to margination effects. In 

blood vessels, RBCs and similarly sized objects tend to circulate in the center, while 

smaller objects are pushed to the sides (“marginate”). However, below a size threshold 

in the hundreds of nanometers, NPs follow a plasma-like homogeneous flow 

distribution.14–16 In contrast, below 100 nm NPs are generally most likely to extravasate 

or be internalized by endothelial cells, thus leaving the blood vessel.17,18 Such behaviors 

could be used to either aim particles to the sides or to the center of the flow in blood 

vessels. Other innate properties of NPs can be useful, including increased 

surface-to-volume ratio, or emergence of certain physical properties (e.g., 

superparamagnetism and localized surface plasmon resonance).13 Moreover, the 

targeting of such NPs to the thrombus is paramount to ensure a reduced drug use and a 

local increased activity. For blood clots, multiple biomarkers and adequate targeting 

moieties have been identified, including the RGD peptide for GPIIb-IIIa platelet 

receptors,19 the CREKA peptide for fibrin,20 or platelet membrane coating to mimic platelet 

recruitment to the clot.21 Besides, the use of nanoplatforms also opens the way for 

multiple drug delivery, as explored by Xu et al., 2019, who co-delivered rtPA and a 

neuroprotection agent to the ischemic brain area,22 theranostics with fluorescent 

nanoparticles with thrombolytic delivery from Niu et al., 2020,23 or simultaneous 

enzymatic and mechanical thrombolysis with the use of sonothrombolysis coupled with 

thrombolytic delivery through echogenic microbubbles.24 

While multiple NP formulations exist, from inorganic particles to dendrimers or lipid-

based, choosing one design is not straightforward. For instance inorganic NP are usually 

very stable, but their degradation and excretion can be problematic; dendrimers are 

multivalent tools useful for drug delivery, but have been burdened with toxicity issues; 

https://doi.org/10.1021/acsnano.4c17049
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lipid-based materials such as liposomes or lipid nanoparticles are very promising, but they 

involve complex mix of lipids, sometimes chemically modified, with robustness issues and 

high production costs.13,25 On the other hand, polymeric particles are interesting because 

of their versatility and broad available materials, but can also face robustness and toxicity 

issues, due to the polymerizing or crosslinking agents, and eventual organic solvents 

involved in the synthesis.13 

To propose a nanomedicine-based approach for thrombolysis, we designed targeted 

polysaccharide NPs that can be loaded with rtPA and DNase I. These particles are 

composed of polysaccharide hydrogels, and their synthesis through a 

microemulsion-inspired process yielded 315 nm NPs, while the one-pot synthesis was 

simple and involved only cost-effective, FDA-compliant reagents which satisfied green 

chemistry criteria. Notably, they were stable, were composed of biodegradable materials, 

and exhibited remarkable robustness throughout batch production. The targeting moiety 

was the fucoidan, a sulfated polysaccharide with nanomolar affinity for P-selectin, which 

is expressed on activated platelets and endothelium, and was demonstrated to be safe in 

humans with GMP formulation.26–28 These NPs were fully characterized, including 

composition, stability, biocompatibility, targeting, the loading of two different drugs, rtPA 

and DNase I, and subsequent thrombolytic capacities, both in vitro and in a murine 

thrombosis model. Overall, these findings demonstrated the potential of polysaccharide 

NPs to deliver drugs to thrombi, validated the microemulsion-inspired framework for 

emulsion-based synthesis and opened perspectives for drug delivery through 

biocompatible polysaccharide NPs. 

Results and Discussion 

Nanoparticle synthesis 

The synthesis consisted of a one-pot, two-step simple synthesis with robust production 

of uniformly sized NPs. It was inspired by previous protocols (referred to as “classical”) 

for formulating particles made up of polysaccharide hydrogels.29,30 Notably, this protocol 

combines the chemical crosslinking of dextran with sodium trimetaphosphate (STMP) 

under alkaline conditions to form hydrogels, which was described elsewhere,31 with the 

formation of stable water-in-oil (w/o) emulsion where water droplets serve as small 

reactors for hydrogel particle synthesis, as described in Fig.1.a; the crosslinking bonds 

https://doi.org/10.1021/acsnano.4c17049
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with STMP are phosphate diesters. Improvements were made by delaying the 

crosslinking reaction and, most importantly, by using the microemulsion (i.e., a 

thermodynamically stable emulsion) conceptualization of emulsions 32,33 to improve the 

w/o emulsion stability and diminish the water droplet size, thus reducing the resulting NP 

size. The Hydrophilic Lipophilic Difference (HLD) equation was used as presented by 

Abbott 32: 

(1) HLD = F(S) - k.EACN – α.(T-25) + Cc 

where F(S) represents a function of salinity S in the aqueous phase, EACN is the Effective 

Alkane Carbon Number determining the “oiliness” of oils, T is the temperature, Cc is the 

characteristic value of the surfactant, and k and α are fixed constants. When the HLD 

value is close to 0, the mixture obtained presents a balance between hydrophilic and 

lipophilic tendencies with extremely low interfacial tension, resulting in Type III Winsor 

emulsions. When HLD < 0, we obtain Winsor Type I oil-in-water (o/w) emulsions, and with 

HLD > 0, we obtain Winsor Type II w/o emulsions (Fig.1.b). In practice, these values can 

be determined from tables or determined experimentally, as shown in Fig.1.c, where a 

gradient in Cc values with two surfactants was prepared, thus obtaining a range of tubes 

displaying o/w emulsions (tubes 1 to 8, Fig.1.c), microemulsions (tubes 9 and 10, Fig.1.c) 

and w/o emulsions (tube 11, Fig.1.c). To form stable w/o emulsions, a strictly positive 

HLD value close to 0 was chosen. Through this framework, an adequate surfactant mix 

was determined to improve the emulsion step, with Cc = 2.39 and HLD = 0.80 (see HLD 

parameters in Sup.Fig.1). This synthesis yielded full dextran NPs, named Dex-NPs, and 

5 wt.% fucoidan-incorporating dextran NPs, named Fuco-NPs, to serve as targeting NPs. 

The Z-average hydrodynamic diameter was respectively 313.7±14.4 nm and 

316.5±15.3 nm, with low dispersity (polydispersity index, or PDI, considered as 

monodisperse below 0.2) as measured by Dynamic Light Scattering (DLS), without 

significant differences between both formulations (Sup.Fig.2). When comparing the 

former “classical” formulation to the microemulsion-based optimized formulation, the 

synthesis yielded batches in a robust manner with narrow Z-average size distribution 

which retained the same dispersity throughout batches (Fig.1.d-e, Sup.Fig.2), with an 

overall size reduction from around 850 to 315 nm. Sphericity was also confirmed by TEM 

(Sup.Fig.3). Furthermore, a major challenge with NPs remains their stability in various 

https://doi.org/10.1021/acsnano.4c17049
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colloidal suspensions, with stabilizing agents often used. As shown in Fig.1.f, with the 

“classical” submicronic particles, size increase through aggregation and sedimentation is 

seen when resuspended in saline without addition of the surfactant Tween 20; in contrast, 

with the optimized protocol, the Fuco-NPs do not show any significant differences in size 

in ultrapure water, saline, or saline with a stabilizer. These results validate the use of a 

microemulsion model to improve the formulation: a significant size reduction of NPs was 

obtained while using a similar protocol similar to the “classical” one which previously 

yielded micron-sized particles.29,30 It also guaranteed a robust process with low inter-

batch variability. Interestingly, the protocol improvement also resulted in increased 

stability of NPs without using stabilizing agents and without significant size variation even 

when the solvent ionic strength increases, in contrast to the previous “classical” particles.  

https://doi.org/10.1021/acsnano.4c17049
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Figure 1. Synthesis of Dex-NPs and Fuco-NPs. (a) Description of the one-pot synthesis process. 

A water phase containing the polysaccharides, NaCl and NaOH, is mixed with the STMP 

crosslinker, and then added dropwise in the oil phase constituted of sunflower oil and surfactants. 

The emulsification is performed with a high-speed homogenizer at 30 000 rpm on ice for 2.5 min 

followed by transfer in a 50 °C oven for crosslinking. The resulting NPs are purified and isolated 

by multiple rounds of ultracentrifugation. (b) Thermodynamic emulsion behavior of water and oil 

depending on Hydrophilic Lipophilic Difference (HLD) values (right). (c) Representative 

microemulsion scan based on sunflower oil, water, and a mix of surfactants displaying a 

microemulsion (ME) in tubes 9 and 10. The surfactant mix is performed such that the HLD is 

increasing from left to right. (d-e) Comparison of particle size (d) and dispersity (e) between the 

https://doi.org/10.1021/acsnano.4c17049
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classical (n = 21) and final (n = 32) protocols. (f) Size comparison of fucoidan containing particles 

between classical particles and Fuco-NPs in water, saline or saline with 0.02% Tween 20 as 

surfactant. When not indicated, the PDI was below 0.2. A two-way ANOVA was performed, with 

Tukey’s multiple comparison test to compare only the suspension medium effects (n = 3). 

