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GENERAL INTRODUCTION & PROJECT

Thrombotic occlusions of blood vessels are responsible for life-threatening arterial or venous
cardiovascular disorders such as myocardial infarction, ischemic stroke, and venous
thromboembolism.

Thrombolytic therapy is performed to lyse the blood clot and restore the blood flow,
minimizing the tissue ischemic damage. Thrombolysis is currently achieved by injection of
Plasminogen Activators (PA); however, it exhibits limited clinical efficacy due to a narrow
therapeutic window and rapid drug elimination; thus, high quantities of the drug need to be
administrated. The consequent risks of hemorrhagic complications explain why less than 10%
of the patients benefit from the treatment.

Nanomedicine and nano-delivery systems are a relatively new but rapidly growing
science area where nanomaterial tools are employed for molecular diagnostics or delivery of
therapeutic agents specifically to targeted sites in a controlled manner. Nanomedicine
vectorization of macromolecules protects the drug from enzymatic degradation, improves the
therapeutic outcomes, and diminishes adverse effects in preclinical models. Henceforth,
nanomedicine is a hot research subject nowadays that has made tremendous growth and
extension beyond its primary oncological applications. Despite lesser attention to
cardiovascular pathologies research, there is a dire need for nanomedicine-based innovative
solutions for thrombotic diseases. The challenge is to design a non-toxic, biocompatible, and
biodegradable nanocarrier from natural compounds, and capable to target thrombi.
Polysaccharides are a clever choice of materials to form nanocarriers as these polymers are
relatively cheap, nontoxic, biodegradable, and abundant in nature.

A key biological marker, P-selectin, which is expressed on the activated platelets and
activated endothelium, serves as a hallmark of acute thrombotic events. Fucoidan, a sulfated
polysaccharide found in brown seaweed, has shown a strong binding ability to P-selectin and

an excellent safety profile in previous preclinical and clinical research, coordinated by our
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laboratory. Thus, it is considered a favorable targeting ligand for molecular imaging and
targeted treatment of thrombotic pathologies.

The objective of my PhD project is a safer and more efficient targeted thrombolysis due
to the application of nanomedicine, the use of natural resources, and green chemistry processes.
To specity, the first aim of my project was to design a 100% polysaccharide nano-/microcarrier
using biocompatible and FDA-approved compounds. A clinically approved thrombolytics,
alteplase, was to be loaded on the particles beforehand functionalized with a thrombus targeted
agent (fucoidan). The safety and efficacy of the developed system had to be assessed in the in
vitro and in vivo animal models of thrombosis.

This PhD manuscript consists of three major chapters: Introduction (Literature review),
Experimental part, and General Discussion & Perspective.

The introduction chapter is divided into two parts. In the first part, current challenges
and perspectives of nanomedicine are outlined as a valued approach for the personalized
treatment of acute thrombotic pathologies. We briefly review the pathophysiology of arterial
and venous thrombosis. Clinically approved plasminogen activators that are currently applied
for the treatment of acute thrombotic diseases are summarized. We analyze recent key research
on various (lipid, polymeric, inorganic, biological) targeted nanocarriers intended for the local
delivery of PA. In the second part of the chapter, we introduce hydrogels & hydrogel-based
nano/microparticles. We focus more specifically on the advantages of polysaccharides as a
biomaterial of the preference for the synthesis of the nano- & microsystems, particularly in the
management of cardiovascular diseases. Thereafter, an overview of synthesis methods of
nanoparticles from the biopolymers is provided. Finally, we explicate the choice of the
molecular target P-selectin and its high-affinity binding ligand, fucoidan, that fulfills a

targeting strategy in my project.
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In the experimental part, the obtained results are presented in the form of publication.
It contains all major accomplishments and is submitted to the scientific journal for peer-
reviewed research publication. It deals with the potential of hydrogel-like polysaccharide
submicronic particles (SPs) for the personalized treatment of acute thrombotic events. These
highly biocompatible SPs were elaborated and functionalized with a fucoidan for targeting P-
selectin on the thrombi. The complex of the SPs with loaded onto them alteplase showed an
enhanced thrombolytic efficacy and higher brain protection in a murine model of acute
ischemic stroke.

In Chapter 3, we interpret and analyze the findings of fucoidan-functionalized
polysaccharide SPs in terms of academic achievement, clinical significance, and regulatory
potential as a novel treatment of thrombotic diseases. The perspectives and current limitations

of the study are further discussed.
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Chapter 1. INTRODUCTION

PART 1. NANOMEDICINE PROGRESS IN THROMBOLYTIC THERAPY

Part 1 of the Introduction is an adapted version of the Review article published in Biomaterials
in August 2020 (doi.org/10.1016/j.biomaterials.2020.120297) that is presented in Annex 1. We
start by reviewing the pathophysiology of arterial and venous thrombosis and summarizing
clinically approved PA to treat acute thrombotic diseases. We examine historical evolution and
milestones, current challenges, as well as future perspectives in the recent key research on
various (lipid, polymeric, inorganic, biological) targeted nanocarriers intended for the local
delivery of PA. Moreover, this section features strategies for the rational design of nanocarriers
for targeted thrombolysis and effective PA encapsulation in view of interactions between
nanomaterials and biological systems. Remarkable preclinical research suggests that
nanomedicine represents a valued approach for the precise treatment of acute thrombotic

pathologies.

1 CARDIOVASCULAR DISEASES AS A GLOBAL THREAT

Cardiovascular diseases (CVD), the major global health threat, are associated with high
morbidity and mortality that account for an estimated 17.9 million lives each year (31% of all
deaths worldwide) [1], and this figure is expected to rise to >23.6 million annual deaths by
2030 [2]. CVD are a group of disorders of the heart (e.g., heart failure, rheumatic heart disease,
abnormal heart rhythms, inflammatory heart diseases, cardiomyopathy) and blood vessels
(coronary artery disease, cerebrovascular disease, aortic aneurysms, peripheral artery disease,
etc.). CVD affect almost equally men as women; however, the disease develops about seven to
ten years later in women as compared to men [3]. Furthermore, CVD are associated with
substantial healthcare costs estimated at $329.7 billion annually in the United States [2] and

nearly €200 billion in the European Union [4].
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A large number of CVD may be prevented by addressing major risk factors through
lifestyle interventions and pharmaceutical treatment where necessary [1]. Nevertheless,
hypertension, the leading cardiovascular risk factor, is attributed to ~13% of global deaths (7.5
million deaths), followed by tobacco use 9%, diabetes 6%, physical inactivity 6%, obesity 5%,
and high cholesterol level 4.5% [3].

Three major cardiovascular disorders — myocardial infarction (heart attack), ischemic
stroke, and venous thromboembolism defined as deep vein thrombosis and/or pulmonary
embolism — are severe complications of thrombosis, the formation of a blood clot in the vessels
(Figure 1). Among all deaths from CVD, 85% are caused by heart attacks and strokes, one-
third of them in people under the age of 70 years [1]. To improve human survival and quality
of life, early detections and effective treatments are principal.

Thrombolytic drugs are administered to dissolve a thrombus and restore the blood flow
in acute thrombotic events; however, they are rapidly inactivated in the blood and trigger
hemorrhagic complications, as we explain below. Paradoxically, while rapid reperfusion is the
standard of care to minimize the infarct size, the restoration of blood flow itself may provoke
irreversible tissue damage in a process called reperfusion injury [5]. Therefore, the pursuit of

innovative solutions for the management of thrombotic diseases remains an open field of
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research, where nanomedicine is emerging to be a promising strategy to improve both the

efficacy and safety of thrombolytic therapy.

Thrombus consequences

Atherothrombosis Ischemic stroke

Myocardial infarction

Pulmonary embolism

Deep vein thrombosis

Figure 1. Schematic of thrombotic diseases. Congenital diseases and environmental factors
influence blot clot formation in arteries (atherothrombosis) and veins (deep vein thrombosis).
When the clot obstructs blood vessels in the brain, lungs, or heart, it may induce life-threatening
consequences such as ischemic stroke, pulmonary embolism, or myocardial infarction.
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1.1 PATHOPHYSIOLOGY OF ARTERIAL AND VENOUS THROMBOSIS

Atherosclerosis is the key precursor of cardiovascular pathologies and it starts in adolescence.
Atherosclerosis is a complex immune-inflammatory disorder whose progression involves
multiple biological pathways influenced by genetic and environmental factors. Elevated
plasma cholesterol level, hypertension, diabetes, tobacco smoking, male gender, and some
inflammatory markers are among the proatherogenic risk factors of atherosclerosis, while
physical exercise, a healthy diet, and high High-Density Lipoproteins (HDL) counts have an
atheroprotective role [6].

Atherosclerotic lesions are initiated when the endothelium is activated by atherogenic
and pro-inflammatory stimuli, such as primarily Vascular Cell Adhesion Molecule-1 (VCAM-
1), intercellular adhesion molecule-1, E-selectin, and P-selectin [7]. It has been demonstrated
a direct hemodynamic role in atherogenesis, notably by endothelial cells as their numerous
signaling pathways are dependent on the hemodynamic patterns [8,9]. Low shear stress and
turbulent flow at arterial curvature and branch points are major drivers of plaque development
and instability. Plasma molecules and Low-Density Lipoproteins (LDL) penetrate
dysfunctional endothelium into the subendothelial space where atherogenic lipoproteins are
oxidized, mediated by myeloperoxidase, 15-lipoxygenase, and/or Nitric Oxide Synthase (NOS)
[7]. Low-grade inflammation contributes to the disease progression due to the focal recruitment
of circulating monocytes and T-lymphocytes [10]. Modulated by chemotactic cytokines, such
as oxidized LDL and Monocyte Chemoattractant Protein-1 (MCP-1) [11], monocytes infiltrate
arterial intima through transendothelial migration and differentiate into macrophages by
internalizing the atherogenic lipoproteins via scavenger receptors. The incidence of the foam
cells (lipid-laden macrophages) and their death by apoptosis and necrosis contribute to the
formation of destabilizing atheromatous lipid-rich core within the plaque. Moreover, the foam

cells express an array of inflammatory factors and produce proteolytic enzymes, such as Matrix
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MetalloProteinases (MMPs) [11], which are implicated in matrix degradation and plaque
disruption [12]. To insulate the thrombogenic lipid-rich core of the atheroma from the
bloodstream, the fibrous cap develops at the lesion site as a fibroproliferative response
mediated by intimal smooth muscle cells. The recruitment of the smooth muscle cells and the
production of the collagen-rich matrix are considered as beneficial since they protect the
plaques against rupture and subsequent thrombosis. Conversely, the disintegration of foam
cells and loss of smooth muscle cells may have detrimental consequences, leading to the
formation of a destabilizing lipid-rich core and a fragile and rupture-prone fibrous cap.
Atherosclerotic plaque calcification is an inflammation-driven process that manifests in all
stages of the disease and should be defined as a two-phase process: microcalcification, the early
stage of intimal calcium formation, and the end-stage of macrocalcification. While coronary
Computed Tomography (CT)-detected macroscopic calcification in artery plaque acts as a
biomarker of the overall disease progression, it is believed to stabilize the plaque and prevent
acute events [13]. On the contrary, microcalcification, which can be identified by Positron
Emission Tomography (PET)/CT imaging with *F-sodium fluoride, is associated with plaque
vulnerability and an increased risk of rupture since it aggravates plaque inflammation and
augments mechanical stress in the fibrous cap [14].

Injury of the fibrous cap of atherosclerotic plaque is a primary trigger for arterial
thrombosis, promoting hemorrhage and luminal pro-thrombotic response [15]. For initial flow
obstruction, the blood coagulation cascade activates the platelets that are rapidly recruited to
the site and aggregate, resulting in rapid thrombus growth [16] (Figure 2A). The fibrin network
then develops for the stabilization of platelet-rich thrombosis. Although most ruptured fibrous
cap episodes occur silently without clinical symptoms, plague rupture with subsequent
thrombosis often culminates in devastating clinical events such as myocardial infarction (MI)

or ischemic stroke [15].

18



Chapter 1. INTRODUCTION

Contrary to atherothrombosis, the pathogenesis of Venous Thrombosis (VT) is only
partially understood. The venous thrombi's main components are fibrin and erythrocytes and
less activated platelets [17] (Figure 2B). VT is initiated at the venous valves where stasis may
occur under low shear blood flow [18]. Valvular sinus stasis aggravates hypoxia, promoting
activation of the endothelium and leukocytes via mainly Hypoxia-Inducible Factor-1 (HIF-1)
and Early Growth Response 1 (EGR-1) pathways. Besides, hypoxia condition modulates
hypercoagulability. HIF-1 and EGR-1 pathways up-regulate P-selectin expression on
endothelium, prompting monocytes to release microvesicles bearing tissue factor, which
initiates thrombin production and fibrin deposition around the intact endothelial wall [19]. Both
inherited and environmental factors raise the likelihood of venous thrombotic diseases such as
an imbalance of pro- vs. anti-coagulation proteins, as well as cancer, obesity, and major surgery

[16].
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A. Arterial thrombosis

C. Thrombus targeting

D. Thrombolysis
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Figure 2. Tackling thrombosis with nanomedicine. Comparison of the arterial (A) and
venous (B) thrombosis. Arterial clots (A) are composed of a high platelet ratio and are so-called
“white thrombi”. They are mostly the result of atherosclerosis. Multiple cellular pathways that
initiate the activation of the endothelial cells are involved in thrombus formation. LDL
penetrate the tissue, causing local inflammation and recruitment of circulating inflammatory
cells. The disruption of the atherosclerotic plaque triggers the recruitment of smooth muscle
cells to prevent wall rupture. Eventually, platelets aggregate on the impaired vessel wall with
a consecutive formation of a fibrin network. On the other hand, venous clots (B), “red thrombi”,
contain erythrocytes and a denser fibrin network with fewer platelets. The thrombus formation
is responsive to the following triggers: a vessel wall injury, a stasis of the blood flow, and the
blood's hypercoagulability. C. Thrombus targeting with functionalized nano-/microparticles.
Thrombi express a variety of cellular and molecular components — the surface of activated
platelets (P-selectin, integrin GPIIb/Illa, phosphatidylserine) or circulating proteins (Factor
XIII, vWF, or fibrin) — that can be employed for specific targeting. NPs are designed with
different ligands to these biomarkers: polysaccharide fucoidan, peptides, monoclonal
antibodies, efc. D. Thrombolysis with PA-bearing and targeted to the thrombi NPs. The PA
convert plasminogen into plasmin that breaks down the fibrin network and releases the
components of the blood clot. Abbreviations: LDL, low-density lipoproteins; mAb,
monoclonal antibodies; NPs, nanoparticles.
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1.2 CLINICAL TREATMENT OF ACUTE THROMBOTIC DISEASES

For the treatment of acute arterial or venous thrombotic events, fibrinolytic drugs can be
administered in order to proteolytically disrupt blood clots and restore blood flow. Fibrinolytic,
or thrombolytic, agents are Plasminogen Activators (PA) that activate the proenzyme
plasminogen to plasmin that then cleaves fibrin network into soluble degradation products.
This activation of the fibrinolytic system destabilizes the structure of a thrombus [20].
Thrombolytic therapy is thereby used in patients with such pathologies as acute MI, acute
ischemic stroke, peripheral arterial disease, deep vein thrombosis, and massive pulmonary
embolism [21].

U.S. Food and Drug Administration (FDA)-approved “clot busters” drugs for use in
thrombotic diseases are recombinant-based plasminogen activators (e.g., alteplase — rtPA,
reteplase — rPA, and tenecteplase — TNK), streptokinase (SK), and urokinase (uPA). The main
differences between them relate to their antigenicity, half-life, lytic potential, fibrin specificity,
and hemorrhagic risks [22]. First-generation thrombolytic drugs (urokinase, streptokinase) are
non-fibrin specific when second and third-generation (alteplase and its variants) overcome this
issue. Generally, human protein-derived PA (urokinase, alteplase, reteplase, tenecteplase) are
nonantigenic, contrary to those derived from a bacterial species (streptokinase) [23]. The half-
life of each PA determines their mode of administration (a bolus injection, short infusion, or
continuous intravenous infusion). A comparison of different FDA-approved PA with their

clinical indications is summarized in Table 1.
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Table 1. Thrombolytic agents approved by the FDA.

Agent Abbr Source Safety Half- Regimen Total Meta Indication
eviati [immunogenicity, life, Dose bolis
on fibrin specificity] min m

First-generation

Streptokin ~ SK B-hemolytic Immunogenic 20 Infusion  1.5x10° Renal PE
ase streptococcus Non-fibrin specific U Acute MI
PAO,DVT
Urokinase uPA  Human urine & Non-fibrin specific 15 Infusion  2.25-6.25 Renal PE
kidney cell culture x 10°1U Acute MI
PAO,DVT
Second-generation
Alteplase rtPA  Recombinant DNA  Fibrin specific (++) 4-8 Infusion ~ MI: 50- Hepat Acute MI
technology 100 mg ic Acute IS
IS: 0.9 PE
mg/kg
PE: 100
mg
Third-generation
Reteplase rPA Recombinant DNA  Fibrin specific (+) 14-18  Double 201U Renal Acute MI
technology bolus PAO
Tenectepla TNK Fibrin specific 11-20  Bolus 30-50 mg Renal Acute MI
se (+++)

Abbreviations: DVT, Deep Vein Thrombosis; MI, Myocardial Infarction, PAO, Peripheral
Arterial Occlusion; PE, Pulmonary Embolism; IS, Ischemic Stroke; /U, International Units.
The leading drawbacks of fibrinolytic therapy include treatment failures such as
ineffectiveness, re-thrombosis resulting from a persistent vascular lesion and plasma
hypercoagulability, and a high risk of bleeding complications, with intracerebral hemorrhages
occurring in 1 to 7% of treated patients [21]. Moreover, PA are physiologically inhibited by
Plasminogen Activator Inhibitors (PAI) such as PAI-1 and PAI-2 while alpha 2-antiplasmin
and alpha 2-macroglobulin inactivate plasmin, thereby reducing the treatment efficacy [24]. In
view of these limitations, the constant development of novel molecules aims to address the
problems associated with available thrombolytics. The novel candidates that are mutants of
available PA or might be produced from the microbial, plant, and animal origin are discussed

in the review [25].
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The association of thrombolytic drugs with endovascular methods significantly
improved interventional management of acute thrombotic events. The percutaneous coronary
intervention has become more common for reperfusion, improving survival rates in patients
with MI [26,27]. When available, this catheter-based procedure, which an interventional
cardiologist performs, has to be offered promptly after / or in place of initial thrombolytic
therapy. Since 2015, mechanical thrombectomy (MT) using a stent retriever is recommended
as a complementary treatment to fibrinolytic therapy for ischemic stroke related to large vessel
occlusions in the anterior circulation such as in the internal carotid artery and proximal middle
cerebral artery [28,29] after multiple positive randomized control trials [30,31]. Yet, since MT
needs to be performed by a qualified neurointerventionist at comprehensive stroke centers,
access to them often remains difficult. In France, in particular, out of 135 nationwide
neurovascular centers, only 40 can perform thrombectomy to date [32]. Therefore, there is still
a dire need for a safe and non-invasive solution.

With the advent of nanotechnology, there has been considerable interest in integrating
nanomedicine and thrombolytic therapy for the treatment of acute thrombotic events.
Nanomedical approaches for targeted fibrinolysis could advance clinical outcomes by
improving current pharmaceutical methods when interventional catheter-based strategies are
not available or not recommended (as, for example, in ischemic stroke due to occlusions in
smaller vessels or posterior circulation). By acting locally at the thrombus site, there is a
promise that nanomedicine-delivered “clot-busting” agents deliver superior recanalization
rates and attenuate life-threatening bleeding complications associated with their intravenous
administration. One may also expect the chance to replace intravenous infusion with a bolus
injection of the first- and second-generation PA due to the extended drug half-life. In the ideal
treatment settings, the synergic combination of endovascular and nanotherapeutic methods

would represent a more precise approach to manage thrombotic pathologies.

23



Chapter 1. INTRODUCTION

2 NANOMEDICINE FOR TARGETED DRUG DELIVERY

Nanomedicine, a medical application of nanotechnology, combines a powerful set of nano-
engineered devices for diagnostic and/or therapeutic applications. Nanoparticle (NP)-based
drug delivery can increase drug circulation time, improve therapeutic efficacy, and reduce
unwanted off-target effects by delivering an active molecule to the injury site [33]. The
liposomal formulation of doxorubicin — Doxil® — was the first clinically approved
nanomedicine therapy by the FDA in 1995 for Kaposi’s sarcoma and other cancers that reduced
cardiotoxicity compared with a conventional formulation [34]. Other NP formulations are
approved for the treatment of distinct pathologies, such as cancers, fungal infections, iron-
deficient anemia, macular degeneration, as well as vaccines for hepatitis A and influenza
[35,36].

Different nano- or microcarriers (e.g., liposomes, polymeric, magnetic nano- &
microparticles, quantum dots, nanotubes, dendrimers) are similarly researched in the
therapeutic area of CVD [37]. Nanotechnology plays a role for wide-ranging cardiovascular
applications, such as hypertension [38], atherosclerosis [39], prevention of restenosis following
interventional cardiology [40], ablation for atrial fibrillation [41], cardiac tissue engineering

[42], but also in the management of aneurysms [43] as well as CVD prevention [44].

2.1 EVOLUTION AND MILESTONES IN THE PROGRESS OF NANOMEDICINE FOR

FIBRINOLYTIC THERAPY

The field of nanomedicine in fibrinolytic therapy is evolving vibrantly, as evidenced by the
expanding list of preclinical concepts of nanomaterial complexation with PA. An ideal vehicle
for thrombolytic drug delivery should be biocompatible, non-toxic, non-immunogenic,
biodegradable, and avoids rapid clearance by the immune system [45]. The benefits of

utilization of the nanoparticles (NPs) are attributed to their high surface-volume ratio,
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multifunctionality, high bioavailability, and possible control of therapeutic agent release.
Control drug release facilitates the release of the payload from the NPs at the thrombus site
upon internal or external stimuli such as temperature [46,47], pH [48], US [49], or magnetic
field [46], etc. Specific thrombus targeting can be achieved by modifying the surface of
nanocarriers with targeting moieties (antibodies, aptamers, polysaccharides, peptides, and
small molecules) and/or application of magnetic energy, enhancing the therapeutic effect due
to accumulation of thrombolytic drug at the clot surface [50] (Figure 2C & D). Furthermore,
encapsulation of the fibrinolytic drug onto the NPs can protect it from inactivation by PAI-1 in
the bloodstream [51] and prolong its blood circulation time [48,52,53], thus achieving safe and
effective thrombolysis at a lower dose [54,55]. Nanocarrier protection may further limit drug
leakage during circulation, reducing the risk of hemorrhagic complications [56,57] such as
cerebral hemorrhages that often accompany the injection of free plasminogen activators.

