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Cardiovascular diseases are a global burden of contemporary humankind. Described as 

the first cause of mortality and disability, it is a medical priority with the global aging of the 

world population. Among the various pathologies related to the cardiovascular system, our 

group focused on thrombotic diseases. They are the consequence of the pathological formation 

of a blood clot due to deregulation in the hemostatic system and/or atherosclerotic disease. 

Indeed, blood equilibrium is a fine balance governed by chemical, biological and mechanical 

factors. In physiological conditions, blood clots are essential for maintaining the vessel’s 

integrity and protect from foreign body contamination. Nevertheless, this biological barrier is 

highly reactive and small disturbances including genetic factors, sedentary life style, smoking 

habit or fat diet can lead to dramatic consequences. Thrombi are mainly composed of fibrin 

mesh entrapping erythrocytes, activated platelets and circulating inflammatory cells, and either 

form in the veins or in the arteries. In both cases the major risk is the occlusion of vessels caused 

by thrombus travelling to the lungs (pulmonary embolism), small vessels in the heart 

(myocardial infarction) and brain (stroke).  

The gold standard thrombolysis therapy relies on the injection of recombinant Tissue 

Plasminogen Activator (rtPA) that will activate plasminogen into plasmin, the major 

fibrinolytic protease. Hence, plasmin will disassemble the cross-linked fibrin into Fibrin 

Degradation Products (FDP) and free the entrapped cells. Current systemic injection of 

thrombolytic treatment for ischemic stroke can only be operated under 4.5 hours post event 

because of the possibility of hemorrhagic transformation. In addition, thrombolytic injection 

can be accompanied by endovascular catheter removal thrombectomy with the added possibility 

of surgical complication like bleeding. Injected systemically, rtPA has a relatively short half-

life (around 4 minutes) due to the presence of its natural inhibitor (PAI-1) and the liver 

detoxification. In consequence, the drug is injected at a high concentration (0.9 mg/kg body 

weight) implying dose related side effects such as neurotoxicity and hemorrhagic 

transformation of the event. Overall, the major unmet medical need for the treatment of 

thrombotic diseases is a more efficient, more specific therapy reducing the life-threatening 

side effects.  

This problematic was the primary goal of this PhD work, to explore a new strategy for 

the encapsulation and the targeted delivery of a thrombolytic drug. Previous work from the 

laboratory validated the targeted delivery of rtPA with polymer or polysaccharide nanoparticles 

showing promising results. The group also explored new carriers such as microcapsules and 

microbubbles. The advantage of these micro sized objects is their versatility for US imaging 

and potential for mechanical disruption of clot with sonothrombolysis.  
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In that context, this PhD work aimed to validate the efficient treatment of 

thrombotic diseases with rtPA loaded targeting Microbubbles (MBs).  

 

This PhD manuscript is divided in three chapters: I) Introduction, II) Experimental results and 

III) Discussion and Perspectives. 

 The introduction chapter is composed of two parts: the first one is adapted from the 

literature review published in 2020 in Biomaterials written in collaboration with Alina Zenych 

(former PhD student). It presents the context of thrombotic diseases, the major available 

treatments and unmet medical needs. The second part of the introduction is adapted from the 

recent literature review published online in January 2023 in Biomaterials that I wrote with 

Thibault de La Taille (PhD student). This part describes the use of microbubbles for human 

diagnosis and treatment, giving an overview of their physicochemical properties and 

highlighting the various applications for which they have been studied. 

Thereafter, the second chapter presents the methods and results of the experimental 

work. The first part of this second chapter, focused on the first year of this PhD project that 

consisted in the optimization and the development of the acoustic cavitation protocol for MBs 

synthesis. Helped with the laboratory expertise for cyanoacrylate polymerization, a new method 

for MBs synthesis has been developed, using ultrasound as cavitation initiator instated of 

standard rotational helix. This original method reduced the synthesis time by three and a patent 

request to the European patent office was filed in February 2022 (PCT/FR2022/050309). The 

second part of this experimental chapter is adapted from the article submitted in January 2023 

to Biomaterials (with Editor), demonstrating the main results for the efficient treatment of 

stroke in a preclinical study. The polymer MBs were functionalized with fucoidan, known for 

its nanomolar specificity for P-selectins and loaded with the fibrinolytic agent. The 

physicochemical and biocompatible properties were validated in order to perform the in vivo 

ischemic stroke model in mice. Briefly, the functionalized MBs demonstrated high brain injury 

reduction at lower thrombolytic dose compared to gold standard treatment, and promising 

perspective for thrombotic event follow-ups. Finally, this chapter is completed by an overview 

of the on-going experiments that were not ready for publishing but which bring stimulating 

insights for future objectives and publications.  

The last Chapter is the overall discussion of this PhD project, highlighting the major 

results as well as the obstacles that we faced during these three and a half years. It deals with 

the achievements of these targeted MBs as thrombolytic agents but also their potential for 

molecular diagnosis and applications for other pathologies. 
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Part 1: The global burden of thrombotic diseases  

Adapted from:  
A. Zenych, L. Fournier and C. Chauvierre, “Nanomedicine progress in thrombolytic 
therapy”. Biomaterials, vol. 258, no.120297, August 2020. (Annex 1) 
 

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 health-care costs, which are estimated at $329.7 billion annually in the United States 

[2] and nearly €200 billion in the European Union [4].  

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 

(Fig. 1).Within 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.  

 
Figure 1: Schematic of thrombotic diseases. Blot clot formation both in arteries (atherothrombosis) and veins (deep vein 
thrombosis) are influenced by congenital diseases and environmental factors. When the clot detaches from their initial location, 
it may obstruct blood vessels and induce life-threatening consequences such as stroke, pulmonary embolism, or myocardial 
infarction. 

 

Pathophysiology of arterial and venous thrombosis  

• Arterial thrombosis: Atherosclerosis 

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 that are 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 
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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 

MetalloProteinases (MMPs) [11], that 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 18F-sodium fluoride, is associated with plaque vulnerability and an 
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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] (Fig. 2A). Fibrin network then 

develops for the stabilization of platelet-rich thrombosis. Although most episodes of the 

ruptured fibrous cap 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]. 

 

• Venous Thrombosis 
Contrary to atherothrombosis, the pathogenesis of Venous Thrombosis (VT) is only partially 

understood. The main components of the venous thrombi are fibrin and erythrocytes, and less 

activated platelets [17] (Fig. 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 the expression of P-selectin 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 the occurrence of venous thrombotic 

diseases such as an imbalance of pro- vs. anti-coagulation proteins, as well as cancer, obesity, 

and major surgery [16].  

 

 For either arterial or venous thrombosis, blood clot formation can be the consequence 

of any of the Virchow’s Triad factor that includes, endothelial disfunction, flow stasis or 

hypercoagulability [20]. Overall the major life threatening consequence is the obstruction of 

vessels either on the location of the clot formation or on distal vessels after detachment and 

travelling of this last.  
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Figure 2: Comparison of the arterial and venous 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 hypercoagulability of the blood. 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/IIIa, 
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, etc. 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; vWF, von 
Willebrand factor; mAb, monoclonal antibodies; NPs, nanoparticles; PA, plasminogen activators. 
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Clinical treatment of acute thrombotic diseases  
 

• Fibrinolytic drugs 
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 [21]. 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 [22].  

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 [23]. 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) [24]. 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. 
Table 1: Thrombolytic agents approved by the FDA. Abbreviations: DVT, Deep Vein Thrombosis; MI, Myocardial Infarction, 
PAO, Peripheral Arterial Occlusion; PE, Pulmonary Embolism; IS, Ischemic Stroke; IU, International Units. 

Agent Abbrevi
ation 

 

Source Safety 
[immunogenicity, 
fibrin specificity] 

Half-
life, 
min 

Regimen Total 
Dose 

Metabolism Indication 

First-generation 
Streptokinase  
 

SK b-hemolytic 
streptococcus 

Immunogenic 
Non-fibrin specific 

20 Infusion  1.5 x 106 
IU 

Renal PE 
Acute MI 
PAO, DVT 

Urokinase   uPA Human urine & kidney 
cell culture 

Non-fibrin specific 
 

15 Infusion 2.25-
6.25 x 
106 IU 

Renal PE 
Acute MI 
PAO, DVT 

Second-generation 
Alteplase  rtPA Recombinant DNA 

technology 
Fibrin specific (++) 
 

4-8 Infusion MI: 50-
100 mg 
IS: 0.9 
mg/kg 
PE: 100 
mg 

Hepatic Acute MI 
Acute IS 
PE 

Third-generation 
Reteplase 
 

rPA Recombinant DNA 
technology 

Fibrin specific (+) 14-18 Double 
bolus 

20 IU Renal Acute MI 
PAO 

 
Tenecteplase 
 

TNK Fibrin specific 
(+++) 

11-20 Bolus 30-50 
mg 

Renal Acute MI 
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The leading drawbacks of fibrinolytic therapy include treatment failures such as 

ineffectiveness, re-thrombosis as a result of 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 [22]. 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 [25]. In 

view of these limitations, the constant development of novel molecules aims to address the 

problems associated with available thrombolytics.  

 

• Mechanical Thrombectomy 
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 myocardial 

infarction [26], [27]. When available, this catheter-based procedure that is performed by an 

interventional cardiologist 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 are capable of performing thrombectomy to date [32]. Therefore, 

there is still a dire need for a safe and non-invasive solution.  

 

With the advent of the field 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 
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administration. One may also expect the chance to replace intravenous infusion by 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. 

 

Encapsulation of fibrinolytics, the rise of nanomedicine 
The main goals for PA encapsulation include the protection from inactivation by PAI-

1, the improvement in the blood half-life, the enhanced thrombolytic effect at a lower dose, the 

reduction in systemic bleeding and the reduction of post-ischemic infarct zone. Recent studies 

have demonstrated that nanocarriers, such as liposomes, polymeric or inorganic NPs, bio-

inspired nanocarriers, and microbubbles, provide benefits for thrombolytic therapy either alone 

or in combination with ultrasound or magnetic force (Table 2). Among the numerous 

thrombolytic-bearing carriers that are tested in preclinical models, sonothrombolysis with lipid-

based microbubbles and intravenous rtPA is already being validated in clinical trials with 

thrombolysis improvement.  

 
Table 2: Different nanocarriers for thrombolytic therapy 

Nanocarriers Advantages Disadvantages Therapeutic effects 
Liposomes • Biodegradable, 

biocompatible, 
non-toxic 

• Clinically approved 
 

• Low PA 
encapsulation rate 

• Low stability 
• Phospholipids 

may undergo 
oxidation and 
hydrolysis 

 

• Improved thrombolysis rate 
• Lower risks of hemorrhages 

 

Polymeric  
 

• Biocompatible and 
often biodegradable 

• Easy surface 
functionalization 

 

• High PA 
encapsulation rate 

• Improved stability 
 
 

• Superior thrombolytic efficacy 
• Accelerated thrombolysis 
• Protection BBB permeability 

damage 
• Increased survival in vivo 
• Improved neurological deficit 
• Reduction in cerebral ROS  
• Reduction in subarachnoid 

hemorrhage 
 

Inorganic 
   Fe3O4 NPs 
   AuNPs 
 

 
 
 
 
 

• Biocompatible 
• Superparamagnetic 

properties 
• Magnet-guided 

thrombolysis 
• Optical and 

photothermal 
properties  

• Multifunctional 
theranostic systems 

• May enter BBB 
and generate ROS 

• Accumulation in 
the body 

• May induce 
immunogenic 
response or 
inflammation 

 
 
 
 

• Faster vessel recanalization 
• Mechanical clot dissolution with an 

external magnet 
• Hyperthermia as adjuvant therapy 
• Increased blood flow rate 
• Reduction in infarct volume 
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PA are hydrophilic macromolecules (40-70 kDa) that require special design for drug 

complexation methods. While PA can be incorporated into the aqueous phase during carriers 

fabrication for lipid or polymeric ones, harsh synthesis conditions – high energy processes 

(ultrasound, ultraturrax), elevated temperatures, the use of organic solvents – are not suitable 

for fragile molecules such as proteins [33]. 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 [34]. 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 surfaces 

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 [33]. Comparing covalent vs. non-covalent methods, adsorptive 

bound PA liberates faster from the carriers and diffused more readily into the fibrin matrix of 

the clot than covalently bound PA [35] and does not impair the biological activity of the drug 

[36] that may be beneficial in targeted thrombolysis.  

To sum up, depending on the type and composition of the drug carrier, different 

encapsulation techniques may be applied. Extensive in vitro tests demonstrating high loading 

efficiency, sustainable release, preservation of the amidolytic and fibrinolytic activates of the 

PA after conjugation must be verified. If we could hypothesize on a complete drug carrying 

tool it would have the following properties for a safe and efficient treatment of thrombotic 

diseases.  

 

Bio-inspired • Prolonged in vivo 
circulation 

• Natural thrombus 
targeting 

• Low 
reproducibility 

• Lack of 
standardization 

• Source 
availability 

• Immunogenicity 
• Scale-up 

 

• Improved survival rate 
• Superior thrombolytic efficacy 
• Lower neurological deficit score  
• Smaller ischemic zone  
• Better neurological outcome 
• Diminished ROS level in the brain 
• Lower risk of hemorrhages 

 

US-
responsive  

• Enhanced 
thrombolysis with 
US insonation  

• Biocompatibility 
• US imaging  

 

• Low stability  
• Vessel occlusion 

• US stable cavitation - higher 
penetration of drugs or MBs into the 
clot 

• US inertial cavitation: 
sonothrombolysis  
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• Biocompatible for fast clinical translation 
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 or MBs needs to be 

considered with a careful examination of their physical and chemical characteristics and 

accumulation in the non-target organs and tissues [37]. Indeed, some NPs may cause oxidative 

stress generation, immunological response, protein misfolding, immune response, and DNA 

damage [38]. Selecting biocompatible and fully biodegradable materials with FDA-approval, 

as well as a scalable production of the formulations according to Good Manufacturing Practice 

(GMP), is essential [39]. Incorporation of sophisticated designs (e.g., cell-derived biomimetic 

surfaces) should accord with a risk analysis of reproducibility, quality control, and toxicity that 

might complicate regulatory approvals [40].Indeed, 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 that are currently approved or under clinical investigation [41], [42], we speculate that 

the first candidate for site-specific delivery of PA tested in humans will probably be built on 

long-established technologies or nanocarriers from FDA-approved polymers. More 

sophisticated systems with targeting moieties, stimuli-responsive control of drug release will 

follow. 

 

• Targeting for rapid recanalization 
The rapid recanalization of the vascular occlusion is of the utmost importance for the 

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 idea of the “magic bullet” imagined over a century ago by 

Pr. Paul Ehrlich now begins to materialize through the identification of specific biomarkers. In 

the case of thrombotic diseases, they are mainly identified on platelets (selectins, integrins or 

serines) or circulating (VWF, factor XIII, fibrin) (Fig. 2). 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 
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surface [43]. 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 carriers towards fibrin and platelets, though, 

identification of the new target molecules and development of the 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 [44], [45], may become an affordable and high-

quality alternative to antibodies and peptides.  

 

• Added imaging value 
The design of theranostic systems with both thrombolytics and imaging agents (e.g., 

NIR fluorescent probes, gold, iron oxides, or US responsive 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.  

 

To conclude, the development of novel 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 predict future clinical 

translation of some of the formulations and progress in the nanomedicine-based precise therapy 

of thrombotic pathologies. In the next part of this introduction chapter, we describe the 

characteristic and potential of the chosen carrier, microbubbles, for the treatment of thrombotic 

diseases. 
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Part 2: Microbubbles 

Adapted from:  
L. Fournier, T. de La Taille and C. Chauvierre “Microbubbles for human diagnosis and 
therapy”. Biomaterials, vol 294, January 2023. (Annex 2) 
 

Microbubbles (MBs) are defined as microscale objects composed of a shell and a gas core. 

They were firstly described in 1968 by Gramiak and Shah [46] as the reason of “ultrasonic 

contrast in the anatomic identification of the mitral valve” after image analysis. US imaging 

was poorly resolved and quick saline injection was used to produce “clouds of echoes” [46] 

contrasting with surrounding tissue. Gramiak and Shah hypothesized that this contrast 

enhancement was probably caused by “mini bubbles” entering the blood with the saline 

injection. These first observations led to the perspective for their clinical application. Indeed, a 

long journey has happened since Gramiak and Shah with a focus on criteria validation prior to 

the injection in living bodies. Some are common to many injectable biomaterials like 

biocompatibility and biodegradation but MBs also have their specific features. For instance, 

size has to be controlled under the 10 µm limit to prevent from the obstruction risk in the 

microvasculature [47] and more preferably in the range of erythrocytes diameter [48]. Those 

characteristics are defined with the careful choice of gas core, shell composition and surface 

modification. As presented below, MBs are highly versatile objects that will behave differently 

in vivo depending on their characteristics. 