Nanoparticle characterization 

The size and PDI of Dex-NPs and Fuco-NPs are recapitulated in Fig.2.a and were 

obtained in similar yields. The surface charge of NPs was measured as it often plays a 

major role in colloidal stability. Across a broad pH range, the Zeta potential measured by 

Electrophoretic Light Scattering (ELS) was below -20 mV for Dex-NPs and below -25 mV 

for Fuco-NPs (Sup.Fig.4), with specifically the Zeta potential at neutral pH 

of -25.9 ± 1.2 mV for Dex-NPs and -32.2 ± 1.8 mV for Fuco-NPs. The phosphorus and 

sulfur content were measured by TXRF, which respectively validated the incorporation of 

phosphorus through the phosphate diester crosslinking bonds, and incorporation of 

sulfate-containing fucoidan in Fuco-NPs. Similar Fourier transform infrared (FTIR) spectra 

(Sup.Fig.5) also demonstrated that Dex-NPs and Fuco-NPs were both fully constituted of 

polysaccharides (fucoidan being mostly indistinguishable from dextran by FTIR). Being 

made of dextran, a neutral polysaccharide, the low Zeta potential of NPs also clearly 

indicated the incorporation of negatively charged components: the phosphate diester 

crosslinking bonds, and fucoidan; such negative surface charges are generally 

considered low enough to impart electrostatic colloidal stability. This was verified by the 

storage stability of Fuco-NPs evaluated by size measurements over a year at 4 °C 

(Fig.2.b). Besides, freeze-drying of Fuco-NPs in 1% sucrose was possible without loss in 

size or dispersity as verified in Sup.Fig.6. This long-term cold storage and freeze-drying 

capacity are especially interesting for logistic and pharmaceutical purposes. Furthermore, 

the size of circulating objects can be crucial for their behavior in the blood, due to the 

margination effects previously mentioned. To verify whether the size reduction from 850 

to 315 nm could affect the particle distribution profile inside blood vessels, they were flown 

in blood at a venous flow rate in microfluidic channels. As shown in Fig.2.c, while 850 nm 

“classical” particles demonstrated a typical margination to the sides of the channel, the 

optimized Fuco-NPs presented a homogeneous profile across the microfluidic vessel 

cross-section. This can help warrant access to the thrombus wherever its location in a 

blood vessel, and keep NPs in the circulation.15,34 Thus, these NPs fall in a desirable size 

https://doi.org/10.1021/acsnano.4c17049


 

Published version (ACS Nano, 2025) can be found at: 

https://doi.org/10.1021/acsnano.4c17049 

10 

range of 150-400 nm in order to avoid extravasation 18 while maintaining them 

homogeneously distributed in blood flow.15,34 In addition, the Fuco-NPs’ in flow distribution 

after 30 min incubation in whole human blood was similar, suggesting the lack of 

aggregation or significant size increase, as shown in Sup.Fig.7. To further validate the 

use of these NPs, their biocompatibility was assessed. As they are meant to interact in 

the circulation, cytotoxicity was evaluated by measuring the metabolic activity by 

resazurin reduction after 24 h incubation of HUVEC endothelial cells in contact with the 

Fuco-NPs, as shown in Fig.2.d, where all concentrations assayed displayed a viability 

above the 70% threshold (decided as per ISO 10993-5 35), with notably the highest 

assayed concentration, 1000 µg/mL Fuco-NPs, displaying a 92.8 ± 5.7% viability. PBS 

was used as a control to compare effects of different medium dilutions. Moreover, HUVEC 

cell morphology was verified after incubation of 100, 400, 800 (not shown) and 1000 

µg/mL Fuco-NPs for 24h (Fig.2.e): the cells retained the cobblestone aspect and 

preservation of the actin cytoskeleton when comparing PBS exposure to Fuco-NPs. 

Finally, since the Fuco-NPs are meant to be circulating, the absence of hemolytic 

properties was essential. Both Dex-NPs and Fuco-NPs showed no hemolytic properties 

when incubated with human RBCs (10% being the threshold for nonhemolytic, and >25% 

for hemolytic risk 36) as shown in Sup.Fig.8. Besides, the biodegradability of Fuco-NPs 

by a (1 → 6)-α-D-glucosidase (such as dextranase), the activity of which is present in 

human tissues,48–50 was measured. As shown in Sup.Fig.9, dextranase could degrade 

100% of Fuco-NPs in 1 h at RT. This suggests that in vivo biodegradation of Fuco-NPs 

is possible.  

https://doi.org/10.1021/acsnano.4c17049


 

Published version (ACS Nano, 2025) can be found at: 

https://doi.org/10.1021/acsnano.4c17049 

11 

 

Figure 2. Characterization of NPs. (a) Major physico-chemical characteristics of Dex-NPs and 

Fuco-NPs. The fucoidan and phosphate contents presented were obtained by TXRF. (b) Z-

average size comparison measured by DLS for batches with different storage times at 4 °C. One-

way ANOVA with Dunnett’s multiple comparison test to compare every column to t = 0 was 

performed (n ≥ 3). (c) In flow behavior comparison of fucoidan containing 850 nm particles, 

obtained with the classical protocol, with 315 nm Fuco-NPs (optimized protocol). The blood 

containing 1 mg/mL TRITC-tagged particles is flowed at a venous flow rate in a microfluidic 

channel, and the fluorescence signal across a cross-section of the channel is measured. The X-

axis corresponds to the cross-section distance (n = 5). (d) Cytotoxicity test performed by 

https://doi.org/10.1021/acsnano.4c17049
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measuring human umbilical vein endothelial cells (HUVECs) viability through the metabolic 

activity by resazurin after 24 h incubation with Fuco-NPs or PBS (similar medium dilution as a 

control). Triton X-100 1% for 15 min served as a positive control and was significantly different 

from all others (not shown for clarity); the analysis was a 2-way ANOVA with Tukey’s multiple 

comparison test to compare only the differences between PBS and Fuco-NPs (n = 4). (e) HUVEC 

morphology after 24 h incubation with 1 mg/mL FITC-labeled Fuco-NPs visualized with the nuclei 

(DAPI) and actin (rhodamine phalloidin) (scale bar = 50 µm). 

Drug loading 

Once the NPs were fully characterized, the loading of various drugs by simple 

adsorption, including rtPA and DNase I, was investigated. Notably, the loading capacity 

(LC (%) = [drug loaded]/[NP]) was measured by BCA (total protein quantification) across 

various rtPA and Fuco-NP concentrations, as displayed in Fig.3.a. For a fixed 2.5 mg/mL 

Fuco-NP concentration, co-incubation with 0.25 mg/mL rtPA yielded the highest LC. This 

loading condition was kept in all further experiments, and the resulting loaded NPs were 

designed as Fuco-NP-rtPA, with a LC of 6.7 ± 0.6% (Fig.3.c). Interestingly, it was 

observed that, in similar loading conditions, rtPA loading was significantly increased in 

Fuco-NPs, due to a previously undescribed affinity of rtPA to fucoidan,37 compared to 

Dex-NPs (Fig.3.c). Moreover, the release of rtPA was investigated in PBS at 37 °C, at a 

dilution corresponding to the injection of a 1 mg/kg rtPA dose in mice (10 times lower than 

the effective dose usually used 38) or equivalent to 0.9 mg/kg dose of rtPA in humans, the 

current clinical recommendation for AIS treatment.4 As shown in Fig.3.d, a release curve 

illustrative of a burst release in the first 15 min and reaching a complete release after 60 

min was obtained. The amidolytic activity of rtPA after loading was validated with a 

fluorescent substrate assay (PefaFluor) as shown in Sup.Fig.10 and was retained after 

freeze-drying and resuspension without destabilizing the Fuco-NPs, with only a minor 

size decrease (Sup.Fig.10 and Sup.Fig.12). However, under the same loading conditions, 

barely any DNase I was loaded in Fuco-NPs. The isoelectric point of rtPA is around 7.5, 

while the isoelectric point of Pulmozyme (the DNase I used) is reported at 4.6, meaning 

that at neutral pH, rtPA is either neutral or slightly positively charged, while DNase I is 

negatively charged, which could prevent loading onto Fuco-NPs by electrostatic 

repulsion. As the latter remained negative across a broad pH range (Sup.Fig.4), loading 

at different pH values was tested (see Sup.Fig.11.a), demonstrating a successful 

https://doi.org/10.1021/acsnano.4c17049
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adsorption of DNase I at pH = 3. Based on this acidic condition, various DNase I and 

Fuco-NP conditions were tested, with notably the incubation of 0.5 mg/mL DNase I with 

2.5 mg/mL Fuco-NP yielding the highest LC (Fig.3.b). This condition was used in all 

following experiments and labeled Fuco-NP-DNase: the LC of DNase I was 16.9±0.4%. 

This LC remained similar for both Dex-NP-DNase and Fuco-NP-DNase (Fig.3.e), with a 

release profile similar to that of rtPA (Fig.3.f). However, such acidic conditions could 

denature DNase I, and therefore a fluorescent DNA substrate kit was used to measure 

the DNase I activity after loading onto Fuco-NPs and in acidic conditions (Sup.Fig.11.b). 