The timeline shown in Figure 3 depicts evolution and milestones in the conceptual
advances of nanomedicine-facilitated thrombolysis.

The story begins in the late '80s when dextran-coated iron oxide microparticles loaded
with SK were utilized for magnetically driven thrombolysis of the carotid arteries in dogs [58].
Around the same time, SK-bearing liposomes entered the field by accelerating reperfusion in
acute MI [59]. The first reported microbubbles for sonothrombolysis in 1996 were initially
composed of denatured albumin shells; however, this formulation is no longer used due to
stability/immunogenicity issues [60]. Polymeric platforms in thrombolytic therapy started to
emerge a decade later in order to improve the stability profile of the liposomes in biological
fluids. In 2004, first-reported polymer microparticles were designed from Polyethylene Glycol
(PEG) and loaded with SK to tackle coronary thrombosis in a canine model [61]. The early
success of the rtPA-conjugated erythrocytes in thromboprophylaxis in 2003 led to the further

investigation and development of diverse bio-inspired nano solutions [62].

25



Lipid
» & Co-therapy - hyperthermia
Polymeric  [T] PA controlled

Zinc-crosslinked gelatin

- " release nanocomplex targeting

Bio-inspired VWF with US-induced

. release of PA for acute
Inorganic MI (73]

US-responsive

POx microcapsules with |  Fucoidan-functionalized
scFv that target P-selectin targeted
Shear stress-responsive GPIIb/Illa & release PA polysaccharide-
microaggregates of under thrombin for poly(isobutyl
PLGA NPs for thrombolysis in vitro cyanoacrylate) NPs for
thrombolysis [72] (74) venous thrombosis [67)

2007 2008 2009 2011 2012 2017 2018

First-reported Chitosan-cRGD- Theranostic NPs of
PEG MPs for coated PLGA NPs PLGA-Fe;0, shell and
coronary for thrombolysis in chitosan-cRGD to target
thrombolysis [61] vitro [64] GPIIb/IIIa for MRI &
thrombolysis [69]

PEGylated polyion
complex with pH-
sensitive PA release &
antioxidant for acute IS
[48]

Figure 3. The timeline of evolution and milestones in the progress of nanomedicine for fibrinolytic therapy: history and current trends.
This Figure mostly comprises the PA-loaded platforms tested with in vivo experiments; however, we also included several remarkable in vitro
concepts. Abbreviations: PA, plasminogen activator; MI, myocardial infarction; IS, ischemic stroke; PEG, polyethylene glycol; PLGA,
poly(lactic-co-glycolic acid); PAA, poly (acrylic acid); BSA, bovine serum albumin; POx, poly(2-oxazoline); vWF, von Willebrand Factor; FXIla,
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These initial studies evidenced undoubtedly the potential of nanomedicine to boost
thrombolytic therapy in animal models; however, they often lacked a complete analysis in
terms of particle physico-chemistry and safety, drug loading efficiency/release, targeting and
thrombolytic efficacy in appropriate in vitro and subsequently in vivo models that is currently
recognized and adopted [63].The evolution of nanomedicine-based fibrinolysis continued with
the development of surface-coated, mostly nanosized particles that exhibit longer circulation
half-life in vivo and superior safety profiles than uncoated microparticles. Notable examples
from late 00" are the PA-bearing polymer NPs that were coated with chitosan and cRGD peptide,
a prototype of the utilization of a popular targeting ligand of GPIIb/Illa [64], as well as
magnetic NPs coated with dextran [65] and polyacrylic acid [66] for magnetically guided
thrombolysis.

The last decade, which we review in this Section, was fruitful for progress in
nanomedicine-assisted thrombolysis. During these years, researchers commonly used active
targeting strategies. Apart from the magnetic targeting of iron oxide NPs, the utilization of
monoclonal antibodies (mAb) and peptides that recognize biomarkers associated with
thrombotic pathologies have allowed the development of more selective nanosystems that
advanced into the multivalent design in 2017 [57]. In 2018, polymeric NPs were functionalized
with fucoidan, an affordable high-quality P-selectin ligand for site-specific fibrinolytic activity
[67] as an alternative to costly mAb and peptides. From 2012, theranostic hybrid approaches
emerge: inorganic nanocarriers that serve for thrombolysis and optical imaging [68] or
Magnetic Resonance Imaging (MRI) [69]. Echogenic liposomes are widely studied with the in
vitro clot model for sonothrombolysis due to tunable designs like targeting and/or rtPA loading
[70]. Recently, targeting nanobubbles were published that complemented PA with
sonothrombolysis, as they penetrate deeper into the clots comparing to microbubbles [71]. The

nanoformulations with a controlled release start appearing more frequently: via hemodynamic
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phenomena — increased shear stress in the stenotic arteries [72] and US-induced [73] in 2012,
upon enzyme exposure since 2015 [74], and elevated temperature since 2017 [47] and low pH
in 2019 [48]. To enhance thrombolysis, adjuvant therapy in the form of local hyperthermia by
a magnetic field [75] or near-infrared (NIR) light [47] was used in the late 10's.

Nowadays, the trend is to create complex multifunctional but, at the same time,
biocompatible and biodegradable nanocarriers. The application of novel biomaterials, hybrid
nanoparticles with biomimetic surfaces, incorporating active targeting molecules, and the
ability to modulate the release spatially and temporally is being widely researched. The
researchers also commenced investigating the solution to complement nanomedicine-based
fibrinolysis and to counteract the pathological processes related to ischemia with an antioxidant
[48] and neuroprotection [76] approach for ischemic stroke in 2019.

In the next sections, we will describe in detail the complexation of PA with different
types of nanocarriers summarized in Figure 4 and their corresponding therapeutic effects in

preclinical studies.
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Figure 4. Nanomedicine-based platforms with Plasminogen Activators. A. Lipid
nanocarriers. In liposomes, PA may be embodied into the aqueous core or adsorbed / covalently
conjugated onto the PEGylated phospholipid shell. In solid lipid NPs, PA is covalently grafted
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to their surface. B. Polymer-based nanoplatforms. PA are typically entrapped inside
amphiphilic micelles and self-assembled gelatin or chitosan nanogels due to electrostatic
interactions, incorporated into the aqueous core of nanocapsules, or covalently attached to the
surface of the nanospheres and dendrimers via EDC/NHS chemistry. Surface decoration with
PEGylation or polysaccharides is common for better stealth effects, particularly crucial for the
NPs from hydrophobic synthetic polymers. C. Inorganic nanoparticles. In magnetic NPs, the
inner core — in the shape of nanospheres or nanocubes — is mostly iron oxide (Fe3O4), and the
surface is decorated with organic (e.g., dextran, chitosan, polyacrylic acid) or inorganic (SiO)
shell. PA is conjugated to the surface via EDC/NHS or simple adsorption. Uncoated iron oxide
microrods may load PA via glutaraldehyde. Gold NPs immobilized PA via bio-affinity ligation.
Abbreviations: PEG, Polyethylene glycol; PA, plasminogen activator; NPs, nanoparticles;
PVP, polyvinyl pyrrolidone.

3 LIPID DRUG DELIVERY

3.1 LIPOSOMAL DRUG DELIVERY

Liposomes, first described in the mid-’60s, are defined as spherical vehicles made of an
aqueous core surrounded by phospholipid bilayers. Since then, because of their excellent
biocompatibility, low toxicity, and easy preparation methods, liposomes are considered as one
of the most promising tools for drug delivery in medical fields of principally small molecules
(e.g., chemotherapeutics), with some being clinically approved [77], but also proteins, DNA,
RNA, and imaging probes [78].

Liposomes are generally fabricated by thin-film hydration, which consists of dissolving
lipid components in an organic solvent, drying down by rotary evaporation, and rehydrating in
water, as well as by freeze-drying, reverse-phase evaporation, or injection of ethanol with
phospholipids into an aqueous phase. Membrane extrusion, sonication, and/or freeze-thawing
are further employed to modulate the particle size [79]. In terms of the size and number of
bilayers, different types of liposomes can be produced, such as small unilamellar vesicles

(single phospholipid bilayer sphere), large unilamellar vesicles, and multilamellar vesicles (an
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onion structure of bilayers) [78]. The amphiphilic properties of liposomes allow them to
internalize both hydrophilic and hydrophobic compounds.

Liposomal encapsulation of plasminogen activators for thrombus-specific drug delivery
is frequently exploited to improve the drug half-life and reduce hemorrhagic side effects. Given
that the conventional liposomes aggregate in vivo and undergo rapid systemic clearance via
Mononuclear Phagocyte System (MPS) after contact with plasma proteins, decoration with
FDA-approved PEG has been adopted to provide steric stabilization and reduce liposomal
opsonization, and, therefore, to improve the pharmacokinetics of PA in blood [79].

The liposomal surface modification strategies by site-directed target ligands, such as
antibodies, peptides, or stimuli-responsive drug release (thermo- or pH-sensitive liposomes),
have been tested in the preclinical development. Most targeting approaches are directed
towards GlycoProtein IIb/Illa (GPIIb/IIIa). GPIIb/IIIa is an integrin complex on the platelet
membrane, which mediates platelet adhesion and aggregation during hemostasis. Normally
present in its inactive state on resting platelets, it undergoes conformational changes to allow
the platelets to bind to fibrin upon platelet stimulation by physiologic ligands such as thrombin
or collagen [80]. Thrombolytics are generally incorporated into the inner aqueous core of the
liposomes during the synthesis process; however, they can also be adsorbed onto the surface
or covalently grafted to the PEGylated liposomes [81].

In the study of Vaidya et al., long circulatory PEGylated liposomes were coupled with
a cyclic Arg-Gly-Asp (cRGD) [CNPRGDY(OEt)RC] and targeted GPIIb/IlIa receptor both in
vitro and in vivo [82]. Despite a low level of streptokinase release (12.20 + 0.94%) throughout
35 h, the study reported the improved thrombolysis rate of cRGD-targeting liposomal SK
compared with free SK after 1 h in rats (34% vs. 22%). When rtPA was loaded onto both non-
PEGylated and PEGylated GPIIb/IIla- targeting liposomes, a favorable rtPA release profile

from PEGylated ones was demonstrated in the work [52], with a substantial amount of drug
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released within 30 min after administration followed by a slow continuous release over 24 h.
This strategy intends to achieve reperfusion and prevent re-thrombosis. The half-life of rtPA
in plasma was prolonged from 7 min for native rtPA to 103 and 141 min for non-PEGylated
and PEGylated liposomes. Besides, rtPA-loaded liposomes were 35% more potent than native
rtPA for vessel recanalization but produced a 4.3-fold less depletion of circulating fibrinogen,
potentially reducing hemorrhagic risks, in the FeCls-rat venous thrombosis model.

Huang et al. exploited the targeted delivery and controlled release of rtPA incorporated
into PEGylated liposomes coated with cRGD peptide [83]. Membrane fusion attributed to
interactions between cRGD peptides on liposomes and GPIIb/IIla integrins on activated
platelets caused liposomal membrane destabilization and rtPA release. Due to this, over 90%
of the entrapped rtPA was released within 1 h in targeted liposomes compared to <10% after 6
h in untargeted ones, and this release profile could be adjusted by altering the concentration of
activated platelets. Zhang et al. [56] combined the active thrombus targeting with cRGD and
gradual release of the drug from the liposomes without burst effect over 5 h. They improved
the in vivo thrombolytic efficacy by ~4-fold over free uPA, at the same time, shortening the
bleeding time of the tail bleeding assay of hemostasis, thereby potentially reducing the side
effects of uPA.

In the elegant study [57], Pawlowski et al. took inspiration from platelet-derived
microparticles, which are plasma membrane vehicles shed from platelets that are undergoing
activation, stress, or apoptosis (Figure 5A) [84]. They designed a liposomal system with a
multivalent targeting strategy towards both GPIIb/Illa and P-selectin on activated platelets
using the peptides CGSSSGRGDSPA and CDAEWVDVS, respectively (Figure 5B & C). As
the constructs could be degraded under secreted phospholipase A2 (sPLA>) enzyme, secreted
from leukocytes and active platelets in the thrombus, it could so release encapsulated SK

(Figure 5D & E). While the thrombolytic efficacy of the targeted liposomes was comparable
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to free SK in the FeCls-induced carotid artery thrombosis model, hemostatic capability for

liposome-encapsulated SK was improved as measured by mouse tail bleeding time.
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Figure 5. Platelet-derived liposomal microparticles for thrombosis. A. Schematic
representation of platelet-derived microparticles-inspired nanovesicle (PMIN) with dual-
targeting strategy and controlled release of the thrombolytic upon sPLA2 enzyme exposure,
with a representative cryo-TEM image of PMINs. B. Representative fluorescent images of
particle binding show that RGD-decorated vesicles (al, a2) and EWVDV-decorated vesicles
(b1, b2) have a reasonable extent of binding and retention on the platelet-rich thrombus surface.
However, the level of binding and retention levels are enhanced for dual modified PMINSs (c1,
c2). C. Quantitative analysis of fluorescence intensity shows that PMINs have significantly
higher binding and retention capabilities compared to singly modified vesicles even when the
mol% composition of single peptide modification is to twice (10 mol%) that of dual peptide
modification (5 mol%) at a high shear rate flow conditions. D. Schematic mechanism of
sPLA2-induced membrane degradation due to cleavage of sn-2 acyl group of the
phosphatidylcholine lipids. E. Release kinetics assessment of SK from PMINs shows that upon
sPLA2 exposure, the percent (%) release of SK from PMINSs is enhanced (~4 fold) compared
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to passive release without SPLA2 exposure. Adapted with permission from [57]. Copyright
2017 Elsevier Ltd.

Hsu et al. [85] synthesized a hybrid NP-system, PEGylated thermosensitive magnetic
liposomes (TMLs), encapsulating Fe3O4 NPs within liposomes via solvent
evaporation/sonication and freeze-thaw cycles method. Thrombolytic activity in vitro of rtPA-
loaded TMLs at 43 °C was augmented compared to at 37 °C due to enhanced drug release and
higher enzyme activity at 43 °C. In addition to magnetic targeting, TMLs demonstrated a first-
ever reported dual control mechanism of the drug release in serum: temperature- and magnet-
sensitive, increasing at 43 °C and retarding with external magnetic force at 0.5 Tesla in the
follow-up work [46]. This technique could allow the liposomes to be magnetically guided
toward the thrombus, preventing premature drug release. With appropriate biocompatibility of
the nanocarriers, TML@rtPA restored arterial blood flow, iliac blood flow, and hind-limb
perfusion, whereas the same dose of rtPA exerted no benefit in the rat embolic model at 0.2

rtPA mg/kg under magnetic force at 43 °C.

3.2 SOLID LIPID NANOPARTICLES

Solid Lipid Nanoparticles (SLNs) is an alternative drug delivery system. Contrary to
conventional liposomes, which contain a lipid bilayer with an aqueous core, SLNs consist of
lipid monolayer enclosing a solid lipid core stabilized by a surfactant, reaching a higher drug
entrapment rate for a hydrophobic drug. Different preparation methods of SLNs include hot or
cold homogenization, solvent emulsification/diffusion, or microemulsion [86]. Marsh et al. [87]
prepared perfluorooctylbromide lipid-encapsulated NPs, which can be assimilated to SLNs
with a size 250 nm by emulsification/sonication. Anti-fibrin mAb on the surface of the SLNs

specifically targeted fibrin network in a canine model of the electrode-induced arterial
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thrombosis. Sulfhydryl functionalized uPA was covalently coupled to these SLNs and retained
its fibrinolytic activity in vitro.

Overall, cRGD peptide-decorated PEGylated liposomes became a standard engineering
approach in thrombolytic research owing to their cyto- and hemocompatibility [56] with a high
potential for clinical translation, which might, in contrast, take longer for complex hybrid

systems.

4 POLYMERIC DRUG DELIVERY

Depending on the preparation method, polymeric NPs can have nanosphere or nanocapsule
structures. Both naturally occurring hydrophilic polymers and synthetic biocompatible
polymers are used in the NP fabrication and offer simple surface modification and
functionalization [88]. Natural polymers such as polysaccharides (hyaluronan, alginate, and
chitosan) and proteins (gelatin and albumin) are common [89]. Synthetic polymers come either
in prepolymerized forms, such as polyesters like polycaprolactone (PCL), polylactic acid
(PLA), or polymerized from the monomers, e.g., poly (methyl methacrylate), poly (alkyl
cyanoacrylate) (PACA), poly (acrylic acid) (PAA), poly(lactic-co-glycolic acid) (PLGA),
poly(2-oxazoline) (POx), and poly(amidoamine) (PAMAM). Synthetic polymers benefit from
high purity and reproducibility over natural polymers; the latter, however, represent a
significant interest due to their safety, abundance in nature, and low cost. Polymer
nanoparticles are conventionally fabricated by two methods: the dispersion of preformed
polymers or monomers' polymerization [90]. The plasminogen activators are typically
dissolved and entrapped or covalently attached to the surface of the NPs prepared from some
of the polymers mentioned above.

Chitosan (Cs) and its chemical derivatives have been widely used because of its

biocompatibility and biodegradability, low toxicity, and low immunogenicity in thrombolytic
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drug delivery. Chitosan is a cationic hydrophilic polysaccharide derived from chitins that forms
polyelectrolyte complexes with negatively charged molecules [91].

Self-assembled chitosan NPs were produced via the ionic cross-linking with sodium
tripolyphosphate, possessing a size 236 nm, and further loaded with uPA with encapsulation
efficiency ~95% [92]. Both intravenous injection and catheter-driven drug delivery were tested
in a thrombin-induced rabbit venous thrombosis, pointing out superior thrombolytic efficacy
for the latter comparing with free uPA. Another group [93] elaborated a chitosan-based NPs/SK
drug complexation via non-covalent interactions. Synthesis conditions such as pH and Cs
concentration were optimized using a computational model. The team of Shamsi et al. reported
the synthesis of uniform and spherical SK-entrapped chitosan NPs with a diameter of 67 + 13
nm and a narrow polydispersity by microfluidics [94]. A steady and sustained SK release was
achieved during 48 h in vitro in addition to higher SK amidolytic activity in plasma in rats,
compared with free SK. Given that quaternized derivative of chitosan - N,N,N-Trimethyl
Chitosan (TMC) has superior solubility and increased charge density, Liao et al. covalently
grafted TMC with cRGD to target GPIIb/IIla receptors [95]. The resulted cRGD-LK-NPs were
formed with lumbrokinase (LK) via ionic gelation using sodium tripolyphosphate and could
effectively accelerate thrombolysis in clot-occluded tubes and FeCls rat carotid artery model at
90,000 U/kg of LK.

Jin et al. prepared PEG crosslinked glycol chitosan hollow nanogels by an ultrasonic
spray technique and loaded uPA with 80% loading efficiency. Such NP design improved uPA
half-life in rats from 18 min to 40 min without causing biotoxicity. The diagnostic US
application at 2 MHz accelerated uPA release from the nanogels (90% of uPA released within
1 h vs. 80% within 6 h without the US) [53]. While the hollow cavity of the nanogels did not
contain gas, they were responsive to the US due to the vibration of the polymer shell. The

ultrasonic stimulation enhanced the thrombolysis in vitro for both free uPA and the uPA-loaded
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nanogels [53]. Notably, the nanogels allowed the delivery of uPA with no signs of a stroke or
blood-brain barrier permeability damage after 24 h in vivo [96].

Gelatin, a protein obtained from the collagen hydrolysis, is an attractive natural
macromolecule for a thrombolysis nanocarrier owing to its biocompatibility, biodegradability,
and wide availability at low cost [97]. Gelatin-based NPs require crosslinking with
glutaraldehyde or another bifunctional cross-linker during preparation, and their surface can be
tuned with site-specific ligands, cationized with amine derivatives, or PEGylated.

Polyelectrolyte complex of cationized gelatin and anionic PEGylated gelatin with rtPA
mutant (monteplase) fabricated a 200 nm thrombolytic delivery system [98]. While fibrinolytic
activity in vitro was suppressed to 45% due to nanocomplexation, it was fully recovered under
US stimulation (1 MHz, intensity 0.75 W/cm?), demonstrating an ultrasound-responsive rtPA
release. US control drug release can be explained by producing a stable cavitation state and
shear stress on the surrounding tissues [49]. In a rabbit thrombosis model, a combination of the
US with rtPA-NPs allowed full vessel recanalization for all treated animals after 30 min, which
was superior to free rtPA (10% recanalization after 60 min) and free rtPA+US (90%
recanalization after 30 min).

Uesugi et al. further developed a zinc-crosslinked gelatin complex with monteplase
[73], which restored its rtPA fibrinolytic activity upon US exposure in vitro [73] and in vivo to
the level of free rtPA [54]. Monteplase-loaded NPs increased thrombus affinity 3-fold as a
result of interactions of the gelatin with von Willebrand Factor (vWF), a blood glycoprotein
that is a crucial component of platelet-rich thrombi. In a swine model of acute myocardial
infarction, treatment with rtPA alone dissolved only 30% of occluded coronary thrombi at a
dose 0of 55,000 IU/kg and no thrombi at 27,500 IU/kg within 60 min, while NPs carrying 55,000
IU/kg rtPA achieved recanalization of 90% thrombi within 30 min comparing to 60% of cases

in 60 min at a dose of 27,500 IU/kg, under continuous-wave US field (1 MHz, 1 W/cm?) [54].
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Poly(d,l-lactic-co-glycolic acid) (PLGA), a synthetic biodegradable polymer that is

relatively hydrophobic, has the FDA and the European Medicine Agency (EMA) approval for
drug delivery systems. The PLGA micro- or nanoparticles are mostly synthesized by a double
emulsion solvent evaporation system with poly(vinyl alcohol) (PVA) as an emulsion stabilizer
[99].