 

Microbubbles characterization 

• Synthesis methods for Microbubbles generation 
Various methods have been developed for the synthesis of microbubbles (Fig. 3) 

endowing them with different properties. Most of the studied MBs are echogenic liposomes and 

the main methods for their synthesis consist in the hydration of dried lipids film [49]. It relies 

on dissolving a mix of lipids into chloroform and using a rotational evaporation system to obtain 

a thin dried film. The addition of emulsifier (Polyethylene Glycols: PEG) allows the bubble 

formation and the dried film is hydrated with a buffer solution such as phosphate buffer saline 

[50]. At last, the solution is heated to its glass transition temperature to help with lipid 

resuspension [51] and homogenized with US, using a sonicating horn, for several minutes to 

produce the MBs suspension. Lipids dissolution in chloroform and rehydration in phosphate 

buffered solution constitutes the precursor lipid suspension for all lipid MBs synthesis, and the 
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process can be time-consuming as the chloroform evaporation step can last up to 12 hours [52]. 

Despite the wide practice of this technic, it presents some drawbacks as a complex control on 

the size distribution. In order to narrow the size dispersity, microfluidics have been a widely 

explored alternative to obtain reproducible and size tunable protocol. The general idea consists 

in constraining a liquid flow and/or a gaseous flow into microchannels to generate size 

monitored MBs. The main advantage is the reduction of reagent volumes meaning a decrease 

in the total cost of the experiment but also an increased yield of production. Two main systems 

are leading the field, the T-junction system and the flow focusing setup [53]. Both rely on the 

convergence of the gas phase and shell material phase with monitored flow rate and optimized 

channel width to entrap the gas into the shell. Nevertheless, the technology still relies on an 

advanced miniaturized system with development costs and a time of production slower than 

other process like sonication or homogenization [54]. A nice review written by Pulsipher et al. 

presents the various microfluidic technologies developed for MBs generation [53]. Carugo et 

al. figured out a smart way to overcome the poor production yield without compromising the 

narrow distribution of microfluidics systems [55]. Instead of direct production of micrometer 

size MBs, they produce large precursors bubbles with a regular T-junction gas-in-oil system 

but expose them to a low frequency US field to generates narrow size distribution MBs. This 

method enables the production of microfluidic-like MBs but with a production yield in the same 

order of magnitude than conventional batch sonication. Indeed, high yield production methods 

like hydrodynamic cavitation and sonication have a relatively faster production rate but require 

post synthesis treatment like filtration to narrow the size distribution. The hydrodynamic 

cavitation method uses the shear force of a homogenizer in an aqueous solution to induce 

polymer MBs formation that can be stabilized with the wanted shell component. It briefly 

consists in the addition of a monomer into an aqueous solution with the constant hydrodynamic 

stirring of an homogenizer like Ultraturrax  for an hour [56]. As for sonication, it is the fastest 

method and is involved in the generation of the majority of protein shelled MBs [57]. As 

underlined by Stride et al., sonication is in majority a preparatory step and extensive study about 

standardization of sonication protocols is not described yet [58]. It consists in the activation of 

an ultrasonic horn at the solution/air interface causing compression refraction of the liquid [50]. 

This generation of energy usually creates high local temperature rise and the overall 

temperature of the solution can be cooled down by placing the setup in ice. Nevertheless, it is 

known to have strong potential in the obtention of high yield synthesis at low cost and high 

speed. However, new shell compositions might be studied with this technique to overcome the 

issue of stability and fast blood clearance known for protein shelled MBs.  
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Alternative technics also exists like shaking, used for the synthesis of Definity® MBs by 

simply shaking a lipid solution in a sealed vial with a shaking device [58]. Moreover, 

electrohydrodynamic atomization is employed for the generation of lipid MBs by applying a 

constant electric field on monitored flow rate of a lipid solution in contact with air [59]. Overall, 

gold standard of MBs synthesis should include the high yield of hydrodynamic cavitation, the 

size regulation of microfluidic, the fast production time and cost effectiveness of sonication. 

 

Figure 3: Methods for Microbubbles synthesis. Lipid MBs are mainly produced following two different methods: Sonication 
or Microfluidics. The first step consists in dry film rehydration. It requires the solvent evaporation of the lipid + chloroform 
mix using a rotary evaporator. The obtained film is rehydrated at glass transition temperature and the precursor lipid 
suspension is homogenized with the help of US sonication. This precursor suspension is either used for a sonication protocol 
or microfluidics. This method relies on the encounter of the gaseous phase and the lipids phase either with a T-junction or a 
flow-focusing system. Both allow the generation of highly monodisperse MBs population. Comparing the two methods, dry film 
rehydration requires day-scale preparation while microfluidics production is obtained in hours scale. Protein MBs are 
obtained following US insonation of a protein solution followed by filtration of the polydisperse population. Polymer MBs are 
generated with hydrodynamic cavitation. Monomer solution is incorporated to an acidic aqueous solution under shear stress 
perturbation. Again, the polydisperse suspension is filtered. Created with BioRender.com 

 

• Microbubbles shell composition 
The shell integrity of MBs was originally established with albumin polymerization but 

the resulting MBs quickly showed limitations due to their fast clearance in the body. The most 

studied protein for MBs application was Human Serum Albumin (HSA) firstly mentioned by 

Reisner et al. in 1989 [60] and furtherly developed with the addition of additives like Dextrose 
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5% [61] or fructose 5% [62] through the 90’s  and 2000’s. They had the advantage of providing 

a sufficient robustness to keep the gas trapped inside and their chemical characteristics implies 

the possibility to graft targeting or therapeutic agents. The major drawback was attributed to 

their vulnerability in vivo, because of the fast recognition by the patrolling scavenging cells 

leading to a rapid elimination in the bloodstream [63]. Nowadays, the vast majority of MBs are 

composed of lipids and a mixture of them arranged as a monolayer [64]. The mixture of 

phospholipids usually consists of various ratios of DSPC (1,2-distearoyl-sn-glycero-3-

phosphocholine) and DSPE-PEG2000 (1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N- 

[amino (polyethylene glycol)-2000]). Phosphatidylcholines are a natural component of cell 

membranes, generally extracted from soybean or egg yolks, and are already used and FDA 

approved as excipient in various intravenous treatments [65]. The resulting shell is flexible and 

confers the ability of structural rearrangement. This can be an advantage for an easy 

reconstitution after freeze drying storage but lipid monolayer reorganization can disservice the 

overall stability due to weak interaction forces involved in the geometry (hydrophobicity and 

van Der Walls [50]).  In consequence, it does not efficiently prevent the gas diffusion and the 

coalescence. Therefore, lipid shelled MBs strategy relies on the flexible property of lipids and 

small immunogenicity, as their lipophilic property protect them from reticuloendothelial system 

clearance [66]. 

When looking at MBs stability, interaction of MBs between themselves has to be 

studied. Indeed, during and after their synthesis they will be in close contact as the floatation 

phenomenon occurs, and unwanted events like the Ostwald ripening or coalescence are more 

likely to happen [67] (Fig.4). Ostwald ripening can be defined as the expansion of bigger MBs 

to the detriment of small and less stable MBs based on thermodynamic equilibrium [68]. This 

phenomenon can be managed by selecting a low solubility-to-biological-fluid gas and a low 

solubility-to-biological-fluid shell but also by increasing the stiffness of the shell to prevent 

exchanges between the surrounding fluid and MBs. In case of lipid shelled MBs, it is 

recommended to increase the molar volume of the oil phase to reduce their solubility [68]. 

When two bubbles merge to form a larger bubble, it is called coalescence. It can be prevented 

by reducing the interaction between MBs using surfactants [69] or by increasing of the synthesis 

temperature [70]. Hence, MBs shelf stability depends on various parameters like shell and gas 

composition, shell elasticity, surface tension and viscosity of the aqueous solution. Sridhar et 

al. [71] proposed a mathematical model to estimate MBs half-life in suspension and focused 

the attention on shell resistance and the viscosity of the storage solution. Storage stability of 
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MBs in suspension can be extended with stiffer shell material (like polymers) and with the 

addition of glycerol like ingredient to thicken the aqueous solution [72].  

To overcome the shell fragility without compromising the functionalization of the MBs, 

polymerized cyanoacrylates were introduced as a substitute of lipid shells. Cyanoacrylates are 

traditionally used in medicine as surgical adhesive for wound closing [73]. They are chemically 

composed of an ethylene group, a cyano-group and a variable alkyl chain. Initially presented as 

a monomer solution, their anionic polymerization happens in contact with aqueous media like 

blood or body tissues conferring adhesive property to the polymer [74]. N-butyl cyanoacrylates 

are also used in clinics for arterial embolization to prevent from major bleeding in hard to reach 

regions such as pelvic area [75]. Cyanoacrylate ability to polymerize in water constitutes a new 

strategy for gas encapsulation in aqueous solution as presented before using hydrodynamic 

cavitation method. Because of its chemical structure, cyanoacrylate shell are stiffer and thicker 

(hundreds of nanometers compared to 3-5 nm range for lipid shells [76]) allowing multiple 

functionalization possibilities including drug loading [77] and targeting peptide grafting [78]. 

This versatility is accompanied by some drawbacks, the main one relies on the biocompatibility 

of cyanoacrylate degradation products in vivo. Even if the cyanoacrylate glue has been injected 

in humans [79], it is known that its hydrolysis releases cyanoacetate and formaldehyde  which 

can lead to local ischemia [74]. 

 

• Microbubbles surface modification 
MBs are now also designed as carriers and they not only need a safe and resistant shell, 

but also tunability for better biocompatibility, targeting or drug encapsulation. MBs’ half-life 

in the bloodstream is sufficient to perform several rounds in the circulatory system and reach 

their target but they will get destabilized because of their inevitable gas exchange with the 

environment. Most lipid MBs are stabilized with PEGs working as a steric shield and avoiding 

a quick uptake from the reticuloendothelial system and protecting the gas core [80]. 

Nevertheless, this protection may also lead to generation of anti-polyethylene glycol antibodies 

with repeated injection [81]. Foreign body recognition can also be limited by fooling the 

immune system. This interesting approach presented by Yang et al. relies on the surface 

modification of liposomes by mixing them with platelet membrane [82]. This confers the MBs 

a safe passage through the blood recognition system because of the incorporation of 

transmembrane proteins of the platelet membranes. This approach is used here for asepsis 
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induced acute kidney injury diagnosis but is an interesting cloaking strategy also used in 

nanomedicine for cancer [83] or inflammation [84].  

With the acknowledgement that every foreign organism will eventually be discharged, 

it is also a smart strategy to focus on the targeting of a biomarker rather than the long lasting of 

MBs in vivo. Many innovations are derived from the nanoparticles surface modification [85] 

with the objective to graft targeting agents for molecular imaging or promoting drug delivery. 

J. Shue-Min Yeh et al. present a very complete table summarizing the state of the art of surface 

modification for lipid shell MBs until 2015 [86]. Interestingly out of 94 published papers, 58,5 

% are based on streptavidin biotin interaction [87], [88], 18% on maleimide thiol strategy and 

the rest are specific lipid-peptide linkage before MBs formulation. Those numbers are 

interesting because some controversies rely on the immunogenic response to streptavidin in 

humans due to its bacterial origin. Nevertheless, it remains the strongest non covalent 

interaction with an affinity constant KD of 10-14 M, shadowing any antibody for antigen 

recognition. This is why teams are working on improving the immunogenic response [89] and 

recent work showed great promises about the injection of avidin in humans [90]. This 

functionalization can be obtained via in situ incorporation of streptavidin and with later 

association of the molecule of interest coupled with biotin, or with chemical incorporation post 

synthesis of avidin using EDC/NHS (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide / N-

Hydroxy succinimide) coupling [91]. 

The maleimide thiol bioconjugation strategy relies on the reactivity between maleimides 

and thiols groups naturally present in biomolecules like cysteines, allowing grafting of 

fluorochrome, PEGs or proteins [92]. Maleimide groups are added to the structure of the shells 

and act as an intermediate for drug grafting to the MBs but the chemical reaction has to be 

monitored because of two competitive reactions. One reversible linkage allowing delivery of 

agent but easily eliminated in the bloodstream and one irreversible linkage. Therefore, 

depending on the application and to avoid competition of thiol present in albumin, a fine balance 

has to be found to improve the stability of this reaction which heavily depends on pH [93]. 

Covalent bonding of functionalizing agent can be performed via EDC/NHS peptide 

bond formation. By definition, it allows on the covalent bounding between a carboxymethyl 

group and a primary amine group [94]. However, standardized protocols are hard to obtain and 

its accessibility and ease of use does not exclude optimization [95]. A major drawback of this 

approach is the immobilization of the N-terminus or C-terminus regions of proteins that can be 

hosting their functional features. Thus, alternative strategies emerged to be more specific 

regarding the anchoring point. For example, Lui et al. put forward the click chemistry coupling 
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of various desired compounds onto their albumin MBs, conferring a high versatility to the 

system [96]. Briefly, the method depends on the strain promoted alkyne-azide cycloaddition 

(SPAAC) where the triple liaison of the Dibenzocyclooctyne-amine (DBCO) grafted onto the 

MBs has a high and speed reactivity with azide groups present on the desired ligand.  

Functionalizing strategy can also simply rely on weak interaction with a positively 

charged [97] or negatively charged shell [43]. Indeed, comparing the incorporation of anionic 

DNA onto neutral or positively charged MBs, Panje et al. highlighted a significant difference 

in the incorporation of the plasmid when positively charged MBs could bind up to 0.03 pg of 

DNA per MB, while neutral MBs incorporated only a residual amount [98]. Addition of 

surfactant in the MBs composition was also demonstrated to improve lipophilic payload, here 

using natural lung surfactant protein validating the importance of charge on the surface and its 

environment [99]. 

Therefore, the balance has to be found for surface modification to obtain weak or strong 

linkage to functionalizing object, and it must not be forgotten that surface modification has to 

be strong enough to sustain its functionality in flow condition according to the in vivo 

environment hemodynamics. Moreover, it must not be forgotten that surface modification can 

influence MBs dynamics, first in term of stability because of Laplace pressure’s influence on 

the MBs but also in terms of acoustic response [100]. 

 

• Microbubbles gas core 
Another level of MBs tuning consist in choosing a gas of interest for its echogenic, 

stability or therapeutic properties. The gas can be entrapped into the solution by bubbling in the 

initial solution and is often saturated in the headspace after freeze drying to avoid the gas 

exchange after resuspension. The importance of gas for microbubble stability has recently been 

of main interest while first generation of MBs were mainly composed of air core [63]. A gas 

with higher solubility like nitrogen contained in air (20 mg/ml in water) would be more likely 

to diffuse than a fluorinated gas like perfluorobutane (1.5 mg/L in water). The balance has to 

found between the thickness of the shell and the incorporated gas property to avoid gas loss 

from the MBs. Indeed, intra-bubble pressure with the surrounding medium (like blood) 

drastically depends on the bubble radius and the shell resistance at gas-liquid interface, also 

known as Laplace pressure (Fig. 4): 

𝑃 = 𝑃!"#!$% − 𝑃&'(#!$% = 	2𝜎/𝑟 
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where 𝜎 is the surface tension between the phases and r the radius of the MB. Hence, 

Laplace pressure P is defined the pressure difference between the internal pressure (Pinside) and 

the external pressure (Poutside) of non-miscible phases. In addition, smaller MBs will disappear 

faster than bigger ones and even faster if the surrounding medium isn’t saturated in gas [63], 

this time according to Henry’ law (Fig. 4):  

𝐶 = 𝑘𝑃 

where C is the concentration of a dissolved gas, k a constant and P the pressure of the 

gas above the suspension or in the MBs [101]. In order to maintain the gas trapped inside it is 

recommended to have a thicker shell and a stabilizing gas.   

An additional strategy to overcome the rapid gas exchange of air between MBs and the 

surrounding medium resulted in the second generation of MBs where low solubility gas like 

sulfur hexafluoride (SF6) or perfluorocarbons (PFCs) replaced the air core. Fluorinated gas and 

especially perfluorocarbons (PFCs) are now widely used to maintain a longer half-life of the 

MBs in the blood circulation because of their inert property. Indeed, PFCs are synthetic 

molecules descending from hydrocarbons where the hydrogen atoms have been substituted by 

fluorine atoms. They are known to be chemically inert and their intrinsic atomic structure give 

them the property to be hydrophobic and lipophobic at the same time [67]. Omata et al. studied 

the effect of the encapsulated gas on their MBs stability and compared lipid based MBs with 

either SF6, C3F6 or C4F10 [102]. They concluded that PFCs MBs (C3F6 and C4F10) were highly 

stable in vitro compared to the other MBs (including commercial ones) and their half-life in 

vivo was at least two times higher. Those results are strongly correlated to the Ostwald 

coefficient formula: 

𝐿 = 𝐶)!*'!$/𝐶+,#	 

where Cliquid and Cgas respectively correspond to the concentration of an entity in the liquid 

phase or the gaseous phase [103]. The higher this coefficient is, the more affinity the entity 

would have for the aqueous phase. On the opposite, a very inert entity would more likely be 

highly concentrated in the gaseous phase, leading to a small Ostwald coefficient [104]. For 

example, O2 possesses an Ostwald coefficient of 27730 (x106), while perfluorobutane (C4F10) 

and decafluoropentane (C5F12) respectively have an Ostwald coefficient of 202 (x106) and 117 

(x106) at 25°C. This translates to the fact that dioxygen will be more likely to dissolve in the 

surrounding aqueous phase than perfluorocarbons. Kabalnov et al. then demonstrated this 

theory in an experimental set up validating the correlation between the increase of MBs lifetime 

in vivo and the diminishing of the Ostwald coefficient of the entrapped gas [105]. They also 

mentioned that the administrated dose did not influence the time of circulation. 