This demonstrated that while acidic exposure significantly reduced DNase I activity by 

12-fold, activity was partially preserved in Fuco-NP-DNase with only a 2.5-fold reduction 

in activity. This amounted to an effective LC (measured as [active drug]/{NP]) of 

8.3±2.2%. Fuco-NP-DNase freeze-drying further reduced the active drug content 

(Sup.Fig.11.b), to a corresponding effective LC of 4.7±2.5%, but Fuco-NP-DNase 

remained stable, with only a minor size decrease (Sup.Fig.12). Co-loading rtPA and 

DNase I in the same NPs was tested with no success, as rtPA loading always prevailed 

on DNase I (Sup.Fig.13), and thus Fuco-NP-rtPA and Fuco-NP-DNase were prepared 

separately and assembled immediately before each further experiment. Even though the 

rtPA and DNase I enzymatic activity was assessed with fluorescent substrate assays, it 

did not necessarily guarantee that they can still fulfill their fibrinolytic or NETolytic activity. 

Thus, two respective models were designed. On the one hand for rtPA, a fibrin agar plate 

assay (FAPA) was used.39 The degradation ring’s rate of expansion was measured 

(Sup.Fig.14) and with a standard range of free rtPA, the active amount of rtPA in a sample 

could be determined. As shown in Fig.3.g during loading experiments, the amount of 

active drug loaded in Fuco-NP was measured at 201 ± 23 µg/mL, slightly above the rtPA 

amount determined by BCA, indicating that the loaded rtPA retained its fibrinolytic 

potential. On the other hand for DNase I, a NETolysis assay was designed based on 

previous works.40 Neutrophils were isolated from human blood and then activated with 

PMA. SytoxGreen and DAPI DNA dyes were used after various treatments, owing to 

SytoxGreen lack of intracellular penetration compared to DAPI, to distinguish extracellular 

DNA (NETs) from nuclear DNA. After 4 h activation, the NETs were incubated with the 

Fuco-NP-DNase samples or with free DNase I. As shown in Fig.3.h top panels, NETs 

could be clearly seen after PMA activation. NETolysis could be observed in a DNase I 

https://doi.org/10.1021/acsnano.4c17049
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concentration-dependent manner, and at equal amounts of DNase I of 0.5 µg/mL, both 

free DNase I and Fuco-NP-DNase produced similar degradation of the NETs (Fig.3h 

bottom panels). This validated the NETolysis activity of DNase I on human NETs, but it 

also confirmed the retained activity of DNase I after loading in Fuco-NPs. 

 

https://doi.org/10.1021/acsnano.4c17049
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Figure 3. Drug loading in NPs (rtPA, left column; DNase I, right column). (a) rtPA loading capacity 

in Fuco-NPs 2.5 mg/mL for various rtPA concentrations, measured by BCA (n = 3). (b) DNase I 

loading concentration in Fuco-NPs 2.5 mg/mL at pH = 3 for various DNase I concentrations, 

measured by BCA (n = 3). (c) Comparison of rtPA loading capacity in Dex-NPs and Fuco-NPs by 

BCA ([rtPA] = 0.25 mg/mL, [NP] = 2.5 mg/mL) (n = 3). (d) rtPA release in PBS at 37 °C with a 

dilution equivalent to 1 mg/kg in mice or 0.9 mg/kg in human measured by PefaFluor (n = 3). (e) 

Comparison of DNase I loading capacity in Dex-NPs and Fuco-NPs by BCA ([DNase I] = 0.5 

mg/mL, [NP]=2.5 mg/mL) (n = 3). (f) DNase I release in PBS at 37 °C with a dilution equivalent to 

5 mg/kg in mice measured by DNase I kit (n = 3). (g) FAPA determined concentration of active 

rtPA in Fuco-NP-rtPA and supernatant resulting from a loading experiment (n = 3). (h) NETolysis 

assay. Neutrophils isolated from human blood were seeded and then activated with PMA to 

release NETs, followed by treatment with DNase I or Fuco-NP-DNase. DAPI and SytoxGreen 

were used to differentially stain intra- and extracellular DNA. Top left: neutrophils not exposed to 

PMA and treatments. Top right: NETs released with PMA but treated with PBS. Bottom left and 

right: NETs released by PMA and treated with 0.5 mg/mL DNase I or equivalent DNase I 

concentration in Fuco-NP-DNase (experiment repeated three times) (scale bar = 200 µm). 

Aggregated platelets targeting 

To validate the fucoidan-mediated targeting capacity of Fuco-NPs, a microfluidic setup 

was used to assess targeting to activated platelets in simulated blood circulation. Human 

blood is flown into collagen-coated microfluidic channels at arterial flow rates and the 

formation of platelet aggregates is observed in real-time. Various NP formulations were 

then flown into the channels before rinsing with PBS (see Sup.Fig.15.a and Sup.Movies 

1-5). After rinsing, the fluorescence of NPs and platelets was measured (Fig.4.a). Their 

colocalization was then calculated with the Pearson’s coefficient, as shown in Fig.4.b: 

Fuco-NPs demonstrated a statistically significant increase in colocalization with platelets 

when compared to Dex-NPs, as well as a global decrease in TRITC fluorescence (Fig.4.a) 

validating their targeting capacity. Furthermore, Fuco-NP-rtPA and Fuco-NP-DNase 

exhibited colocalization results similar to those of unloaded Fuco-NPs, proving that drug 

loading did not affect the targeting to aggregated platelets. It was also observed that 

Fuco-NPs had a superior colocalization to platelets than fucoidan-containing “classical” 

submicronic particles (Sup.Fig.15.b): this may stem from enhanced surface-to-volume 

ratio thanks to size reduction. Besides, this targeting was further quantified by in vivo 
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targeting of thrombi (Sup.Fig.15.c), validating the aggregated platelet targeting through 

P-selectin/fucoidan interaction to target thrombi. 

 

Figure 4. Validation of targeting and thrombolytic properties. (a) Representative final images of 

the microfluidic targeting experiment on activated platelets. Aggregated platelets labeled with 

DIOC6 were obtained in microfluidic channels, and then 1 mg/mL TRITC-labeled Dex-NPs or 

Fuco-NPs were flown under arterial flow for 5 min, followed by 5 min rinsing with PBS (scale bar 

= 100 µm). (b) Resulting colocalization of TRITC and DIOC6 signal after rinsing, measured by 

Pearson’s coefficient for 1 mg/mL Dex-NPs, Fuco-NPS, Fuco-NP-rtPA or Fuco-NP-DNase (n=4). 

Representative videos of targeting experiments are made available in the Supporting Information 
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(in vitro targeting: Sup. Movies 1-4). (c) Static thrombolysis with “young” clots. “Young” clots were 

obtained after 60 min incubation of whole human blood with 10 mM CaCl2 and 0.1 U/mL thrombin 

at 37 °C. After rinsing, they were weighted and treated with 1 µg/mL rtPA or Fuco-NP-rtPA at the 

equivalent rtPA dose. The released hemoglobin after 37 °C incubation for 1 h was quantified with 

the Drabkin’s reagent and normalized to the initial clot mass (n = 4). (d) Static thrombolysis with 

“old” clots. “Old” clots were obtained after 24 h incubation of whole human blood with 10 mM 

CaCl2 and 0.01 U/mL thrombin at 37 °C, then after rinsing they were weighted and treated with 1 

µg/mL rtPA, 50 µg/mL DNase I, Fuco-NP-rtPA or Fuco-NP-DNase at the equivalent drug dose. 

The released hemoglobin after 37°C incubation for 1 h was quantified with the Drabkin’s reagent 

and normalized to the initial clot mass (n = 4). 

Static thrombolysis 

Once Fuco-NP characterization, drug loading and targeting capacity were evaluated, 

static thrombolysis was assayed in static conditions on thrombi from human blood. The 

first formulation of in vitro clots, hereafter named “young” clots, were first created by 

mixing anticoagulated human whole blood with thrombin and CaCl2 at 37 °C, and then 

they were incubated with rtPA or Fuco-NP-rtPA. The release of hemoglobin (Hb) and 

weight decrease were quantified, and the released Hb amount per mass unit of clot is 

reported. As can be seen in Fig.4.c, rtPA incubation at 1 µg/mL resulted in a significant 

release of hemoglobin (0.73 ± 0.12 g.dL-1.mg-1) when compared to control treatment 

(PBS, which was correlated with a clot weight reduction. Moreover, the Fuco-NP-rtPA, 

incubated at equivalent 1 µg/mL rtPA, produced a comparable thrombolysis as free rtPA 

with 0.73 ± 0.20 g.dL-1.mg-1 Hb released per mg of clot. Thus, Fuco-NP-rtPA retained the 

same activity as free rtPA in a static thrombolysis model. However, when considering the 

combo action of rtPA and DNase I, this model with “young” clots showed no difference 

between rtPA alone or rtPA combined with DNase I (Sup.Fig.16.a), even with different 

DNase I concentrations. This could be attributed to the possible absence of NETs in this 

static thrombus model since thrombi can have very different compositions.2 A variation in 

the protocol for making in vitro clots from 1 h incubation to 24 h incubation, combined with 

a reduced concentration of thrombin, was tested, yielding clots that were named “old” 

clots. Based on the SytoxGreen/DAPI differential staining of extracellular and nuclear 

DNA, “young” and “old” clots were stained and the total fluorescence ratio of SytoxGreen 

over DAPI was quantified: a significant increase in the SytoxGreen and DAPI mean 
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fluorescence intensity ratio from 1.06 ± 0.01 to 1.30 ± 0.05 was observed, indicating that 

“old” clots contained more extracellular DNA than “young” ones (Sup.Fig.16.b), likely due 

to increased NET formation. The thrombolysis experiment was repeated to evaluate 

DNase potentiating action on rtPA on these “old” clots, now comparing rtPA at 1 µg/mL, 