In order to establish slow and controlled thrombolysis and prevent abdominal aortic
aneurysm rupture, Sivaraman et al. produced PLGA NPs with 10 pg rtPA using
didodecyldimethylammonium bromide (DMAB) or PVA as a surfactant [100]. DMAB-
stabilized NPs demonstrated gradual clot lysis and higher binding to the fibrin clots. The nano-
delivery system improved the proliferation of the aneurysmal smooth muscle cells (EaRASMC)
exposed to the clot lysis byproducts, attenuated the elastic matrix degradation and proteolytic
enzyme activities within EaBRASMC cultures.

Surface PEGylation of PLGA NPs plays a favorable role in biocompatibility and
improves pharmacokinetics by preventing opsonization. Colasuonno et al. formulated
discoidal porous nanoconstructs (DPNs) with a mixture of PLGA and PEG and loaded rtPA
with efficiency ~100% via EDC/NHS reaction [101]. Despite the absence of active targeting,
a high thrombolytic potential of these NPs might be attributed to their erythrocyte-mimicking
shape and deformability, leading to efficient circulation profiles and accumulation of rtPA-
DPNs at the clot site. A hybrid theranostic system was developed by Zhou et al. when rtPA
was encapsulated into a shell of PLGA and Fe3O4, and a chitosan-cRGD peptide was grafted
on the surface to target GPIIb/Illa [69]. Such design addressed a dual function: the early
detection of a thrombus and the dynamic monitoring of thrombolytic efficiency using an MRI
scanner. The obtained NPs showed a sustainable release profile: a slow-release during the first
15 min and a fast release until 60 min. MRI contrast enhancement was illustrated in the murine

thrombus model; effective thrombolysis was performed in the in vitro blood clot.
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Inspired by pathophysiological mechanisms [72], the microaggregates of multiple
PLGA NPs dissociated into rtPA-bearing NPs when exposed to abnormally high hemodynamic
shear stress (>100 dyne/cm?) in the vascular occlusions. The obtained Shear-Activated
NanoTherapeutics with rtPA (rtPA-SA-NTs) performed effective thrombolysis in multiple
preclinical models, as they delayed the time to full vessel occlusion in a FeCl; mouse arterial
thrombus model, reversed the debilitating hemodynamic changes of acute pulmonary
embolism ex vivo at a concentration 100-times lower of native rtPA, and increased survival in
an otherwise fatal mouse pulmonary embolism model in vivo.

Poly(alkyl cyanoacrylate) (PACA) is an alternative to PLGA biodegradable polymer

that was initially developed and approved as a surgical glue [102]. Juenet et al. prepared
hydrophilic polysaccharide-decorated poly(isobutyl cyanoacrylate) core-shell NPs with a mean
size of 130 nm by redox radical emulsion polymerization and loaded rtPA by adsorption [67]
(Figure 6A). Functionalization of the NPs with an algae-derived abundant and cost-effective
sulfated polysaccharide fucoidan (Fuco) [103] allowed binding P-selectin on activated platelets
under arterial or venous shear stress conditions (Figure 6B & C). As a targeting ligand for P-
selectin overexpression in cardiovascular pathologies, fucoidan was prior validated on
microscale particles, including polysaccharide microparticles with iron oxide for MRI imaging
[104] and polymer microcapsules [105]. Thrombolytic efficacy was 2-fold enhanced for rtPA-
loaded Fuco-NPs comparing with rtPA-Control-NPs and free rtPA in FeCl; murine model of
venous thrombosis at the rtPA dose of 2.5 mg/kg [67], which is 4 times lower than a clinical

dose in mice [106] (Figure 6D & E).
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Figure 6. Polymer NPs with fucoidan for venous thrombosis. A. Formulation of fucoidan-
functionalized NPs with rtPA. Cerium (IV) ions oxidize polysaccharide chains. The free radical
initiates the radical emulsion polymerization of isobutyl cyanoacrylate monomers and create
amphiphilic linear blocks copolymers that assemble into core-shell NPs in water. rt-PA
interacts with the NPs by electrostatic interactions. B. The fluorescence image shows that rtPA-
loaded NPs (in red) with fucoidan adhere notably more onto activated platelet aggregates (in
green) than the particles without fucoidan under flow conditions (scale bar = 50 um). C.
Corresponding quantitative analysis of rt-PA-loaded NPs on platelet aggregates. D. Evaluation
of thrombolysis efficiency in a mouse model of venous thrombosis at the rtPA dose of 2.5
mg/kg. Fluorescence images of thrombus evolution after treatment injection as determined by
platelet accumulation at different times (scale bar = 200 um). E. Corresponding quantitative
analysis of the thrombus density at 30 min after injection. Adapted with permission from [67].
Copyright 2017 Elsevier Ltd.

Polycaprolactone (PCL). PCL is a non-toxic, biodegradable hydrophobic polyester

approved by the FDA for several medical applications, including targeted drug delivery. Its
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slow degradation profile under physiological conditions (from months to years) makes it
attractive for long term drug delivery devices or implants [107].

Deng et al. synthesized the PEG-PCL NPs by single emulsion and solvent evaporation
method and conjugated with rtPA via EDC/NHS [108]. rtPA preserved its amidolytic activity
in vitro and remained active in vivo up to 3h. Despite some reduction in lytic activity in the
in vitro blood clot test, rtPA-loaded NPs reduced the brain's infarct volume by ~70%
compared with free rtPA at 1 mg/kg.

Pan et al. produced cationic micelles with a mean size of ~190 nm [109]. Polymeric
micelles are a frequently employed class of NPs with a distinct core-shell structure that are
self-assembled from amphiphilic components in an aqueous solvent. They were prepared with
a mixture of polymers: polycaprolactone-block-poly(2-(dimethylamino)ethylmethacrylate)
(PCL-PDMAEMA) — to form NP core, methoxy-PEG-PCL — to enhance the colloidal stability
and biocompatibility, and PCL-PEG conjugated with RGDfk peptide — to target GPIIb/IIIa.
The micelles adsorbed anionic lumbrokinase (LM) via electrostatic interactions [109]. They
could target thrombus and exhibited thrombolytic potential in vivo with almost 2-fold reduced
bleeding time vs. free LM, thus, mitigating hemorrhagic risks. Two years earlier, the same team
published a work similarly dealing with LM-adsorbed micelles from triblock polymer —
polycaprolactone-block-poly(2-(dimethylamino) ethyl methacrylate)-block-poly(2-
hydroxyethyl methacrylate) (PCL-PDMAEMA-PHEMA) [110]. In a less common targeting
strategy, Annexin V, a human phospholipid-binding protein that binds phosphatidylserine on
the surface of activated platelets in a calcium-dependent manner and is proposed to play a role
in the inhibition of blood coagulation [111], was conjugated to the micelles to target thrombi
in a murine FeClz-induced model and perform the in vivo thrombolytic activity.

Poly(2-oxazoline) (POx). This hydrophilic biocompatible but non-biodegradable

synthetic polymer features a stealth effect similar to PEG [107]. Gunawan ef al. synthesized
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smart multifunctional polymer microcapsules based on a brushlike POx with alkyne functional
groups (B-PEtOxai) polymer via layer-by-layer assembly on removable mesoporous silica
templates [74]. uPA was encapsulated onto these microcapsules via electrostatic interactions
(6.4 x 10> g uPA per capsule) and could be released upon exposure to thrombin owing to the
thrombin-sensitive cross-linker peptide (ELTPRGWRLE). The NP surface-functionalization
with a single-chain antibody (scFv) enabled a high affinity toward the GPIIb/IIIa on activated
platelets in microfluidic flow channels.

Poly(acrylic acid) (PAA) is an anionic polyelectrolyte, a synthetic polymer of acrylic

acid. PAA is not biodegradable, although it displays excellent biocompatibility and low toxicity
[107].

Mei et al. successfully combined the thrombolytic and antioxidant strategy,
incorporating 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl (4-amino-TEMPO) antioxidant
into polyion complex NPs to eliminate Reactive Oxygen Species (ROS) after ischemia-
reperfusion injury [48] (Figure 7A). Self-assembled NPs were composed of anionic PAA,
cationic poly(ethylene glycol)-b-poly[4-(2,2,6,6-tetra-methylpiperidine-1-oxyl)
aminomethylstyrene] (PEG-b-PMNT) diblock amphiphilic copolymers, and rtPA. The NPs
were colloidally stable due to the hydrophobic nature of the core-forming polycationic PMNT
segment. Nanocomplexation extended the in vivo half-life of rtPA from 8.2 min to 71.2 min.
The complex dissociation in the acidic pH, typical for the ischemia, released the drug. At rtPA
dose 1 mg/kg, antioxidant-containing NPs improved neurological deficits, reduced cerebral
infarct volume, decreased cerebral superoxide ROS and lipid peroxidation levels, as well as
subarachnoid hemorrhage, contrary to free rtPA and antioxidant-free nanocomplex (Figure

7B-G).
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Figure 7. Polymer micelle NPs with rtPA and antioxidant. A. Graphical illustration of the
mode of action of t-PA-installed polyion complex possessing ROS-scavenging moieties (t-
PA@iRNP) in the thrombus: t-PA@iRNP collapse within the acidic ischemic penumbra region,
release t-PA, perform thrombosis and antioxidant activity. (B-G) The therapeutic effect of t-
PA@iRNP in vivo after middle cerebral artery occlusion (MCAO). B. Representative images
of TTC stained cerebral coronal of the mouse brain, white sections indicate the brain infarct
zones (scale bar = 0.5 cm). C. Corresponding quantification of cerebral infarct volume (%). D.
Analysis of paw-dragging behavior in the cylinder test reveals a reduction in the neurological
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deficit score for the t-PA@iRNP group. E. Treatment with t-PA@iRNP decreased cerebral
superoxide levels, measured by dihydroethidium, at 24 h after injection. F. Treatment with
iRNP and t-PA@iRNP reduced thiobarbituric acid-reactive substances (TBARS) level — index
of lipid peroxidation in the brain — due to the antioxidant effect. G. Treatment with t-PA@iRNP
suppressed t-PA induced cerebral subarachnoid hemorrhage (shown with arrows) with
representative images at 24 h after treatment. Adapted with permission from [48]. Copyright
2019 Elsevier Ltd.

Poly(amidoamine) (PAMAM) is a class of dendrimers — nano-sized, radially symmetric

artificial macromolecules with highly branched three-dimensional polymeric structure. Due to
the multiple functional surface groups, they are commonly exploited for conjugation with
pharmaceutical compounds. Mukhametova et al. developed PAMAM dendrimers containing
ethylenediamine core with amidoamine internal structure and a primary amine terminal surface
[112]. They were covalently grafted with SK by EDC/sulfo-NHS chemistry and preserved up
to 85% of thrombolytic activity in vitro compared with free SK [112]. Nonetheless, the clinical
use of the dendrimers is limited because of high toxicity, unknown biocompatibility,
biodistribution, biodegradation, pharmacokinetic profile, and high cost of production [113].
To sum up, multiple excellent papers reported superior thrombolytic potential and
favorable therapeutic outcomes with PA-loaded polymeric nanocarriers. These NPs are
expected to prevail in thrombolysis research, considering their benefits: simple surface
modification & functionalization, “smart” nanoparticulate design with controlled drug release,

FDA-approval of some polymers that are both biodegradable and biocompatible.

S INORGANIC NANOPARTICLES

5.1 MAGNETIC NANOPARTICLES

Magnetic nanoparticles (MNP) are of great interest in thrombolytic drug delivery due to their

large surface area, small particle size (1-100 nm), strong superparamagnetic properties that
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permit their detection by MRI, excellent biocompatibility with low toxicity. Initially, MNP
were introduced to the MRI field to overcome the low sensitivity of the standard imaging
method. The assumption was to avoid the proton relaxation effect of MRI imaging with direct
visualization of NPs containing iron oxide nanocrystals [114]. The system was functionalized
with a fibrin-binding peptide that indicated promising results for MRI visualization of in vitro
blood clots. MNP are usually composed of a metal core of magnetite Fe3O4 or maghemite y-
Fe;0O3 and a functionalized shell. Co-precipitation and thermal decomposition are among the
most widely studied synthesis methods for magnetic NPs. Aside from the typically used iron
oxide, other magnetic elements such as Ni, Co, and their oxides can also be applied for NP
manufacture. Cheng et al. [115] fabricated magnetic Ni nanorods via the oblique angle
deposition method (physical vapor deposition technique). Hydrodynamic flows, induced by
rotating nanorod suspension with rtPA by a pair of permanent magnets, enhanced rtPA mass
transport and accelerated thrombolysis. Nevertheless, due to nickel toxicity, this technology
cannot be translated into clinical settings.

Fibrinolytic drug-loaded MNPs can be concentrated at the thrombus under the external
high-gradient magnetic field for targeted thrombolysis. Hu et al. [55] employed enzymatical
(rtPA reaction) and mechanical clot lysis with rtPA-loaded rotating Fe;O4-C microrods (MRs)
under an external magnetic field. These MRs were assembled from smaller particles with
nanometric pores and possessed an average length L=1.3 pm and a diameter D=0.5 pum. rtPA-
MRs under magnetic field recanalized occluded cerebral artery faster and at a lower dose than
free rtPA group (25 min at 0.13 mg/kg vs. 85 min at 10 mg/kg) and diminished the post-stroke
infarct volume in vivo. Despite the absence of liver and kidney toxicity of the MRs, they
aggregated in vitro and required sonication to remain homogeneously dispersed in the

suspension.

44



Chapter 1. INTRODUCTION

The drawback of uncoated magnetite NPs is that they are prone to oxidation and rapidly
aggregate due to strong magnetic dipole-dipole attraction between particles, leading to a loss
of magnetization. After the synthesis, a surface coating by SiO: or biopolymers is required to
improve NP environmental stability, stealth effects, and prolong the blood circulation time. It
may additionally provide a variety of high-capacity surface functional groups for
bioconjugation of the molecules of interest.

Kempe et al. produced octahedral silica-coated Fe3O4 NPs for ferromagnetic implant-
assisted magnetic drug targeting of in-stent thrombosis [116]. Silica coating enlarged the
hydrodynamic size of the NPs from 10-30 nm to ~300 nm due to the tight aggregation of naked
NPs. rtPA was immobilized onto NP surface via EDC/sulfo-NHS chemistry (71 ug rtPA / 1
mg magnetite NPs). In a preliminary experiment on the porcine brachial artery, rtPA-NPs were
effective for magnetically guided lysis of in-stent thrombosis at a low rtPA dose of 0.38 mg.
In another study [117], silica-coated magnetic nanoparticle (SiO.-MNP), prepared by the sol-
gel method, covalently grafted rtPA with a glutaraldehyde (0.5 mg/mL rtPA / 5 mg SiO2-MNP).
After nano-conjugation, the rtPA storage stability increased 9.5-fold in the PBS and 2.8-fold in
whole blood. Time of thrombolysis of SiO2-MNP-rtPA improved by 65% vs. free rtPA in the
ex vivo intravascular model under magnetic guidance.

The high porosity of the silica coating promotes the encapsulation of the pharmaceutical
drugs inside the pores. Wang et al. reported that silica-coated magnetic NPs, prepared by the
surfactant templating, with an expanded 6 nm pore size permitted 30-fold more efficient uPA
adsorption with sustainable drug release [118]. In vitro thrombolytic efficiency was 2-fold
superior vs. free uPA and ~1.5-fold faster vs. uPA-loaded supermagnetic non-mesoporous
silica NPs under 0.2 Tesla magnet. Yet, silica clinical application needs to be carefully

regulated because of the hemolytic effect it might induce as it acts as a hydrogen donor in
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interactions with cell membrane phospholipids and generates ROS [119,120]. Additionally,
silica is shown to provoke an immune response by releasing pro-inflammatory cytokines [121].

Common in cancer therapy in vivo, hyperthermia was used as adjuvant therapy for
thrombolysis by Voros et al. [75]. Multiple clustered iron oxide nanocubes (NCs), synthesized
by a high-temperature thermal decomposition, were surface-coated with a mixture of rtPA and
Bovine Serum Albumin (BSA) and produced a local overheating under alternating magnetic
fields (295 kHz). rtPA release from NCs doubled at 42 °C from the one at 37 °C within 24 h.

The presence of functional amino and hydroxyl groups makes chitosan and its
derivatives a suitable candidate for the magnetic NP surface coating. Chen et al. [122] prepared
iron oxide MNP by the chemical co-precipitation and coated with chitosan as a dispersing agent.
They immobilized rtPA by glutaraldehyde-mediated amide bond formation with loading
efficiency 95% (0.5 mg rtPA / 5 mg chitosan-MNP), maintaining its enzymatic and
thrombolytic activities in vitro. In vivo rat arterial embolic model further evidenced tissue
perfusion after treatment of 6,000 G magnetically guided Cs-MNP-rtPA at a dosage of 0.2
mg/kg but not of saline. Alternatively, chitosan coating of FesOs MNPs was achieved by
crosslinking with sodium tripolyphosphate via ionic gelation in the presence of rtPA [123]. On
top of targeted magnetic delivery, rtPA-encapsulated NPs unveiled a triggered release: in serum
at 37 °C, but not in PBS, that was on/off magnet-sensitive that could be retarded in the presence
of a magnetic field. According to the in vivo study on the rat embolic model, rtPA-NPs restored
blood flow at rtPA dose of 2 mg/kg under magnetic guidance in contrast to NP administration
alone.

Dextran, complex branched glucose, is largely used in the coating of MNP. Magneto-
fluorescent crosslinked dextran-coated iron oxide (CLIO) NPs targeted arterial and venous
thrombi in vivo via an activated factor XIII (FXIIIa)-sensitive peptide (GNQEQVSPLTLLKC-

NH2) [68]. These theranostic NPs generated optical imaging with NIR VivoTag 680
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fluorophore and were covalently functionalized with rtPA via PEG. Thrombolytic efficiency
was comparable to the one of free rtPA in the humanized mouse model of pulmonary embolism.

Cytocompatibility of dextran-coated superparamagnetic iron oxide NPs (SPIONs) on
human umbilical vein endothelial cells (HUVECs) (~85% cell viability) without changes in
mitochondrial membrane potential, a DNA degradation or cell cycle alteration was stated by
Heid et al. [124]. When comparing an adsorptive or covalent (EDC/NHS) method to load an
arginine-purified rtPA, >80% loading efficiency was achieved for both approaches. Yet,
SPIONs with covalently bound rtPA were more efficient to be targeted by a 0.4 Tesla magnet
into fibrin clot and perform a local in vitro thrombolysis.

Owing to its natural, biodegradable, and non-toxic character, agarose, a linear
polysaccharide extracted from red seaweed, is applied in diverse biotechnological applications.
Agarose gel-coated FesO4 NPs were covalently grafted with uPA via EDC/sulfo-NHS [125].
Urokinase-loaded NPs increased the thrombolytic rate by 50% in the in vitro blood clot assay
vs. free uPA, as well as in a microfluidic test under static magnetic field of 624 A/m.

Prilepskii et al. [126] crosslinked MNPs with heparin, FDA-approved polysaccharide
with anticoagulant activity, and adsorbed uPA with encapsulation of 99% (Figure 8A). The
size of the resulting nanocomposite was around 100 nm (Figure 8B). Without the inhibitory
effect of the heparin on uPA, the thrombolysis rate amplified in the presence of a permanent
magnet in vitro (12 min vs. 7 min for 60% clot reduction) (Figure 8C). In the FeCls rat carotid
artery and rabbit femoral artery models, the MNPs@uPA group speeded reperfusion time and

increased blood flow rate ~4 times compared to that of native uPA (Figure 8D & E).
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Figure 8. Example of heparin-coated MNPs in thrombosis. A. Schematic of the adsorption
of uPA to the heparin-coated MNPs to obtain MNPs@uPA. Inset: 3D structure of urokinase
with colored electrostatic potentials. Kringle domains responsible for interaction with heparin
are in orange. B. The hydrodynamic diameter of MNPs@uPA composite. C. In vitro clot lysis
rate upon exposure to uPA and MNPs@uPA with or without a magnetic field. The difference
in the thrombolysis for MNPs@uPA with and without magnet within the initial 25 min is
statistically significant (p <0.05). D. Restoration of blood flow in vivo of uPA and MNPs@uPA.
(a) Time to vessel reperfusion. (b) Rate of blood flow 24 h post-injection. E. Sections of the
rat carotid artery and (g—i) rabbit femoral artery 24 h post-clot formation. Colors: blue, vessel
walls; red, erythrocyte aggregates; green, red clot; white, white clot. (a, b, g) Saline. The clot
tightly adhered to the vessel wall observed in (a) (marked in green). The vessel fully occluded
by the clot (encircled in green) presented in (b). (c, d, h) uPA. Note a clear vessel lumen space
between the clot (green) and the vessel wall (blue) in (d). (e, f, i) MNPs@uPA. Note a bigger
free space in the vessel lumen and reduced size of the clot in (f) and (i). (a, c, e, g—1): H&E
staining. (b, d, f): Picro-Mallory staining. Adapted with permission from [126]. Copyright 2018
American Chemical Society.

The synthetic polymer coating is similarly explored for the preparation of magnetic
field-responsive and biocompatible NPs. Huang et al. [127] stabilized MNPs with PAA by
providing electrostatic and steric repulsion and loaded rtPA via EDC/NHS due to PAA
abundant carboxyl groups. The clot lysis efficiency of MNP-rtPA was improved under the

rotating magnetic field compared to free rtPA in vitro. Besides, MNP-rtPA diminished the brain
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infarct area in the distal cerebral occlusion in vivo model vs. free rtPA (8.65 £ 3.63 mm? vs.
4.40 +2.46 mm?).