Chapter I: Introduction 

 39 

 This second generation of MBs are now the clinical standards like mentioned below 

with Sonovue® (Sulfur Hexafluoride: SF6), Definity® (Perflutren: C3F8) or Sonanzoid® 

(Perfluorobutane: C4F10). Nevertheless, entrapping other gas may have therapeutic properties, 

as this review will discuss below, and teams keep innovating on oxygen MBs formulation to 

increase their in vivo circulation time [51]. 

 

• Microbubbles adapted characterizations 
Considering their gas core composition, MBs will inevitably rise to the top of the 

suspension (Fig. 4). This buoyancy phenomenon leads to a “cake” formation that constantly 

need to be resuspended to recover a homogeneous suspension. In consequence, most of the 

characterizations have to be thought differently compared to regular particle analysis where 

everything is affected by sedimentation. For most applications, alternative approaches exist to 

overcome this constrain like centrifugating into a syringe to be able to easily discard the 

infranatant. Eventually, characterization in fluidic condition is more relevant than static 

condition due to the buoyancy force dominating the sedimentation for MBs, which otherwise 

dominates in the study of other particles. To overcome the buoyancy issue some adapted 

characterizations are presented below like acoustic sorting for MBs triage, flow phantoms for 

US evaluation and atomic force microscopy for mechanical characterization.  

As US contrast agents, MBs can be characterized by their resonance frequency (RF) 

which must match the US transducer frequency to get the best acoustic response. It is highly 

dependent on the mass of the bubble-liquid system (m) and the stiffness (s) of the shell [106], 

with the formula: 

𝑓- =
1
2𝜋

/
𝑠
𝑚 

Thus, it can be deduced that there is an inversely proportional relationship between the size of 

the MBs and their resonance frequency. Moreover, an increase in the shell elasticity will 

increase the magnitude of the backscattered signal [107]. Of course, the surrounding medium 

plays a role on the resistance and MBs in water won’t have the same resonance frequency than 

MBs in blood. Considering their response to US, acoustic sorting has been a great way to narrow 

size distribution of the sample. In the theory, since MBs resonance frequency depends on MBs 

size, their displacement in a microfluidic system under US insonation also depends on their size 

[108]. Thus, acoustic sorting consists in flow focusing MBs in a microfluidic chip, at a 

concentration where MBs do not overlap, and inducing the emission of US perpendicularly to 

the flow. The output of the channel is divided in separated exits where MBs will be directed in 
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function of their response to US, the bigger bubbles being derived the most from their original 

trajectory. It can be used to separate the resonant MBs at a specific frequency to ensure the best 

response in vivo, and to better model the scattering and attenuation of MBs under US insonation 

[109].  

For the evaluation of MBs to US response, flow phantoms are designed to mimic in vivo 

parameters. It can easily be established in the laboratory with an agar gel mold representing the 

surrounding tissues and a wall free vessel representing the vascular network [110]. Thus, a 

clinical transducer can easily be employed on top of the system to image the channel where a 

monitored MBs suspension is flowed. Echogenicity parameters can be observed through this in 

vitro method like the MBs disruption threshold as developed by O. Couture et al. [111]. Starting 

from home-made agar gels with channel, industrials developed long lasting phantoms with 

different channel size or morphology for vascular doppler flow (Cirsinc®). 

Mechanical properties of individual MBs can be hard to determine firstly because of their 

size but also because of their flotation behavior. Atomic force microscopy (AFM) might be the 

right alternative to get an idea of MBs mechanical properties [112]. The measurement consists 

in the immobilization of microbubbles on AFM discs with a specific coating like poly-L-lysine 

or biotinylated self-assembled monolayer for streptavidin functionalized MBs. Consequently, 

a tipless cantilever is approached to a single MB and several loads are applied on the MB surface 

to evaluate the resistance to strain. It has been established with this method that Fe3O4 

nanoparticles decorated polymer shell MBs had an elastic ratio of 4.6 ± 1.2 GPa [113], thin 

polymer shell Young’s modulus was around 1.5 to 3 GPa [114] while lipid MBs’ was lower, 

around 1.2 to 2 GPa [115]. This last study also validated that not only the shell composition but 

also the shell coating can increase this elastic ratio. Similar conclusion was obtained for the 

stiffness: the more decorated the stiffer. 

 

• In vivo behavior of Microbubbles 
After all, MBs are meant to be intravenously injected but there is a broad gap between in 

vitro flow phantoms and in vivo bodies. Hemodynamically speaking, MBs tend to behave like 

erythrocytes in the blood as their size is similar. It means that in a bloodstream environment 

where none of the Virchow’s Triad event happens (Stasis, Endothelial injury, 

Hypercoagulability) [20], the MBs will tend to have a luminal position inside the vessel [116]. 

Unfortunately, this hemodynamic behavior does not protect them from in vivo clearance 

systems. According to Upadhyay et al., in vivo stability of lipids MBs are limited to a maximum 
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of 30 min [50]. Most likely, MBs clearance will occur through two pathways: the inevitable 

ripening and coalescence of the MBs due to excess of environmental or internal pressure, or the 

scavenging by macrophages and distribution to the reticuloendothelial systems (RES) organs 

like spleen, liver, bone marrow or lungs [67]. 

On one side, the gas saturation of the environment will influence the gas exchange between 

the MBs and the blood and consequently the stability of MBs. For instance, if an animal is 

under isoflurane anesthesia, the ratio of oxygen in the inhaled gas mixture must be watched or 

a disequilibrium will appear between dissolved gas in the blood and injected air filled MBs. A 

study on dogs [117] validated that the rapid clearance of albumin air filled MBs depends on the 

oxygen ratio of the air mixture inhaled by animals: the more oxygen, the more rapid clearance 

of air filled MBs in US imaging control. On the other side, the main organ involved in the 

clearance of MBs is the liver. Some MBs can be used to specifically target the liver, like 

Sonazoid® shell of which is composed of egg phosphatidylserine, a marker externalized by cells 

undergoing apoptosis and generating phagocytosis induction [118]. This mechanism was 

studied to evaluate the clearance through liver Kupffer cells in vivo microscopy. It was shown 

that Sonazoid® MBs were almost immediately internalized but survived almost 30 minutes as 

MBs inside the macrophage cells of the liver [119]. It validates the possibility of internalization 

of MBs by macrophages and their survival for several minutes inside the cells before being 

degraded, allowing potential gas delivery before the gas escape. Biodistribution and liver 

uptake was also studied with polymer MBs with the work of Warzecha et al. to better 

understand the impact on liver cell function and viability. First, fluorescence mediated 

tomography validated that 40% of the MBs uptake was performed by the liver and half of it 

was still observable after 2 hours [120]. At a tissue level, fluorescent MBs where mainly 

observed in the myeloid cells of the liver endowed with the capacity of phagocytosis. Using 

flow cytometry analysis, they demonstrated that MBs are almost instantly fragmented after 

macrophages or monocytes internalization without affecting their viability. However, the use 

of US on monocytes that had internalized MBs induced some cell death that they attributed to 

the fact that some MBs might still be intact after monocytes uptake. Finally, the study validated 

that even after liver injury with CCl4, the injection of polymer MBs did not affect the injury 

extent nor compromise the recruitment of inflammatory cells.  

Once degraded, MBs debris could also enter the endothelial cells especially if their shell is 

composed of a phospholipid layer. Indeed, those cells would inevitably be the first barrier to be 

in contact with MBs debris. A micro-vessel on a chip study performed by Park et al. highlighted 

this MBs-to-cells interaction, and especially after stable cavitation of the MBs induced by US 
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insonation [121]. Endothelial cells interaction was also demonstrated with doxorubicin loaded 

liposomes inducing an increase in the targeted endothelial cells toxicity due to the liposome 

endocytosis by endothelial cells. We could eventually extrapolate that in vivo internalization 

could be harder to demonstrate according to constant flow and very few studies really explored 

this pathway [122]. 

Finally, the major risk after validation of the biocompatibility of the shell and gas, is the 

occurrence of a micro embolism due to the residual shell aggregating in small vessels. Air 

embolism is less likely to be a threat as clinical death due to air injection happens with more 

than 100 mL of injected air [123]. In comparison, considering an injection of MBs of a mean 

diameter around 3 µm and neglecting the shell width, a standard injection of MBs in humans 

corresponds to a gas volume in the magnitude of the microliter. 

 
Microbubbles for imaging 

Currently available MBs for medical application are mostly lipid shell based and have not 

yet been put to use as targeting and drug encapsulating agents. Their exclusive function is 

defined as US contrast enhancers for vascular and cardiac cavity imaging. Nevertheless, the US 

insonation influence on MBs behavior can promote more than conventional US imaging ability 

as described below.  

 

• Commercial Microbubbles 
Twenty-five years ago, FDA approved the first MBs for contrast enhancement purpose: 

Albunex®  from Molecular Biosystems®, composed of a human albumin shell and air core 

[117], which was then slowly replaced by new generations of Albumin MBs like Albuminex® 

and Optizon®. Sonovue® (BR1) from Bracco is probably the most widely used commercial MBs 

in research and was approved by the FDA since 2001 [124]. It is a phospholipid shell MB with 

a Sulfur Hexafluoride (SF6) gas core, employed for cardiac, vascular and hepatic imaging. 

Definity® from Lantheus Medical Imaging is also frequently described and share the same shell 

composition as Sonovue®, but with an octafluoropropane (C3F8) gas core. In clinical 

application, it is also approved for cardiac, abdomen and pelvis imaging [125]. Lastly, General 

Electrics provides two types of clinically approved MBs, Sonazoid® and Optison® with 

respectively a lipid stabilized shell with perfluorobutane core and an albumin shell with 

perfluoropropane core. The first one was developed for abdominal imaging while the second 

one is exclusively used for cardiac application. According to their general guidelines, Sonovue® 
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must be used within the six hours after resuspension of the dried product and Definity® within 

12 hours after shaking of the suspension. As for Sonazoid®, the use-in period after opening is 

two hours and Optison® is limited to 30 minutes. In consequence, those products are limited to 

single patient utilization. In terms of dose administration for instance, Sonovue® injections can 

be administered in bolus or infusion up to two times 2 mL for cardiac cavity study. According 

to the company, this represents around twice 200 million of MBs.  

 In addition, established companies in the ultrasound imaging field also developed 

microbubbles for preclinical research like Visual Sonics and their Vevo MicroMarker® which 

can be provided as a target ready carrier thanks to its streptavidin coating [126], allowing 

research teams to graft any biotinylated agent. Other companies like Bracco based their strategy 

on VEGFR2 (Vascular Endothelial Growth Factor Receptor 2) targeting for the imaging of 

endothelial cells involved in angiogenesis, a key factor in some tumor’s growth. With a first 

introduction of BR55 MBs [127] in the literature in 2010, they completed the first-in-humans 

injection for the molecular imaging of prostate cancer in 24 patients in 2013 [128]. Using KDR 

(Kinase Insert Domain) as another targeting agent, BR55 MBs were also injected in humans 

for the diagnosis of breast and ovarian lesion [129] enhancing US contrast in 93% of the 

malignant breast lesion and 85% of the ovarian malignant lesion. 

 

• US insonation’s influence on Microbubbles  
To better understand why microbubbles have been such an interesting alternative in the 

contrast agent domains for imaging, we have to better understand the physics behind it. 

Ultrasound imaging relies on the ability of sound waves to reflect on materials depending on 

their composition and structure [130]. The rationale of the methods consists on the analysis of 

the acoustic impedance on different tissues, which depends on to the sound waves speed of 

propagation and tissue density. What is mainly noticeable are the boundaries between soft 

tissues with different material properties like bone, fat, water and collagen [131]. Harmless, 

non-invasive and accessible method, it is mostly known for pregnancy follow-up but can bring 

quick and reliable answers to many more anatomic observation (ligament observation, breast 

check-up, circulatory system...). Indeed US imaging can address anatomical examination with 

B-mode imaging (2D) or functional evaluation with Doppler setting for blood flow monitoring 

[132]. Ultrasound imaging in clinics is usually performed in a range from 1 to 50 MHz, knowing 

that the higher the frequency the shorter the tissue penetration will be [130]. High frequencies 

(over 15 MHz) enable differentiation of objects less than 100 microns apart in depth [133] but 
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are limited to superficial skin and superficial structures. Breast and thyroid can be observed in 

the range of 10 MHz, deeper organs like general abdomen and gynecological structures are 

observed around 3.5 MHz and below. Nevertheless, high frequencies are quite frequently used 

in animal study because it does not require deep tissue penetration and confers a better special 

resolution than low frequency US. There are some limitations of this imaging modality and 

especially the difficulty to image small structures like narrow vasculature or delimitations of 

the heart cavities. According to Yong et al., even in transesophageal echography, up to 15% of 

cardiac function evaluation fails due to poor contrast delimitation of the heart cavity [134]. 

Furthermore, US imaging highly depends on the distance to the observed object. In 

consequence, there has been an interest in the development in contrast enhancing agent capable 

of a high response to US signal.  

Compared to surrounding tissue, MBs’ response to US stimuli induces an increased 

contrast. The effect of US waves on MBs is the induction of their oscillation in a non-linear 

way [135]. The general oscillation of the MBs is not in phase because their response to acoustic 

stimuli depends on their distance to the source. This non-linear property makes them dependent 

on the amplitude of the signal which can be controlled by the voltage. This response is known 

as subharmonic (SH) emission  generated by MBs themselves (rational fraction of the 

fundamental) after insonation which distinguishes them from surrounding tissue, unable to 

produce SH [135]. Those harmonics have a lower frequency and are consequently less 

attenuated by organs. Sojahrood et al. investigated the conditions for the best signal of SH by 

insonating MBs and demonstrated that, for a non-destructive regime, the optimum response 

signal was obtained when the emitted frequency was between 1.5 and 1.8 times the resonance 

frequency of the MBs [135] (see part MBs adapted characterization). However, this range 

decreases with the MBs concentration elevation due to MBs/MBs interaction. Also, 

polydispersity of the suspension can play a role as larger MBs can influence the behavior of 

smaller MBs. Haghi et al. studied the consequence of MBs clustering on the generation of 

resonance frequency and highlighted that proximity between MBs induced the increase of their 

resonance frequency [136].  

In terms of MBs behavior under US insonation, two categories can be distinguished: 

stable cavitation and inertial cavitation which differ by the outcome of the mechanical process 

(Fig. 4). Stable cavitation of MBs happens at low intensity of US signal allowing stable 

oscillations of the MBs with an alternance between compression and dilatation episodes without 

inducing MBs rupture [137]. This behavior is the one observed during US imaging thanks to 

the emitted subharmonics and ultra-harmonics at low acoustic pressure [138]. Among non-
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destructive cavitations, microstreaming has been described as the biological effect on 

surrounding fluids [58]. In other words, the stable oscillation of MBs in living systems creates 

local fluid motion [139] and temperature rising [140] that can locally destabilize its 

environment. This behavior is described as one of the enhancing effect helping thrombus 

penetration [141], drug delivery but also local generation of sonoporation, a method for 

increasing cell membrane permeability by sonic disruption [142]. Along with the same 

phenomenon, Acoustic Radiation Force (ARF) emission by US insonation of MBs in vivo can 

be observed. ARF is believed to help drug delivery of loaded agents [143] because of primary 

ARF that will displace MBs away from the US source and because of secondary ARF (or 

Bjerkness force) that will improve MBs attraction among themselves by the accordance of their 

oscillation phase [144]. In addition, the subsequent expansion of MBs influenced by US 

insonation is described as rectified diffusion [145]. On the other hand, inertial cavitation results 

in the implosion of the MBs and is caused by the increase of US signal acoustic pressure [146]. 

Indeed, the rise in the radial expansion/compression amplitudes of MBs will eventually lead to 

MBs destabilization and shell rupture. It can be observed acoustically by the diminution of 

ultra-harmonic emission and the rise of broadband emission which translates macroscopically 

by rapid growth and collapse of MBs [147]. It is a strategic property for drug delivery of 

targeting MBs but it can also impact its environment as a mechanical disrupting agent [146] 

with shock waves emission that can disrupt endothelial cell integrity [121]. In association with 

inertial cavitation, microjetting has been described as the result of asymmetric MBs collapse 

promoting acceleration of surrounding medium and/or fragment of ruptured MBs. Those 

microjets were revealed to trigger membrane damage around 1 µm of diameter [148]. 