DNase I at 50 µg/mL and equivalent drug concentrations of Fuco-NP-rtPA and 

Fuco-NP-DNase (Fig.4.d). In this model, rtPA alone amounted to 0.67 ± 0.10 g.dL-1.mg-1 

Hb released per mg of clot, while rtPA and DNase free drugs combo achieved 1.10 ± 0.17 

g.dL-1.mg-1 released Hb per mg clot, thus demonstrating a statistically significant increase 

in thrombolysis for the rtPA + DNase I combo, while DNase I alone was no different than 

the control treatment (PBS). Furthermore, the combo of Fuco-NP-rtPA and 

Fuco-NP-DNase resulted in 1.21 ± 0.08 g.dL-1.mg-1 released Hb per mg clot, similar to 

the free drugs combo, and significantly superior to the rtPA alone condition. Histological 

analysis revealed no structural differences in thrombi after the different treatments 

(Sup.Fig.17). This experiment reflected that like clinical thrombi,41 artificial thrombi could 

vary in composition, including NET formation; but for NET-containing thrombi, DNase I 

(ineffective alone) can improve thrombolysis with rtPA and that Fuco-NP-rtPA and 

Fuco-NP-DNase are viable formulations for delivering these active drugs.  
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Figure 5. In vivo thrombolysis in the FeCl3 mesenteric vein model. (a) Representative thrombi 

evolutions over time. Each thrombolysis experiment lasted 30 min, and the mosaics shown here 

are composed of juxtaposed thrombi binary masks acquired every 3 min. On the right of each 

mosaic is drawn to the corresponding area evolution curve over 30 min. The top three thrombi 

correspond to controls (saline, empty Fuco-NPs and rtPA 10 mg/kg) (scale bar = 400 µm). (b) In 

vivo thrombus area evolution over various treatments, represented as boxes and whiskers. Boxes 

are delimited by 25% and 75% quartiles and whiskers delimit minimum and maximum values. 

Detached clots are marked with orange squares. Statistical analysis was performed with one-way 

Welch’s ANOVA with Dunnett’s T3 multiple comparison test (n = 10). 

In vivo thrombolysis 

The in vivo thrombosis model was performed as described in Sup.Fig.18 with a murine 

mesenteric vein FeCl3 thrombosis, with male (24.9 ± 2.3 g weight) and female (19.9 ± 2.4 

g weight) mice. Once the thrombus formation was observed by intravital macroscopy 

through platelet aggregation, the samples were injected into the retro-orbital vein and 

continuous imaging was performed for 30 min (Sup. Movies 6-15). The thrombus area 

was measured over time, and the rate of thrombus degradation was calculated to account 

for disparities in the thrombi area. Each treatment group contained 10 animals, with 

equipartition of male and female mice. Saline and empty Fuco-NP (equivalent NP 

concentration to the Fuco-NP-rtPA 5 mg/kg) were used as negative control treatments, 

while the 10 mg/kg rtPA injected as a free drug served as the positive control as 

established before for murine models.38 Fuco-NPs loaded with rtPA alone at 5 mg/kg or 

1 mg/kg were compared to free rtPA at the same concentration. The potential synergic 

effects of DNase I with rtPA were also investigated, with their co-injection as well as the 

co-injection of Fuco-NP-rtPA 1 mg/kg with Fuco-NP-DNase 5 mg/kg. Representative clot 

evolutions over time are shown in Fig.5.a after treatment injection, with the respective clot 

area evolution curves (on the right of each clot). First, the saline treatment demonstrated 

that the thrombus keeps growing for a few minutes before reaching a maximum area 

before stabilizing. Empty Fuco-NP treatment also resulted in a stable clot. However, when 

treated with rtPA 10 mg/kg, the thrombi either diminished in size, or showed important 

remodeling, sometimes followed by clot departure, where the clot is visibly detached 

whole from the vessel and carried away. These results were recapitulated in Fig.5.b 

displaying the thrombi area evolution: while saline and empty Fuco-NP treatments 
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resulted in stable clots (respectively -0.29 ± 0.57%.min-1 and 0.32 ± 0.77%.min-1), six out 

of ten clots treated with rtPA 10 mg/kg were detached (n = 6, evolution of 

2.98 ± 2.82%.min-1), and the four remaining displayed decreasing clots (n = 4, evolution 

of -1.24 ± 1.17%.min-1). Diminishing the rtPA concentration reduced how affected the 

thrombi were: at 5 mg/kg only three clot departures and the seven remaining displaying 

clot area evolutions of -0.55 ± 1.30%.min-1 in average, while rtPA treatment at 1 mg/kg 

resulted in stable clots (evolution of -0.00 ± 1.09%.min-1). Interestingly, this might shed 

light on a major limitation of rtPA-based clinical treatment of stroke: a low rate of 

recanalization, and significantly decreased recanalization when the elapsed time from 

stroke onset to treatment increases, as explicit in the American guidelines for stroke 

treatment: “benefit of therapy is time dependent, and treatment should be initiated as 

quickly as possible”.42,43 This could indicate that fibrinolysis does not equal thrombolysis, 

as is often mistakenly perceived. Some clots, for instance, during the early AIS phase, 

might be more susceptible to rtPA as they are still developing. Another limitation might 

reside in the rtPA mechanism of action by binding to fibrin which could inherently limit its 

action in the clot;44 this was also investigated by Bannish et al., 2017, who explored how 

rtPA-mediated fibrinolysis proceeded as a moving front through the clot.45 It could explain 

an activity of rtPA limited to the edges or leading edge of a thrombus, thus elucidating its 

below-ideal efficacy and even why clot departures were seen, eroded from the edges but 

not destroyed. Most notably, such departed clots are still problematic and could form 

further emboli in distal vessels, even if often counted as successful events in in vivo 

studies, which therefore ignore the problematic secondary emboli. Regarding rtPA loaded 

NPs, only Fuco-NP-rtPA 5 mg/kg showed statistically significant improvement (evolution 

of -1.54 ± 0.69%.min-1) compared to both saline and empty Fuco-NP treatment, with a 

similar degradation rate to free rtPA 10 mg/kg (undetached clots). As for Fuco-NP-rtPA 1 

mg/kg (evolution of -1.21 ± 0.70%.min-1), it also resulted in a comparable thrombus 

degradation to free rtPA 10 mg/kg (undetached clots), significantly better than empty 

Fuco-NPs. To study the combo treatment, the lowest rtPA concentration (1 mg/kg) was 

chosen and combined with DNase I at 5 mg/kg. One clot out of ten departed, and the 

other displayed relatively stable clots (n = 9, evolution of -0.69 ± 0.86%.min-1). When 

Fuco-NP-rtPA and Fuco-NP-DNase were co-injected at equivalent drug concentrations, 

the size of the thrombi decreased (evolution of -1.01 ± 0.77%.min-1) but without 
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improvement over rtPA alone or Fuco-NP-rtPA treatments. Thrombus area evolutions 

quantified without the departed clots are shown in Sup.Fig.19. This demonstrated a 

benefit in using Fuco-NP-rtPA compared to free rtPA: systematic clot reduction was 

observed, and the lowering of the rtPA concentration used could reduce associated side 

effects. While this behavior is not fully understood, the absence of an improved 

thrombolytic capacity of Fuco-NP-rtPA in static in vitro experiments (Fig.4) tends to 

indicate a targeting-related behavior or an unknown in vivo biological effect which could 

only be observed in the in vivo experiment. It can be hypothesized that a sustained 

release over time by Fuco-NPs, attached to the clot, could be more beneficial 

mechanistically than free rtPA, which could be inhibited faster or lack the improved 

accumulation imbued by Fuco-NP targeting. As for the potentiating effect of DNase I or 

Fuco-NP-DNase on thrombolysis, no synergistic effect was observed. The concentrations 

used were 1 mg/mL rtPA (minimum where Fuco-NP-rtPA showed an effect but where free 

rtPA was not efficient) with DNase 5 mg/kg (highest dose possible with the constraint of 

using DNase I formulated at 1 mg/mL). This indicated that the FeCl3 thrombotic model, 

which was very relevant to measure Fuco-NP-rtPA-mediated thrombolysis and to observe 

the mechanistic differences between free and loaded rtPA, may not be adequate to 

investigate NET-dependent synergies. 

Biodistribution 

Fuco-NP accumulation at the thrombus site is clear from in vivo acquisition and was 

quantified with the targeting measurements in vivo (Sup.Fig.15.c and Sup. Movies 6-15). 