Another publication compared covalent vs. non-covalent methods of rtPA loading to
polyacrylic acid-co-maleic acid (PAM)-coated SPIONs [128]. Better loading efficiency was
reported with a covalent method vs. adsorption (98.6 + 0.8 % vs. 47.7 + 5.4 %). Amidolytic
and fibrinolytic activities on the PAM-SPIONs with covalent loading were superior and better
preserved after 40 days of storage. Hence, the covalent binding of the rtPA was advantageous
for the application with SPIONS.

Hung-Wei Yang ef al. [129] synthesized the magnetic nanocarriers (MNCs) with a
water-soluble poly [aniline-co-N-(1-one-butyric acid) aniline] (SPAnH) shell that could load a
high amount of rtPA via 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide / N-
hydroxysuccinimide (EDC/NHS) chemistry (276 pg rtPA per 1 mg MNC). Magnet-guided
MNC-rtPA demonstrated significantly improved thrombolysis in rat iliac embolism model at

0.2 mg/kg rtPA dose.

3.2 GOLD NANOPARTICLES

Gold nanoparticles (AuNPs) benefit from diverse optical and photothermal properties. They
are synthesized by the reduction of gold salts to gold metals in the presence of stabilizing agents
to prevent aggregation during NP formation, and their tunable size modulates their toxicity and
biodistribution. Gold NPs can be applied in photothermal therapy in cancer [130] as well as in
drug delivery. Moreover, AuNPs are characterized by their high X-ray absorption coefficient
enhancing CT signal. The quantitative imaging method in vivo was established to monitor the
thrombolysis with rtPA using fibrin-targeted glycol chitosan-coated gold NPs [131]. Direct
discrimination of thrombi from the underlying tissue was obtained with gold NPs conjugated

with a thrombin-activated fluorescent peptide that discharged a near-infrared signal (NIRF)

49



Chapter 1. INTRODUCTION

when cleaved [132]. This dual NIRF/micro-CT imaging protocol was tested in vivo and
suggested a high spatial resolution for a rapid and direct thrombi diagnosis. Indeed, gold NPs
represent an exciting perspective to overcome the pitfalls of standard imaging protocols and
might better triage patients according to their thrombotic conditions.

Gold nanoparticles are similarly capable of delivering large biomolecules, like
plasminogen activators. Tang et al. conjugated rtPA with AuNPs with a diameter of 37.8 nm
via bio-affinity ligation based on the interactions between rtPA and 3-lysine ligand on the
AuNPs surface through polyvinyl pyrrolidone (PVP) spacer [51]. Notably, obtained conjugate
indicated protection from inhibition by PAI-1 in vitro by pre-incubation with the enzyme and
prolonged circulation time in vivo (6.5 min vs. 20.5 min). Another intelligent nanoplatform for
hyperthermia-induced thrombolysis was documented by Wang et al. [47]. Gold@mesoporous
silica core-shell nanospheres immobilized uPA in the pores by a solid 1-tetradecanol (tet)
(Figure 9A). Owing to hyperthermia caused by Au absorption of NIR under NIR laser
irradiation, tet transformation to liquid phase stimulated a temperature-sensitive controlled
release of uPA, whereas only 10.5% of the drug was released at 37°C vs. 89.5% at 39°C
(Figure 9B & C). In the carrageenan-induced murine tail thrombus model, the NIR-irradiated

uPA-NPs group enhanced the thrombolytic effect ~2-fold vs. free uPA (Figure 9D).
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Figure 9. Enhancement of thrombosis via hyperthermia. A. Schematic illustration of the
hyperthermia-induced enhanced thrombolysis with uPA-immobilized gold@mesoporous silica
nanospheres. B. In vitro release profiles of fluorescent uPA from uPA-NPs at 37 °C and 39 °C,
respectively. The enlarged release profile in 10 min is shown in the inset graph. C. NIR laser
triggers pulsed uPA release profile in vitro of fluorescent uPA-NPs. D. In vivo thrombolysis in
murine tail thrombus model via injecting carrageenan. The statistical black tail length loss
(thrombolytic effect) of mice after treatment for 9 days, where ¢ represents the amputated tail,
and the number represents the number of mice with the amputated tail. Adapted with
permission from [47]. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

In conclusion, several remarkable concepts of inorganic PA-bearing NPs for targeted
thrombolysis were published in the last 10 years that have the potential to become theranostics.
Although most MNP rely on magnet-assisted accumulation on the thrombus, this targeting
approach seems to be tricky to accomplish in healthcare settings. An interesting application of
inorganic NPs is hyperthermic exposure as adjuvant therapy to fibrinolytic therapy.

Nevertheless, it must be remembered that NPs from inorganic materials are difficult to degrade
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in vivo, and they persist for extended periods (more details on safety and metabolism in Section

7.1).

6 BIO-INSPIRED NANOCARRIERS

Nature inspires the development of nanotechnological solutions in drug-delivery systems. Bio-
inspiration and biomimicry technologies can not only simulate biological materials by their
chemical structure but also by their biological functions [133].

Camouflage. An elegant strategy to reduce thrombolytic drug elimination and increase
its plasma half-life is camouflaging it as endogenous proteins. This approach was demonstrated
by Absar ef al. [134] when the targeted/triggered release of rtPA was mediated by the presence
of thrombin in the thrombus. rtPA was camouflaged by conjugating with human serum albumin
(HSA) via a thrombin-cleavable peptide (tcP) and decorated with a homing-peptide targeting
GPIIb/IIa. This construct permitted to temporarily suppress the enzymatic and fibrinolytic
activities of camouflaged rtPA, however, to spontaneously restore it upon incubation with
thrombin by the cleavage of the peptide linker.

Red blood cell (RBC)-derived nanocarriers. Erythrocytes are recognized for their

extended blood circulation as they manage to avoid clearance by the macrophages for up to 3
months. A number of factors are believed to contribute to that, including their discoidal shape,
deformability, and the expression of self-recognition biomarkers, such as CD47 and CD200
[133,135]. RBC seem to be a particularly promising carrier of thrombolytic drugs that exert
their pharmacological activity within blood vessels.

Vankayala et al. [136] designed theranostic nanoconstructs for NIR fluorescence
imaging and thrombolytic activity. Specifically, after hypotonic treatment of RBCs, obtained
erythrocyte ghosts were coupled with indocyanine green, FDA-approved NIR imaging agent,

and conjugated with rtPA via amine-aldehyde chemistry. Their thrombolytic efficacy was
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comparable to the free rtPA in vitro. Erythrocytes have already reached clinical trials as
nanocarriers for drug delivery (Clinicaltrials.gov Identifiers: NCT01255358, NCT01171807,
NCT00484965) but not in thrombolytic therapy yet [133].

Platelet-like _nanocarriers. Platelet membrane-camouflaged PLGA-core NPs,

conjugated with rtPA, were recently proposed as a biomimetic technique by Xu et al. [76].
These so-called “nanoplatelets” behave like platelets in the blood circulation (Figure 10A &
B) and bind to the thrombus in vitro and ex vivo. rtPA-NPs treatment was beneficial in multiple
in vivo models: improved the mouse survival time from 4-7 days to 14.5 days and ~4.5-fold
reduced the thrombus area vs. free rtPA in the pulmonary embolism model (Figure 10C & D);
stimulated complete thrombus removal contrary to free rtPA in the FeCls-induced mesenteric
arterial model. Notably, post-thrombolytic brain damage was weaker for the rtPA-NPs group
as defined by a lower neurological deficit score and smaller ischemic area in the ischemic

stroke mouse model, as depicted in Figure 10E-G.
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Figure 10. Nanoplatelets as an efficient carrier of rtPA in multiple thrombosis models. A.
Schematic illustration of the synthesis of PNP-PA NPs. Briefly, the membrane of platelets
(scale bar = 1 um), acquired from the whole blood of mice, were used to coat the PLGA cores
(scale bar = 400 nm). t-PA was subsequently conjugated via —SH groups onto the surface of
the platelet membrane to form PNP-PA. B. The proposed mechanism of action in vivo:
mimicking platelets, PNP-PA are specifically targeted to the thrombus and dissolve the fibrin
clot. C. Therapeutic potential of PNP-PA in a pulmonary embolism mouse model. Lung
sections with H&E staining administered the indicated treatments (scale bar = 50 pm). D.
Quantitative analysis of the thrombus area in panel C. E-G. Therapeutic effects of PNP-PA in
the ischemic stroke mouse model. E. Representative TTC staining images of MCAO mouse
brains treated with the indicated formulations. F. Neurological deficit scores in the treatment
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groups of MCAO mice. G. The survival rate of MCAO mice treated with the mentioned
formulations. Adapted with permission from [76]. Copyright 2019 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

There has been a growing interest in exploring neuroprotective strategies following
acute ischemic stroke to reduce brain injury [137]. Another version of the “nanoplatelets” was
proposed as a combinational approach for the treatment of acute ischemic stroke based on
thrombolysis and neuroprotection [138]. The NPs with a size of ~150 nm contained the core of
acetal modified dextran & neuroprotective agent and were covered with a platelet membrane
conjugated with thrombin-cleavable Tat-peptide (Tat-LTPRGWRLGGC) that coupled rtPA
(Figure 11A). In this nanodesign, rtPA could be released upon thrombin presence while
exposing Tat-peptide on the NPs and penetrating the blood-brain barrier (BBB) for
neuroprotectant delivery in the brain (Figure 11B & C). In the in vivo model of middle cerebral
artery (MCA) occlusion, a treatment with this nanocomplex decreased infarct size by 63%,
ameliorated neurological deficit, and diminished ROS level of the ischemic region by 52%

compared to the free drug combination (Figure 11D-F).

55



Chapter 1. INTRODUCTION

JA

injection

rtPA

Cell-penetrating peptide
Thrombin cleavable amino acid sequences

Platelet

’ Thrombin

Platelet membrane

NP/ZL006e

Red blood cell

[ o] o] o] o] o] o] o] o] o] o] o] o] of o] of o] o] o] o] o] =
Blood flow {% wo > > g% *gg ﬁ

omb — 3& & -
’ A
R 5 3
=3 L J L4 =3 <= @ e § > 4 > =3 <> L4 >
2 B
,
, @
— @
’
’
. ’ A
Thrombin cleave ’ Ischemic injury neuron
and Tat exposed mediated by Tat
B C
ya /L
’\;120 —=—0 U/ml—e— 0.1 U/ml ” —_ "
< 4—05U/ml v 1Uml R100F —=—pH74
3100 - —&— nP-NP-rtPA/ZL006e 1U/ml % —e—pH 5.6
o D S 1 ) $ 80t /f
()
Q 80 o 4 T)
- Y [ 9
< [ L — © 60F
% o0 X/T' l . §
Sal s T
B /y | o2 /{
= . r —e —1 ©
E 20H[«]. +—+—+ ~ = §
i e = o / v (_) O 1 1 ,I,l 1
5 10 24 0 10 24
Time (h) Time (h)
D E F
- 100 = 40000
at s H
§3 §80 I §30000 F
éz g wol é 20000
° S $
§1 L ~_§ 2] é 10000
&
o
wae s::m r\Ple‘?B:PNZLsz&“G"mPA spenl PN P(\?N‘L\'wee oo P * et grom oS00 PN Geer ™

PP o

et

Figure 11. Synergic effect of neuroprotection and thrombolysis using nanoplatelets. A.
Schematic design of tP-NP-rtPA/ZL006e and its components and mode of action. After
intravenous injection, tP-NP-rtPA/ZL006e¢ are targeted to the thrombus for thrombin-triggered
release of rtPA and thrombolysis. Nanocarrier transport into the brain via Tat-mediated
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transcytosis for neuroprotective activity. B. Cumulative release of rtPA from tP-NP-
rtPA/ZL006e with different thrombin concentrations. nP-NP-rtPA/ZL006e are the control
particles in 1 U/mL thrombin. C. In vitro neuroprotective effect of tP-NP-rtPA/ZL006e and
nP-NP-rtPA/ZL006e with or without thrombin and free ZL006e+rtPA via the coculture model
of the BCEC monolayer and glutamate-stimulated PC-12 cells. D. Neurological scores of the
MCAQO rats after the treatment. E. Quantification of brain infarct volume/ischemic brain
hemisphere at 24 h post-treatment MCAO rats. F. ROS level in the ischemic region. Adapted
with permission from [138]. Copyright 2019 American Chemical Society.

Leukocyte-derived microvesicles. Cell microvesicles that originate from the plasma

membrane of most cell types, including blood cells, are essential effectors in intercellular
communication and may transport bioactive molecules [139]. Silva et al. reported an
unconventional method when microvesicles (D = 673 = 168 nm), secreted from macrophages
upon serum depletion cellular stress, were capable of enclosing both iron oxide NPs and rtPA
[140]. The work exemplified a biogenic strategy of theranostic application of hybrid
microvesicles for MRI imaging and spatially-controlled rtPA delivery via magnetic field
gradient targeting.

Bacterial spores. In another bio-inspired approach, the spores of bacterium Bacillus

amyloliquefaciens with peptidoglycans on their surface were prior inactivated with a high-
pressure steam sterilizer and used as nanocarriers with uPA and RGDS peptide [141]. The solid
monodisperse oval spheres ([0.67 = 0.20 um] % [1.27 + 0.20 um]) were non-biotoxic following
histological evaluation of the heart, kidneys, and liver. With a higher thrombolysis rate in vitro,
in vivo tail bleeding times of the uPA-NPs group were shorter than that of free uPA (601 s vs.
1,145 s), suggesting a lower risk of hemorrhages.

Viral nanoparticles. Based on bacteriophages and plant viruses, viral nanoparticles

(VNPs) are biocompatible, biodegradable, and nonpathogenic nanocarriers in humans. Because
of the remarkable proliferation of viruses, they could be easily manufactured up to an industrial
scale. In the NPs based on the tobacco mosaic virus, the nucleic acids are tightly enclosed in a

stiff hollow tubular capsid comprising coat proteins [142]. To develop a nanocarrier with
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optimal flow properties for thrombolytic therapy, Pitek er al. conjugated rtPA to tobacco
mosaic virus mutant soft elongated nanorods containing lysine side chain (TMV-Lys) via PEG
linkers, obtaining the NPs with dimensions of 300 % 18 nm [143]. TMV-rtPA could passively
accumulate at the thrombus at a higher rate than TMV-PEG in vivo. Both rtPA and TMV-rtPA
resumed the circulation in the mouse thrombosis model, but TMV-rtPA reduced bleeding time
~2-fold vs. free rtPA. Despite an absence of pathogenicity, the potential immunogenicity of
nanodelivery systems based on pathogens such as bacteria and viruses should be not be
neglected.

To conclude, biomimetic delivery systems have the countless potential for the
advancement of drug delivery technologies. The reproduction of the biological complexity on
nanocarriers’ surface imitates biological features, like biocompatibility, targeting the thrombus
tissue, efficient circulation profiles, etc. To be suitable for clinical translation, both
toxicological (e.g., safety, immunogenicity) and pharmaceutical (e.g., reproducibility, scale-up,

standardization of chemical composition) concerns have to be examined [144].

7 NANOPARTICLE OPTIMAL DESIGN FOR THROMBOLYTIC THERAPY

7.1 PHARMACOKINETICS, BIODISTRIBUTION, AND SAFETY

After the intravenous administration, nanocarriers for fibrinolytic therapy are subjected to
biological barriers and might pose particular safety concerns that would limit a desirable
therapeutic outcome. What would be an optimal nanoparticle design to incorporate in order to
load plasminogen activator and perform a safe and efficient local thrombolysis?

Primarily, favorable in vivo biodistribution and pharmacokinetics of the injectable
inorganic, lipid, and polymeric micelle/nanoparticle must be ensured. Particle in vivo fate is

varied and dictated by the interaction between multiple parameters: nanoparticle size, surface
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characteristics, stability, efc. For site-specific accumulation of the thrombolytic agent, NPs
need to have sufficient circulation time in vivo. Ultra-small NPs with diameters < 5.5 nm are
rapidly filtered out by renal clearance upon intravenous administration [145]. The elimination
of the larger engineered NPs by the MPS represents a substantial obstacle. Plasma proteins,
including serum albumin, apolipoproteins, complement components, and immunoglobulins,
bind onto the surface of circulating NPs and form the protein corona in a process called particle
opsonization [146]. Subsequently, phagocytic cells of MPS — mainly resident macrophages in
the spleen, lymph nodes, and liver — sequesters the NPs. There is an evident direct correlation
between particle size and serum protein absorption, meaning faster elimination [147].
Typically, rigid spherical NPs with a size of 100200 nm are long-circulating, being large
enough to avoid uptake in the liver but small enough to avoid filtration in the spleen [135].
Particles in the micrometer range (2—5 pm) accumulate within the capillaries of the lungs, as
well as in the spleen and liver [33]. The shape of the particles dramatically affects their in vivo
destiny, as demonstrated in the filamentous polymer micelles that persisted in the circulation
for up to one week after the intravenous injection — 10 times longer than the spherical ones
[148]. In addition, softer, prone to deformability, NPs have prolonged circulation profiles than
solid ones with reduced splenic filtration, as investigated in the nanogels with different
crosslinking levels [149]. Irrespective of the size and shape, softer nanoconstructs evaded up
to 5 times more efficiently macrophage internalization as compared to rigid nanoconstructs
[150].

The biodistribution of nanomaterials is influenced by their surface characteristics. NPs
with a neutral and negative surface charge, in contrast to cationic formulations, experience
reduced protein adsorption that results in more extended circulation half-lives [33]. Other
concerns of the cationic NPs are the stimulation of inflammatory responses of human

neutrophils and increased ROS production that was demonstrated on the cationic liposomes
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[151] and solid lipid NPs [152]. Cytotoxicity was induced by both cationic polymeric and lipid
NPs [153]. In addition, positively charged NPs have a high cellular uptake rate, as revealed that
polymeric microparticles with a primary amine at the surface underwent more phagocytosis
than those with sulfate, hydroxyl, or carboxyl groups [147]. This makes cationic NPs a suitable
vehicle for gene delivery; however, it would probably be preferred to design anionic
nanoformulation for thrombolysis.

To avert the opsonization of the naked circulating NPs, their surface can be
functionalized with PEG to create a hydrating layer that hinders the formation of a protein
corona [33]. In addition to prevalent PEG, which is non-biodegradable and may cause
complement activation, alternative hydrophilic polymers, such as poloxamer, polyvinyl
alcohol, poly(amino acid)s, and polysaccharides [154] as well as “self” peptide CD47 [155]
are researched. As a biomimetic surface, the coating of NPs with cell membranes extracted
from autologous leukocytes and red blood cells similarly extends their in vivo circulation [133].

These findings collectively demonstrate the importance of tunable particle size and
surface composition & functionality to develop long-circulating NPs for thrombolysis.

While the full analysis of the toxicology of NPs is beyond the scope of this Chapter, it
is necessary to comment on certain safety issues of the nanomaterials used for a thrombolytic
application.

NPs can perturbate vascular hemostasis and blood platelet function. Saikia et al.
reported that silica NPs induced the overexpression of platelet endothelial cell adhesion
molecule-1 on the endothelium that augmented the platelet-endothelial interaction [156].
Moreover, silica NPs triggered inflammation-coagulation response and thrombotic effects in
vivo via JAK1/TF signaling pathway [157]. Amorphous silica NP penetrated the platelet
plasma membrane and stimulated an unfavorably low nitric oxide to peroxynitrite

[NO]/[ONOO] ration that is crucial for cardiovascular homeostasis; they also induced platelet
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activation and aggregation via the MMP2 and ADP pathways [158]. Increasing concentrations
of gold NPs led to a reduction in mouse body weight, red blood cell count, and hematocrit
[159].

Multiple publications reported nanoparticle size-dependent toxicity. For instance,
smaller gold, SiO., or polymer NPs were more hemolytic and provoked higher ROS production
levels than larger particles [160]. Cytotoxicity in four different cell lines was observed with the
triphenylphosphine-stabilized gold NPs of 1-2 nm diameter, while 15-nm particles were non-
toxic even at 100-fold higher concentration [161]. In a size-dependent manner, PEGylated
AuNPs affected the normal function of human erythrocytes, such as deformability and oxygen-
delivering ability [162]. Alterations of renal, hepatic, and splenic functions were dependent on
the particle size and surface chemistry in ultrasmall superparamagnetic iron oxide NPs [163].

Distribution of the NPs in the non-target cells and organs is one of the challenges. The
report of Lasagna-Reeves et al. suggested that gold NPs were able to cross BBB and
accumulated in the neural tissue [164]. Poly(alkyl cyanoacrylate) NPs could enter into the brain
both in healthy animals and models of central nervous system diseases [165]. Siddiqi et al.
concluded that AuNPs generated oxidative stress and an impairment of the antioxidant enzyme
glutathione peroxidase in rat brain as well as significantly decreased the levels of dopamine
and serotonin neurotransmitters [166]. Given that the BBB integrity is disrupted during
ischemic stroke [167], and nanoformulation is assumed to limit the accumulation of
nanoparticle-associated rtPA within the brain parenchyma to reduce the risk of cerebral
hemorrhages and rtPA-mediated neurotoxicity [168], it would be vital to ensure that the
nanotherapeutics are retained within the vascular compartment and do not cross the BBB.

The nanomaterials accumulate substantially in the liver upon intravenous injection.
Bartneck et al. found that peptide-functionalized gold nanorods induced the prepolarization of

hepatic macrophages, which aggravated a liver injury in a model of acute hepatitis [169]. High
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doses of silica nanorattle particles could induce liver damages, presumably due to decreased
activity of superoxide dismutase [170]. Treatment with silica NPs revealed the hepatic
microgranulation and splenic megakaryocyte accumulation by histological analysis [171]. Iron
oxide NPs accumulated in liver phagocytes and elicited hepatic lipid peroxidation [172].

Organic biodegradable engineered NPs are likely of lesser concern to toxicity, as they
degrade by metabolic pathways. While the in vitro tests indicated that amphiphilic polymeric
micelles induced an inflammatory response, no pathological changes were observed in the
target organs in vivo [173]. Both PLGA and Cs NPs at concentrations relevant for drug-delivery
application (<10 pg/mL) were platelet-compatible [174].