Eventually, this kind of disruption would be more likely to happens in case of anisotropic and 

heterogeneous shell composition [137]. 
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Figure 4: Microbubbles behavior with their environment and under US insonation. Microbubbles in static condition will 
rise to the top of the suspension to form a cake. Depending on the shell properties and surface tension of the MBs/liquid 
interphase, MBs can undergo Ostwald ripening or coalescence. They are also affected by the gas concentration of their 
environment according to Henry’s Law and to pressure of the surrounding medium according to Laplace’s Law. Under US 
insonation, MBs are distinguished by the US regime. Low intensity US (low Mechanical Index) will induce stable oscillations 
of the MBs leading to microstreaming. High intensity US (high Mechanical Index) will induce unstable oscillations of the MBs 
leading to MBs inertial cavitation and microjetting. Also, the liquid core of nanodroplets can undergo vaporization under 
specific acoustic parameters. ND = Nanodroplets, MB = microbubble, MI = Mechanical Index. Created with BioRender.com 
 

• Microbubbles molecular imaging 
Molecular imaging represents a new era of early and precise diagnosis that is in 

development for several imaging technics from X-ray technology to MRI, including US 

imaging [131]. Characterized as the merging point between molecular biology and in vivo 

imaging, the goal of molecular imaging is to visualize and quantify biological processes from 

early stages, end points and sequels. In contrast to other imaging methods, molecular imaging 

tends to break free from structural imaging to reach a molecular range precision. To that 

purpose, contrast enhancers must be functionalized with the targeting property toward specific 

biomarkers. 
Early studies used fluorescence microscopy to overcome the lack of precision of US 

imaging with the objective to better understand MBs behavior in the microcirculation. Mark 

Keller et al. were among the first to investigate intravascular distribution of albumin MBs 
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compared to red blood cells in golden hamsters [149]. They highlighted how MBs displayed a 

similar velocity and frequency of distribution across the lumen compared to red blood cells, 

providing MBs an interesting property as intravascular tracers for contrast echocardiography.  

As presented in the table below (Table 3), biomarkers of the endothelium can be applied 

for a wide range of conditions like cancer, vascular injury or inflammation. They all have in 

common the importance of vascular network, and transmembrane protein like VEGFR2 are 

targeted because 

 of their involvement in neo-vascularization. However, one target can fit different 

strategies with lipids or polymer MBs and various targeting agent like peptides, antibodies or 

polysaccharides. The establishment of specific biomarkers like B7-H3 for breast cancer [150], 

[151], thymocyte antigen 1 (Thy1) particular for carcinoma lesion only in pancreatic diseases 

[152] or the specific targeting of transmembrane Nucleolin (NCL) as angiogenesis marker [153] 

gives rise to a huge versatility to MBs as molecular imaging contrast agents. Vascular 

pathologies like thrombosis, atherosclerosis or endothelium inflammation are more likely to be 

targeted adhesion proteins like VCAM1 (Vascular Cell Adhesion Molecule 1) [154], [155], 

JAM-A (Junctional Adhesion Molecule A) [154], [156] or P-selectin [56], [157].  

Recent progresses were attributed to the combined targeting strategies with the 

association of several targeting agents like VEGFR1 and FSHR (Follicle Stimulating Hormone 

Receptor) which has recently been demonstrated as overexpressed in renal carcinoma [158]. In 

case of atherosclerosis early diagnostic, the combination of VCAM-1 and ICAM1 antibodies 

as well as a synthetic sialyl Lewis X peptide (sLeX) grafted onto MBs surface to mimic 

leucocyte behavior allowed a strong recognition from the atherosclerotic endothelium [159].  

This table (Table 3) displays a non-exhaustive list of MBs used for molecular imaging 

since 2015 with however only two of them that were injected in humans thanks to the clinical 

trials of the BR55 MBs as contrast agent [128], [129]. Otherwise, the most accessible animal 

model remains the mouse or the rat even though big animal like pig [160], [161] or dog [157] 

are more relevant for human imaging translation. Extravascular targets were also introduced by 

Köse et al. as potential biomarkers especially in cancer leaky vasculature but would be more 

suitable for nanoscale bubbles [162]. However, some limitations remain about US molecular 

imaging technology detection limit of static MBs by conventional US transducers, discussed 

below in the new scales chapter. 
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Table 3: Non exhaustive list of targeting ultrasound responsive strategies for molecular imaging since 2015. GPIIb/IIIa = 
Glycoprotein IIb/IIIa; VCAM-1= Vascular Cell Adhesion Protein 1; vWF = von Willebrand Factor; JAM-A = Junctional 
Adhesion Molecule A; VEGFR2 = Vascular Endothelial Growth Factor Receptor 2. 

Application MBs 

composition 

Targeting 

agent 

Biomarker Clinical 

advancement 

Year Ref. 

Cancer 

Prostate 

Breast and 

ovarian 

 

 

 

 

Pancreas 

Colon 

Kidney 

Angiogenesis 

 

Lipids 

Lipids 

Lipids 

 

Lipids 

 

Lipids 

Lipids 

Lipids 

Lipids 

Lipid 

Polymer  

Lipids 

 

Peptide 

Peptide 

Peptide/ 

Antibody 

Type III 

fibronectin 

Antibody 

scAntibody 

Antibody 

Peptide 

Peptide 

Peptide 

Peptide 

 

VEGFR2 

KDR 

B7-H3 

 

VEGFR2 

 

B7-H3 

Thy-1 

VEGFR1/ FSHR 

VEGFR2 

Nucleolin 

E-selectin 

Neuropilin-1 

 

Clinical trials 

Clinical trials 

Mouse model 

 

Mouse model 

 

Mouse model 

Mouse model 

Mouse model 

Mouse model 

Mouse model 

Mouse model 

Mouse model 

 

2017 

2017 

2020 

 

2016 

 

2015 

2018 

2020 

2016 

2017 

2016 

2015 

 

[128] 

[129] 

[151] 

 

[163] 

 

[150] 

[152] 

[158] 

[164] 

[153] 

[165] 

[166] 

Vascular 

Thrombosis 

 

 

Vessel injury 

 

Atherosclerosis  

 

Polymer 

Lipids 

Lipids 

Polymer 

Polymer 

Lipids 

Lipids 

 

Polymer 

Lipids 

 

Lipids 

 

Fucoidan 

scAntibody 

Peptide 

Antibody 

RGD peptide 

Nanobodies 

Peptide 

 

Antibody 

Antibody/sLeX  

 

Antibody 

 

P-selectin 

GPIIb/IIIa 

Thrombin 

VCAM-1 

αvβ3-integrin  

VCAM-1 

VCAM-1/vWF/ 

P-selectin/LOX1 

JAM-A 

VCAM-1/ICAM-1/ 

Selectins 

JAM-A 

 

Mouse model 

Mouse model 

In vitro model 

Mouse model 

Pig model 

Mouse model 

Mouse model 

 

Mouse model 

Mouse model 

 

Rabbit Model 

 

2019 

2016 

2017 

2015 

2016 

2019 

2018 

 

2018 

2018 

 

2016 

 

[56] 

[167] 

[168] 

[169] 

[160] 

[155] 

[170] 

 

[154] 

[159] 

 

[156] 

Inflammation 

Liver injury 

Endothelium 

 

 

Abdominal aorta 

Liver fibrosis 

Bowel 

 

Polymer 

Lipids 

Lipids 

 

Lipids 

Lipids 

Lipids 

 

RGD peptide 

Peptide 

Peptide/ 

Antibody 

Antibody 

Antibody 

Peptide 

 

Myeloid integrins 

P-selectin 

P-selectin/VCAM-1/ 

vWF-A1/GPIbα 

P-selectin/VCAM-1 

VEGFR2 

P and E-selectins 

 

Mouse model 

Dog model 

Mouse model 

 

Mouse model 

Rat model 

Pig model 

 

2018 

2020 

2018 

 

2017 
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Microbubbles for therapy 
Microbubbles as therapeutic tools are the combination of three elements: the therapeutic 

effect of the gas, the therapeutic effect of the US and the functionalized MBs system as a drug 

carrier and/or a targeting object. Gas therapy and US therapy have been studied before the 

democratization of encapsulated MBs and new therapeutic approaches now tend to combine 

these strategies for a synergic effect. 

 

• Gas therapy 
Gas delivery for therapy is extremely dose dependent as low doses will show no effect 

and high doses can be lethal. Also, if not encapsulated their diffusible property remain a major 

challenge. Gas entrapped in the MBs has not only the advantage of being echogenic but can 

also be part of the therapeutic activity of the carrier [174] (Fig. 5). 

o Dioxygen 

In pathologies like cancer, gas balance is a major component of their development. For 

example, surrounding microenvironment of tumors is known to be more acidic and more 

hypoxic [175] conferring them a chemo/radiotherapy resistance [176]. Oxygen based treatment 

are in development to overcome tumors growth with the encapsulation of oxygen into MBs. 

Fix et al. pointed out that intra-tumoral injection of lipid based oxygen MBs in the tumor site 

significantly improved radiotherapy treatment [177]. They highlighted that the bigger the tumor 

the more likely it had developed hypoxic environment, and thus more likely it would respond 

to the oxygen treatment. Unfortunately, most tumors are not accessible for intra-tumoral 

injection and gas therapy might be delivered via intravenous route. Improvement of 

radiosensitivity was observed with the intravenous injection of surfactant shelled oxygen MBs 

on a breast cancer rat model [178]. By increasing tumor oxygenation by 20 mmHg with oxygen 

MBs, radiosensitivity was almost tripled. This anti-hypoxic treatment leads also to a significant 

delay in the tumor growth of approximately 30 days compared to radiotherapy only, 

highlighting great promises for the use of oxygen delivery therapy as a complement of cancer 

treatment [179]. In order to improve oxygen MBs stability, Peng et al. associated SF6 to the gas 

core which showed a 3 times improvement of the circulation half-life in vivo [180] (Fig. 6). 

The study presents lipids O2SF6 MBs injected in a nasopharyngeal carcinoma mouse model. 

Using local US triggered destruction of the MBs, tumor volume significantly dropped from 614 

±157 mm3 with regular treatment to 229 ± 31 mm3. Oxygen therapy is also a promising strategy 

for wound healing with the embedding of MBs into hydrogels [181]. 
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o Nitric oxide 

Apart from oxygen therapy, nitric oxide (NO) delivery is a studied strategy because of 

its function in the regulation of angiogenesis. Thanks to its chemical structure with a very 

unstable peripherical electron, it is largely used by the cells for signaling and is known for its 

important role in the promotion of angiogenesis and expending blood vessels [182]. In other 

words, instead of asphyxiating the tumor, improving its vasculature may overcome the 

radiotherapy resistance caused by the hypoxic state: it is called tumor vasculature normalization 

[183]. This hypothesis was studied with the injection of NO micelles combined with 

radiotherapy [184]. As a result, tumor weight was divided by two compared to the radiotherapy 

only and survival rate of the mice was also significantly improved. NO is also implicated in the 

resolution of deep vein thrombosis, by playing a role with the platelets an inflammatory cells 

aggregation, as well as stimulation the endothelium. Wang et al. injected rats with NO MBs 

after deep vein thrombosis induction surgery and the resolution of the clot was studied by 

weighting the clots 8 days later [185]. Interestingly, weight over length ratio of extracted 

thrombi at day 8 showed a decrease of 40% compared to control group. Compared to 

anticoagulant therapy this strategy does not involve the risk of collateral bleeding as they 

measured major indexes of coagulation function. They hypothesized that the antithrombotic 

effect mainly affected the vessel wall by limiting the leukocyte extravasation (decrease of the 

expression of VCAM-1 on thrombosis site) and thus maintaining endothelium integrity. 

o Carbon monoxide 

Other gases are potential therapies for cancer such as carbon monoxide (CO) which 

increases mitochondrial respiration leading to excess production of Reactive Oxygen Species 

(ROS) and the onset of cell apoptosis [186]. CO also plays a dual role on the nervous central 

system. Similarly to NO, it is considered as a gasotransmitter in cell signaling and intracellular 

production of CO can provide neuroprotective effect by upregulating cyclic guanosine 

phosphate production [187]. Inhalation treatment already proved an infarct volume reduction 

up to 62.2% in brain ischemia on mice [188]. On the other side, excessive concentration of CO 

can lead to hypoxia damaging brain cells. Indeed, a strict control of the administered dose 

creates an unmet medical need for targeted encapsulation of CO as neuroprotective treatment. 

Looking at another cell signaling pathway, low doses of CO were demonstrated to have an 

important protective function in inflammatory diseases [189]. Briefly, macrophages stimulated 

with a lipopolysaccharide (LPS) inflammatory protocol shown a significant accumulation of 

anti-inflammatory cytokine IL-10 in contact with low concentration of CO. Same results were 

observed in vivo, allowing interesting perspectives for the role of CO on the regulation of an 



Chapter I: Introduction 

 51 

inflammatory response. This treatment strategy would be all the more interesting as 

macrophages have the ability to perform phagocytosis on circulating elements of the blood, 

here MBs. In the recent years, the development of carbon monoxide releasing molecule 

(CORM) has been studied to control its generation. Pathak et al. adapted this strategy to develop 

light triggered carbon monoxide generating MBs [190]. By loading CORM onto poly(butyl-

cyanoacrylate) (PBCA) based MBs, they evidenced the enhancement of M2-like anti-

inflammatory phenotype upon light triggering CO production on human blood samples. This 

proof of concept was also studied for the protection over oxidative stress induced in cardiac 

issue injury. Again, CO triggered delivery allowed a significant reduction of the apoptotic ratio 

on cardiomyocytes. Altogether, these results indicate the high potential for low dose CO 

delivery in the resolution of cardiovascular diseases. 

o Perfluorocarbons 

Perfluorocarbons (PFC) do not have direct therapeutic effect; however, they are used as 

intermediate transporter for oxygen. As mentioned before, O2 plays an important role in the 

physiology and consequently in pathologies. PFC in their liquid state like Perfluoro-octyl-

bromide (PFOB), or perfluorobutane (PFB) can be employed as O2, NO and CO carriers [191]. 

Their very inert property enables the uptake of dioxygen. If we compare the capacity of 

dissolution of oxygen in water or in a PFC, the molar ratio of dissolved O2 is 1 mol of O2 in 

200 mol of water compared to 1 mol of O2 in 0.2 mol of Perfluorodecalin (PFD) [67]. 

Perfluorocarbons-based oxygen carriers (PFOCs) have nicely been reported in the review from 

Jäger et al., presenting how PFOCs are an innovative tool from cancer therapy to blood 

substitute [67]. As presented before, the fluorine atomic structure tends to attract electrons from 

surrounding atoms giving a stiff structure to the molecules that are not affined to dissolve in 

aqueous media meaning that PFCs are good candidates as solvent for other gas and especially 

oxygen, carbon dioxide and nitric oxide [191].   

 

• Ultrasound therapy 
US treatments are already widely used without the need of MBs injection. The main 

advantage of US therapy is the non-invasive characteristic of the method. It is now possible to  

avoid surgical intervention over kidney stone disease by the use of shock wave lithotripsy [192]. 

The current use of high peak pressure (up to 100 MPa) and very low rate (2 Hz) safely helps 

with the resolution of kidney stones [193]. Recent clinical trials of a more efficient burst wave 

lithotripsy (<12 MPa, <200 Hz) helped to reposition 95% of kidney stones in human [194]. 
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US are also used for ablation therapy without the requirement of surgical intervention. 

This method called histotripsy uses focused US to destroy tissue, thanks to the induced 

cavitation, without thermal or ionizing related event [195].It was first observed as a collateral 

damaging consequence of lithotripsy, which was finally studied by itself as a new form of non-

invasive therapy. Typically used US parameters are performed up to 6 MHz with a high 

negative pressure up to 15 MPa with low duty cycle to avoid heat generation. Phase I clinical 

trials were conducted on benign prostatic hyperplasia, liver cancer and calcified aortic stenosis 

[195]. Limitations of US therapy are still attributed to organs containing gas or acoustically 

unreachable organs because of bone blockage. If recent clinical trials have not confirmed the 

evidence of US enhanced sonothrombolysis in limb ischemia yet [196], clinical studies are still 

ongoing to replace invasive mechanical thrombectomy and overcome collateral damages of 

high dose thrombolytic therapy. This issue can be resolved by using US as an accelerator of 

thrombolysis, in supplement of drug delivery. Li et al. meta-analysis highlighted that, out of 5 

clinical trials, thrombolytic injection associated with US insonation for acute ischemic stroke 

showed a significant recanalization rate over thrombolytic injection alone [197]. The studied 

trials had US parameters from 1.8 MHz to 4 MHz for over 1 h of US monitoring.  

For a more local treatment, US emitting catheter can be introduced in the popliteal vein 

along with plasminogen activator delivery catheter. This method was presented by Kartal et al. 

and showed 60% of partial reopening in deep vein thrombosis events [198]. Even though the 

significance was not established compared to local delivery only, they concluded that 

ultrasound-accelerated-catheter-assisted-thrombolytic therapy had the advantage of preventing 

from bleeding complications by maintaining a local treatment. 

Overall, US exposure can be adapted via different forms, from non-invasive to local US 

emitting catheter. In opposition to wide range US imaging, focused US can accurately target a 

zone by focusing high pressure amplitude. Nevertheless, this high accuracy method usually 

requires the association of MRI imaging to define the area to treat [195], [199]. Lastly, US 

imaging and treatment of brain related events is still a major challenge because of the skull 

thickness. Hence, the most accessible part is through the temporal bone enable the visualization 

and potential treatment with transcranial Doppler approach [200]. 
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• Microbubbles as therapeutic tools  
The application of MBs for therapy must be preceded by the study of the interaction 

between vessel wall and MBs interaction. Indeed, confined behavior of MBs differs from 

unbounded ones and it seems reasonably clear that the bioeffect of MBs disruption has to be 

studied to determine therapeutic boundaries. Known limitations consist in the damage of 

surrounding tissue attributed to vessel distention or wall impairment due to microjetting (Fig. 