Nonetheless, NP fate in living organisms is critical. Therefore, four organs known to be 

involved in NP circulation removal (liver, spleen, kidney, and lung) were harvested at the 

end of the in vivo thrombolysis experiments for the saline and Fuco-NP treatment. In 

addition to the classical HES coloration, Alcian Blue (AB) coloration was performed to 

specifically stain acidic polysaccharides, such as glycosaminoglycans or 

mucopolysaccharides, but not chromatin DNA.30 Representative organ histological slices 

are shown in Fig.6.a. First, based on HES coloration no pathological changes were 

apparent between animals treated with saline or with Fuco-NPs. Regarding AB coloration, 

while some blue staining occurred in untreated organs, especially in the kidneys, 

differential staining was obvious after treatment with Fuco-NPs, especially in the liver or 

the spleen. Based on this differential staining, biodistribution of the Fuco-NPs in the 
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selected organs could be inferred, as determined in Fig.6.b. Increased Fuco-NP presence 

was evidenced in the liver, spleen, and lung with statistical significance (respectively 8-

fold increase, 11-fold increase, and 4-fold increase over saline treatment), while no 

difference could be noted in the kidney. CD68 staining was also performed to compare 

macrophages localization (Sup.Fig.20). Notably, the presence of Fuco-NPs in the various 

organs followed specific patterns, as seen at lower magnification in Sup.Fig.21. More 

precisely, the presence of Fuco-NPs in liver was evidenced in tens of micrometers-sized 

cellular or sinusoidal shaped areas, homogeneously distributed throughout the organ, 

following similar patterns as macrophages. In the spleen, Fuco-NPs were localized in 

specific ring-shaped areas surrounding the lymphoid white pulp, resembling the marginal 

zone. On the contrary, macrophages were present throughout the red pulp. In the kidney, 

AB staining was similar in control animals and in Fuco-NP treated animals, corresponding 

to glomeruli and showing no increased AB signal between controls and Fuco-NP treated 

mice, with few macrophages present. In the lung, some staining was evident in the control 

treated animals, most likely due to the presence of mucosal polysaccharides, but it was 

strongly enhanced with Fuco-NP treatment, arranged in tens of micrometer-sized cellular 

shaped areas throughout the whole organ, and following similar patterns as 

macrophages. The organ distribution is coherent for 315 nm NPs: absence from the 

kidneys, but evidenced in the liver, spleen, and lungs with distribution patterns coherent 

with macrophages; however, specific accumulation of Fuco-NPs in the marginal zone of 

white pulp in the spleen could be seen.46 This marginal zone is instrumental in building 

specific responses to the phagocytosis-mediated activation of certain cell types. All these 

elements point toward a mononuclear phagocyte system (MPS)-dependent processing 

pathway.46,47 Interestingly, dextran-based materials can be degraded in the human body, 

notably in the liver and spleen: enzymes capable of hydrolyzing dextrans, by (1 → 6)-α-

D-glucosidase activity, were found in animal and human tissues,48–50 and the in vitro 

biodegradation assay of Sup.Fig.9 indicated that such an enzyme could effectively 

degrade Fuco-NPs. The presence of phosphate diester bonds, which could hinder this 

process, may also be hydrolyzed in physiological conditions.50 Nonetheless, future 

experimentation on long-term biodegradation and clearance of Fuco-NPs will be 

necessary. Finally, healthy mice were treated with Fuco-NPs at a concentration 

equivalent to 1 mg/kg rtPA delivery in humans, and the inflammatory profile was 
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measured after 1, 3, and 24 h with the following cytokines: GM-CSF, IFN-γ, IL-1β, IL-2, 

IL-4, IL-5, IL-10, and TNF-α. GM-CSF, IL-2 and IL-5 were undetectable in all groups and 

the other cytokine levels are shown in Sup.Fig.22, demonstrating a very low inflammatory 

response (slight IFN-γ increase, and transient TNF-α increase concomitant to an anti-

inflammatory IL-10, while the pro-inflammatory IL-1β remained low). While extensive in 

vivo safety studies would need to be conducted before clinical use could be envisioned, 

this suggested that the Fuco-NP administration was well tolerated at the inflammatory 

level.  
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Figure 6. Biodistribution of Fuco-NPs in mice after thrombosis experiment. Three animals were 

used for saline or Fuco-NP treatment each. AB and HES colorations were obtained for liver, 

spleen, kidney, and lung for each animal. (a) Representative images from different organs of 

animals treated with saline or Fuco-NP (representative Fuco-NP staining was indicated by black 

arrows). All slices shown on one line come from the same animal and were aligned (scale bar = 

200 µm). (b) Quantification of AB positive coloration in each organ for the Fuco-NP (blue) or saline 

(purple) treatment. The total area stained blue was measured for each entire organ slice and 
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divided by the total organ area. A two-way ANOVA was performed, with Tukey’s multiple 

comparison test to compare only the differences per organ (n = 3). 

Conclusions 

In this study, we present full polysaccharide NPs that could be used for targeted 

thrombolytic treatment. These were designed with a simple and robust protocol which 

was developed with the help of a valuable microemulsion theoretical framework, which 

allowed a significant size reduction and synthesis robustness for a protocol initially 

designed for microparticle synthesis.29,30 The resulting 315 nm NPs fell in the desired size 

window of 150-400 nm to remain in the circulation, and were fully characterized, including 

good stability and freeze-drying capacities, which are especially interesting for future 

developments. Their biocompatibility and safety were assessed in vitro with cytotoxicity 

and hemolysis assays, and explored in vivo with biodistribution in the liver, spleen, kidney, 

and lung. They demonstrated their ability to specifically accumulate at the thrombi site in 

vivo through fucoidan targeting of P-selectin on activated platelets. Furthermore, the 

loading of rtPA and DNase I by adsorption was successfully optimized and ensured that 

enzymatic and thrombolytic activities were retained after loading, which was 

demonstrated in vitro on artificial thrombi while validating that DNase I could potentiate 

rtPA action on certain blood clots. Besides, qualifying the action of Fuco-NP-rtPA and 

Fuco-NP-DNase over various subtypes of thrombi, would eventually help pinpoint which 

combinations would be best suited for different thrombotic pathologies, and thus 

potentially help improve the standard of care for patients. In vivo, efficient thrombolysis of 

Fuco-NP-rtPA was demonstrated at 50 and 10% of the recommended free rtPA dose in 

mice, despite Fuco-NP-DNase not providing thrombolysis improvement in this model. 

Strikingly, this improved Fuco-NP-rtPA-mediated thrombolysis was accompanied by a 

systematic in situ clot reduction instead of having clot detachments as was the case with 

the free rtPA. Future development of these Fuco-NPs should include scaled-up 

production in a GMP setting, and a more complete in vivo exploration of their behavior 

and clearance in living organisms, validating the absence of toxicity and the safety 

improvement by working with these formulations. The in vivo degradability of these 

materials should also be assessed. Furthermore, P-selectin is expressed by both 

activated platelets and activated endothelium, and the precise role of each cell type in the 
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targeting of the thrombus localization may need to be assessed in future studies. The 

microemulsion-based approach is especially interesting as it led to enhanced storage 

stability (including freeze-drying capacity) and critical size reduction of polymeric hydrogel 

NPs. The implementation of this concept over various protocols might improve robustness 

and ease the design of emulsion-involving synthesis. Finally, these Fuco-NPs, which 

could be loaded with rtPA or other drugs, show promising results toward application for 

thrombotic diseases. 

Materials and Methods 

Materials: Dextran 40 kDa was purchased from Pharmacosmos (Holbæk, Denmark, 

#5510 0040 1007); FITC-Dextran 40 kDa and TRITC-Dextran 40 kDa were purchased 

from TDB Consultancy (Uppsala, Sweden, #FD40 and #TD40). Fucoidan (Mn = 18 kDa / 

Mw = 104 kDa) was a gift from Algues & Mer (Ouessant, France, #MMWFSA14093). 

Vegetable sunflower oil (Lesieur - Huile Coeur de Tournesol, Lesieur S.A.S, 

Asnieres-sur-Seine, France) was purchased from a local supermarket (Monoprix, Paris, 

France). Polyglycerol polyricinoleate (PGPR) was kindly supplied by Palsgaard (Lyon, 

France, # PGPR 4150). Fetal bovine serum (FBS) was purchased from Pan-Biotech 

(Aidenbach, Germany, #P30-3306). HUVEC cell line (ATCC, Manassas, Virginie, 

#ATCC-CRL-1730) was used at fewer than 40 passages. Tween 80 (#P1754), Trisodium 

trimetaphosphate (STMP, #T5508), Sodium Dodecyl Sulfate (SDS, #L3771), Sucrose 

(#S7903), fibrinogen type I from human plasma (#F3879), thrombin from human plasma 

(#T7009), plasminogen from human plasma (#528175), Phorbol 12-myristate 13-acetate 

(PMA, # P8139-5MG), Iron (III) Chloreide hexadydrate (FeCl3, # 236489-100G), 

Dextranase (#D0443) were purchased from Sigma Aldrich (Saint-Quentin-Fallavier, 

France). DMEM, low glucose, pyruvate (#31885049), Antibiotic Antimycotic solution 

(#15240062), PBS 1X and 10X (#14040133 and #14080055), Rhodamine phalloidin 

(#R415), low melting point agarose (#R0801), DIOC6 (D273), DAPI (#62247), 

SytoxGreen (#S7020) were purchased from Thermo Fisher Scientific (Massachusetts, 

United States). Horm collagen type I was purchased from Takeda Pharmaceutical (Tokyo, 

Japan). rtPA (alteplase) was purchased from Boehringer Ingelheim (Ingelheim am Rhein, 

Germany, # Actilyse). DNase I (dornase alfa) was purchased from Roche – Genentech 

(San Francisco, United States, #Pulmozyme 2500 U/2,5 mL). The PefaFluor kit 

https://doi.org/10.1021/acsnano.4c17049


 

Published version (ACS Nano, 2025) can be found at: 

https://doi.org/10.1021/acsnano.4c17049 

28 

(#CG8433) for rtPA titration was purchased from Interchim (Montluçon, France). The 

DNase I detection kit (#JE-PP-410L) was purchased from Euromedex 

(Souffelweyersheim, France). Polymorphprep (#1114683) was purchased from 

Proteogenix (Schiltigheim, France). Anti-H3 (#ab5103), anti-MPO (#ab90810), anti-CD68 

(#ab283654) antibodies, and IHC detection kit (#ab236468) were purchased from Abcam 

(Amsterdam, Netherlands). Human whole blood was acquired from EFS (Bichat Hospital, 

Paris, France), the French blood donation institute, under a research convention, in 

fePPACK, sodium citrate or EDTA collection tubes. 