In contrast, inorganic non-biodegradable NPs, including multifunctional magnetic NPs,
may persist for considerable periods, sometimes up to several years [175], resulting in
prolonged exposure with still-to-be-determined consequences. Apart from that, the growing
presence of non-degradable nanotechnology products and the environmental risks need to be
seriously assessed [176]. NPs composed of inorganic materials are difficult to break down by
lysosomal enzymes. As an example, AuNPs accumulation in Kupffer cells in the liver and
lysosome/endosome-like vesicles was present after six months post-injection in mice [177].
Moreover, Feng ef al. found that dextran-coated and uncoated SPION administration affected
several metabolism pathways, including energy, lipid, glucose, and amino acid metabolism in
rodents [178]. PAA-coated iron oxide NPs triggered an inflammatory process in vivo,
evidenced by abnormal differential blood count of neutrophils and large lymphocytes [172].
Fe;04-MNPs significantly augmented ROS production in vivo. A sharp decline in RBC counts
and hemoglobin concentration indicated an excessive degradation of erythrocytes, suggesting
an associated anemia risk [179].

Higher metabolic and functional injuries are generally prompted by uncoated NPs

compared to coated ones with potential aggregation in the biological fluids. Surface
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modification with polymeric chains ameliorates the nanoparticle stability, masks the existing
toxicity of the NPs, and extends their circulation half-life [121,180]. It is worth admitting that
the NPs do not exhibit any toxicity until a certain threshold dose [121]. During the preclinical
thrombolytic evaluation, it is also essential to verify that the required dose of the NPs is based
on estimates of potential future human exposure to avoid unrealistically high nanoparticle
doses with no relevance to the clinics. Overall, this is critical to evaluate each newly engineered
NPs as an individual case since even slight changes in physicochemical properties to an

existing and well-studied particle can result in a completely different toxicological profile.

7.2 STRATEGIES FOR THE NANOENCAPSULATION OF PA

PA are hydrophilic macromolecules (40-70 kDa) that require special nanoparticle design and
drug complexation methods. While PA can be incorporated into the aqueous phase during
nanoparticle fabrication for lipid or polymeric particles, harsh synthesis conditions — high
energy processes (ultrasound, ultraturrax), elevated temperatures, the use of organic solvents —
are not suitable for fragile molecules such as proteins [181]. Otherwise, the fibrinolytic agent
may be attached to the surface through covalent or non-covalent protocols. The covalent
methods provide more stable conjugation (avoiding “burst effect”); however, they sometimes
require chemical modification of the drug and might affect changes in the protein structure that
might result in its partial denaturation and loss of enzymatic activity [182]. Physical adsorption
is a mild drug encapsulation method that results in high loading efficacy for the nanocarriers
with hydrophilic surfaces. As PA are predominantly positively charged at physiological pH
with an isoelectric point (IP) >7 (except for SK, IP = 5.12), they can form a complexation with
anionic NPs due to electrostatic interactions. The existence of a positive charge on the polymer,
as, for instance, chitosan, limits the encapsulation of cationic drugs because of repulsive

interactions between a drug and polymer [181]. Comparing covalent vs. non-covalent methods,
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adsorptive bound PA liberates faster from the particles and diffuses more readily into the clot's
fibrin matrix than covalently bound PA [128] and does not impair the biological activity of the
drug [183] that may be beneficial in targeted thrombolysis. In addition, effective entrapment
of hydrophilic drugs may occur in the crosslinked polymeric network of hydrogel nanoparticles
that imbibe large water quantities [184].

To sum up, depending on the type and composition of the nanocarrier, different
encapsulation techniques may be applied. Extensive in vitro tests demonstrating high loading
efficiency, sustainable release, preservation of the amidolytic and fibrinolytic activities of the

PA after conjugation must be verified.

8 DISCUSSION & PERSPECTIVES

The rapid recanalization of the vascular occlusion is of the utmost importance for patients
suffering from acute thrombotic diseases. The innovative nanomedical approaches have been
intensively proposed for targeted thrombolytic therapy to address the challenges of systemic
drug administration.

The accomplishments of nanomedicine in thrombotic diseases include the protection of
thrombolytics from inactivation by PAI-1, improvement in the blood half-life, enhanced
thrombolytic effect at a lower dose, reduction in systemic bleeding and post-ischemic infarct
zone, etc. Recent studies have demonstrated that nanocarriers, such as liposomes, polymeric or
inorganic NPs, and bio-inspired nanocarriers provide benefits for thrombolytic therapy either
alone or in combination with ultrasound or magnetic force (Table 2). Current nano-approaches

in targeted thrombolysis are summarized schematically in Figure 12.
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Table 2. Different nanocarriers for thrombolytic therapy.

Nanocarriers Advantages Disadvantages Therapeutic effects
Liposomes Biodegradable, Low PA Improved thrombolysis rate
biocompatible, non-  encapsulation rate Lower risks of hemorrhages
toxic Low stability
Clinically approved ~ Phospholipids may
undergo oxidation
and hydrolysis
Polymeric Biocompatible and High PA Superior thrombolytic efficacy
often biodegradable =~ encapsulation rate Accelerated thrombolysis
Easy surface Improved stability Protection BBB permeability
functionalization damage
Increased survival in vivo
Improved neurological deficit
Reduction in cerebral ROS
Reduction in subarachnoid
hemorrhage
Inorganic Biocompatible May enter BBB and  Faster vessel recanalization
FesO4 NPs Superparamagnetic generate ROS Mechanical clot dissolution with
AuNPs properties Accumulation in the an external magnet
Magnet-guided body Hyperthermia as adjuvant
thrombolysis May induce therapy
Optical and immunogenic Increased blood flow rate
photothermal response or Reduction in infarct volume
properties inflammation
Multifunctional
theranostic systems
Bio-inspired  Prolonged in vivo Low reproducibility Improved survival rate
circulation Lack of Superior thrombolytic efficacy
Natural thrombus standardization Lower neurological deficit score
targeting Source availability =~ Smaller ischemic zone
Immunogenicity Better neurological outcome
Scale-up Diminished ROS level in the

brain
Lower risk of hemorrhages

Abbreviations: P4, plasminogen activator; BBB, blood-brain barrier; NPs, nanoparticles; ROS,
reactive oxygen species.
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Active drug targeting of the nanocarriers allows drug accumulation at the thrombus site
and has the potential to enhance thrombolytic penetration into deeply localized thrombi. This
is currently realized by directing NPs mostly towards fibrin and platelets, though identifying
the new target molecules and developing inexpensive and specific targeting moieties will be
useful. Fucoidan, which is at present under clinical investigation as a diagnostic agent for the
imaging of thrombosis [185,186], may become an affordable and high-quality alternative to
antibodies and peptides. Another thrombus targeting strategy relies on the use of magnetic NPs
under external magnetic force irradiation. Yet, despite an abundance of preclinical works
dealing with magnetic field-assisted guiding, there is no clinically approved medical device to
impose a high magnetic force on NPs in deep blood vessels. Therefore, it is probably preferable
to design NPs capable of targeting thrombosis without external triggers.

A growing number of reports demonstrate a controlled release of the thrombolytics. On
top of the ultrasound that can control the drug release from the echogenic liposomes and some
polymer (gelatin and chitosan) NPs, other strategies, such as enzyme exposure (sPLA2 or
thrombin), pH, temperature, shear stress, magnet, are employed (Figure 12).

Theranostic nanosystems' design with both thrombolytics and imaging agents (e.g.,
NIR fluorescent probes, gold, iron oxides, or perfluorocarbon) integrates diagnostic and
therapeutic modalities. This strategy may not only provide visualization of drug delivery in
real-time but also evaluate the effectiveness of treatment by MRI, CT, or US.

It is critical to face the challenges of nanomedicine, particularly in an attempt for
clinical translation. To ensure clinical safety, the potential toxicity of NPs needs to be
considered with a careful examination of their physical and chemical characteristics and
accumulation in the non-target organs and tissues [187]. Indeed, some NPs may cause oxidative
stress generation, immunological response, protein misfolding, immune response, and DNA

damage [121]. Selecting biocompatible and fully biodegradable materials with FDA-approval,
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as well as a scalable production of the nanoformulations according to Good Manufacturing
Practice (GMP), is essential [188]. Incorporation of sophisticated nanodesigns (e.g., cell-
derived biomimetic surfaces) should accord with a risk analysis of reproducibility, quality

control, and toxicity that might complicate regulatory approvals [33].
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Figure 12. Schematic illustration of the main strategies in the development of
thrombolytic drug delivery nanocarriers. Surface modification with PEG or other
hydrophilic polymeric chains is effectuated to ameliorate the nanoparticle stability, prevent the
opsonization, and extend the nanoparticle blood circulation time. Nanoparticles may be
decorated with targeting moieties against thrombus biomarkers with monoclonal Ab, peptides,
or sulfated polysaccharide fucoidan to attain site-specific thrombolysis. Several endogenous
(enzymes in the thrombi, high shear stress in stenotic vessels, or low pH in the ischemic area)
and exogenous (magnetic field, elevated temperature, ultrasound) principles are researched for
the spatial & temporal control of PA release, prior incorporated either in the core of the
nanoparticles or onto their surface. As an adjuvant therapy, elevated temperature by magnet
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and NIR light or ultrasound irradiation enhances nanomedicine-assisted thrombolytic efficacy.
Abbreviations: PA, plasminogen activator; mAb, monoclonal antibody; PEG, Polyethylene
glycol; NIR, near-infrared.

There is an evident gap between scientific discovery and clinical practice in
nanomedicine-guided thrombolytic therapy. An astonishing ~10-fold increase from 2010 to
2020 in the number of publications in the field with beneficial therapeutic effects demonstrates
a solid argument towards an imminent clinical translation. At the development stage, the
tendency is to design complex targeted biomimetic multifunctional nanocarriers, sometimes
bearing several active molecules. By examining nanoparticle delivery systems currently
approved or under clinical investigation [35,36], we speculate that the first nanoparticulate
candidate for site-specific delivery of PA tested in humans will probably be built on long-
established technologies — primarily PEGylated liposomes, but also albumin-coated PA or
nanocarriers from FDA-approved polymers. More sophisticated systems with targeting
moieties and stimuli-responsive control of drug release will follow.

Meanwhile, public initiatives contribute to nanomedicine development. Recently, the

European Union-supported NanoAthero project (http://www.nanoathero.eu/) was completed.

It intended to use nanomedicine for molecular imaging and targeted treatment of
atherothrombosis with research activities ranging from nanosystems design to clinical
validation and industrial production [189]. Several Phase I clinical trials demonstrated its
feasibility for patients [186,190—192]. This consortium of 16 partners lasted 5.5 years
(February 2013 — July 2018) with the European Commission contribution of 10 million euros.

To conclude, the development of novel nanoparticulate strategies with plasminogen
activators for the treatment of thrombotic disease will continue to flourish as they represent a

potent evolution to free drug administration. The encouraging results in preclinical research
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predict future clinical translation of some formulations and progress in the nanomedicine-based

precise therapy of thrombotic pathologies.

PART 2. POLYSACCHARIDE HYDROGEL NANOCARRIERS FOR
CARDIOVASCULAR DISEASES

In Part 2 of the Introduction, we focus more specifically on the polysaccharides as a material
of the preference for the synthesis of the hydrogel-based nano- & microsystems, and their

advantages, in particular, in the management of cardiovascular diseases.

1 HYDROGELS & HYDROGEL-BASED NANO- & MICROPARTICLES

Hydrogels are three-dimensional polymeric rigid networks that are capable of absorbing a large
amount of water and swell. They have been researched for various biomedical applications,
including wound dressings, transdermal patches, drug-delivery, contact lenses, or
reconstructive surgery [184]. The soft and rubbery structure of hydrogels resembles the
networks of natural extracellular matrices and prevents tissue irritation or cell adherence [193].
Hydrogels can be produced from hydrophilic natural (e.g., collagen, gelatin, hyaluronate,
alginate, starch, chitosan, dextran) or synthetic (PEG, poly(vinyl alcohol), poly(hydroxyethyl
methacrylate), etc.) polymers, containing hydroxyl, amine, amide, ether, carboxylate, and
sulfonate functional groups in their side chains, via various synthesis protocols (outlined
below).

To avoid the dissolution of the hydrophilic polymer chains in the aqueous environment
and maintain their distinct 3D-structure, hydrogels need to be chemically or physically
crosslinked (Figure 13A & 13B) [194]. Chemical crosslinking is accomplished by radical
polymerization, high-energy irradiation, via enzymes or chemical reactions of complementary

groups that normally results in a network with high mechanical strength. However, the use of
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the crosslinking agent needs to be carefully evaluated due to the potential toxicity of many of
them. Physical crosslinking is based on the formation of nonpermanent bonds — physical
interactions between the polymer chains: ionic, hydrophobic, or antigen-antibody interactions,
hydrogen bonding, and crystallization. In some cases, stimuli-responsive hydrogels are
designed when their formation requires a certain trigger (e.g., temperature, pH, ionic strength,

UV irradiation) [195].
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Figure 13. Schematic image of hydrogels. Covalent (A) and noncovalent (B) crosslinking of
the hydrogels. Adapted with permission from [196]. Copyright 2017 Elsevier Ltd. C.
Therapeutic molecule can be loaded onto the hydrogel particles.

Previously, biodegradable hydrogels for bone [197] and vascular [198] tissue

regeneration were developed in our laboratory by chemical crosslinking of dextran and pullulan.
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Formulation of the hydrogels into nano- or microparticles enables their utilization as an
injectable product in the context of macromolecule drug delivery. Highly hydrophilic networks
of hydrogels have a lower tendency to adsorb proteins (opsonization) in aqueous body fluids
than other types of NPs because of their low interfacial tension, increasing the NP
bioavailability and biocompatibility [199]. The hydrogel particles with sizes from 50 nm up to
several micrometers can be referred to as nano-/ micro-gels. Their high internal void fraction
results in the potential of small molecules or macromolecules to diffuse into their polymeric
networks to load high amounts of drugs (Figure 13C), the release kinetics of which (i.e., burst
or sustained) can be shaped by the microgel design [200].

Microgels benefit from straightforward synthesis procedures that result in
monodisperse NPs with long-term stability, biocompatibility, and degradation. Two main
strategies for microgel synthesis are typically employed: when bulk hydrogels are broken or
milled down into particles or when microgels are constructed from smaller components or
building blocks [200]. The latter approach is often preferred that involves the polymerization
of monomers or the confined crosslinking of polymer precursors in surfactant-based templates.

Polysaccharides are promising materials for microgel synthesis as these polymers are
relatively cheap, nontoxic, biodegradable, and abundant in nature. In Subchapter 2, we are

going to further elaborate on their role and utility for this purpose.

2 POLYSACCHARIDES AS A STRUCTURAL BIOMATERIAL

Polysaccharides are complex carbohydrate molecules composed of monosaccharide units
joined together by glycosidic bonds that may originate from plants, animals, bacteria, and many
other microbes, including fungi and algae (Figure 14). Despite their various origins, they
possess the general properties of natural polymers, such as biocompatibility and

biodegradability, low cost, and hydrophilicity. Polysaccharides may derive from multiple
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chemical structures that also translate into different molecular weights (MW) and intrinsic
characteristics with varied ionic nature [201]. Additionally, polysaccharides also benefit from
great structural flexibility, forming either linear or branched structures and easily permitting
chemical modifications. Yet, some drawbacks should also be taken into accounts, such as inter-
batch variability of the plant-derived polymers related to origin and supplier, difficulty to

process, and possible structural differences due to the location and plant collection season.
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Figure 14. Chemical structure and origin of different polysaccharides.

Dextran: Dextran is a polysaccharide of microbial origin whose polymer main chain consists
of d-glucose monomers connected in a-1,6 glycosidic linkages, with some degree of a-1,3
linkages. The chemical structure of dextran is depicted in Figure 14. It is produced by the
fermentation of sucrose by certain lactic acid bacteria, such as Leuconostoc bacteroides and

Streptococcus mutans [202]. Dextran is extensively employed in clinics for over 60 years,
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particularly in its low molecular weight (40 and 70 kDa), for plasma volume expansion,
thrombosis prophylaxis, peripheral blood flow enhancement, and artificial tears [184]. The
injectable 6% solution of Dextran 70 is on the World Health Organization (WHQO) Model List
of Essential Medicines as a blood plasma substitute [203].

Meeting the requirements of biocompatibility, biodegradability, non-immunogenicity,
dextran stands out as an attractive biopolymer for nanomedicine purposes. Dextran coating of
synthetic polymer or magnetic NPs is applied to ensure environmental stability and to prolong
the blood circulation time as well as to provide a framework for further chemical modifications
and nanoparticle functionalization [68,124]. The neutral pH of dextran, its high water solubility,
and simple repetitive glucose units with a large number of hydroxyl groups make it suitable for

chemical crosslinking to design a hydrogel-based nanocarrier for protein deliver-system [184].

Advantages of polysaccharides in nanomedicine: Polysaccharide-based nanosystems as drug

delivery systems and targeted contrast agents for molecular imaging hold much promise in the
management of atherothrombotic diseases [204]. Polysaccharide-based NPs have a number of
advantages in nanomedicine. Firstly, natural biomaterials like polysaccharides to prepare NPs
limit concerns over nanoparticle toxicity, biodegradability, and physiological stability.
Secondly, polysaccharide-based NPs contain a dynamic cloud of hydrophilic and neutral chains
on the particle, which prevents opsonization and decreases uptake by MPS over other types of
NPs [205]. It results in prolonging the NP in vivo circulation time and increases particle
accumulation at the disease site. The residence time of polysaccharide-based materials is also
extended due to the bio adhesion of polysaccharides, particularly to mucosal surfaces. Natural
materials with hydrophilic properties appear suitable for mimicking the aqueous in vivo
environment. Also, carbohydrates are abundant in nature, making them cost-effective

biomaterials to investigate. Finally, most polysaccharide-based NPs hold derivable groups that
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can be used to conjugate targeting, therapeutic, or imaging agents, making them diverse

multifunctional biomedical tools for theranostic nanomedicine.

3 FABRICATION METHODS OF MICROGELS FROM BIOPOLYMERS

The methods to synthesize microgels from natural hydrophilic polymers, including
polysaccharides, can be classified into several categories: water-in-oil (W/O) heterogeneous
emulsion, inverse nanoprecipitation, electrospray, spray drying method, complex coacervation,

self-assembly, ezc. [206,207].

3.1 Water-in-oil (W/O) heterogeneous emulsion

W/O emulsion methods generally combine two steps: emulsification of aqueous droplets of
water-soluble biopolymers in continuous oil phase with oil-soluble surfactants and biopolymer

crosslinking with water-soluble crosslinkers.

Inverse (mini)emulsion method (emulsion crosslinking technique): A W/O emulsion is

prepared from a mixture of aqueous biopolymer droplets and a continuous oil phase via a
homogenizer or a high-speed mechanical stirrer [16]. Commonly, mineral oil or hexane as
hydrophobic organic solvents and Span 80 (sorbitan monooleate), Tween 80 (polysorbate 80),
or Aerosol OT (sodium bis(2-ethylhexyl) sulfosuccinate) as surfactants are used to achieve
colloidal stability of the emulsion. The subsequent aqueous droplets of biopolymers are
crosslinked with effective crosslinking agents, soluble in the water phase. The resulting
crosslinked microgels, dispersed in organic solvents, need to be purified by precipitation,
centrifugation, washing with organic solvents, or lyophilization. The size of the prepared
particles can be tuned by the amount of surfactant and crosslinking agents as well as stirring

speed during emulsification.
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Membrane emulsification: This is a relatively novel method for the preparation of spherical

particles with a uniform size distribution. The technique involves the use of a membrane, like
the Shirasu porous glass (SPG) membrane with a highly uniform pore size ranging from 0.1 to
18 mm, through which a liquid is forced to pass under adequate pressure [208]. The subsequent
droplets are formed and detached at the end of the pores in the continuous phase, as simple
W/O and O/W emulsions, multiple emulsions such as O/W/O, O/W/O, and solid/O/W
dispersions, and the corresponding particles of controlled droplet sizes and narrow droplet size
distributions: microspheres, hollow spheres, core-shell microcapsules, and organic-inorganic
hybrid materials. Emulsification requires lower consumption of emulsifiers and energy. The
membrane emulsification process is generally carried out in cross-flow (continuous or batch)
mode or a stirred cell (batch) [209]. Additionally, this synthesis technique can be combined
with an ionic or/and chemical crosslinking. A primary limiting factor of the method is the low

dispersed phase flux that limits its potential in industrial scale-up.

3.2 Inverse nanoprecipitation/solvent displacement

Nanoprecipitation technique is frequently used to fabricate nanospheres from water-insoluble
polymers: a polymer solution in an organic, water-miscible solvent, for example, acetone or
methanol, is dropwise added to a large volume of an aqueous solution under moderate magnetic
stirring. As such, the polymers aggregate into 100 to 1000 nm NPs, with surfactants
additionally applied to stabilize the obtained mixture. Next, the organic solvent needs to be
removed by dialysis, ultrafiltration, or other techniques. Analogously, hydrophilic polymers
can precipitate into nano-sized clusters in an inversed system: when the natural polymer is
dissolved in water, which is added to a large volume of a water-miscible organic solvent. A
nanogel suspension is obtained after chemical crosslinking and subsequent removal of

unreacted polymer, crosslinker, and used surfactants. Inverse nanoprecipitation has been
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applied to form NPs with natural polymers such as gelatin, peptidomimetic polymers, and
highly hydrophilic polymers, such as dendritic polyglycerol, polyvinyl alcohol, and zwitterions
[207]. This method does not require high-shear mixing that might damage the structure of

entrapped proteins and DNA; surfactants are needed only at low concentrations.

3.3. Electrospray

Electrospraying, a relatively novel technique, is performed as a single step to synthesize the
particles without a surfactant. Setup involves a polymer solution with a conductive solvent
injected into a syringe connected to an electrode from a high-voltage power source [210]. A
collector, an oppositely charged metal foil electrode, is positioned opposite the syringe nozzle.
Once the solution enters the electric field from the nozzle of the syringe, the Taylor cone is
formed due to the surface tension. The cone breaks into droplets in the high-electric field,
giving rise to particles of different sizes and shapes. The parameters that affect the resulting
particles are the solution's properties, like concentration, solvent, and viscosity, and the process
parameters as flow rate, distance from the tip of the needle to the collector, and voltage [211].
Micro- and nanoparticles obtained by electrospray possess a narrow particle size distribution

and a high drug loading efficiency.