4). Mathematical models were established by  Hosseinkhah et al. to evaluate the wall shear 

stress and circumferential stress and have been validated with experimental data [201]. In silico 

results assessed that wall shear stress within microvessels could reach 18.3 kPa during MBs 

expansion and 74 kPa during MB collapse. As constrained MBs behave differently, an ex vivo 

model from perfused rat caecum led to the conclusion that the angle of US insonation on vessels 

had no impact on the interaction between MBs and the endothelium. It also showed that 

constrained bubbles in the capillary network had an increased oscillatory lifetime compared to 

big vessels and that bigger MBs (>4 µm) tend to interact better with the endothelium than very 

small MBs [202]. Those observed interactions under US insonation consisted in an 

asymmetrical collapse onto the vessel wall and repeated expansion beyond the vessel limits and 

the study suggested that the efficacy of ultrasound mediated MBs therapy strongly depends on 

the MBs concentration and size distribution. On the other hand, in vitro vessel phantoms 

lithotripsy set up with albumin MBs  demonstrated that the induced expansion of very large 

bubble could cause rupture of the vessel wall and therefore pointing out the importance of size 

distribution regulation [203]. Those general examples are important to understand the 

mechanical behavior of MBs. Indeed, despite the wide use of MBs for therapy for cancer, 

inflammation or thrombotic diseases, some therapeutic strategies are actually very similar. As 

many innovative therapies, the balance has to be found between the different parameters to get 

the best advantage over risks ratio. The first parameter that can be monitored is the mechanical 

index (MI) of the US wave. It is a unitless ratio representing the pic of negative pressure (MPa) 

over the square root of the frequency (MHz) of the signal [204].  

𝑀𝐼 =
𝑃
4𝑓

 

This ratio strongly depends on the US device used and the distance to the object, and it 

can be measured with an hydrophone calibration [205]. Below 0.1, MI will generate only linear 

oscillation of the MBs; between 0.1 and 1, these oscillations become non-linear allowing the 

imaging of the MBs. From 1, inertial cavitation leading to disruption of the MBs can be 

observed [50]. Eventually, these numbers can be adapted to each application but the scientific 
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community and the FDA agreed on the limit of MI to 1.9 in humans to avoid any damaging 

bioeffect [206] (except for ophthalmological evaluation where the MI is limited to 0.23 [207]).  

 

 
Figure 5: Therapeutic strategies for tumors, thrombi, infection and Blood-Brain-Barrier. Depending on the mechanical 
impact of the US signal, MBs therapy can be adapted for different pathologies. Microbubble microstreaming can improve drug 
delivery to the epithelium and the thrombus. It also destabilizes membrane permeation by fragilizing biofilms and BBB 
epithelium tight-junctions. The increasing of US mechanical index induces a stronger mechanical impact on the surrounding 
tissue. Indeed, MBs implosion helps mechanically disrupt thrombi by loosening up the fibrin mesh. This disruption has to be 
carefully monitored because it promotes cell membrane sonoporation for a therapeutic approach but also vascular permeation 
causing cerebral hemorrhages. Created with BioRender.com 
 

o Thrombosis 

As mentioned before, MBs can be triggered to explode by increasing the amplitude of 

the US signal (Fig. 5). This bursting associated with thrombi therapy is called 

sonothrombolysis. Basically, sonothrombolysis consists in the use of ultrasound waves and 

MBs to mechanically disrupt the clot [85]. It can be influenced by the duration of insonation, 

the composition and the concentration of MBs or the time between pathological incident and 

treatment. Positive outcomes are evaluated with the recanalization rate [167] or the study of the 

related ischemic lesion, like presented by Dixon et al. on an ischemic stroke model [54] (Fig. 

5). A very complete review from Nederhoed et al. describes the different therapeutic use of 

MBs and US on peripheral arterial thrombosis based on 26 preclinical studies and 9 clinical 
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ones [208]. They compared the localization of the thrombosis (middle cerebral artery, 

abdominal aorta, internal carotid artery…), the age of the clot and the number of subjects for 

preclinical and clinical studies. Recanalization rate was one of the primary outcomes, meaning 

the ability of the blood flow to be restored after the treatment. There were two ways of 

quantifying the reperfusion rate: angiography or transcranial Doppler. 

Among the in vivo preclinical studies (Table 4) using a thrombolytic drug as a control, 

here are the interesting conclusions: the US settings used for sonothrombolysis were very 

heterogeneous varying frequency of the transducer from 1 MHz [209] to 6 MHz [210], the MI 

from 0.2 [211] to 2 [212] and different pulse length [213]. Preferentially, the strategy was to 

infuse the MBs over several minutes [211], [212], [214], [215] while continuously insonating 

the clot with different MI. On the other hand, some studies injected the MBs in bolus but always 

with long treatment insonation [216]–[218], which is in contradiction with the fact that MBs 

are relatively quickly cleared out from the blood. The total exposition of clot to the US remains 

unclear and very heterogeneous to most of the studies. There is a clear need for in vivo study to 

accurately describe the frequency of the probe, the mechanical index, the duty cycle and the 

total duration of insonation, in order to better establish comparisons. Moreover, lack of control 

groups using MBs and thrombolytic agent with US insonation has been highlighted as well as 

lack of comparison with different shell compositions. According to Nederhoed et al, all the 

studies included for the in vivo sonothrombolysis using contrast enhancer agent and a 

thrombolytic agent presented a minimum recanalization rate of 56% up to 100% while US alone 

never allow a reperfusion superior to 63% [208]. The lower recanalization rate was attributed 

to Tomkins et al. because of the platelet rich composition of the clot that responds less 

efficiently to thrombolytic therapy [215].  

Moving on to clinical studies for sonothrombolysis, most of them were performed on 

ischemic stroke patient with duration therapy from 1 to 2 hours with 2 MHz US insonation but 

with low or non-indicated MI. The biggest clinical study of sonothrombolysis for ischemic 

stroke patient was performed at the University Hospital of Vall d’Hebron in Barcelona, 

including 296 patient with acute stroke [219]. After thrombolytic drug bolus, patients received 

3 doses of 2.5 g of air-filled galactose-based MBs along with 2 hours of transcranial Doppler 

monitoring. Conclusion of the study was that MBs administration associated with US 

insonation helped early recanalization without increasing the risk of intracranial hemorrhage. 

One limitation however remains, since these results were obtained with an operator dependent 

technique which is the transcranial doppler imaging. The therapeutic window was not meant to 

be improved in this study but presents potential leads for reduction of thrombolytic drug dose 
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that still can cause collateral hemorrhages. Short pulse duration (< 5 µs) is explored in 

randomized clinical trial to reduce US exposition [220]. In this study, myocardial infarction 

patients were randomly treated with high MI and Definity® MBs injection before and after 

undergoing percutaneous coronary intervention. In combination with regular treatment, MBs 

treatment help doubling the recanalization rate. One key data was the improvement of the 

systolic function that remained higher with MBs treatment even after 6 months. Consequently, 

only 5% of the patients required the implantation of a removable defibrillator while 18 % of 

percutaneous coronary only treated patient required one. 

The clinical translation of therapeutic MBs still faces obstacles in order to find the right 

conditions for an efficient sonothrombolysis and standardize the protocols. Furthermore, the 

actual clinical studies are based on already approved MBs as contrast enhancers, but have not 

included payload-carrying or targeted MBs yet. Also, as Porter et al. mentioned, one major 

drawback to overcome with the use of MBs for therapy is the microvascular obstruction after 

recanalization of myocardial infarction [221]. Despite many strategies evaluated for its 

resolution, research has failed finding a solution and recanalization of microvasculature still 

remains an unmet medical need [222].  

 

o Cancer  

In certain cases, tumor growth is associated with neo-vascularization allowing nutrient 

transport to the tumor. As presented before with gas therapy for tumors, the hypoxic 

environment reduces the action potential of radiotherapy. Injection of chemotherapy is still 

promoting various side effects because of the apoptosis of rapidly dividing cells that include 

cancer cells but also immune cells or hair follicles. The three mains strategies for US meditated 

MBs for cancer therapy rely on the oxygenation to overcome the hypoxic state [177], the anti-

tumor drug delivery and the anti-angiogenesis strategy [139] (Fig. 5, Table 4). 

In terms of drug delivery, biological barriers are a limiting factor, even for nanoparticles 

(NPs), because of the lack of homogeneity in the tumor vasculature. US assisted delivery with 

MBs could help drug penetration with the generated microstreaming. This advantage was 

evaluated by Snipstad et al. in 2017 with polymeric NPs assembled as a MB (NPMBs) [223]. 

The goal is to take the advantage of MBs behavior under US insonation to disturb the 

surrounding tissue and deliver the drug loaded NPs. Tumor uptake of drug loaded NPs after US 

insonation is evaluated with fluorescence confocal microscopy. In the 3rd week following the 

tumor cells inoculation, animals are treated with Cabazitaxel (mitosis blocker) loaded NPMBs 

with or without US insonation. The conclusions of this study highlight the influence of US (MI 
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over 0.25) on the uptake efficiency of drug loaded MBs. Attributed to the enhancement of the 

vasculature permeability, Cabazitaxel loaded NPs were incorporated 2.3 more times in the 

tumor and complete remission was observed after 50 days. Limits are defined by the 

heterogenicity of vasculature between every tumor and tissue damage over 1 MI. Overall it 

suggested that the higher the tumor is vascularized, the more efficient the treatment will be. 

Also, Enhanced Permeability and Retention (EPR) effect is not sufficient enough for the 

effective delivery of drug loaded NPs. The subsequent question was, is the drug encapsulation 

required for cellular uptake? Answering this question could accelerate clinical translation by 

co-administration of drug and MBs with US insonation. The question was addressed on the 

same protocol, with either drug loaded NPMBs or free drug co-administered with NPMBs to 

evaluate the true potential of US induced sonopermeation [224]. Interestingly, no difference in 

the survival of the two groups was observed with 50% of survival after 72 days, and free drug 

uptake was equally effective to encapsulated one. Here again, this indicates the mechanical 

incidence of US insonated MBs on their environment. 

In order to overcome the collateral damages of US insonation, focused US is developed 

to restrict the size of the insonated area. Using focused low intensity US, drug resistance 

reversing effect can be studied as the results of enhanced drug incorporation [225]. In this in 

vitro study, focused US and MBs destruction with free Paclitaxel inhibit the proliferation and 

increase the apoptosis of drug resistant ovarian tumor cells. The inhibition of autophagy 

developed by those drug resistant cells was defeated by the influence of MBs reaction to 

focused US. More than overcoming a drug resistance pathway, it gives new direction for in vivo 

treatments. The same strategy was validated in vivo with a murine squamous cell carcinoma 

model [226]. This time, MBs were loaded with a transcription factor for the inhibition of 

STAT3 (Signal Transducer and Activation of Transcription 3) acting for tumor progression. 

Gene therapy was proven efficient with a reduction of 51 % of the tumor size with encapsulated 

transcription delivery using focused US. The actual size limit for drug enhanced uptake was 

evaluated by comparing Evans Blue and FITC dextran as drug model for the respective size of 

3.7 nm and 30.6 nm [227]. While neovascular established cut off stands in a range from 380 to 

780 nm [227], tumor distribution of free drug is not exactly related [228]. Indeed, US associated 

decrease of internal pressure of new vessels helps deeper penetration of bigger sized drugs. 

Even small drugs need environmental stimulation to cross the barriers because of in vivo 

extracellular matrix barrier and circulating protein adsorption that can compromise the uptake.  

Antiangiogenic strategy is developed to help depleting tumors from their blood supply. 

Gene therapy was proven efficient with targeting MBs compared to untargeted MBs with a 
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specific targeting to endoglin (specific marker to newly formed blood vessels higher than 

VEGFR2) [229]. In vivo studies performed on triple negative breast carcinoma xenografts  

established that low MI focused treatment (0.2) of Sonovue® was sufficient to improve the 

antiangiogenic effect of the free Apatinib (a tyrosine kinase inhibitor) without observing the 

drug related systemic effects [230], [231]. Regardless, this strategy show some limitations with 

the emergence of studies promoting the maturation of tumor blood vessels phenotype to reduce 

their hypoxic state and radiotherapy resistance [183], [232]. Recent work from Yi-Ju Ho et al. 

demonstrated the potential of this tumor vasculature normalization with oxygen MBs [233]. 

The oxygen release inducing vessels maturation increase the anti-drug treatment penetration by 

3-4 folds.  

These new cancer strategies are of a worldwide interest. Looking up to clinical trials (up 

to October 2022), 8 trials are currently recruiting patients in 5 different countries (USA, Canada, 

Norway, France and Germany). The use of non-targeted commercial MBs in those trials are 

meant to improve treatment for various cancers type like breast (NCT04431674, 

NCT03477019, NCT05445050), liver (NCT03199274, NCT02764801), colorectal 

(NCT03458975, NCT03477019), and pancreas (NCT04146441). 
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Table 4: Synergic therapies of MBs associated with US and drug for thrombosis and cancer. Non exhaustive list of recent 
pre-clinical studies evaluating the improvement of drug therapy with MBs. (tPA: tissue Plasminogen Activator; TCCS: 
Transcranial Color Doppler Ultrasound; MI: Mechanical Index; Ab: Antibody) 

Application 
Targe-

ting 
agent 

Drug 
Loaded on 

MBs 
Co-

injected 
US Outcome Ref. 

Stroke No tPA No Infusion 
(NA) 

1 MHz, 0.9 MI, 
20 min 

TCCS + MBs required tPA co-injection 
for an efficient thrombolysis 

[209] 

Stroke No tPA No 
Infusion 

(10 
mg/kg) 

3 MHz, 1.7 MI, 
40 min 

Resistance of platelet rich clot resolution 
to any condition 

[215] 

Stroke No Urokinase No 
Infusion 
(20,000 
U/kg) 

2 MHz, no MI 
Synergy in the recanalization rate using 

co-injection of drug and MBs [217] 

Coronary 
thrombosis 

Yes 
(IIb/IIIa) 

Pro-
Urokinase, 
Heparin, 
Aspirin 

No 
Infusion 
(50,000 
U/kg) 

1.5 MHz, MI 1.9, 
on/off 30 min 

Synergy of clot targeting and high MI 
sequence 

[211] 

Coronary 
thrombosis 

No tPA No 
Infusion 
(1 or 0.5 
mg/kg) 

1 MHz, 2.0 MI, 
30 min 

Synergy of high MI with MBs and low 
drug dose 

[212] 

Coronary and 
microvascular 

thrombosis 
No tPA No 

Infusion 
(1 or 0.5 
mg/kg) 

- 1.6 MHz, 1.0 
MI, 30 min 

- 1.6 MHz, 2.0 
MI, 30 min 

Longer duration pulse over higher MI is 
more efficient  [213] 

Abdominal 
aorta 

thrombosis 
No tPA 

Yes 
(rehydration 

with tPA 
solution, 200 
µg/ rabbit) 

Control 

- 6 MHz, MI 0.4, 
2 min 

- 6 MHz, MI 0.2, 
30 min 

No difference in the US conditions, 
efficient thrombolysis but no significant 
difference between co-injection and tPA-

loaded MBs 

[210] 

Limb arterial 
thrombosis 

No Urokinase No 

Intra-
arterial 

Infusion 
(50,000 
U/kg) 

1.6 MHz, 1.2 MI, 
60 min 

Synergy of US with MBs and low drug 
dose for faster resolution 

[214] 

Limb arterial 
thrombosis 

Yes 
(RGD) 

tPA 

Yes 
(rehydration 

with tPA 
solution, 0.06 

mg/kg) 

Control 
12 MHz, 0.5 MI, 

30 min 

Reduced dose of tPA loaded on MBs 
with US showed similar recanalization 
rate compared to free rtPA regular dose 

with MBs and US 

[218] 

Breast cancer No Cabazitaxel 

Yes, loaded 
during 

synthesis (10 
mg/kg) 

Control  1.1 MHz, 0.5 MI, 
2 min 

US + encapsulated drug onto MBs 
resulted in the complete remission in all 

treated animals 
[223] 

Anti- 
angiogenic for 
breast cancer 

Yes 
(CD105 

Ab) 

Gene therapy 
(endostatin) 

Yes, loaded 
during 

synthesis 
No  1 MHz, No MI, 

30 sec 

Tumor volume reduction after targeted 
gene therapy compared to untargeted 

MBs 
[229] 

Anti- 
angiogenic for 
breast cancer 

No Endostar 
(endostatin) 

Yes (avidin-
biotin) (10 

mg/kg) 
Control 1 MHz 0.5, MI, 

30 sec 

Efficient anti-angiogenesis effect of drug 
loaded MBs + US compared to group 

without US insonation.  
[230] 

Ovarian Cancer No Paclitaxel No 
Infusion 

(10 
mg/kg) 

1 MHz, 0.4 MI, 3 
min 

Reversal of drug resistance with the co-
injection of MBs associated with US [225] 

Prostate cancer No Cabazitaxel 
Yes, loaded 

during 
synthesis 

Control 
1 MHz, 0.5 
MI,15 min 

Efficient reduction of tumor growth with 
US and either free drug + MBs or drug 

loaded MBs 
[224] 

Prostate cancer No Oxygen + 
Doxorubicin  

No Control (7 
mg/kg) 

2 MHz, 1.4 MI, 
30 min 

Tumor oxygenation with oxygen MBs 
assisted with US improved the 

intratumoral accumulation of anti-cancer 
drug 

[233] 

Tumor model No Doxorubicin No 
Infusion 

(6 mg/kg) 
1 MHz, 1.0 MI, 

10 min 
Improved delivery of drug on tumor site 

with MBs associated with US [228] 

Skin cancer No STAT3 decoy 

Yes, loaded 
during 

synthesis (10 
µg)  

Control 
1.3 MHz, 1.6 MI, 

25 min 

Tumor growth inhibition after the 
specific delivery of the encapsulated 

STAT3 decoy associated with US 
[226] 
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o Blood brain barrier 

Major controversy on US associated to MBs treatment is the Blood Brain Barrier (BBB) 

trespassing. Acting as a highly controlled barrier which limits the penetration of most 

compound, BBB prevents brain from blood contamination for its own neuroprotection. 