Nanoparticle synthesis: Polysaccharide nanoparticles (NPs) were obtained through a 

water-in-oil (w/o) microemulsion, with chemical crosslinking in the aqueous phase. A 

polysaccharide solution (300 g/L dextran, 6 M NaCl) was prepared; for fluorescent NPs, 

a 5:95 mass mixture of TRITC-Dextran 40 or FITC-Dextran 40 with Dextran 40 was used. 

For targeting NPs, fucoidan was substituted to dextran at a 10 wt.% ratio. 15 mL of organic 

phase composed of sunflower oil and 6 wt.% surfactant (60:40 PGPR and Tween 80) was 

cooled at -20°C for 30 min. Meanwhile, 1200 mg of the polysaccharide solution is mixed 

with 60 µL of 10 M NaOH for 10 min. 240 µL of 30 wt.% STMP solution was added before 

quick mixing for 1 min. 600 µL of this aqueous mix was then added dropwise to the organic 

phase under dispersion with a stand-disperser (Polytron PT 3100, dispersing aggregate 

PT-DA 07/2 EC-B101, Kinematica, Luzern, Switzerland) for 2 min 30 s at 30 000 rpm on 

ice. The resulting emulsion was incubated at 50°C for 20 min before successive 

purification by ultracentrifugation (50 000 g, 30 min): the pellets were resuspended first 

with SDS 0.04 wt.% four times, then with ultrapure water three times. The resulting NPs 

were stored at 4°C in ultrapure water. Further concentrating of NPs could be performed 

with ultracentrifugation devices with size cutoff of 300 000 Da (Vivaspin, Dutscher, 

Issy-les-Moulineaux, France). Stable freeze-dried NPs were obtained with the LyoVac 

GT2 freeze dryer (SRK Systemtechnik, Riedstadt, Allemagne) after -80 °C freezing for 1 

h in a 1 wt.% sucrose solution. Submicroparticles (SPs) for comparison were synthesized 

as per Zenych et al., 2021.30 

HLD screening: HLD screenings were performed by mixing surfactants together for a 

total of 90 mg in centrifuge tubes, then adding oil phase (750 µL sunflower oil) with 

agitation for 1 h. Then water phase is then added (750 µL ultrapure water, saline 

solutions, or aqueous phase from the NP synthesis) slowly. A gentle agitation by three 
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up-and-down inversions is performed then the tubes are left to incubate at RT for more 

than 1 h, before they are observed and photographed. Surfactant gradients were used to 

determine unknown parameters as described by Abbott 32: two known surfactants (Tween 

80 and Span 80) were used to determine sunflower oil EACN, then Tween 80 with PGPR 

in sunflower oil were used to determine PGPR Cc. HLD was found to be independent of 

salinity for PGPR. Constants used: k = 0.16, F(S) = 0.13*S, and α was ignored by working 

at 25°C (RT). Known values were: CcTween80 = -3.7, CcSpan80 = 3.1. Determined values 

were: CcPGPR = 4, EACNsunflower oil = 16. 

Physico-chemical characterization: The NPs formulations were studied for particle 

morphology, size and zeta potential distributions, mass concentration, and elemental 

composition. Particle morphology was visualized by Transmission Electron Microscopy 

(TEM) (Philips FEI Tecnai 12, Amsterdam, Netherlands), negatively stained with 1 wt.% 

uranyl acetate for 5 min. Hydrodynamic size (diameter), polydispersity (PDI) and Zeta 

potential (ζ-potential) were measured by Dynamic Light Scattering (DLS) and 

Electrophoretic Light Scattering (ELS), respectively (Zetasizer Nano ZS, Malvern 

Instruments, Orsay, France). Samples were diluted in distilled water, 0.9 wt.% NaCl or 

PBS 1X for size, and in 1 mM KCl for ζ-potential determination. All runs were performed 

at 25°C in triplicate. Mass concentration (yield) was determined by freeze-drying. 

Elemental composition was assessed by total reflection X-ray fluorescence spectroscopy 

(TXRF) technique to quantify the phosphorus and sulfur content (S2 PICOFOX Bruker, 

Massachusetts, United States). Fourier transform infrared spectroscopy (FTIR) spectra 

were obtained after drying and inclusion in KBr pellets (Thermo Nicolet AVATAR 370 

FTIR spectrometer, Thermo Electron Corporation, Waltham, MA). The stability of 

Fuco-NPs and compared SPs in various solvents (ultrapure water, 0.9 wt.% NaCl, PBS 

1X) was evaluated 6 h after solvent exchange, or after various timepoints at 37°C by DLS. 

For long-term storage stability, some batches were kept in storage at 4°C for up to 13 

months.  

Fucoidan and phosphate chemical quantification: The fucoidan content of NPs was 

determined by a semiquantitative solid-phase colorimetric assay for sulfate titration 51. 

Briefly, 12.5 µg of Fuco-NPs in suspension at a concentration of around 1 mg/mL were 

added by 5 µL drops on a piece of Whatman Chromatography paper grade 1 with drying 

between each drop addition. The paper was first soaked into a methanol/acetone (6:4) 
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solution for 3 min and then into a methanol/acetone/water (6:4:15) solution with 50 mM 

HCl and 0.1 wt.% methylene blue for 10 min. Finally, the paper was extensively washed 

with acetic acid/methanol/acetone/water (5:6:4:85) until no coloration was detected in the 

washing solution. The paper was then transferred to the Eppendorf, containing 0.5 mL 

methanol with 2 wt.% SDS, and incubated for 15 min at 50°C. A 0.2 mL portion of the 

extracted dye was placed in a 96-well plate, and its concentration was determined by 

reading absorbance at 663 nm with a Varioskan LUX multiplate reader (Thermo Fisher 

Scientific, Massachusetts, United States). Standard curves were obtained from fucoidan 

in solution with known concentrations. The phosphate content of NPs was determined by 

a colorimetric assay. Briefly, two solutions A (2.5 g/L ammonium metavanadate NH4VO3, 

13 wt.% HNO3) and B (5 g/L ammonium heptamolybdate (NH4)6Mo7O24) are prepared. 1 

mL of around 1 g/L NPs are incubated with 1 mL HNO3 10 wt.% for 3 h at 105°C, then 

0.4 mL HNO3 65 wt.%, 2 mL solution A, 2 mL solution B and 3.6 mL water are added. 

After 15 min incubation at room temperature (RT), the concentration was determined by 

reading absorbance at 405 nm. Standard curves were obtained from H3PO4 solutions with 

known concentrations. 

Biodegradation in vitro assay: To evaluate the biodegradability of the polysaccharide 

nanoparticles, fluorescent TRITC-Fuco-NPs (1 mg/mL) were incubated in 1% (v/v) 

dextranase in PBS 1X (200 µL) or PBS 1X for 1 h at 37°C. The samples were then 

ultracentrifuged for 15 min at 50 000G, and the pellet were resuspended in 200 µL 

ultrapure water. The total TRITC fluorescence of the supernatants and resuspended 

pellets was measured with a Varioskan LUX multiplate reader (Thermo Fisher Scientific, 

Massachusetts, United States). Furthermore, DLS measurements were performed on the 

supernatants and resuspended pellets. 

Cell culture and cytotoxicity assay: To evaluate the cytotoxicity of the NPs, a resazurin 

Fluorometric Cell Viability Assay (#TOX-8 kit) was used on confluent Human Umbilical 

Vein Endothelial Cells (HUVECs). The cells were cultured in low glucose DMEM 

supplemented with 10 % v/v FBS and 1 % v/v antibiotic-antimycotic; the cells were kept 

in an incubator at 37°C in a humidified atmosphere of 5% CO2. Cells were seeded into 

96-well plates with 30 000 cells per well. Following 24 h of incubation, the medium was 

changed to Fuco-NPs resuspended in culture medium in a range of 0.1 to 1 g/L, and the 

cells were cultured for another 24 h. Cells cultured with equivalent PBS 1X medium 
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dilution were set as control. Negative controls were culture medium only, and positive 

controls were 1 % (v/v) Triton X-100 in culture medium for 15 min. Then the medium was 

replaced with 100 μL 10 % (v/v) Resazurin solution in culture medium, and the plates 

were covered in foil and incubated for another 2 h. The Resazurin absorbance signals 

were monitored at 570 and 590 nm wavelengths with a Varioskan LUX multiplate reader 

(Thermo Fisher Scientific, Massachusetts, United States). The corrected absorbance 

values were blank corrected: A’ = A570nm- A590nm, and the relative cell viability was 

expressed as (A’ - A’neg) / (A’pos - A’neg) × 100%, with the negative and positive control 

absorbances respectively averaged in the control wells as detailed above. To examine 

possible cell morphology changes after co-incubation with Fuco-NPs, HUVECs cells were 

seeded in 8-wells Lab-Tek II Chamber Slide (Thermo Fischer Scientific, Massachusetts, 

United States) with 10 000 cells per well. The medium was changed 24 h to Fuco-NPs 

resuspended in culture medium in a range of 0.1 to 1 g/L, and the cells were cultured for 

another 24 h. Cells cultured with equivalent PBS 1X medium dilution were set as control. 