3.4 Spray drying method

Spray drying is relatively simple, highly efficient, and widely used in the pharmaceutical and
materials science technique for the formation of the microgels, which involves using a spray
dryer, mainly consisting of the atomizer and drying chamber [206]. Solutions and suspensions
of drugs, polymers, and particles are atomized into fine droplets. The particles' sizes range from
0.2 to 500 pum and possess various shapes, porosities, and bulk volumes, depending on the

method and preparation material. Polysaccharides are one of the shell materials used during
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spray drying. This technique involves preparing a soluble formulation by mixing lipids,
surfactants, drug molecules, and solid carriers. The solubilized liquid formulation is then
sprayed through an atomizer into droplets, and the droplets are then introduced into a drying
chamber with a stream of hot air, where the volatile phase (e.g., the water contained in an
emulsion) rapidly evaporates, resulting in dry particles under controlled temperature and
airflow conditions [212]. The size of the resulting particles is determined by temperature,
nozzle size, spray flow rate, atomization speed, the drying chamber design, and the extent of

crosslinking.

3.5 Self-assembly

Self-assembly requires the biopolymer to aggregate in an aqueous environment spontaneously.
This can be accomplished by incorporating functional groups into a polymer to form physical
crosslinks with each other, with other polymer chains, or with crosslinkers. Physical crosslinks
rely on Van der Waals’ interaction, hydrophobic interactions, or inclusion complex formation
[213]. Covalently crosslinked nanogels can be obtained by aggregation and subsequent
chemical conjugation. In such a case, an amphiphilic micelle structure is converted to
hydrophilic nanogels of small sizes ~10-100 nm [207]. Besides, the process may be followed
by photo-crosslinking for stabilization. The self-assembly method is determined by the critical
micelle concentration related to the polymer molecular weight and its physical properties. The
purification process is simple due to the absence of organic solvents, surfactants, or interphase

mixing.

3.6 Complex coacervation

Coacervation is a simple solvent-free technique in nano- and micro formulation with a high

encapsulation efficiency. When a single biopolymer is utilized, the process is referred to as
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simple coacervation, with two or more biopolymers as complex coacervation. Complex
coacervation results from the interactions of oppositely-charged polyions in an aqueous
medium that undergo an associative phase separation into a dense phase (the coacervate) and
a dilute phase (the supernatant) [214]. Complex coacervation typically occurs over a narrow
range of pH, between the pKa (pKa = -logio Ka, when K is an acid dissociation constant of a
solution) of the reactive groups along the anionic polysaccharide backbone and the isoelectric
point of the loaded protein [210]. The active compound that has to be encapsulated is mixed
intensively in one of the solutions. As this method does not require high temperature, entrapped
bioactive components (protein or DNA) remain better preserved. Several parameters need to
be tuned, like pH, ionic strength, the concentration of polymers (mostly proteins or
polysaccharides), molecular weight, and temperature of the solution to fabricate NPs bearing
the bioactive compound. Crosslinking may be applied afterward with glutaraldehyde or
formaldehyde as a crosslinking agent to create a covalent bond and stabilize the particles. As
an example, Sarmento et al. reported formulation of the nanoparticle insulin delivery system
by dropwise addition of a chitosan solution at pH 5 into a dextran sulfate (DS)/insulin solution
at pH 3.2 according to a DS:chitosan mass ratio of 1.5:1 in aqueous solution, followed by 15

min of curing time [215].

4 FUNCTIONALISATION OF THE NANOPARTICLES TO TARGET THROMBI

The rationale for P-selectin as a molecular target of thrombus: To promote the spatially

controlled drug delivery through particle accumulation on the targeted tissue, the NPs need to
be labeled with specific targeting moieties for site-specific delivery of their payload and
minimize undesirable side effects. In preclinical nanomedicine research on acute thrombotic

pathologies, nanoparticles are generally driven towards the main molecular markers of the
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thrombus such as fibrin and activated platelets (GPIIb/IIla and P-selectin). Although P-selectin
(CD62P) is tested to a lesser degree than GPIIb/IlIa, this cell adhesion molecule has the
advantage to serve as a unique molecular target of the thrombotic and ischemic cardiovascular

events to direct nanocarriers [216,217].
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Figure 15. P-selectin links inflammation and thrombotic pathophysiology pathways at the
arterial vessel wall. Reprinted with permission from [218]. Copyright 2013 Elsevier Inc.

P-selectin is stored in the a-granules of resting platelets, whereas it is found in the
Weibel-Palade bodies in endothelial cells (Figure 15). It belongs to the family of selectins,
calcium-dependent lectins, together with E-, and L-selectins [219]. E-selectin (CD62E) is
expressed on activated endothelial cells by cytokines, whereas L-selectin (CD62L) on all
granulocytes, monocytes, and most lymphocytes. Upon cell activation, P-selectin rapidly
becomes phosphorylated on cytoplasmic tyrosine, threonine, and serine residues [220], and it
is translocated to the external plasma cell membrane of activated platelets and on pathological
vascular endothelium. As such, P-selectin can serve as a unique key marker of acute thrombotic
events to direct nanocarriers and promote the spatially controlled thrombolytic drug delivery.

Intriguingly, P-selectin is implicated in the “ischemic memory”: when the thrombus is resolved,
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the surrounding endothelium still preserves an inflammation reaction [221,222] since activated
cells overexpress cell adhesion molecules on their surfaces, including selectins [219]. Hence,
P-selectin could also serve as a biological target for the sensitive diagnostic tool to image
vascular inflammation for making decisions concerning precise treatments.

P-selectin glycoprotein ligand-1 (PSGL-1) is a cell-surface glycoprotein found on the
membrane of various leukocytes and a main physiologically relevant ligand of P-selectin. In
the case of inflammation, PSGL-1 binds to P-selectin on the endothelium of blood vessels
and/or adherent platelets and plays a vital role in recruiting white blood cells into the thrombi
or atherosclerotic lesion [219]. PSGL-1 protein requires tetrasaccharide sialyl Lewis* (sLe¥)
and tyrosine sulfation in its structure for selectin recognition activity. Structural features of
sialyl Lewis® essential for the binding P-selectin are the hydroxyl functions of I-fucose and d-
galactose and the carboxylic group of sialic acid residues [223].

Generally, P-selectin targeting is established by the functionalization of the NPs with
antibodies and/or peptides. Nevertheless, both of them have their limitations concerning
clinical translation for molecular imaging and thrombolytic drug delivery. The immunogenicity,
purity, sufficient circulation time, and high price are the main concerns of the application of
the antibodies [224], while peptides might suffer from weak binding affinity, metabolic
instability, and fast renal clearance due to their small sizes, potential immunogenicity, and often

a high costs of peptide synthesis [225].

Fucoidan as a targeting ligand of P-selectin: Fucoidan is an anionic polysaccharide containing

L-fucose and sulfate ester groups that is extracted from the extracellular matrix of brown algae.
Structurally, the polysaccharide has a backbone of a-(1-3)-linked fucose units or is composed
of repeating disaccharide units of a-(1-3) & a-(1-4) - linked fucose residues with O-2 branches

(Figure 14). Low MW fractions (below 30 kDa) are preferred as they are considered to be
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more biocompatible [226]. Our team previously demonstrated that low molecular weight
(LMW) fucoidan inhibited P-selectin binding to sLeX with a half-maximal inhibitory
concentration (ICso) of 20 nM and to PSGL-1 with an IC50 of 5 nM, both in a dose-dependent
manner. The data also indicated that LMW fucoidan with a dissociation constant (Kp) of 1.2
nM is the most effective ligand for the selective binding to P-selectin when compared with
other LMW polysaccharides (heparin and dextran sulfate), as well as the synthetic sLeX
mimetic [227,228]. Interestingly, fucoidan exhibits a broad spectrum of pharmacological
effects with potential clinical applications, such as anti-coagulant, antitumoral, antiviral, anti-
inflammatory activity, and antioxidant properties [229]. Additionally, fucoidan may mediate
thrombolysis due to inhibition of the tPA-PAI1 complex [230].

In drug delivery systems, particularly for the imaging and treatment of thrombosis,
fucoidan has enormous potential and is approved as a pharmaceutical compound [185]. This
affordable and abundant product has been widely studied in preclinical research on various
nano- & microsystems in our laboratory [67,104,105,231,232] as it serves as a high-quality
targeting ligand to thrombi due to P-selectin interactions [228,233,234].

To ensure the reproducible GMP manufacture of fucoidan, a joint laboratory between
LVTS and the Algues & Mer Company was established in 2013 to produce well-defined
composition and molecular weight compound (Ascophyscient® from Algues & Mer, Ile
d’Ouessant, France: a low molecular weight fucoidan fraction). Next, this compound obtained
a label as “raw materials for pharmaceutical uses” in 2015 by the French authorities to become
a part of the large scale European Union project NanoAthero for the development of a Single-
Photon Emission Computed Tomography (SPECT) imaging of human atherothrombosis [189].
The full physicochemical characterizations were performed on the GMP batch of a low
molecular weight fucoidan of 7 kDa. The regulatory toxicology study in rodents proved no

adverse effects at the concentrations 500 higher than an estimated human dose as well as
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absence of pseudoallergy. In a myocardial ischemia-reperfusion model in vivo, the clinical
batch of fucoidan labeled with technetium-99m targeted lesion sites [185]. Moreover, the first
in the world phase I clinical trial on intravenous delivery of fucoidan radiolabeled with a
technetium-99m has already been completed and reported its safety and favorable
biodistribution as a potential contrast agent [186], while phase Ila for its thrombosis imaging

potential in patients with DVT is ongoing.
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FUCOIDAN-FUNCTIONALIZED POLYSACCHARIDE SUBMICROPARTICLES

WITH ALTEPLASE FOR TARGETED THROMBOLYTIC THERAPY

This Chapter features the extended version of the research article submitted for the publication
to the scientific journal (Annex 2). This work's findings led to patent application #1000497919
to the European Patent Office in June 2020 (Annex 3). The poster presentation of this study
won the second prize in the category “Translational Nanomedicine” at the international

congress on clinical nanomedicine CLINAM 2020 (Annex 4).

ABSTRACT

Thrombolytic therapy is an intravenous administration of clot-busting agents for the treatment
of life-threatening acute thromboembolic diseases. However, thrombolytics exhibit limited
clinical efficacy because of their short plasma half-lives and risks of hemorrhages. There is a
dire need for innovative nanomedicine-based solutions for safe and efficient thrombolysis with
a non-toxic, biocompatible, and biodegradable thrombus-targeted nanocarrier.

Herein, polysaccharide hydrogel submicroparticles with remarkable biocompatibility
were elaborated by the inverse miniemulsion / crosslinking method. They were functionalized
with a fucoidan which has a nanomolar affinity for the P-selectin overexpressed on activated
platelets and endothelial cells in the thrombus. Alteplase was loaded onto the submicroparticles
by adsorption, and its amidolytic and fibrinolytic activities were maintained in vitro. Thrombus
targeting potential of these particles was validated in microfluidic assay under arterial and
venous blood shear rates on recombinant P-selectin and activated platelet aggregates. The
thrombolytic efficacy of the nanomedicine-based product was tested in a murine model of acute
ischemic stroke, revealing faster middle cerebral artery recanalization and reduction in the

brain infarct volume and blood-brain barrier permeability post-stroke, evidenced by laser
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speckle contrast imaging and MRI. Collectively, this proof of concept study demonstrates the
potential of biomaterial-based targeted nanomedicine for the personalized treatment of acute

thrombotic events.

KEYWORDS: Nanomedicine; Drug delivery; Targeted thrombolysis; Polysaccharides;

Fucoidan; P-selectin.

1 INTRODUCTION
Acute thrombotic pathologies such as myocardial infarction, ischemic stroke, and venous
thromboembolism remain a major global healthcare challenge contributing to a significant
number of deaths and disabilities [2]. Current thrombolytic therapy, the intravenous injection
of Plasminogen Activators (PA), is administrated to lyse a vascular occlusion and restore the
blood flow in the vessel. The recombinant tissue plasminogen activator (rtPA) is the most
commonly applied clot-busting drug in clinics, and the only one approved for the treatment of
acute ischemic stroke [29]. rtPA is a fibrin-specific serine protease that activates the
endogenous proenzyme plasminogen and converts it to the active form plasmin, thus,
degrading the thrombus fibrin network. However, systemic delivery of rtPA is limited by a
narrow therapeutic window (4.5 h of stroke symptom onset), rapid drug elimination (half-life
4-6 min), and physiological deactivation by its antidotes such as Plasminogen Activator
Inhibitors (PAI-1 and PAI-2), posing the risks of deleterious side-effects such as intracranial
hemorrhages [235]. Moreover, the rate of acute recanalization after intravenous administration
of rtPA is low: only ~30% of patients experienced full or partial recanalization [236].
Therapeutic strategies that intend to address the challenges of thrombolytic therapy and
to boost survival rates remain of great clinical interest. Certainly, novel thrombolytic molecules

are being researched in order to increase reperfusion, improve safety, and protect the brain
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neurovascular unit [25,237]. Apart from that, nanomedical approaches for the targeted delivery
of thrombolytic agents have been intensively proposed [238]. Korin et al. reported the
microaggregates of poly (lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) dissociated into
rtPA-bearing nanocompounds when exposed to abnormally high hemodynamic shear stress,
typical for the vascular occlusions, that performed effective thrombolysis in several preclinical
models [72]. Colasuonno et al. formulated rtPA-loaded discoidal porous nanoconstructs from
a mixture of PLGA and polyethylene glycol (PEG) with high thrombolytic potential
presumably attributed to the erythrocyte-mimicking shape of the NPs and their deformability,
leading to efficient circulation profiles and accumulation on the clot [101]. While these
nanosystems with passive targeting succeeded in a promising thrombolytic efficacy in
preclinical studies, more recent and advanced examples are formulated with actively targeted
nanocarriers.

Active targeting permits drug accumulation specifically at the thrombus site and has
the potential to enhance the enzyme penetration into deeply localized thrombi. Apart from the
magnetic nanoparticle targeting under an external magnetic field, active blood clot targeting is
currently achieved by directing the functionalized NPs towards fibrin or activated platelets
(mostly integrin GPIIb/IIla and less adhesion receptor P-selectin) with antibodies and/or
peptides. Notably, a theranostic system for thrombus molecular imaging and targeted therapy
was developed by Zhou et al. when rtPA was encapsulated into the Fe3Os-based PLGA NPs,
and a cyclic arginine-glycine-aspartic acid (cRGD) peptide was grafted onto the chitosan
surface to target GPIIb/Illa on activated platelets [69]. Nevertheless, both antibodies and
peptides have their limitations for targeted drug delivery. The immunogenicity, purity, and
sufficient circulation time are the main concerns of the application of the antibodies [224]. At

the same time, peptides might suffer from high costs of synthesis, weak binding affinity,
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metabolic instability, potential immunogenicity, and fast renal clearance due to their small sizes
[225].

The effective alternative could be the nanoparticle functionalization with fucoidan
[103], a naturally-occurring algae-derived sulfated polysaccharide that allows a specific and
strong tropism for the P-selectin overexpression in cardiovascular pathologies [228,233].
Fucoidan emerged as an affordable high-quality targeting ligand to P-selectin, which was prior
validated by our group on polysaccharide microparticles with iron oxide for MRI imaging [104],
Technetium-99m-radiolabeled polysaccharide microparticles for SPECT imaging [231],
polymer microcapsules [105], and polymer microbubbles for ultrasound imaging [232].

This is critical to ensure an excellent safety profile of the designed nanocarrier for
targeted thrombolysis in future clinical translation. It should be a priority to select
biocompatible and fully biodegradable materials with U.S. Food and Drug Administration
(FDA)-approval as well as to realize a scalable production of the nanoformulations according
to Good Manufacturing Practice (GMP) [ 188]. Contrary to the popularity of synthetic polymers
such as PLGA, the NPs made of polysaccharides are explored to a lesser degree for
thrombolytic therapy. Yet, they benefit from the general advantages of natural polymers:
biocompatibility, low cost, and hydrophilicity. Polysaccharide hydrogels, which are
crosslinked three-dimensional polymer networks, can absorb large quantities of water and can
effectively load macromolecules [239], including plasminogen activators, with high
encapsulation efficiency. Few publications reported the nanoformulations with chitosan, a
cationic chitin-derived polysaccharide that can form polyelectrolyte complexes with negatively
charged molecules [91]. For instance, superior thrombolytic potential in vivo, both by
intravenous injection and catheter-driven, was demonstrated on self-assembled chitosan NPs
crosslinked with sodium tripolyphosphate and loaded with urokinase [92]. Liao et al.

formulated the lumbrokinase-bearing NPs from quaternized derivative of chitosan - N,N,N-
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Trimethyl Chitosan covalently grafted with cRGD peptide to target GPIIb/Illa receptors that
could accelerate thrombolysis [95].

Dextran, an exocellular bacterial water-soluble polysaccharide, is extensively
employed in clinics, in particular in its low molecular weight (40 and 70 kDa), for plasma
volume expansion, thrombosis prophylaxis, peripheral blood flow enhancement, artificial tears,
etc. [184]. Dextran coating of magnetic NPs is applied to ensure environmental stability and
prolong blood circulation time [68,124]. Our group has recently demonstrated that rtPA-
immobilized core-shell poly(isobutyl cyanoacrylate) NPs, decorated with dextran and fucoidan,
effectively augmented thrombolysis in mice [67]. However, to our knowledge, there are no
reported exclusively dextran nanocarriers for thrombolytic therapy. Meeting the requirements
of biocompatibility, biodegradability, non-immunogenicity, dextran stands out as an attractive
polymer to design a hydrogel-based protein delivery system for the thrombolytic application.

Herein, we designed homogeneous and spherical novel fucoidan-functionalized dextran
submicroparticles (SPs) obtained by a green chemistry method using fully biodegradable and
biocompatible compounds, all of them approved by the FDA. After extensive physico-chemical
characterization of these hydrogel-like SPs that exhibited cyto- and hemocompatibility, rtPA
was loaded onto the SPs with a high encapsulation capacity, and its release in saline and in
vitro characterization of the amidolytic activity and fibrin clot dissolution potency were tested.
Through the in vitro microfluidic experiments under continuous arterial or venous flow, we
provided evidence that Fuco-SPs have a high affinity to P-selectin, but not to E- and L-
selectins, and accumulate on activated platelet aggregates. Finally, rtPA-Fuco-SPs proved
superior in vivo thrombolytic efficacy in a mouse stroke thrombin model with a faster vessel
recanalization that minimized cerebral tissue damage: the post-ischemic lesion and blood-brain

barrier (BBB) permeability.
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2 MATERIALS AND METHODS

Materials: Dextran 40 kDa and TRITC-dextran 40 kDa were provided by TdB Consultancy
(Uppsala, Sweden). Fucoidan (Mn = 18 kDa/Mw = 104 kDa) was a gift from Algues & Mer
(Ouessant, France). Sodium trimetaphosphate (STMP), methylene blue hydrate, and Human
Serum Albumin (HSA) were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France).
Polyglycerol polyricinoleate (PGPR) was obtained from Palsgaard France S.A.S. (Lyon,
France). Vegetable (sunflower) oil was purchased from a local supermarket. The SPs were
encapsulated with commercially available rtPA (Actilyse®, Boehringer Ingelheim) that was
reconstituted at 1 mg/mL, aliquoted, and stored at -80 °C. Chromatography paper was obtained
from GE Healthcare (Chicago, Illinois, United States). Fibrillar type I collagen Horm® was
obtained from Takeda (Linz, Austria). 96-Well Cell Culture Plates (Costar) were obtained from
Corning Incorporated. PPACK (Phe-Pro-Arg-Chloromethylketone) 75 puM tubes were
purchased from Cryopep (Montpellier, France). Flow chambers (Vena8 Fluoro+) were
provided from Cellix Ltd (Dublin, Ireland).

Submicroparticle synthesis: Polysaccharide submicroparticles (SPs) were obtained via
a water-in-oil (w/0) emulsification combined with a crosslinking process. Polysaccharide
solution was prepared as a mixture of dextran 40 and 5% TRITC-dextran 40 (for fluorescent
SPs) at 300 mg/mL, 6 M NaCl. To synthesize functionalized SPs with fucoidan (Fuco-SPs),
10% w/w of fucoidan was added.

First, the organic phase of 15 mL of sunflower oil and 6% w/v PGPR in Falcon® 50 mL
was prepared and cooled down for 20 min at -20 °C. In the meantime, 1,200 mg of the
polysaccharide solution was incubated with 120 uL of 10 M NaOH under magnetic stirring for
10 min. 240 pL of STMP solution (30% w/v in water) was added into the aqueous phase under

magnetic stirring and mixed for 20 seconds on ice. Next, emulsification was achieved by the
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dropwise injection of 600 pL of the aqueous phase into the organic phase and dispersed with a
stand-disperser (Polytron PT 3100, dispersing aggregate PT-DA 07/2EC-B101, Kinematica,
Luzernerstrasse, Switzerland) at 30,000 rpm for 4 min on ice. The obtained w/o emulsion was
transferred into 50 °C for the crosslinking reaction of polysaccharides with STMP for 20 min.
The crosslinked suspension was washed in 30 mL PBS 10x for 40 min under high magnetic
stirring at 750 rpm. The mixture was then centrifuged (BR4i, JOUAN SA, Saint Herblain,
France) for 10 min at 3,000 g in Falcon tubes. The organic phase was recovered and
ultracentrifuged (Optima MAX-XP, Ultracentrifuge, Beckman Coulter, Brea, California,
United States) in PBS for 45 min at 15,000 g. The obtained pellet was washed by
ultracentrifugation 2 times in 0.04% Sodium Dodecyl Sulfate (SDS) solution and then 3 times
in ultrapure water to purify the SPs. The resulting SPs were suspended in water or 0.9% NaCl

with 0.02% Tween 20 (Sigma) and stored at 4 °C.