Consequently, systemic injection of treatments for Central Nervous System (CNS) pathologies 

are challenging as only 2% of molecules below 600 Da can cross [234]. As presented before, 

MBs expansions generated by US insonation can overcome microvasculature elastic limit and 

cause microvasculature leakage even in very specific tight junction of the cerebral endothelium. 

Parallelly, human skull (> 6 mm) represents a major obstacle for the use of clinical US 

transducer because of the large absorption of the emitted waves giving a transmission 

coefficient only estimated of about 14% [234]. Overall, CNS access is limited both to 

circulating drugs and US exposure. This limitation is prevented in preclinical studies with the 

thin thickness of the mouse skull (0.5 to 1 mm) [235]. 

On one hand, the improvement of BBB permeability is a major milestone for drug 

delivery in the brain tissue (Fig. 5). Firstly, boundaries have to be established to obtain a 

positive advantage over risk ratio for brain treatments. Histology for red blood cells 

extravasation, Evans Blue permeability test or dynamic contrast enhanced MRI are 

morphologic evaluation of BBB permeability. McMahon et al. evaluated it through the study 

of proinflammatory mediators 4h following US insonation of 3 types of injected MBs [236] 

(Fig. 6). They exhibited that the MBs size distribution plays a role in the inflammation response. 

Polydisperse lipids MBs like Definity® or BG8774 (Bracco®) were less likely induce the 

production of inflammatory mediators compared to monodisperse populations (MSB4, 

Bracco®). Nevertheless, the elevation of inflammatory response without tissue damage can be 

an advantage for application linked to the neuroinflammatory system. The study concludes on 

the relevance of acoustic feedback controls to limit wideband generation and thus diminishing 

the destructive inertial cavitation [199]. This temporarily opening can be improved with the 

chemical functionalization into targeting MBs without increasing the required US amplitude 

[237]. Focused US is currently the best solution for non-invasive and targeting application for 

CNS treatment with microbubbles widely described in Chen et al. review [238]. Those findings 

are high potential therapies for degenerative diseases like Alzheimer’s [239] or Parkinson’s 

[240]. Once again therapeutic targets are unreachable with BBB impermeability. Parkinson’s 

treatment with MRI guided focused US to the putamen has reached phase I clinical trial in 

Canada concluding on the safety and feasibility of US assisted drug delivery [240]. A decrease 
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of 12% of Parkinson’s disease rating scale motor score evaluation was observed in treated 

patient who were off medication. 

On the other hand, MBs induced leakage of the BBB vasculature may have significant 

adverse effect (Fig. 5) like hemorrhages [241], sterile inflammation [242] or neurotoxicity 

[234]. The objective remains to limit inertial cavitation, with previously presented monitoring 

of the acoustic feedback, in order to keep the permeabilization temporary and localized. 

 

o Other pathologies 

Other strategies are emerging by taking all the advantages of US mediated MBs 

treatment. One major complication observed in clinics are nosocomial infections. Particularly 

life threatening, biofilms cause majors problems in health care system. Bacteria adhering to 

tissue or surfaces will develop a protective matrix and behavior limiting the action of 

antibiotics. In vitro proof of concept of sonobactericide potential MBs was presented for the 

infective endocarditis [243]. Briefly, induced staphylococcus aureus biofilms on human blood 

clots were treated under flow conditions. The major factor identified as contributing to the 

sonobactericide phenomenon (Fig. 5) was the acoustic streaming produced by insonated MBs. 

In Lattwein et al. study performed in 2018, US alone did not show any improvement in the 

infected clot resolution compared to regular treatment (antibiotics + thrombolytic). However, 

the use of commercial bubbles with US insonation at low frequency parameters (120 kHz, 0.44 

MPa) achieve almost 100% of infected clot resolution. This strategy can be applied to several 

sources of infection like chronic bacterial prostatitis, pneumonia or urinary tract infection [139]. 

Lattwein et al. study was recently updated by comparing five US parameters from 100 kPa to 

400 kPa with different duty cycles [244]. This time, the study of sonoporation by measuring the 

intake of propidium iodide, which is unable to permeate cell membrane and bacteria dispersion, 

were mostly observed in the high-pressure US rather than high duty cycles ones. This means 

that the mechanical index has more influence than the continuity of the emitted US on 

untargeted MBs for biofilms resolution. Also, this study really demonstrated the key role of US 

and MBs because no significance in the sonobactericide study was shown with the addition of 

antibiotics (Fig. 7). 

Sonoporation induction can also be a strategy for DNA transfection improvement in 

vivo [98]. Ability of MBs to facilitate intracellular delivery by sonoporation has to be further 

investigated for an innovative gene therapy strategy. Indeed, as mentioned by Duan et al., there 

is a lack of information about the membrane repair after MBs + US induced sonoporation [245]. 

They studied the impact on leukemia cells and found that US insonation in presence of 
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untargeted MBs induced the upregulation of cytoprotective gene (heat shock protein) (Fig. 5). 

In consequence, if a cytoprotective behavior was observed in the first hours, many of them 

failed to maintain an ordered proliferative cycle and underwent necrosis or apoptosis. Thus, the 

addition of targeting MBs should improve the selectivity toward leukemia cells before an 

eventual emergence of new antitumoral treatment. Additionally, endocytosis enhancement was 

demonstrated by the alteration of clathrin-mediated endocytosis pathway after US microbubble 

treatment giving more argument for intracellular drug delivery [246]. 

 It can be recapitulated from these different applications that US triggered MBs 

disruption therapy is not meant to replace drug therapy. Most probably MBs must be used in 

complement to improve drug efficacy and/or drug delivery. Overall, the use of MBs for 

therapeutic application is mainly driven by the aim to reduce drug-dose related side effect and 

improve the treatment outcome (Table 4). The availability of clinically approved microbubbles 

helped better understand the effect of US with MBs and co-injection of drugs. The latest works 

now tend to study the synergy of drug loaded targeting MBs and the use of mechanical 

disruption with US. 

Figure 6: MBs and US insonation for sonothrombolysis and Blood Brain Barrier permeability. A) and B) In vivo 
sonothrombolysis using MBs and US. A) TTC staining of stroke induced cross sectioned brain. Infarct is identified by yellowish 
areas. Groups are presented as below: control with saline injection; low dose of rtPA (0.09 mg/kg); high dose of rtPA (0.9 
mg/kg); low dose of rtPA (0.09 mg/kg) + MBs + US. B) Representative images of hematoxylin and eosin-stained thrombi from 
mice carotid arteries after different treatments and US imaging. a) Platelet targeted MBs + low dose of rtPA (75 U/g); b) rtPA 
loaded platelet targeted MBs; c) Platelet targeted MBs + saline; d) Platelet targeted MBs + high dose of rtPA (500U/g). C) 
MRI images of Targeting Focused US (FUS) on rats. First row red circles represent the MRI guided FUS targets before 
insonation. Second row corresponds to images after FUS. C-F) Gadolinium contrast enhancement in T1 MRI highlighting BBB 
permeation on FUS targets. C-G) Dynamic contrast-enhanced-MRI after MBs FUS exposure depending on several US 
amplitude. TTC = Triphenyltetrazolium Chloride. Adapted with permission from A) [54]; B) [167]; C) [236]. 
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Figure 7: MBs and US insonation for sonobactericide and tumor growth control. A) and B) In vitro sonobactericide. A) 
Bright-field light microscopy images of infected clots following treatments. Groups are presented as follow: a) plasma control; 
b) control magnification; c) antibiotic + rtPA; d) antibiotic + rtPA + US + MBs. B) Dispersion of bacteria within biofilms 
with several insonation intensity and duty cycle. Comparing antibiotic treatment with or without MBs (* p < 0.05. or ** p < 
0.01). C) and D) In vivo tumor growth evaluation with US and MBs mediated radiotherapy treatment. Groups were defined as 
follow: administration of PBS (PBS control); administration of Oxygen/SF6 MBs followed by US activation (OS MBs); 
Brachytherapy (radiotherapy with 125I seeds) alone (BT alone); Brachytherapy with SF6 MBs followed by US activation (BT 
+ SF MBs); Brachytherapy with Oxygen/SF6 MBs followed by US activation (BT + OS MBs). C) Representative images of ex 
vivo tumor volumes with different treatments. D) Tumor relative volume growth curve of different groups for 12 days (n=6, *p 
= 0.001, **p = 0.001, and ***p = 0.0004). cyc = cycles; PBS = Phosphate Buffer Saline. Adapted with permission from A) 
[243]; B) [244]; C-D) [180]. 
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New scales and technology 
MBs also suffer from several limitations, including their size which limits extravasation of 

the vascular compartments, as well as a usually short circulation time (in the magnitude of a 

few minutes [247]). On the other hand, new approaches based on nanotechnologies offer 

significant advantages such as surface properties, access to the surrounding tissues and longer 

circulation time thanks to an array of new materials and expertise in various formulations of 

both organic and inorganic objects [248].  

As such, nanobubbles (NBs) were developed as an alternative to ultrasound-active 

compounds like MBs to achieve extended circulation time, extravasation to surrounding tissue 

(especially tumor tissue) and potential molecular targeting capacities[249]. New technological 

developments have also allowed the emergence of more complex acoustically active objects, 

while also illustrating some limitations and risks of the current nanoscale ultrasound-active 

approach. Lastly, US imaging in clinical application shows limitation for a more precise 

imaging leading to the development of innovative ultrafast imaging. 

 

• Nanobubbles 
Among the wide use of MBs for clinical imaging application, the existence of NBs 

themselves was debated for a long time [250], even after being evidenced as existing in 

commercially available MBs suspensions [251]. For the most part, their stability was not 

compatible with standard bubble models and as described above, the ultrasound backscatter 

significantly decreases with the micro/nanobubble size [249], nullifying NB’s participation to 

ultrasound signal. The main takeaway from the literature before 2010 was therefore that NBs, 

if existing, were present at traces level and would not contribute in any way to a relevant 

ultrasound contrast enhancement [252]. However, Oeffinger and Wheatley published their 

work in 2014 with comprehensive description of ultrasound contrast agents with diameters 

ranging from 400 to 750 nm and formulated from a previously described model of 1.5 micron 

microbubbles [252], [253]. Hereafter, the field started taking off with the emergence of multiple 

approaches, notably in the field of cancer imaging and therapy.  

Typically, NBs consist of similar components as traditional MBs while having a diameter 

in the range of 100-500 nm [254]. A gaseous core, mostly filled with PFC gas (or mixtures of 

them) is encapsulated in a shell which, as for the MBs, is often composed of self-assembling 

lipids. A broad range of phospholipids, either in single or cocktail formulation, have been used 

over the years while being coupled to various methods of synthesis [255]. Mostly two 
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approaches exist: either isolation from a bulk heterogeneous microbubble suspension [256] 

(based on centrifugation [257] or filtration [258]), or ab initio synthesis with similar techniques 

as microbubbles with careful optimization of composition and synthesis parameters, such as 

sonication, mechanical stirring or thin-layer evaporation [254], as well as recently microfluidics 

[259]. Other interesting NBs have been formulated with different shell formulations, including 

surfactants [260] or polymers (e.g., organic polymers such as PLGA nanobubbles from Yang 

et al. [261] or polysaccharide crosslinking as shown by Bhandari et al. [262]). Others have 

described various synthetic methods for NBs generation [248], [262]–[264], and since they 

mostly resemble techniques for MBs synthesis recapitulated above, we will focus in the 

following discussion on their applications. 

First, the advantage of NBs over MBs is their much smaller size, which allows for 

extravasation in leaky vasculature (Fig. 8). This has been especially investigated in cancer 

theranostics, with much attention on the Enhanced Permeation and Retention (EPR) effect, 

associated to leaky endothelium in certain tumors with fenestrations of a few hundreds of 

nanometers [254]. As such, NBs have an ideal size for specific imaging of tumors with the 

generally recognized safe and easy-to-implement ultrasound imaging. Several authors 

described the use of NBs as means of tumor imaging; among them, Zhang et al. showed in 2019 

that a carefully controlled preparation method based on differential centrifugation could yield 

acoustically active NBs with diameters of 475.2 ± 5.7 nm with significant passive targeting of 

solid tumors in vivo when compared to microbubbles [257], as well as similar ultrasound 

contrast in vitro as MBs across a range of 105 to 109 bubbles/mL. Similar works demonstrated 

this by various imaging methods [263], [265]; however, precise localization of the acoustically 

active components inside or outside the vasculature was not evident, and mostly macro-imaging 

methods or efficacy of a fluorophore or drug delivery were often used as endpoint. Therefore, 

the results from Pellow et al., were particularly interesting as they demonstrated that 

acoustically active nanobubbles effectively extravasated, and not only fragments and payloads 

which could have otherwise been detected: they managed this by careful kinetic assessments 

including destructive cavitation of extravasated NBs [266]. Furthermore, they described an 

extravasation enhancement with ultrasound stimulation of their NBs, by showing a contrast 

enhancement of 1.5x the baseline in tumors and 5x when subjected to ultrasound stimulation. 

Other groups have coupled passive and active targeting of tumors, with for instance by Kumar 

et al., 2022, who covalently conjugated anti-PD-L1 nanobodies to NBs for molecular imaging 

of PD-L1 expression in tumors, with promises related to diagnosis and prognosis of multiple 

cancer types [259]. 
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Moreover, the use of NBs is not limited to cancer imaging, as therapeutics can be delivered 

with the combined benefits of NBs. The cavitation properties of MBs and NBs can be utilized 

to improve delivery of gene therapies [265]. In comparison to MBs, NBs benefit from their 

smaller size for extravasation and tissue penetration [267] and publications from various groups 

demonstrated the potential of NBs for tissue gene therapy. For example, since 2020 Kida et al. 

described the optimization of NBs size to improve genetic material delivery [267] and 

feasibility of in vivo gene transfection in mice with a hand-held ultrasound scanner [268]. Such 

a controlled release is also relevant for drug delivery as shown by Tan et al., among others, who 

used nanobubbles loaded with an immune checkpoint inhibitor and a sonosensitizer for 

antitumoral activity in a xenograft mouse model [269]. Interestingly, growing knowledge on 

the influence of shell properties and NBs size might allow in the future a better controlled 

acoustic response of NBs, which might allow multiplexing of NBs in the future for differential 

imaging or therapy [258].  

 

• Beyond nanobubbles 
Over the years, more complex approaches have emerged to benefit from micro/nanobubbles 

related acoustic properties while ensuring a better control over the objects, including switchable 

properties, multimodal imaging or increased stability and robustness [270]. This partly stems 

from limitations of the NBs. 

Indeed, multiple studies showed that in fundamental-mode (or in B-mode) ultrasound 

imaging, nanobubbles contribute to a negligible extent to the acoustic signal [251], [252], [271], 

which is coherent with the backscatter theory in ultrasound imaging [272]. A recent study by 

Myers et al. in 2020, while limited in its scope, raised doubts about the risk of MB 

contamination in a NB preparation, where only a small proportion of 2.5 microns MB would 

be responsible for most of the US acoustic signal when mixed with 700 nm NBs [273]. Even 

though this work was limited to a single formulation, and focused on fundamental imaging at a 

classical setting, it pinpoints the extreme care that needs to be taken in formulating such NBs. 

It is however interesting to note that NBs were repeatedly shown to have strong nonlinear 

effects which can be detected [249], [250], [266]. This recapitulates another limitation of NBs: 

comparison to MBs is rather complex since imaging modalities differ. While some publications 

directly compare NBs and MBs with standard ultrasound imaging [253], [263], [274], rigorous 

comparison based on volume or molar concentrations equivalence is often lacking. 