Next, cells were fixed with 4% (v/v) paraformaldehyde for 30 min at 4°C. After rinsing with 

PBS, cells were permeabilized with Triton X-100 0.1 wt.% in PBS for 5 min at RT then 

washed twice with PBS before incubation for 60 min at RT with 1% (v/v) 

Phalloidin-Rhodamine in PBS. After two PBS washes, the slides are mounted with a 

Mounting Medium with DAPI. Visualization was performed with a confocal microscope 

(Zeiss LSM 780, Iena, Germany). 

Hemolysis assay: To evaluate hemolysis, human whole blood was collected in EDTA 

tubes, then centrifugated at 500 G for 5 min. After plasma removal, an equivalent volume 

of saline was added. Centrifugation and saline addition were repeated. After a third 

centrifugation with PBS addition instead of saline, the RBCs suspension was then diluted 

to 1/50 in PBS. After visual verification (turbidity, sedimentation), 1 volume of samples 

was mixed to 19 volumes of diluted RBCs in V-bottom 96-well plates. For negative and 

positive controls, PBS and 20 % (v/v) Triton X-100 were respectively used. After 60 min 

incubation at 37°C with slow agitation, the plate was centrifuged for 5 min at 500 G, then 

the supernatants were collected, and the absorbance is read at 541 nm. 

Blood margination: An in vitro blood flow assay was performed to evaluate the 

margination of NPs within blood flow. Micro-channels of Vena8 Fluoro+ chambers (width: 

0.04 cm, height: 0.01 cm, and length: 2.8 cm; Cellix Ltd, Dublin, Ireland) were rinsed with 
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NaCl 0.9 wt.% before use. Human whole blood was collected in sodium citrate tubes and 

labeled with 5 μM DIOC6, then NPs were added to a concentration of 1 mg/mL. The blood 

was then perfused at venous shear stress (here, 7 µL/min) for 2 min after 0 min or 30 min 

incubation in blood and fluorescence images were acquired with a microscope (Axio 

Observer, Carl Zeiss Microscopy, Oberkochen, Germany). Fluorescence was measured 

across 5 cross-sections per channel and averaged over 2 min for each sample.  

In flow platelet aggregates targeting assay: An in vitro flow adhesion assay was 

performed to evaluate the targeting of NPs to activated platelets. Micro-channels of 

Vena8 Fluoro+ chambers (width: 0.04 cm, height: 0.01 cm, and length: 2.8 cm; Cellix Ltd, 

Dublin, Ireland) were coated overnight with fibrillar type I collagen (50 μg/mL) overnight 

at 4°C and rinsed with NaCl 0.9 wt.% before use. Human whole blood, collected in the 

PPACK tubes and labeled with 5 μM DIOC6, was perfused at arterial shear stress (here, 

60 µL/min) for 5 min to induce platelet activation and aggregation. Platelet aggregation 

through contact with collagen was visualized in real-time with a microscope (Axio 

Observer, Carl Zeiss Microscopy, Oberkochen, Germany). After rinsing with NaCl 0.9 

wt.%, fluorescent Dex-NPs or Fuco-NPs (unloaded or loaded with rtPA) resuspended in 

0.9 wt.% NaCl at 1 mg/mL, were injected into the channels for 5 min. Their accumulation 

on activated aggregates was monitored in real time. Channels were then washed for 5 

min with NaCl 0.9 wt.%. Finally, quantification of bound NPs to aggregated platelets was 

performed with ImageJ by measuring the total fluorescence intensity and colocalization 

with the Pearson’s coefficient (with a PSF size of 6x6 pixels) on mosaic images composed 

of 10 aligned microscope images (corresponding to a whole channel). 

Drug loading: rtPA was loaded onto the NPs by adsorption. Typically, 50 μL of NPs (5 

mg/mL) were mixed with 25 μL rtPA (1 mg/mL) and 25 μL ultrapure water then incubated 

for 15 min. Free unabsorbed rtPA was removed by ultracentrifugation (15 min, 15 000 g). 

The rtPA loaded NPs were resuspended in ultrapure water, and rtPA encapsulation was 

determined as described below by BCA and PefaFluor tPA assays. DNase I was loaded 

onto the NPs by adsorption in acidic conditions. Typically, 25 μL of NPs (10 mg/mL) were 

mixed with 50 μL DNase I (1 mg/mL), 5 μL of HCl (2.10-2 M), 10 μL CaCl2 (650 μM) and 

10 μL ultrapure water then incubated for 15 min. Free unabsorbed DNase I was removed 

by ultracentrifugation (15 min, 15 000 g). The DNase I loaded NPs were resuspended in 
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130 μM CaCl2 and DNase I encapsulation was determined as described below by BCA 

and a fluorescent substrate DNAse detection kit assays. 

Drug encapsulation efficiency and release rates: The amount of drug (rtPA or DNase 

I) loaded on the NPs was measured using the Pierce BCA protein assay kit (Life 

Technologies SAS, Courtaboeuf, France). Briefly, 200 μL of working reagent was added 

to 25 μL of each sample in 96 wells multiplate. The absorbance at 562 nm was read with 

a Varioskan LUX multiplate reader (Thermo Fisher Scientific, Massachusetts, United 

States) after 30 min incubation at 37°C. The concentration of the drug was extrapolated 

by a calibration curve prepared with different concentrations of rtPA or DNase I. The 

encapsulation efficacy (EE) was calculated as EE (%) = 100% x [Drug]loaded/[Drug]initial 

and the loading capacity (LC) was calculated as LC (%) = 100% x [Drug]loaded/[NP]. The 

release of each drug was investigated by diluting drug-loaded NPs (2.5 mg/mL NPs, 

loaded with respectively 167.5 µg/mL rtPA or 450 µg/mL DNase I) in PBS 1X in order to 

achieve equivalent respective drug concentrations of 1 mg/kg rtPA and 5 mg/kg DNase I 

in humans. This corresponds to a dilution by a factor 13X for rtPA (diluting from 167.5 

µg/mL to 12.8 µg/mL rtPA) and by a factor 7X for DNase I (diluting from 450 to 64 µg/mL 

DNase I). During incubation at 37°C, supernatant samples are taken at regular intervals 

with respectively ultracentrifugation and ultrafiltration, then concentrations in 

supernatants is measured with respectively PefaFluor and DNase detection kits. 

Fibrin Agar Plate Assay (FAPA): To assess the fibrinolytic activity of rtPA-loaded 

Fuco-NPs, a fibrinolysis experiment was performed. 5 mL of TBS Buffer (0.1 M Tris, 0.8 

wt.% NaCl, 0.02 wt.% KCl, pH = 7.4) with 3 wt.% low melting agarose were heated above 

65 °C, while 5 mL of TBS buffer with 25 mg fibrinogen and 1 U plasminogen was slowly 

heated to 37 °C. Once the agarose solution reached 65 °C, it was cooled to 37°C, and 2 

U of thrombin were added. Next, the two solutions were slowly mixed, then poured into a 

9 cm Petri dish and incubated at 37 °C for 2 h (gels can be kept a few days at 4°C). On 

the solidified agarose gel, round wells were formed using a 3 mm punch as sample 

reservoirs. 5 μL of each sample (diluted 1:10) was dropped into the wells and incubated 

at 37 °C in a humid environment. Pictures were taken every hour for a commercial 

smartphone (64 MP F1.8 OIS camera) for 8 h. The degree of fibrin lysis was quantified 

with ImageJ by comparing the rate of expansion for fibrinolysis rings between samples 

and free rtPA standards as per the method described in Wang et al., 2012.39  
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NET degradation assay: To assess the NETolytic activity of DNase I-loaded NPs, a 

semiquantitative assay was performed. Human whole blood was collected in EDTA tubes. 

Following the supplier’s protocol for Polymorphprep, neutrophils were isolated and 

resuspended in 0.05 wt.% BSA in DMEM. Purity and cell count were determined with a 

hematology analyzer (ABX Pentra 60, Horiba, Vénissieux, France). Neutrophils were 

seeded at 1.0 x 105 cells/cm2 on 8-wells Lab-Tek II Chamber Slide (Thermo Fischer 

Scientific, Massachusetts, United States) and incubated at a humidified atmosphere of 

5% CO2 for 60 min. PMA was then added to a final concentration of 50 nM, and the 

neutrophils were left to incubate for 4 h. Medium was then changed to incubate the formed 

NETs with DNase I-loaded Fuco-NPs resuspended in 0.05 wt.% BSA-DMEM to a 

concentration equivalent to 0.5 or 0.1 mg/mL DNase I. After a 60 min incubation, the 

samples were fixed with 4% (v/v) paraformaldehyde for 30 min at RT. After rinsing three 

times with PBS, the samples were blocked with 1% BSA in 0.1% (v/v) Tween 20 PBS 

(PBS-T) for 30 min at RT, then washed with PBS three times. Then, the samples were 

incubated with 100 nM SytoxGreen and 1 μg/mL DAPI in 1 wt.% BSA PBS-T for 10 min 

at RT, then washed with PBS twice before slide mounting and imaging with a microscope 

(Axio Observer, Carl Zeiss Microscopy, Oberkochen, Germany).  