Table 3. The synthesis parameters for the polysaccharide SPs.

Synthesis Polysaccharide | STMP, | NaOH | Phase | Surfactant | Homogenization | Crosslinking
method [c], mg/mL [c], [c], M | ratio,
mg/mL (Aq/
Org/)
W/O 300 56.11 | 1.15 | 4% PGPR, 30,000 rpm, 4 20 min, 50
emulsion / w/v 6% min, 4 °C oC
crosslinking

Abbreviations: /0, water-in-oil; 4q, aqueous; Org, organic.

Cell culture and cytotoxicity assay: To evaluate the cytotoxicity of the SPs,
Fluorometric Cell Viability Assay (Resazurin) was used on confluent Human Umbilical Vein
Endothelial Cells (HUVEC). The cells were cultured in DMEM supplemented with 10% (v/v)
fetal bovine serum, 4 mmol of l-glutamine, 100 units/mL of penicillin, and 100 pg/mL of

streptomycin and kept in an incubator at 37 °C in a humidified atmosphere of 5% COx. Cells
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were seeded into 96-well plates to adhere, 10,000 cells per well. Following 24 h of incubation
to reach ~80% confluency, the medium in the wells was changed to the one containing the SPs
at concentrations ranging from 0.1 to 1.5 mg/mL and cultured for another 24h. Culture media
were used as a positive control. Next, the medium was replaced with 100 puL 10% Resazurin
solution, and the plates were covered in foil and incubated for 2h. The fluorescent signals of
the Resazurin were monitored using 540 nm excitation and 590 nm emission wavelengths on
Infinite® 200 PRO microplate reader (TECAN Group Ltd., Mannedorf, Switzerland). The
obtained fluorescence (FI) values were blank corrected; and the relative cell viability was
expressed as Flsps / Fleontrol X 100%, where Fleontol Was obtained in the absence of the SPs. The
experiment was performed in hexaplicate.

To examine the potential cell cytoskeleton organization mediated by Fuco-SPs,
HUVEC cells were cultured in 8-well Lab-Tek II Chamber Slide w/Cover (Lab-Tek®, Thermo
Fischer Scientific, Massachusetts, United States) with 10,000 cells per well. The wells' medium
was changed 24 h after to the one containing TRITC-Fuco-SPs at 1.5 mg/mL and was incubated
for another 24 h. Cells cultured in the medium without the SPs were set as control. Next, cells
were fixed with 4% paraformaldehyde for 30 min at room temperature (RT). After rinsing with
PBS, cells were labeled and permeabilized with the 200 pL mixture of FITC-Phalloidin (1:200,
Sigma-Aldrich, USA) / DAPI (1:100, Thermo Fisher Scientific, Massachusetts, United States)
/0.01% v/v Tween 20 in PBS and incubated under low agitation for 1 h at RT. The cells were
afterward washed 3 times with PBS. The support of the chamber slides was removed, and the
slides were mounted with a few drops of the aqueous mounting medium and kept at 4 °C until
visualization with the confocal microscope (Zeiss LSM 780, lena, Germany).

Hemocompatibility test: Hemolysis assay was adapted from the publication [231] and
performed on washed isolated murine erythrocytes. Murine blood was collected in sodium

citrate 3.8% (w/v) and centrifuged at 800 g for 5 min to isolate red blood cells. The supernatant
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was removed, and the pellet of erythrocytes was resuspended at 20% (v/v) in distilled water
(positive control, 100% hemolysis), normal saline (negative control, no hemolysis), and the
Fuco-SPs at concentrations from 0.1 to 1.5 mg/mL in Eppendorf. The tubes were incubated on
a rotator at 37 °C for 1.5 h and then centrifuged at 3,000 g for 5 min. The absorbance (A) of
the supernatants was measured on Infinite® 200 PRO microplate reader (TECAN Group Ltd.,
Mannedorf, Switzerland) at 590 nm. Each sample was run in triplicate. The percentage of
hemolysis was determined by the formula: Hemolysis degree (%) = 100% X (Asample = Ancgative
control)/(Apositive control = Anegative control)-

Physico-chemical characterization: The submicroparticle (SP) 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% (w/v) uranyl
acetate for 5 minutes, and Environmental Scanning Electron Microscopy (ESEM) (Philips
XL30 ESEM-FEG, Amsterdam, Netherlands). Hydrodynamic size and Zeta potential (-
potential) were measured by Dynamic Light Scattering (DLS) and Electrophoretic Light
Scattering (ELS), respectively (Zetasizer Nano ZS, Malvern Instruments SARL, Orsay,
France). Samples were diluted in distilled water or saline for size and in 1 mM KCI for -
potential determination. All runs were performed at 25 °C in triplicate.

Mass concentration was determined by freeze-drying. An elemental analyzer-mass
spectrophotometer was used for the quantification of the sulfur (presence of fucoidan). To
prove the crosslinking with STMP, the total reflection X-ray fluorescence spectroscopy (TXRF)
technique was applied to quantify the phosphorus content on the SPs (S2 PICOFOX Bruker,

Massachusetts, United States).
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For Fourier transform infrared (FTIR) spectroscopy measurement, ThermoNicolet
AVATAR 370 FTIR spectrometer (Thermo Electron Corporation, Waltham, MA) was used.
The samples were blended with KBr and compressed to form a pellet. The transmission spectra
were obtained from 400 to 4000 cm™! with a resolution accuracy of 4 cm'!.

Sulfate and fucoidan quantification: The sulfate content of fucoidan was determined by
a semi-quantitative solid-phase colorimetric assay [240]. Briefly, 5 uL of Fuco-SPs in
suspension at a concentration of 2 mg/mL were dropped on a piece of Whatman
Chromatography paper grade 1. It was repeated 5 times on the same point, allowing the paper
to dry at 50 °C in between. The paper was first soaked into a methanol/acetone (6:4) solution
for 3 min and then into a methanol/acetone/water (6:4:15) solution with 50 mM HCI and 0.1%
w/w methylene blue for 10 min. Finally, the paper was extensively washed with acetic
acid/methanol/acetone/water (5:6:4:75) until no coloration was detected in the washing
solution. The paper was then transferred to the Eppendorf, containing 0.5 mL methanol with
2% w/v SDS, and incubated for 15 min at 50 °C. 0.2 mL of the extracted dye was placed in a
96-well plate, and its concentration was determined by reading absorbance at 663 nm on an
Infinite® 200 PRO microplate reader (TECAN Group Ltd., Mannedorf, Switzerland). Standard

curves were obtained from fucoidan in solution with known concentrations (Figure 16).
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Figure 16. Quantification of fucoidan content in hydrogel Fuco-SPs by a colorimetric
assay. A. Blue circles from fucoidan of mentioned concentrations were stained with methylene
blue. B. The calibration curve of fucoidan content by optical density indicated the amount of
fucoidan in one sample of Fuco-SPs (red line). C. Example of blue spot of hydrolysate solution
of Fuco-SPs stained with methylene blue.

Loading rtPA on the SPs: rtPA was immobilized onto the SPs by adsorption. 100 pL
of SPs (5 mg/mL) was mixed with 100 pL of rtPA (1 mg/mL) in ultrapure water and then
incubated for 1 h at RT. Free unabsorbed rtPA was removed by 3 cycles of ultracentrifugation
(15 min, 15,000 g). The SPs with adsorbed rtPA (rtPA-SPs) were resuspended in water and
used for the drug loading efficiency quantification.

Drug encapsulation efficiency: The amount of rtPA loaded on the SPs was measured
using the Pierce BCA protein assay kit (Life Technologies SAS, Courtaboeuf, France). Briefly,
200 pL of working reagent was added to 25 pL of each sample in 96 well-plate. The absorbance

at 562 nm was read on the Infinite® 200 PRO microplate reader (TECAN Group Ltd.,

Mannedorf, Switzerland) after 30 min of incubation at 37 °C and cooling to RT for 10 min.
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The concentration of the drug was extrapolated by a calibration curve prepared with different
concentrations of rtPA.

In vitro rtPA release: The release of rtPA from the Fuco-SPs was assessed by flow
cytometry [241]. FITC-rtPA (Abcam, Cambridge, United Kingdom) at 1 mg/mL was placed in
contact with TRITC Fuco-SPs at 5 mg/mL for 1 h at RT. The suspensions were added to tubes
pre-filled with 400 pL of saline and placed under gentle agitation at 37 °C. At each time point
of 0, 15, 30, 45, 60, and 90 min, the tubes were analyzed with a BD FACS Aria™ III flow
cytometer (Becton Dickinson, New Jersey, United States). The TRITC-Dextran, excited by a
543 nm laser, was detected at 569 nm, while the FITC-rtPA, excited at 480 nm, was detected
on a 530/30 nm PMT. Flow cytometry analyses were performed in triplicates with Diva
software (Becton Dickinson). The protein release curve was obtained by normalizing the values
of Mean Fluorescence Intensity (MFI) of the FITC-rtPA still associated with TRITC-Fuco-SPs.

In vitro amidolytic activity of rtPA-loaded SPs: Amidolytic activity of rtPA loaded SPs
was assessed with the fluorogenic substrate PefaFluor® tPA (Cryopep, Montpellier, France).
2.5 uL of samples at 20 ug/mL was put in contact with 97.5 pL. of 100 mM HEPES buffer (pH
8.0, 154 mM NaCl, 0.1% HAS) in the 96-well plate. After the addition of 10 pL PefaFluor® at
1 mM, a kinetic profile was obtained by measuring the fluorescence level at 440 nm every 2
min for 90 min at 37 °C with Infinite® 200 PRO microplate reader (TECAN Group Ltd.,
Mannedorf, Switzerland). Free rtPA was used at the same concentration based on the Pierce
BCA protein assay. Increase of fluorescence corresponded to the fluorogenic peptide substrate
hydrolysis by rtPA. Enzymatic activity was determined from the resulting kinetic profile and
compared to the one of free rtPA.

In vitro fibrinolytic activity of rtPA-loaded SPs: To assess the fibrinolytic activity of
rtPA-loaded SPs, a fibrin lysis clot experiment was performed. 5 mL of TRIS Buffer with 3%

w/v low melting agarose (Carl Roth GmbH p Co. KG, Karlsruhe, Germany) were heated to
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65 °C. 5 mL of Fibrinogen (from human plasma, Sigma Aldrich) solution in TRIS buffer at 5
mg/mL was slowly heated to 37 °C. Once the agarose solution reached 65 °C, it was cooled to
37 °C, and 2.5 U of thrombin (from human plasma, Sigma Aldrich) was added. Next, a
fibrinogen solution was slowly added into the agarose/thrombin mixture under gentle agitation
to avoid the formation of bubbles. The reaction mixture was poured into a 9 cm Petri dish and
cooled at 4 °C for 30 min until the fibrin clot became visible. On the solidified agarose gel,
round wells were formed using a 3 mm punch as sample reservoirs. 5 pl of each sample at 45
pg/mL was dropped into the wells and incubated overnight at 37 °C in a humid environment.
The degree of fibrin lysis was quantified with ImageJ by comparing the size of the fibrinolysis
circle of the samples and free rtPA at the equivalent concentration based on the Pierce BCA
protein assay.

Flow microchamber experiments: An in vitro flow adhesion assay was performed to
evaluate the affinity of the Fuco-SPs with their molecular target. Micro-channels of Vena8
Fluoro* chambers (width: 0.04 cm, height: 0.01 c¢cm, and length: 2.8 cm; Cellix Ltd, Dublin,
Ireland) were coated overnight with recombinant human P-selectin, L-selectin, or E-selectin
(R&D systems France, Lille, France) at 100 ng/mL and left overnight at 4 °C. To confirm the
concentration-dependent binding of Fuco-SPs to P-selectin, some channels were coated with
P-selectin at a range of concentrations (5, 25, 50, and 100 pg/mL). Channels were then washed
with NaCl 0.9% and further incubated with HSA at 10 pg/mL for 2h.

A suspension of fluorescently labeled Control-SPs or Fuco-SPs at 1 mg/mL in saline
was passed through the channels for 5 min at arterial and venous flow conditions (shear stress
67.5 dyne/cm? and 6.75 dyne/cm?) using an ExiGo™ pump (Cellix Ltd, Dublin, Ireland). For
the competitive binding experiment, fucoidan solution (10 mg/mL) was injected 5 min prior to
the Fuco-SPs at the same rate. Then, all the channels were washed with NaCl 0.9% for 1 min.

The binding of the adhered SPs was visualized in real-time under fluorescence microscopy
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(Axio Observer, Carl Zeiss Microimaging GmbH, Iena, Germany). For the quantitative
analysis, the number of fluorescent SP clusters on each channel was measured using the
“Analyze particles” tool in the image analysis software ImageJ (NIH, Bethesda, U.S.) with a
4-pixel threshold to eliminate the background noise.

To further investigate the binding efficiency of unloaded and loaded SPs to activated
platelets, the microchannels of Vena8 Fluoro® were coated with 50 pg/mL of fibrillar type I
collagen Horm® overnight at 4 °C and rinsed with NaCl 0.9% before use. Human whole blood
(EFS, Bichat Hospital, Paris, France), collected in the PPACK tubes and labeled with 5 uM
DIOCS6 (Life Technologies SAS, Saint-Aubin, France), was perfused at arterial shear stress for
5 min to induce platelet activation and aggregation. Platelet aggregation through contact with
collagen was visualized in real-time with phase-contrast microscopy (Axio Observer, Carl
Zeiss Microscopy, Oberkochen, Germany). After rinsing with NaCl 0.9%, fluorescent Control-
SPs or Fuco-SPs (unloaded or loaded with rtPA) at 1 mg/mL were injected into the channels
in saline for 5 min. Their accumulation onto activated aggregates was monitored in real-time.
Channels were then washed for 1 min with NaCl 0.9%. Finally, the MFI of the fluorescent SPs
that are bound to the platelets on each channel was analyzed with ImageJ. Intensity settings
were kept the same for both types of SPs.

Biodistribution of Fuco-SPs in vivo: Animal studies were performed on C57BL/6 male
mice (EJ, Le Genest, St-Berthevin, France) aged 5-8 weeks (~ 25 g weight) in respect of the
principles of laboratory about animal experimentation and with the approval of the animal care
and use committee of the Claude Bernard Institute (APAFIS #8724, Paris, France). Mice were
anesthetized under the application of 2% isoflurane (Aerrane, Baxter). 200 pl of Fuco-SPs at 5
mg/mL were injected through the retro-orbital route (n=3). To histologically analyze the
particle accumulation, mice were sacrificed 30 min following their administration. The lungs,

liver, kidneys, and spleen were excised, washed in saline, and fixed in paraformaldehyde 4%.
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The tissues were then frozen and cryosectioned at 10 pm thickness. The samples were stained
with alcian blue staining protocol. Strongly negative structures, including the Fuco-SPs, are
stained blue, nuclei are stained pink to red, and cytoplasms appear pale pink. The slides with
tissue slices were scanned with the Nanozoomer (Hamamatsu, Hamamatsu City, Japan) and
viewed with the NDP.view2 software.

Animals and thrombin stroke model in vivo: Animal experiments were carried out on
male Swiss wild-type mice (8-9 weeks old; 35-45 g; CURB, Caen, France). All experiments
were performed following the French (Decree 87/848) and the European Communities Council
(2010/63/EU) guidelines and were approved by the institutional review board (French ministry
of Research). All the experiments were validated by Normandy's local ethical committee
(CENOMEXA) registered under the reference number APAFIS#13172. Anesthesia was
induced by the application of 5% isoflurane (Aerrane, Baxter) and maintained by 2% isoflurane
in a mixture of O2/N20 (30% / 70%).

Mice were placed in a stereotaxic device, then a small craniotomy was performed, the
dura was excised, and the middle cerebral artery (MCA) was exposed. To induce the MCA
occlusion, the coagulation cascade was triggered by the pneumatical injection of 1 pL. murine
a-thrombin (1 IU; Stago BNL) with a glass micropipette, as previously described [242].
Successful MCA occlusion was confirmed by the Laser Doppler flowmeter (Oxford Optronix).
For the treatment, the animals were intravenously injected through a tail vein catheter (200 pL,
10% bolus, 90% infusion over 40 minutes) with either saline (n=5) or rtPA-Fuco-SPs
(Actilyse® rtPA at 10 mg/kg) (n=6) 20 minutes after thrombus formation. Brain perfusion was
monitored by Laser Speckle Contrast Imager (MOOR FLPI-2, Moor Instruments) throughout
the treatment. Region of interest (ROI) was selected on the ipsilateral to occlusion and
contralateral hemispheres to monitor the relative cerebral blood flow in the affected region (Fl;

= 100% x Flipsi/Fleontra). The post-stroke reperfusion was expressed as a Growth Rate (GR) of
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the blood flow increase in the ipsilateral ROI to contralateral one at a time point, and it was
quantified as GR (%) = 100% x (Fl - Fli1)/ Fly.

Magnetic resonance imaging acquisition and analysis: Mice were anesthetized with 5%
isoflurane and maintained with 1.5-2% isoflurane in a mixture of O2/N>O (30% / 70%) during
the acquisitions. Experiments were carried out on a Pharmascan 7T (Bruker Biospin,
Wissembourg, France). Three-dimensional T2-weighted images were acquired using a Multi-
Slice Multi-Echo sequence (TE/TR 39.9 ms/ 3,500 ms, 2 averages) 24 h after the stroke. Lesion
volumes were quantified on these images using ImageJ software (slice thickness 0.5 mm).
Magnetic resonance angiography was performed using a 2D-TOF sequence (TE/TR 4.24 ms /
12 ms, 1 average) 24 h after ischemia, and the recanalization status of the MCA was determined
blindly from the analysis of the merged MCA angiograms with maximum intensity. The
angiographic score is based on the TICI (Thrombolysis in Cerebral Infarction) grade flow
scoring (from score 0: no perfusion to score 3: full recanalization). For the in vivo detection of
the BBB permeability, three dimensional T1 FLASH sequences (TE/TR 4.37 ms/ 15.12 ms; 3
averages) were used, 15 min after the intravenous injection of 200 pl of a solution containing
50 ul of gadolinium chelate (DOTAREM) diluted in saline. BBB leakage was measured 4 days
after the stroke induction, and its volume was quantified using ImageJ.

Thrombus targeting by Fuco-SPs in a murine model of venous thrombosis: Animal
studies were done following principles of laboratory about animal care and with the approval
of the animal care and use committee of the Claude Bernard Institute (APAFIS #8724, Paris,
France). FeClz-induced in vivo thrombosis model on mesenteric vein was carried out on
C57BL/6 male mice (EJ, Le Genest, St-Berthevin, France) aged 5-8 weeks. Mice were
anesthetized with an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg).
After midline abdominal incision, the mesentery was exposed, and vessels were visualized by

an intravital microscope (Leica MacroFluo, Leica Microsystems SAS, Nanterre Cedex, France)
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using Orca Flash 4.0 scientific CMOS camera (Hamamatsu Photonics France SARL, Massy,
France). For green fluorescent labeling of mitochondria of platelets and leucocytes, DIOC6
(Life Technologies SAS, Saint-Aubin, France) at 25 uM was retro-orbitally injected. The
mesentery vein was covered with a I mm large Whatman chromatography paper that was prior
soaked in a 10% w/v iron chloride (Sigma-Aldrich) solution for 1 min and then washed with
saline. The formation of non-occlusive thrombi was monitored in real-time by fluorescence
microscopy by the accumulation of fluorescently labeled platelets. TRITC fluorescent-labeled
Control-SPs or Fuco-SPs were retro-orbitally injected 10 min after thrombus initiation with the
volume of 150 pL (5 mice per group).

For histological evaluation, mice were sacrificed with pentobarbital overdose 5 min
after administration of SPs. The affected part of the mesenteric vein was cut, washed in 0.9%
NaCl, fixed in paraformaldehyde 4% (w/v), and frozen. The vein samples were cryosectioned
at 10 um thickness. The cell nuclei of a venous vascular wall were labeled with DAPI (Thermo
Fisher Scientific, Massachusetts, United States) contained in a mounting medium (Vecto
laboratories). The samples were observed by fluorescence microscopy. For the quantitative
analysis, normalized MFI of the TRITC signal from SPs was expressed, defined as total TRITC
fluorescence intensity divided by the size of the thrombus area on 2 slides from each mouse
with the ImageJ (NIH, Bethesda, U.S.).

Statistical analysis: Quantitative data were expressed as mean =+ standard error of the
mean (SEM) (n > 3). Statistical tests were carried out with GraphPad Prism 8 (GraphPad
Software, Inc., La Jolla, U.S.) with a 95% confidence level. Kolmogorov-Smirnov normality
test was utilized to examine if variables are normally distributed. Normally distributed data
were analyzed then with unpaired t-test or one-way analysis of variance (ANOVA) with post
hoc Turkey's test. The Mann-Whitney U test was applied otherwise. The p-values of * p<0.05;

** p<0.01; *** p<0.001 were considered statistically significant.
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3 RESULTS AND DISCUSSION

3.1 Submicroparticle synthesis and characterization

Novel polysaccharide SPs were elaborated by a simple and reproducible two-step synthesis
process influenced by [104,231] (Figure 17A). First, a stable w/o miniemulsion of the aqueous
phase with hydrophilic polysaccharides and vegetable (sunflower) oil was prepared. Chemical
crosslinking of polysaccharides with the crosslinking agent STMP under alkaline conditions
(Figure 17B) produced a suspension of uniform SPs. We refer to the hydrogel particles only
from dextran as Control-SPs, and from a mixture of dextran and fucoidan as Fuco-SPs in this
manuscript.