Furthermore, imaging modalities differ especially since several publications using the 
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nonlinearity of Nanodroplets (NDs) response to ultrasound for contrast enhancement, in 

contrast to MBs. On the other hand, an interesting work by Batchelor et al. in 2020 with NBs 

nested inside liposomes revealed that in their formulations, both NBs of perfluorobutane (PFB) 

and PFB droplets were actually present, with the PFB droplets being responsible for the 

cavitation that allowed payload delivery in their liposomes [275]: this pinpointed another rich 

area of PFC-based acoustically active objects. 

Such nanodroplets (NDs) or Phase-Change Contrast Agents (PCCA) have been investigated 

extensively since 2010 [276], [277]. These emulsions of PFC gas in nanoscale droplets can 

undergo a phase-transition under stimuli to form nano/microbubbles that are acoustically active 

[278], [279]. Interestingly, this shift, which is linked to a vaporization temperature usually close 

to 37°C in the pressure conditions of such nanodroplets, can be triggered by both externally 

applied ultrasounds [264] or photoacoustically by near-infrared illumination [280]. This allows 

for both the advantages of nanoparticles/nanobubbles of easy extravasation, tissue penetration 

and targeting abilities, while benefiting from the high backscatter of microbubble in-situ 

formation for clear acoustic imaging (Fig. 8). As shown by Moyer et al. in 2015, these NDs 

when compared in vivo to MBs showed an improved HIFU (High Intensity Focused 

Ultrasound) effect, which is used for thermal ablation of tumors among others and can be 

enhanced by ultrasound contrast agents [281]. Moyer’s article demonstrated that NDs allowed 

for more localized, more efficient and overall safer use of HIFU for in-depth tissue thermal 

ablation. Notably in a rat model, they showed efficacy of NDs from 4 to 10 mm deep in the 

liver while MBs caused surface and skin burns, due to prefocal heating. Multiple groups have 

similarly investigated the use of NDs both in imaging and therapy for solid tumors [282] and 

showed benefits of using NDs to selectively image cancer biomarkers [283].  

Recently, super-resolution-based approaches have emerged in photoacoustic imaging with 

the works from the group of O. Couture starting with the publication of Errico et al., who used 

MBs to break the diffraction limit in ultrasound imaging [284]; similar work was pursued with 

both microdroplets [285] for sub-diffraction drug delivery control through ultrasound, and later 

NDs [286] in a photoacoustic setting to reach unequaled spatial resolution in tissue (less than 

10 microns spatial resolution). Such NDs therefore show promises in advancing ultrasound 

contrast agents further into the tissue and therapeutic potency [270]. 

Other innovative technologies have emerged: in-situ generation of nano/microbubbles 

without PFC gas, with for instance plasmonic nanobubble generation [287] with Hollow Gold 

Nanoshells (HGN) [288]. In these objects, HGN or simple gold nanoparticles are able under 

laser excitation to locally heat the surrounding water and create transient vapor bubbles (Fig. 
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8). Interestingly, using Nanoshell structure allowed excitation with Near Infrared (NIR) light, 

therefore enabling this technology to be used in vivo thanks to the NIR imaging window [288], 

[289]. As demonstrated by Shin et al. in 2020, a fine tuning of liposomes-loaded HGN based 

on size , from 10 to 40 nm, or wall thickness and aspect ratio, can be used in a precise delivery 

of Ca2+ and ATP by liposomal rupture, almost in a multiplex manner [290]. Other objects have 

been investigated to produce similar effects, by directly trapping gas nanobubbles on 

nanostructures. These include the polymeric nanocups designed by Kwan et al., which can carry 

air nanobubbles, and use them under cavitation to enhance delivery of an antibody into tumors 

[291]. Another innovative approach relies on local chemical generation of bubbles: one such 

research was led by Shi et al. who loaded catalase on 50 nm mesoporous silica nanoparticles to 

generate locally O2 bubbles that enhanced the HIFU effect in tumors [292] (Fig. 8): under 

sufficiently low power so that no tumor damage could be observed with a saline injection, a 

135 ± 30 mm3 ablation could be observed with this catalytic nanoreactor. A key benefit of these 

objects relies in the extensive knowledge of such nanoparticles which allows fine control over 

synthesis, stability, functionalization, and characterization [293].  

Notably, another source of nanoscale contrast agents takes a radically different approach, 

without requiring artificial synthesis of such compounds: Gas Vesicles (GVs) can be extracted 

from certain microorganisms, and under proper purification, can act as proper nanobubbles. 

Such GVs have been described for more than 100 years and can be found in various bacteria 

and archaea and play roles in buoyancy for these organisms when freely floating in water, but 

also in regulation of cytoplasm volume and surface-to-volume ratio [294]. They are composed 

exclusively of proteins self-assembling into cylinders or spindle ranging from 0.1–2 μm long 

vesicles, which are permeable to gas only. However, their use as nanotechnology had not yet 

been exploited. Pioneering work was led by Shapiro et al. who described the GVs produced in 

Anabaena flos-aquae (Ana) and Halobacterium NRC-1 (Halo), their isolation and 

characterization as nanoscale nanobubbles both in vitro and in vivo [295]. Further engineering 

improved these GVs as contrast agents, with for instance work by Wang et al. which 

functionalized GVs with PEG and Hyaluronic Acid (HA) to increase their circulation time and 

escape immune clearance [296]. Shapiro’s group also performed the exciting isolation of a 

minimal gene cluster which can be expressed in mammalian cells as reporter genes, with 

promising cell lineage tracking capabilities with the desired simplicity of ultrasound imaging 

[297]. Another proof-of-concept of the efficiency of GVs as NBs can be found in their use for 

ultrasound-mediated delivery of genetic material by bubble destruction, as described by Gao et 

al, who managed the gene editing of tumor cells both in vitro and in vivo with these GVs [298] 
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(Fig. 8). Relying on such bio-sourced nanobubbles allows for a strict monomodal size 

distribution and control over these objects, which answers to one of the major difficulties of 

nanobubble synthesis as described above.  

Thus, the rich recent research surrounding nanoscale ultrasound contrast agents with the 

leading nanobubbles illustrate the potential yielded by the junction of microbubble-based 

ultrasound properties and nanotechnology: targeted, controlled objects with access to 

extravasation in various tissues for both imaging and therapy while also relying on a broad 

range of functional technologies brought forth by the vast nanoparticle field [248], [293]. The 

currently understood advantages and limitations of these new approaches are listed in the Table 

5. 
Table 5 : Advantages and limitations of recent contrast agent innovations, based on their imaging, capabilities, circulation 
properties and tissue penetration 

 

Nanobubbles Nanodroplets 

In situ bubble generation: 

plasmonic effect or enzyme-

based 

Gas vesicles 

Advantages 

• Extravasation, tissue 

penetration 

• Stability 

• Nonlinear imaging 

• EPR effects (tumor passive 

targeting) 

 

• Extravasation, tissue 

penetration 

• Stability 

• Nonlinear imaging 

• EPR effects (tumor passive 

targeting) 

• MB switching for 

improved imaging 

• Extravasation, tissue penetration 

• Inorganic (stable, controlled 

chemistry) 

• Fine tunability of NP physico-

chemical properties 

• Spatial control, tissue-specific 

activation 

• Extravasation, tissue penetration 

• Fine size control 

• Eukaryotic gene reporting 

• Cell tracking in vivo by US 

imaging 

Limits 

• Size control can be limited 

• MB contamination can affect 

US signal 

• Modality of imaging is not 

yet standardized: 

o Classical mode settings 

(resonance frequency, 

intensity) 

o Nonlinear modes 

(multiple methods for 

exploiting nonlinearity, 

which must be compared) 

• Delicate choice of PFC: 

liquid/gas transition must 

be fitted to body 

temperature 

• Physical activation in situ 

is yet to be mastered (US, 

light-induced heating) 

• High pressure/longer 

pulses are typically 

required in US activation 

than usually administered 

• No imaging prior activation 

• Activation control, due to 

multiple possibilities, is yet to be 

standardized: 

o HGN are limited by light 

penetration and O2 availability 

o Enzyme-based NPs require 

sufficient substrate, ATP and 

tissue variability can be an 

issue 

 

• Typically, high concentration is 

required for similar imaging power 

as MBs 

• Differences in imaging with NBs 

of similar size cannot yet be 

explained 

• Nanoengineering capabilities are 

still recent and requires further 

refining 

• In vivo cell imaging through gene 

expression is yet limited to 

destructive imaging, with possible 

negative cellular effects  
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Figure 8: New scales of US sensitive objects. The rationale behind the different innovations on the nanoscale to MB 
technologies are represented here. From left to right: NBs are typically smaller than 0.5 µm to allow extravasation, while NDs 
can be converted from nanosized droplets to MBs to combine NBs and MBs properties. HGNs use plasmonic resonance to 
locally create vapor MBs, and MSNs can be loaded with enzyme responsible for in situ O2 bubble generation. Finally, gas 
vesicles can be extracted from bacteria and act as NBs. Otherwise, gas vesicles can be encoded on a genetic cassette, 
transfected in eukaryotic cells, for the live cell labelling during implantation. NB = nanobubble, MB = microbubble, ND = 
nanodroplet, HGN = hollow gold nanoparticle, MSN = mesoporous silica nanoparticle, loaded with the catalase enzyme, GV 
= gas vesicles. Created with BioRender.com 
 

• Ultrafast imaging 
On the other hand, advances in the ultrasound imaging method have also benefited from 

specific MBs use. An especially notable one is the emergence of Ultrafast Ultrasound Imaging. 

Predicted and developed since the 70s [299]–[301], it was however first used in practical 

conditions after the 2000s (following work in 1984 by Shattuck et al. with only four 

simultaneous lines) [302], [303] with the development of new processing units (GPU) that 

allowed for a software-based parallelization which is especially demanding, in the range of 

several Gigabytes/s for data transfer to the processing unit, or of 1 to 2 Gigaflops/s (operations 

performed by the processing unit) computing power [304]. As explained above, the 

conventional imaging with an ultrasound probe is based on serialized lines reconstruction by 

focused beams, and therefore the frame rate is limited by the time to emit, receive, and process 

the beam on one hand, multiplied by the number of lines necessary for the image [305]; meaning 

that the building time of an image is directly correlated to the size of the zone being observed 

with for example at a given depth, an image needing twice more lines will take twice more time 

to acquire, which either limits the frame rate or the width of the images [304], [305]. This can 

be improved by built-in multiline computation probes, but the serialized design remains the 

main limitation to the frame rate, typically in the range of 30-100 Hz [304]. On the other hand, 

in ultrafast imaging the whole process is parallelized, as typically only one (or few) emission is 

used to simultaneously image the whole region of interest by relying on plane or divergent 

ultrasound waves [306], [307]. All the lines are acquired at once and thus the image frame rate 
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is only limited by the wave time-of-flight, as long as the processing power necessary for data 

treatment is sufficient. In such ultrafast architectures the image frame rate can reach tens of 

thousands of Hz [304]. This high frame rate can be put to use for multiple benefits, such as 3D 

imaging, high temporal resolution or two major innovations enabled by this technique: Shear 

Wave Elastography, where quantitative viscoelastic measurements of tissue can be acquired in 

real time without invasive procedures [308] (Fig. 9), or Ultrafast Doppler imaging with 

simultaneous qualitative and quantitative measurements at high speeds [309]. Notably, 

functional Ultrasound Imaging (fUSI) was developed, which relies on ultrasound plane waves 

to attain ultrafast ultrasound Doppler for cerebral blood volume measurement: this approach 

allows a high spatiotemporal resolution (200 μm, 1 ms) and has already been shown to be 

beneficial in measuring brain activity [310], and study neurovascular coupling. However, these 

improvements alone cannot increase the spatial resolution of US imaging beyond the diffraction 

limit. 

Furthermore, when coupled with ultrasound contrast agents such as MBs, ultrafast 

ultrasound imaging has found an extremely powerful application. Not only can, the benefits of 

imaging MBs at ultrafast scale, improve the real-time imaging of vasculature or tissue, but it 

has also been used in a super resolution approach to break the diffraction limit and improve the 

resolution of ultrasound imaging down to a few microns, in an approach called Ultrasound 

Localization Microscopy (ULM) ) [311], [312]. The rationale, inspired by optical super-

resolution techniques such as Photo-Activated Localization Microscopy (PALM) and 

Stochastic Optical Reconstruction Microscopy (STORM), relies in imaging separable punctual 

sources (here, echoes from a single MB) and deconvoluting the Point Spread Function (PSF) to 

localize the source beyond the diffraction limit. The repetition of this process over thousands 

of sources allows the reconstruction of a resolution-enhanced image. In the context of 

ultrasound imaging, the high frame rate (over thousands of Hz) of ultrafast ultrasound imaging 

allows this method to be applied in ultrasound imaging of MBs or similar contrast agents [284]. 

Since the signal of MBs decorrelates much quicker than the surrounding tissue both spatially 

and temporally, they can be separated from the background and isolated individually [312] with 

either linear or nonlinear US imaging. This was demonstrated in 2015 by Christensen-Jeffries 

et al. [313] and by Errico et al. [284]. The latter described in vivo ULM and showed that the 

spatial resolution was improved more than ten times compared to conventional ultrasound 

imaging, allowing the distinction of 20 microns wide blood vessels, 20 microns apart and up to 

8 mm deep in the brain of rats. This is illustrated with comparison of ULM to classic Doppler 

vasculature imaging in the Figure 7. Moreover, since this approach relies on individual MB 
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spotting, their tracking can be used to measure blood flow velocity inside the imaged vessels, 

with notable benefits when compared to conventional Doppler. The resolution is significantly 

enhanced (from hundreds of µm to around 15 µm), and Doppler velocity mapping is limited to 

the component orthogonal to the imaging direction [284]. In the recent years, several published 

works have demonstrated the potential of ULM technique, with among others, Hingot et al. 

(2021), who presented a normalized method to evaluate spatial resolution in ULM [314], 

Chavignon et al. (2022), who investigated the perfusion differences in ischemic or hemorrhagic 

strokes in rat models [315], or Andersen et al. (2022), who verified that ULM could correctly 

assess physiological velocity changes in the vasculature by chemically altering blood velocity 

in rat kidneys [316]. Most recently, new promising diagnostic applications were described with 

for instance ULM use in Alzheimer mouse models [317]. This array of publications illustrated 

the normalization of its use and helped the recognition of this powerful tool for non-invasive 

quantitative exploration of tissues. Interestingly, among multiple approaches to robustly 

implement this method, Chen et al. (2022) reported a Deep Learning-based method for MB 

localization, with apparent imaging benefits when compared to conventional localization [318], 

while Heiles et al. openly made available methods and metrics for benchmarking ULM 

algorithms in 2022 [319]. Notably, several groups have focused on bridging the gap to the 

clinical world, with for instance Yan et al., who translated this method to rhesus monkeys and 

thus opened the way to clinical trials [320], and Demené et al., who first used ULM in human 

brain without the need for transcranial aperture and with significant improvement in spatial 

resolution with at least one order of magnitude enhancement at up to 120 mm depth when 

compared to a typical clinical contrast CT imaging [321], or Huang et al. who recently 

published a feasibility study in various human organs [322]. The diagnostic potential was also 

investigated in tumor bearing mice, then in human patients, by the group of Opacic in 2018 and 

opened new tumor assessment [323]. 

As mentioned earlier, this new imaging method can also be coupled to newly developed 

ultrasound contrast agents in order to further improve resolution and enhance the therapeutic 

efficacy. Indeed, several groups attempted to break through the diffraction limit with the use of 

optical super-resolution inspired techniques. For instance, Zhang et al., described Cyanine 7.5-

coated NDs for photoacoustic imaging, and similarly to PALM, STORM or ULM, single 

objects are localized and PSF-deconvoluted; but here, the laser illumination is tuned so that 

only a small fraction of NDs are converted to MBs which can be imaged by ultrasound, and 

therefore the tuning of the laser allowed for a fine control of detectable events [286]. Even 

though tissue penetration can be reduced with NIR light compared to ultrasound imaging (tens 
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of mm versus tens of centimeters [263,264]), the precise activation of these contrast agents and 

focal precision of NIR laser can prove useful in certain applications.  

Thus, ultrafast ultrasound imaging has opened new opportunities in ultrasound imaging by 

reaching unprecedented imaging frame rates, which have among others been exploited with 

MBs to reach super-resolution imaging capabilities in ultrasound imaging. It can therefore be 

expected that innovations in the contrast enhancement agents might be repercussed in 

combination with ultrafast ultrasound imaging to reach new potential. For instance, further 

spatial resolution enhancement in super-resolution ultrasound imaging might benefit from the 

use of NBs or NDs [236,265]. Functional imaging allowed by targeted MBs or even NBs to 

extravasate deeper in tissues might open new insights with improved either temporal or spatial 

resolution through ultrafast or ULM ultrasound imaging, with encouraging results from already 

existing (though at a less fine spatial resolution) fUSI in terms of clinical applications. Overall, 

innovations in the contrast agents’ field (MBs, NBs, NDs, echogenic NPs, etc…) can converge 

with advanced imaging methods (Doppler, 3D, ultrafast, ULM, etc…) to improve our 

exploration of physiology, diagnostics, and therapeutics. 