In vitro static thrombolysis: For static thrombolysis assays, two types of blood clots 

were prepared in vitro: “young” and “old” clots. Human whole blood was collected in 

sodium citrate tubes, and 200 μL blood were added to glass tubes containing 10 μL water 

with 200 mM CaCl2 and 2 U/mL thrombin. The tubes were closed and incubated at 37°C 

for 1 h for “young” clots. For “old” clots, 0.2 U/mL thrombin and 24 h incubation were used. 

The resulting clots were washed four times in PBS, weighted, and then washed again 

three times. The clots were then incubated at 37 °C with the different conditions 

(resuspended in PBS, with 0.25 U of plasminogen added per clot) for 1 h with slow 

agitation. The clots were weighted again, and the supernatants were frozen at -20 °C for 

24 h. Quantification of released hemoglobin (Hb) was performed by thawing the 

supernatants and then mixing twenty volumes of Drabkin’s reagent (200 mg/L potassium 

ferricyanide, 50 mg/L potassium cyanide, 140 mg/L potassium dihydrogen phosphate, 

1% (v/v) Tween 20, pH = 7-7.4) with one volume supernatant. After 10 min incubation in 

the dark at RT, absorbance is read at 540 nm with a Varioskan LUX multiplate reader 

(Thermo Fisher Scientific, Massachusetts, United States). rtPA and DNase I 
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concentrations used were 1 and 50 μg/mL respectively. For NET content quantification, 

untreated “young” and “old” clots were retrieved after the first four PBS washes, and then 

fixed with 4% (v/v) paraformaldehyde for 24 h at 4°C. After washing three times with PBS, 

clots were incubated at RT for 30 min with 100 nM SytoxGreen and 1 μg/mL DAPI in PBS, 

then washed three times before imaging with a Leica Z16 APO macroscope (Leica, 

Nanterre, France) equipped with an Orca Flash 4.0 LT camera (Hamamatsu, Hamamatsu 

City, Japan). To assess thrombus structure, the thrombi were then fixed with 4% (v/v) 

paraformaldehyde for 24 h at 4 °C, and then embedded in paraffin. For each clot, two 

slices at different levels were stained with hematoxylin-eosin and natural saffron (HES). 

Digital slides from tissue slices were acquired using a Nanozoomer (Hamamatsu, 

Hamamatsu City, Japan) and the histological analysis was performed with QuPath 0.5.1 

with pixel classification (RBCs, fibrin, immune cells) trained on two separate images.  

In vivo FeCl3 mesenteric vein thrombosis model: Animal studies were performed on 

6–8 week old C57BL6J mice (Janvier Labs, Le Genest-Saint-Isle, France), with 

equipartition of males (24.9 ± 2.3 g weight) and females (19.9 ± 2.4 g weight) in each 

group. All experiments were adapted according to French (Decree 87/848) and European 

(2010/63/EU) ethical guidelines. The local ethic committee (C2EA-121 Paris Nord, 

France) and the French Ministère de l’Enseignement Supérieur et de la Recherche 

approved the fulfilling of the experiments with the reference number APAFIS #45198-

2023092014273800. After an acclimatation period of one week in an enriched 

environment, mice received analgesia (subcutaneous injection of buprenorphine 0.05 

mg/kg), and then anesthetized for the whole procedure (4% isoflurane inhalation for 

initiation and then continuous 2% isoflurane inhalation). A midline abdominal incision was 

performed to expose the mesentery, which was gently laid out over a transparent Petri 

dish and placed under an intravital macroscope: Leica Z16 APO macroscope (Leica, 

Nanterre, France) equipped with an Orca Flash 4.0 LT camera (Hamamatsu, Hamamatsu 

City, Japan). A retro-orbital injection of 30 μL of DIOC6 50 μM was performed to label 

leukocytes and platelets. A 1 mm large Whatmann chromatography paper band, 

previously soaked in 10 wt.% FeCl3 was deposed on a mesentery vein for one minute 

before removal. Thrombus formation was observed in real time for 10 to 20 min by 

fluorescence macroscopy. Once the thrombus was formed, images were acquired at 20 

s intervals for 30 min. Between the second and third frames, samples were administered 
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with a retro-orbital injection (150 μL injections, in a saline suspension). When NPs were 

used, they were fluorescently labeled with TRITC, and the maximum final concentration 

of Fuco-NPs in the mice blood was 962 ± 26 µg/mL (obtained for Fuco-NP-rtPA 5 mg/kg 

and empty Fuco-NPs). At the end of image acquisition, the animals were sacrificed. 

Image analysis of thrombi with ImageJ included a SIFT-based alignment with a rigid 

transformation. The thrombus area was measured over time in the DIOC6 channel to 

create thrombi binary masks by thresholding, and the rate of thrombus degradation was 

analyzed after the thrombus reached its maximum size in the first 20 frames (7 min). For 

targeting measurements, the mean fluorescence intensity (MFI) was measured in the 

thrombus for both DIOC6 and TRITC over time, and in particular after 30 min as a ratio 

of MFITRITC/MFIDIOC6. 

Inflammatory response in mice: Animal studies were performed on 6–8 week old 

C57BL6J mice (Janvier Labs, Le Genest Saint Isle, France), with equipartition of males 

and females in each group. All experiments were adapted according to French (Decree 

87/848) and European (2010/63/EU) ethical guidelines. The local ethic committee 

(C2EA-121 Paris Nord, France) and the French Ministère de l’Enseignement Supérieur 

et de la Recherche approved the fulfilling of the experiments with the reference number 

APAFIS #49260-2024032517159016. After an acclimatation period of one week in an 

enriched environment, mice were anesthetized (4% isoflurane inhalation) then Fuco-NPs 

at the equivalent concentration of 1 mg/kg rtPA delivery in human were administered 

retro-orbital injection (150 μL injections, in saline suspension). A topical ophthalmic 

anesthetic (tetracaine 1%) was applied before the animal woke up. The animals were 

then kept for 1, 3 or 24 h with a general inspection at 1 h to check end points. The animals 

were then sacrificed, and the liver, spleen, kidney, lung and blood samples were 

harvested. The resulting plasma was used to measure the level of several inflammatory 

cytokines by a MultiPlex assay (Bio-Plex Pro Mouse Cytokine 8-plex Assay 

#M60000007A) with a Bio-Plex 200 system (Bio-Rad, Marnes-la-Coquette, France). 

Biodistribution in mice: For a limited number of animals (n=4) and for the saline and 

Fuco-NP conditions, organs (liver, spleen, kidney, and lung) were harvested after the in 

vivo thrombosis model described above. They were fixed with 4% (v/v) paraformaldehyde 

for 24 h at 4°C, and then transferred in 70% EtOH for storage. The organs were later 

embedded in paraffin. For each organ, representative slices were stained with 
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hematoxylin, eosin, and natural saffron (HES) and Alcian Blue (AB). Furthermore, for one 

animal for each condition, immunohistochemistry (IHC) was performed. Briefly, after 

deparaffinization, rehydration, and antigen retrieval (citric acid buffer, pH = 6), slides were 

incubated with a primary anti-CD68 antibody (dilution 1:100) and then the supplier’s 

protocol was followed for the IHC detection kit with horse radish peroxidase (HRP), with 

an acid Mayer’s hemalum counterstaining. Digital slides from tissue slices were acquired 

using a Nanozoomer (Hamamatsu, Hamamatsu City, Japan). 

Image analysis and statistical analysis: Images were analyzed with ImageJ (Fiji), and 

the macros that were used are made available in Supporting Information. When images 

are shown, the same contrast values are applied to each channel displayed. Quantitative 

data were analyzed with the statistical analysis software GraphPad PRISM 9.5.0., with a 

significance level α taken at 0.05. All presented data consisted of n = 3 or more replicates 

per condition (when not shown on the graphs, replicate number is indicated in the legend). 

Whenever applicable, the presented replicates consist of biological replicates, or, when 

appropriate, different NP batches. Unless explicitly mentioned, results are presented as 

mean ± standard deviation. Depending on the design of the experiments, data 

significance was evaluated with unpaired t-test (two groups, assumed equal variance), 

unpaired t-test with Welch’s correction (two groups, variance not equal), paired t-test (two 

groups of paired values, with assumed equal variance), one-way ANOVA (one factor 

explored, with more than two groups, variances assumed equal) with Tukey’s multiple 

comparison test, one-way Welch’s ANOVA (one factor explored, with more than two 

groups, variances not equal) with Dunnett’s T3 multiple comparison test,  repeated 

measures one-way ANOVA (one factor explored, with more than two groups of repeated 

measures compared to the initial group, variances assumed equal) with Dunnett’s 

multiple comparison test, and two-way ANOVA (two factors explored) with Tukey’s 

multiple comparison test. Unless explicitly specified in the legend, unpaired t-tests and 

ANOVA with Tukey’s test are performed. Every p-value below α threshold was 

represented as follows: * p < 0.05; ** p < 0.01; *** p < 0.001, **** p < 0.0001 (ns was 

indicated for “not significant” if no significant differences are present in the data 

presented). 
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• Supplementary Movies 6-15: in vivo thrombolysis representative experiments for 

Sup.Fig.15.c and Fig.5 (AVI) 
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