To ensure the in vivo safety during the preparation of the drug delivery platform, low
molecular weight dextran 40 kDa of clinical-grade was utilized without any chemical
modification. Having a large number of hydroxyl groups, dextran is a suitable compound for
subsequent chemical crosslinking with STMP [184], an FDA-approved non-toxic food additive
[243]. Fucoidan, a marine sulfated polysaccharide, is approved as a pharmaceutical compound
[185] and exhibits a nanomolar affinity to P-selectin [234]; hence, it served as a targeting ligand
to thrombi. A recently completed Phase I clinical trial of fucoidan radiolabeled by Technetium-
99m reported its safety and favorable biodistribution as a potential diagnostic agent for
thrombosis imaging [186] while a Phase II stage is ongoing. Hence, both natural
polysaccharides applied in this study are affordable, biodegradable, biocompatible compounds,
non-immunogenic, and approved for clinical applications. Intriguingly, several articles claim
that dextran [244] and fucoidan [226,230] themselves exert some antithrombotic action that

makes them an excellent starting material for the nanocarrier.
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Figure 17. Synthesis and the in vivo proposed mechanism of action of the Fuco-SPs. A.
Overall schematic of the synthesis process of the SPs — miniemulsion / crosslinking. B.
Crosslinking of the polysaccharides (dextran and fucoidan) with STMP in alkaline conditions.
C. Proposed therapeutic mode of action of the rtPA-loaded Fuco-SPs after the ischemic stroke:
the Fuco-SPs accumulate on the surface of the activated platelets due to P-selectin affinity of
fucoidan and perform local thrombolysis with alteplase.
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Instead of commonly used organic solvents, sunflower oil was utilized as an emulsion
continuous phase. The choice of the stabilizing agent plays an important role in reducing the
interfacial tension and Laplace pressure when fabricating a stable emulsion and future
nanocarrier. In this work, we selected a potent oil-soluble nonionic surfactant for stabilizing
w/o emulsions — PGPR, which is also recognized by the FDA as a safe compound and is
frequently used as an emulsifier in the food production industry [245]. In addition, to counteract
the Ostwald ripening of water droplets, 6 M NaCl was added to the aqueous phase as an osmotic
agent to adjust the osmotic gradient and to stabilize the w/o emulsion further. Overall, multiple
parameters were optimized to obtain a stable and homogenous miniemulsion and subsequent
nano-delivery system. It was found that the size of the templating droplet and the ultimate
hydrogel SPs being directly proportional to the polysaccharide molecular weight and inversely
proportional to the amount of surfactant and crosslinking agent as well as homogenization
speed (data not shown).

The polysaccharide nature of the particles was proven by comparing their FTIR spectra
with the equivalent ones of the polysaccharide themselves with a strong peak, corresponding

to the -OH bond (Figure 18).
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Figure 18. FTIR spectra of the polysaccharides and SPs. Control-SPs and Fuco-SPs are
composed of dextran and a mixture of dextran and fucoidan, respectively.
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ESEM and TEM images revealed a well-defined spherical morphology and uniform
size distribution of SPs (Figure 19A & 19B). Functionalized Fuco-SPs contained 8.60 +0.01%
of fucoidan in a mass of the total SPs weight, determined by elemental analysis of sulfur, and
9.30 £ 1.07% of fucoidan by quantification of the sulfate content by a semi-quantitative
colorimetric assay. In such a way, two different techniques estimated ~9% fucoidan
composition in the SPs. The physico-chemical properties of these nanoformulations are
displayed in Figure 19D. The SPs exhibited the hydrodynamic size 674.87 + 59.35 nm
(Control-SPs) and 708.48 + 40.00 nm (Fuco-SPs), determined by DLS. It is essential to
highlight that a relatively large size of the SPs might limit the accumulation of associated rtPA
within the brain parenchyma and reduce the risk of hemorrhagic events. The negative (-
potential of the SPs -24.83 + 0.09 mV for Control-SPs and -27.07 + 0.39 mV for Fuco-SPs
ensured colloidal stability as a result of the anionic nature of the fucoidan and the formation of
the anionic phosphate functional groups, produced during the crosslinking reaction with STMP.
The phosphorus content of the SPs is indicated in Figure 19D.

The obtained SPs preserved their integrity in a physiological solution of 0.9% NaCl. As
hydrogel-based particles, they were able to swell in an aqueous medium while maintaining
their network structure (Figure 19C). These soft particles resemble the networks of natural
extracellular matrices that could minimize tissue irritation or cell adherence [193]. The size
and zeta potential of both SPs remained relatively stable for at least 30 days at 4 °C storage. In
addition, adequate storage of the SPs can be ensured by freeze-drying with 5% (w/v) sucrose
as a cryoprotectant and subsequent resuspension in an aqueous medium. The overall yield of

the synthesis was 13.4 + 0.7 mg of SPs.
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Figure 19. Physico-chemical characterization of the SPs. SEM (A) and TEM (B) images of
the Fuco-SPs. C. Swelling in the water of the Fuco-SPs due to the hydrogel nature of the
particles. Size of one sample when resuspended in water (green) and saline (blue). D. Size, zeta
potential, and chemical composition of the SPs.

It is important to remark that the submicronic particles could also be synthesized from
other natural polysaccharides, such as pullulan, a mixture of dextran and pullulan, and a
mixture of carboxymethyl dextran with dextran, via the miniemulsion/crosslinking protocol
with little modifications. This flexibility permits, for example, to modulate the mechanical
properties of the obtained particles and introduce functional such as COOH onto the surface of
the SPs that might be relevant for other applications. Figure 20A summarizes experimental
conditions used for the particle production in a reproducible way, with sizes in the submicronic
range. Due to the anionic charges brought by STMP, all the SPs exhibited negative zeta

potential.
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A
Aqueous Phase Organic V/N D(0.1) D(0.5) D(0.9) Span Zeta potential, mV
phase
\ 0.708 1.01 1.47 0.753 -29.8
Pullulan 20 kDA 6% PGPR
Fucoidan MMW 15 mL SO
N 0.669 0.810 1.16 0.669
(450 mg/ml, 6 M NacCl)
4.6% w/v STMP, 0.76 M NaOH
\ 0.877 1.22 1.77 0.885 -29.6
Pullulan 20/Dextran 40 kDA 6% PGPR
65/35 15 mL SO
Fucoidan MMW N 0.776 1.03 142 0.883
(450 mg/ml, 6 M NaCl)
4.6% w/v STMP, 0.76 M NaOH
\ 0.645 0.898 1.25 0.669 -29.9
CM Dextran 40/Dextran 40 kDA 6% PGPR
20/80 15 mL SO
Fucoidan MMW N 0.557 0.735 1.03 0.642

(300 mg/ml, 6 M NaCl)
4.6% w/v STMP, 0.76 M NaOH
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Figure 20. Formulation and cytocompatibility of polysaccharide submicronic particles
from other polymers or their mixtures. A. Size and zeta potential of the SPs by laser
diffraction and ELS, respectively. D(0.1), D(0.5) and D(0.9) are the particle diameters at 10%,
50% and 90% of the particle size distribution by number (N) or volume (V). Span refers to the
width of the distribution. B. Cytocompatibility of the different types of the SPs on HUVECs
by Resazurin assay.

3.2 Biocompatibility of the SPs
The injectable hydrogel SPs were produced according to the green chemistry principles through
the formulation method without the use of hazardous substances and organic solvents and were

expected to be biocompatible.
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An initial in vitro evaluation of biocompatibility of the developed SPs examined cyto-
and hemocompatibility. The cytocompatibility of the SPs was assessed with a resazurin cell
viability assay. Following 24 h exposure, Control-SPs and Fuco-SPs did not affect cellular
viability and metabolic activity of HUVECS at concentrations ranging from 0.1 to 1.5 mg/mL,
exhibiting an excellent cytocompatible profile (cell survival > 90%, up to the highest tested
concentrations of SPs) (Figure 21A). The upper limit for the tested concentration of 1.5 mg/mL
of the SPs was selected to surpass the tested concentrations for the majority of the nanosystems
in vitro (typically, maximum 400 pg/mL) [246] and the concentration of the SPs employed for
further in vivo experiments in this work (71 mg SPs per 1 kg body weight or 1.1 mg SPs per 1
mL of blood). There was no significant difference between the Control-SPs and Fuco-SPs, as
both did not provoke cytotoxicity. Additionally, high cell viability was similarly observed in
the SPs from other polysaccharides (Figure 20B).

Since the SPs in this study were designed for intravenous administration and were
expected to have direct contact with blood, the Fuco-SPs were examined for their blood-
compatible behavior by a hemolysis test on isolated murine red blood cells in vitro (Figure
21B). Even at the highest concentration of 1.5 mg/mL, the SPs presented a hemolytic index of
1.51 £ 0.02%, below 2%, and considered nonhemolytic according to ISO 10993 - 4 standard
[247,248].

Morphology of the cells, co-cultured with Fuco-SPs, was visualized with confocal
microscopy. No apparent morphological differences were revealed for HUVECs with Fuco-
SPs and negative control, as depicted in Figure 21C. FITC-Phalloidin staining was used to
visualize a cytoplasm and DAPI for nuclei. Moreover, the SPs were internalized by endocytosis
as the merged images of all three probes revealed colocalization of the particles within the dye

in the cytoplasm.
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Figure 21. Biocompatibility of the SPs. Cytocompatibility (A) and hemocompatibility (B).
Confocal microscopy of HUVECs cultured without (control) and with Fuco-SPs (C) (scale bar
=30 um).

Collectively, these results suggest that the polysaccharide SPs have favorable

biocompatibility for their application in vivo.

3.3 Binding of SPs to P-selectin in vitro

Knowing that fucoidan was homogeneously distributed in the structure of the hydrogel Fuco-
SPs and constituted ~ 9% w/w of the composition, we investigated whether its quantity on the
surface was sufficient for specific adhesion to its molecular target. While most of the

publications assess targeting strategy in vitro in static conditions by flow cytometry or confocal
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microscopy [82,231,249], our group developed a robust and tunable dynamic microfluidic
method, mimicking arterial or venous blood flow conditions, to study the targeting efficacy for
recombinant P-selectin or/and human activated platelet aggregates expressing P-selectin and

previously validated it with fucoidan-coated nano-/microcarriers [67,105,232] (Figure 22).

Real-time monitoring
Fluorescent microscopy

Microfluidi b’ SPs with fucoidan
icrofluidic pump : -
Human arterial shear stress: 67.5 dyn/cm3 ﬁ," 2 Control-SPs
Human venous shear stress: 6.75 dyn/cm3
Biochip
Coated with recombinant selectins or activated
platelet aggregates

Figure 22. Schematic illustration of the in vitro microfluidic targeting assay.

First, fluorescent Fuco-SPs and Control-SPs were injected in the microchannels coated
with recombinant P-selectin under arterial or venous shear rates (67.5 dyne/cm? vs. 6.75
dyne/cm?), and their adhesion was visualized and quantified in real-time under fluorescence
microscopy. According to obtained results, fluorescent Fuco-SPs depicted a significantly
higher adhesion to P-selectin coating than Control-SPs both in arterial (374.25 + 115.33
adhered Fuco-SPs vs. 30.25 + 13.84 adhered Control-SPs, * p <0.05) and venous (228.25 +
36.67 adhered Fuco-SPs vs. 34.50 + 18.16 adhered Control-SPs, ** p <0.01) flow conditions
(Figure 23A & 23E). There was no significant difference between the fluorescent signal of
Fuco-SPs accumulation for arterial and venous flow conditions (p=0.2731). Fuco-SPs
accumulation after injection onto P-selectin coating was in a linear dose-dependent manner as

regards the P-selectin concentration, R?=0.9904 (Figure 23B). An experiment of competitive
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interaction illustrates that fucoidan solution pre-injection at 10 mg/mL considerably reduced
the attachment of the Fuco-SPs onto the microchannels with P-selectin (374.25 £ 115.33 vs.

19.75 £ 10.06, * p <0.05) (Figure 23C).
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Figure 23. Evaluation of the SPs interactions with selectins. A. Adhesion of the Control-
SPs or Fuco-SPs on the coating of the recombinant P-selectin in the microfluidic assay under
arterial and venous flow conditions (n = 4). B. Concentration-dependent binding of the Fuco-
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SPs onto the coating of the P-selectin at a range of concentrations. C. Fucoidan pre-injection
inhibited Fuco-SPs adhesion onto the P-selectin. D. Comparison of the Fuco-SPs binding to
other selectins: E- and L-selectin. E. Fluorescent microscope view of Control-SPs or Fuco-SPs
adhesion over a P-selectin coating of 100 pg /mL under arterial and venous shear rates (scale
bar =20 pm).

To establish the specificity of the Fuco-SPs binding to P-selectin, the targeting assay
was extended to other members of the selectin family: E- and L-selectin [219]. The percentage
of the Fuco-SPs adhered to the E- and L-selectin was normalized over the mean number of the
attached Fuco-SPs to a P-selectin coating at the equivalent concentration. Indeed, only 12.73 +
3.66% of the SPs adhered to E-selectin and 0.26 + 0.19% to L-selectin coating (Figure 23D).
Thus, our results indicate that Fuco-SPs bind specifically to P-selectin but not to E- and L-
selectins, and these results are in accordance with a previous work of our group published by
Bo L. et al. of fucoidan-functionalized polymer microcapsules [105].

Overall, these findings are encouraging evidence of the sensitivity and selectivity of the

Fuco-SPs, confirming fucoidan potential as a natural ligand of P-selectin.

3.4 rtPA loading onto the SPs and its release in saline. In vitro thrombolytic activity of rt-
PA-loaded SPs
Due to rtPA low bioavailability and high dose administration requirements, coupling this
enzyme to the biocompatible nanocarrier could overcome the drawbacks associated with a
drug's high dosage. Herein, an efficient rtPA encapsulation was achieved through the physical
adsorption method due to electrostatic interaction [250]: the protein, which is an amphoteric
molecule, was put in contact with negatively charged polysaccharide SPs in the water at pH
below rtPA isoelectric point IP=7.7 [251] when rtPA presented a positive charge. Indeed, BSA

as a model protein, having the IP=4.7, could be successfully loaded onto the Fuco-SPs with
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90.45 £+ 1.35% loading efficiency in the acidic conditions at pH 2.7 (acetic acid 1% + Tween
0.02%) but not in the water when the net charge of BSA is negative.

Since adsorption is a mild drug encapsulation method, it can prevent rtPA from the
disadvantages of the covalent bioconjugation, such as changes in the protein structure and
function that might result in its partial denaturation and loss of activity [182]. The nanogel
nature of the SPs allowed reaching a high encapsulation efficiency of the rtPA of 64.78 £2.16%
and 81.04 £ 1.86% for Control-SPs and Fuco-SPs, respectively. The confocal microscopy
images of FITC-rtPA loaded onto TRITC-labelled Fuco-SPs revealed the uniform distribution
of the rtPA within a porous structure of the hydrogel SPs, as evidenced by a green fluorescence
from FITC-rtPA colocalized with the red fluorescence from the particles (Figure 24A). The
amount of rtPA conjugated to Fuco-SPs was growing linearly with the increasing concentration
of the input drug to reach the saturation point at 100 pL rtPA per 500 pg SPs. As such, the total
rtPA quantity could be tuned by changing the amount of Fuco-SPs.

The release kinetics of rtPA from fucoidan-functionalized SPs was analyzed in vitro by
flow cytometry [241] in saline at 37 °C under gentle agitation by quantification of the MFI of
the FITC-labelled rtPA associated with TRITC-fluorescent Fuco-SPs. Figure 24B indicated a
gradual and continuous sustained release of the lytic agent from the SPs during the observation
period: 46.41 £+ 1.34% of the encapsulated protein was released during the first 15 min, and
76.98 + 1.74% after 90 min. This release profile is classical for the hydrogels [252].

The thrombolytic activity of the rtPA-loaded SPs in vitro was analyzed as a
combination of amidolytic and fibrinolytic activities and was reported in Figure 24C — 24G.
Amidolytic or enzymatic activity featured the ability of the proteolytic enzyme to hydrolyze
the rtPA substrate. Interestingly, the amidolytic activities of rtPA on Control-SPs and Fuco-
SPs were comparable to that of free rtPA (Figure 24C & 24D). The fibrinolytic experiment in

vitro of the rtPA-loaded SPs was performed in a fibrin plate assay (Figure 24E). The results
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indicated full retention of fibrinolytic activity (Figure 24F & 24G). Thus, rtPA loaded onto
the SPs appeared to diffuse into the fibrin-agarose matrix and induce fibrinolysis in contact
with fibrin. Comparing covalent vs. non-covalent conjugation approaches, Friedrich et al.
documented that the adsorptive bound rtPA liberated faster from the particles and diffused
more readily into the fibrin matrix than covalently bound rtPA [128], which may also be
beneficial in targeted thrombolysis. No significant difference was detected between both types

of SPs, enabling us to utilize them in the following set of experiments.
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Figure 24. Loading rtPA & its release from the SPs as well as thrombolytic efficacy in
vitro. A. FITC-rtPA loading onto the TRITC-Fuco-SPs visualized by confocal microscopy. B.
In vitro rtPA release from rtPA-encapsulated Fuco-SPs by flow cytometry. C - D. Amidolytic
activity measured by the PefaFluor® fluorogenic assay C. The curves correspond to the
fluorescence release and are correlated to the enzymatic velocity over 90 min. D.
Corresponding quantitative analysis normalized to free rtPA at the same concentration at 90
min. E - G. Fibrinolytic activities of the SPs determined by a fibrin-plate agarose assay E.
Schematic illustration of the in vitro fibrinolytic test. F. Lysed circles as the fibrinolytic
potential of the SPs in vitro by a fibrin-plate agarose assay at the equal concentration of the
rtPA. G. The quantitative analysis normalized to free rtPA at the same concentration.
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Overall, the rtPA association with the SPs did not affect the drug amidolytic activity
and fibrinolytic potential in our design. This result is in accordance with most studies on
nanogels suggesting that drug encapsulation via a passive diffusion into the preformed
nanogels does not affect the secondary structure of the adsorbed protein and its biological

activity [183].

3.5 Unloaded and rtPA-loaded Fuco-SPs adhere to activated platelet aggregates in vitro
under arterial flow
Because aggregation of activated platelets and platelet-mediated coagulation pathways are
hallmark events in thrombosis, activated platelets are a suitable cellular target for nanocarrier
binding to thrombi [253]. Before the in vivo tests, we complemented the targeting evaluation
from Section 3.3 with the second set of microfluidic experiments to validate Fuco-SPs
capability to actively anchor onto the surface of activated platelets, expressing P-selectin. Thus,
human whole blood was passed into collagen-coated microchannels to induce platelet
activation and aggregation. Fuco-SPs or Control-SPs were then perfused at arterial shear stress
(67.5 dyne/cm?), and the accumulation of the fluorescence from the adhered SPs was detected
on the surface of activated platelet aggregates. A quantitative analysis of the MFI revealed that
Fuco-SPs adhered significantly more onto activated platelets than Control-SPs (2,678.34 +
237.40 for Fuco-SPs vs. 392.44 + 137.15 for Control-SPs, *** p <0.001, Figure 25A & 25B
Left). Notably, adsorption of rtPA did not impair the Fuco-SPs clot-binding ability (1,880.80
+ 429.37 for rtPA-Fuco-SPs vs. 77.56 = 40.25 for rtPA-Control-SPs, ** p <0.01, Figure 25B
Right). There was no significant difference between unloaded and rtPA-loaded Fuco-SPs

adhering to the activated platelets (p=0.1149).
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Figure 25. Adhesion of the Fuco-SPs over activated platelet aggregates. A. Visualization
by fluorescent microscopy of the attached unloaded SPs on the microchannels after the
formation of the platelet aggregates (scale bar = 20 pum). B. Corresponding quantification of
the integral density of the unloaded (n=6) and rtPA-loaded (n=4) Control-SPs and Fuco-SPs in
Imagel.

In conclusion, these in vitro experiments provided crucial evidence of molecular interaction
and high affinity between the P-selectin on the activated platelets and fucoidan-functionalized
SPs, maintained after loading the thrombolytic agent. This finding presumes that the
administration of the rtPA-Fuco-SPs could enable a specific delivery of the rtPA-immobilized

SPs to the platelet-rich thrombus with higher drug accumulation.

3.6 Tissue distribution in vivo of fucoidan-functionalized SPs

The distribution in vivo of Fuco-SPs after their intravenous injection was examined by
histological analysis of the excised tissues after alcian blue staining of negatively charged
particles in the healthy mouse. The presence of Fuco-SPs in four main organs of excretion
(liver, spleen, lungs, and kidneys) was assessed on several sections for each organ. Our results
revealed that the polysaccharide Fuco-SPs distributed primarily into the spleen post-
administration, indicating the splenic clearance. The particles accumulated in the liver to a
lower extent, while their presence in the kidneys and lungs remained minor. These differences
are presented in Figure 26. Our data are in agreement with other deformable polymer hydrogel-

like particles in their submicron and micron size range [254].
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Figure 26. Histological analysis of Fuco-SPs in four organs of excretion. The cytoplasm
appears pale pink, nuclei are red, and the Fuco-SPs are stained blue. Few particles were
detected in the lungs, kidneys, and liver whereas they were mainly accumulated in the spleen.
The scale bar in the upper row = 100 pum, in the lower row (magnified image) = 50 um.

3.7 In vivo thrombolytic efficacy

Whereas demonstrating the in vitro activity of the rtPA immobilized on the drug delivery
system is important, the in vivo therapeutic effect is paramount. A murine thromboembolic
stroke model was established by in sifu injection of 1 IU of thrombin into the MCA by
provoking a coagulation cascade and formation of a fibrin-rich clot in the lumen of the artery
[255,256]. Figure 27A highlights the in vivo experiment design, and Figure 17C the potential
mode of action of the Fuco-SPs on the thrombus. The treatment options — control saline, rtPA
10 mg/kg, or rtPA-Fuco-SPs at 10 mg/kg — were intravenously injected 20 min after ischemic
onset in accordance with rtPA clinical mode of administration: 10% bolus followed by 90%
infusion. It is important to note that 10 mg/kg is a relevant dose in mice in place of 0.9 mg/kg
in humans because of a lower sensitivity of human rtPA in murine plasma [106]. No morbidity
or mortality was observed in the mice during therapeutic experiments, suggesting that rtPA-

Fuco-SPs do not provoke acute toxicity under the current conditions.
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Cerebral blood flow was monitored throughout the treatment via laser speckle contrast
imaging, a high resolution and high-speed technique that instantly visualizes microcirculatory
tissue blood perfusion. The blood flow 