 
Figure 9: Two major applications of Ultrafast Ultrasound imaging: A) Illustration of how different analysis method for MB 
localization can affect the spatial resolution of ULM. Two deep learning algorithms (DL-ENV and DL-RF) are compared to a 
conventional localization technique, with (a) and (b), simulated vessels separated by 3.0 µm or 4.9 µm. Transverse 
reconstruction with the different methods are respectively shown in (c) and (d). B) Comparison of an Ultrasound Localized 
Microscopy (ULM) images (a) reconstructed through microbubbles localization (pixel size of 10x8 µm), with the same area 
imaged in conventional power Doppler in (b). Based on the (a) image, a linear intensity projection along the displayed line 
(from 1 to 3) shows a spatial resolution below 16 µm. Adapted from A)[318]; B) [284] 
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This work aimed to better understand the MBs strategies for human treatment and diagnosis. 

New approaches were described to overcome the unmet medical need for a non-invasive and 

targeted efficient treatment but also diagnosis tools. Indeed, therapeutic treatments relying on 

systemic drug injections are still bringing toxicity, collateral damages and uncontrolled 

pharmacokinetics, such as half-life in circulation or tissue penetration. The use of MBs in 

clinical application is currently reserved for US imaging thanks to their echogenic properties. 

Through this review we pointed out the importance of understanding MBs intrinsic 

characteristics (composition, behavior, stability) to better apprehend their translation to in vivo 

diagnosis and treatment. Secondly, the review focused on the use of commercial MBs for US 

imaging and the recent prolific development of targeted MBs for molecular imaging that brings 

a new dimension for early and precise diagnosis. We confronted the applications for cancer, 

cardiovascular diseases or inflammation to better understand MBs behavior. Depending on their 

application, MBs can be insonated with US at varying settings to take advantage of different 

oscillation response. It showed that the frontier between stable cavitation and inertial cavitation 

in vivo is still delicate to establish. According to most pre-clinical studies, it can be concluded 

that low mechanical index insonation of microbubbles would help mechanically destabilize the 

surrounding environment. This includes enhancement of drug delivery, biofilms impairment 

and BBB opening thanks to microstreaming. In addition, the rise of mechanical index would 

induce irreversible MBs destruction which can further cause fibrin clot disassembling, cells 

membrane sonoporation and sometimes vascular leakage with erythrocytes extravasation. 

Overall, the complete drug-loaded targeting US responsive tools are not yet ready for clinical 

translation, but the use of clinical MBs co-injected with therapeutic agent and enhanced with 

US signal showed promising results for the drug doses reduction. In addition, the exact 

boundaries to avoid damaging features are not established yet except for the FDA fixed 1.9 MI 

and are highly dependent on MBs intrinsic properties. It has to be understood that MBs 

mechanical response to US insonation have not been determined completely and a collective 

effort has to be made to better describe the US transducer parameters (frequency, amplitude, 

duty cycle) and the set-up characteristics (insonation duration, distance to object, etc.). Due to 

the broad interest in the MBs potential, there has been multiple advancements and innovations 

both in designing the right MBs for the right applications, and in adapting the MB rationale to 

new US contrast agents in order to overcome their limitations. This was described in the last 

part, including among others the use of nanoscale bubbles and droplets, as well as in situ 

generation of echogenic signals with nanoparticle approaches and new MBs' combined use with 

recent technologies to breach the physical limits of the US imaging. 
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In perspective work, it appeared that the emergence of combined technologies could add 

another dimension to MBs' behavior, including for example photodynamic therapy [326], [327], 

photoacoustic imaging [280], [328] or magnetic MBs [329]. Also, the development of US 

responsive piezoelectric nanomaterial are an interesting new strategy to open the MBs world to 

cell therapy [330]. As these new therapeutic approaches require the injection of foreign body 

material, the priority now stands on safety. Clinical trials are widely enrolling patients to 

established the best parameters for US combination with MBs. These strategies are obviously 

not meant to replace drug treatments yet but they have the potential to improve their outcome. 

Since MBs, their applications, and consequent innovations are thriving in multiple fields 

(oncology, cardiovascular diseases, inflammation), the convergence of expertise and 

standardization of certain practices are paramount to ensure a quick development and future 

translation to the clinic. 
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Part 1: Microbubbles synthesis optimization 

As presented in the introduction part, MBs are widely studied for therapeutic application 

[331]. With the commercialization of MBs as contrast enhancers for US imaging (Sonazoid®, 

Optison®, Sonovue® or Definity®), therapeutic strategies involving the effect of oscillating MBs 

were easily explored. The functionalization of MBs is mainly addressed on their targeting and 

drug loading property, to obtain pathology specific agents. However, as commercial MBs, the 

most prevalent type of MBs is phospholipid shells MBs. While it demonstrated many 

advantages in terms of biocompatibility, bioresorbability and mechanical properties, it also 

brings some drawbacks [50]. Lipid shell MBs are often stabilized with polyethylene glycols 

(PEG) which were recently controverted for their immunogenic tendency [81]. In addition, the 

synthesis process of lipid shelled MBs is derived from a dry film rehydration process due to the 

non-miscibility of lipids into aqueous solutions. To overcome this problematic, the lipid mix is 

dissolved into chloroform and left for evaporation for several hours. Not only does this method 

uses toxic chemicals but it is also time consuming for the dried lipid film generation. Another 

drawback of lipid shelled MBs is their functionalization capacity. Indeed, the monolayer 

arrangement of lipids give small space for shell modification besides from avidin streptavidin. 

If some “ready to load” MBs are already available (MicroMarker®, BR55®), it either requires 

the modification of the functionalizing agent (e.g., biotinylating) or has a limited range of 

tunability. In this section, we present the shell components and the synthesis parameters that 

gave rise to the obtention of polymer MBs via acoustic cavitation. 

 

Cyanoacrylate polymerization 
 The study of MBs versatility led us to consider polymer shell MBs. Widely used in 

industry, cyanoacrylates application has now also extended in medical application as surgical 

glues or vessel obstructing material to prevent from hemorrhagic complication [75]. In contact 

with moist surface, cyanoacrylate monomer almost instantly polymerized from where they get 

fast adhesion properties [332] (drying range in few minutes). The standard polymerization of 

cyanoacrylate relies on anionic polymerization of monomer in contact with water, that can be 

regulated with lowering the pH [333], [334]. The anionic polymerization relies on the activation 

of the methyl group of cyanoacrylate monomers by hydroxide anions, contained in the aqueous 

solution. Once activated, the monomer polymerization escalates quickly. The copolymerization 

with polysaccharides has also been described thoroughly by Bertholon et al. (Fig. 10) 
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highlighting the “brush-like” assembly of the obtained copolymer [333]. In those conditions, 

the monomers polymerization can also be initiated by any hydroxyl group from the 

polysaccharides (here dextran), leading to multiple elongation of cyanoacrylate on a single 

polysaccharide chain. 

 

 
Figure 10: Anionic copolymerization of cyanoacrylate and polysaccharides. Top: cyanoacrylate activation at pH 2.5 with 
hydroxyl groups contained in water. Bottom: cyanoacrylate activation from hydroxyl groups contained in Dextran. In the first 
case, it results in an homopolymer of cyanoacrylates; in the second case, it results in a copolymer of cyanoacrylates and 
polysaccharide. Adapted from [333] 

 
It has been described that the side chain length of cyanoacrylate monomers (R in Fig.10), 

confers different properties to the polymer. The increase of the side chain length decreases the 

adhesive properties of the glue but increases its elastic property [335]. Also, the hydrolysis 

degradation products of the side chains are known to be less toxic with an increased carbon 

chain molecular weight [336]. In consequence, the first FDA approved cyanoacrylates as 

surgical glues were mainly composed of octyl side chains (Dermabond®, INDERMIL® 

FlexifuzeTM), but we also observed the emergence of smaller side chain cyanoacrylate as tissue 

adhesive with LIQUIBAND® (10% octyl- and 90 % butyl-cyanoacrylates) [337]. The group 

expertise in Iso-Butyl Cyanoacrylates (IBCA), and the previous work on their polymerization 

for nanomedicine application [56], [338], allowed the availability of the monomer for the 

obtention of Poly-Isobutyl-Cyanoacrylate (PIBCA) MBs. 
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The targeting polysaccharide: Fucoidan 
In our project, we replaced the dextran (Fig. 10), used for PIBCA copolymerization with 

fucoidan, a sulfated polysaccharide derived from brown algae. Fucoidans have a fucose 

backbone and sulfated substitutions to some hydroxyl groups, making it fully biocompatible 

and now produced with GMP-grade for molecular diagnosis [44]. Additionally, fucoidans have 

been found to have a wide range of medical application including promoting hemostasis, 

reducing inflammation and fighting tumors [339]. The application we are interested in uses 

fucoidan similarities for P-selectin glycoprotein ligand-1 (PSGL-1) [340]. This glycoprotein is 

expressed on the surface of white blood cells and plays a role in inflammation by binding to the 

biomarkers of activated platelets and activated endothelial cells, P-selectins. PSGL-1 

recognition domain for P-selectins is based on a trifucosylated and sialic acid domain. Thus, 

fucoidan has strong similarities for P-selectins natural ligand, to the point where fucoidan 

exhibited a nanomolar affinity for this thrombosis biomarker, compared to other sulfated 

polysaccharide such as heparin and dextran sulfate [341]. Our laboratory have been studying 

fucoidan anticoagulant properties since two decades [342], [343] and now focus on fucoidan 

targeting properties for thrombotic diseases with various project like NPs [338], [344], 

microcapsules [345], MBs [56] and radiotracers with technetium-99m radiolabeled fucoidan 

with for thrombosis molecular imaging in phase I and IIa clinical trials [45]. 

 

Polymer MBs hydrodynamic cavitation 
The regular hydrodynamic cavitation method for polymer MBs synthesis was first 

described in 2008 by Palmowski et al. [346]. Briefly, it consists in the anionic polymerization 

by the addition of cyanoacrylate monomer onto pH 2.5 aqueous solution with surfactant (Triton 

X-100). In the meantime, the solution is “vigorously agitated” with a hydrodynamic 

homogenization for one hour. The obtained foam is then rinsed with the storage solution of 

0.02% Triton X-100 suspension and filtered. High-speed agitation induces shear stress and 

sudden pressure changes which, with the presence of surfactant, induced the formation of 

bubbles. The addition of the hydrophobic monomer of cyanoacrylate into the aqueous solution 

initiates polymerization at the water-air interface, to which the cyanoacrylate is drawn. It results 

in polymerization at this interface, entrapping the previously formed gas bubbles.  

This protocol has been the gold standard for cyanoacrylate MBs synthesis ever since its 

invention. Recently, our team published the functionalization of PIBCA MBs, with the 

incorporation of fucoidan into the aqueous solution [56]. Triton X-100 has been replaced by 
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Tween 20 to avoid any related cytotoxicity and the speed of homogenization has been set to 

20,000 rpm. This protocol was defined as reproducible, non-toxic with a high yield for the 

production of targeted MBs. Nevertheless, we aimed to develop an original synthesis, so we 

considered the idea of introducing a new type of cavitation energy that would allow for more 

adjustments and customization. Therefore, the acoustic cavitation approach seemed like an 

interesting alternative as it is equally accessible and more parameter can be explored (duration, 

continuity of the signal or amplitude of the signal). In addition, the recent inclusion of 

perfluorocarbon in medical research demonstrated interesting advantages for the MBs stability 

because of it inert property and low diffusion in biological medium [67], [191]. 

 

Acoustic cavitation 
 Acoustic cavitation is defined as the formation of gas bubbles induced with an 

ultrasound signal. Briefly, the Sonifier converts domestic power into high-frequency electrical 

energy (20 kHz). This energy is transmitted to the horn converter which will vibrate in a 

longitudinal direction which is transmitted to the tip of the horn. Thus, when immerged in 

solution, the mechanical vibrations will induce bubbles formation. Our strategy was to define 

the parameters allowing the formation of polymer MBs with the replacement of high-speed 

stirring by US insonation. We can find in the literature the use of sonicating horn for MBs 

synthesis but it is primarily used for protein MBs or as a secondary step for lipid MBs. Polymer 

MBs synthesis is highly dependent of a lot of physicochemical parameters including, the 

volume of the aqueous phase the concentration of surfactant, the quantity of organic phase or 

the pH but also depends on the overall delivered energy of cavitation. Table 6 displays the 

parameters that we kept from previous optimization of the hydrodynamic protocol so we could 

define the critical parameters for acoustic cavitation. 
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Table 6: Fixed parameters inspired by established hydrodynamic cavitation synthesis for polymer MBs 

 
Fixed parameters from hydrodynamic cavitation 

Aqueous phase 50 mL H2O + polysaccharides 

Surfactant  Tween 20 1% (w/w)  

Organic phase IBCA 700 µL 

pH 2.5 

Rinsing/ Storage 0.02% Tween 20 

Centrifugation 20 min, 500 rpm, 3X 

Filtration 5 µm sieve mesh 

 

o Continuity, amplitude and duration of the signal 

As it has not been documented in the literature yet, developing the acoustic cavitation 

protocol has been tedious. We knew that the shear force generated by the US was exothermic 

and more powerful than the circular motion generated by a helix. Also, most of the US based 

MBs synthesis protocol presented in the introduction are in the minute range and non-

continuous. Thus, the first tests focused on the use of the US in a discontinuous manner in order 

to limit this temperature rise. To evaluate the success of a protocol, we observed the produced 

foam and the resistance to washing centrifugation steps. If no MB cake was observed on top of 

the storage solution after centrifugation, the batch was considered as not productive.  

On/Off settings available on the Branson Sonifier were set as follows: 1s/1s; 2s/1s or 

5s/2s. None of those settings allowed a satisfying synthesis of stable MBs, so we quickly 

switched to continuous insonation mode and placed the aqueous suspension on ice to reduce 

the temperature elevation. The next step focused on defining the right amplitude over duration 

balance. Even though cyanoacrylate polymerization is slowed down by the acidic pH (2.5) of 

the aqueous solution, our goal was to reduce the time of synthesis to get a significant advantage 

over hydrodynamic cavitation. 

Little knowledge about cyanoacrylate polymerization in contact with the energy 

delivered by the ultrasonic horn implied multiple trials and failures to finally obtain stable MBs. 

In order to get closer to the energy provided by hydrodynamic cavitation, we estimated the 

Energy Density (ED) with the following equation: 

𝐸𝐷 = 	
𝑃	(𝑊)	∗ 	𝑡	(𝑠)

𝑆	(𝑐𝑚.)  
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ED is defined as the ratio of the involved power P in Watts with the time t in seconds, over the 

area S in cm2. The surface of US radiation was defined previously to remain the same as the 

hydrodynamic protocol so the tunable parameters were mostly the amplitude of the signal and 

the insonation time. The amplitude of the signal corresponds to the amplitude of displacement 

of the tip of the US horn and it varies depending of the viscosity of the solution and the radiation 

surface. In consequence, the emitted power (in Watt) is not the most relevant parameter here to 

discuss, considering the fact that it is setup dependent. 

After multiple trials, increasing of synthesis duration with constant amplitudes, the final 

protocol was defined with the following parameters: 30 % amplitude and 20 min of constant 

US insonation. As presented in Fig. 11A, the total yield of MBs production was maintained 

compared to hydrodynamic cavitation with a reduction of the synthesis time by 3.  

 

o Incorporated gas 
The choice for the incorporated gas was initially driven by the acoustic properties of 

perfluorocarbons presented in the Introduction Chapter but also for their capacity of induced 

phase shift for NBs production [277]. While we remained with objective of producing MBs, we 

quickly realized that the continuous bubbling of PFB played an extensive role in the batch 

production and batch stability. As we can observe in Fig. 11B, the number of MBs synthetized 

with the perfluorocarbon (C4F10) was almost a hundred times more important compared to 

dinitrogen (N2) or sulfur hexafluoride (SF6). 

 

 
Figure 11: Batch yield production depending on the energy of cavitation and the incorporated gas. The MBs quantities are 
obtained with the extrapolation of image analysis count. 
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The main reason that could explain this significant difference, resides in the inert 

thermodynamic property of perfluorocarbons. There are described as very hydrophobic and 

their interfacial tension with water is reduced to 60 mN/m compared to air/water surface tension 

at 72.8 mN/m [347]. This stands for the fact that perfluorocarbons are less likely to get dissolved 

in water and thus are the perfect interface for highly hydrophobic cyanoacrylates. 

 

o Temperature of the synthesis 
Lastly, the temperature of synthesis was studied to evaluate its influence on the MBs 

physicochemical properties. US insonation into aqueous solution intrinsically generates an 

elevation of the temperature as we can observe with US bath or US cell lysis process. In 

consequence, the aqueous solution was placed in ice from the beginning. What we did not 

expect was that this initial temperature could have an impact on the targeting properties. We 

compared two synthesis protocol where the initial solution was at 5°C (placed in the freezer for 

15 min before synthesis) and a protocol where the initial solution was at room temperature 

(RT). First, we observed that the temperature of the synthesis had a non-significant influence 

on the batch production (Fig. 12A) but the targeting properties were impacted. The in vitro 

targeting assay presented in the next Chapter demonstrated that an initial cooling of the aqueous 

solution improved the targeting capacity of the Fuco MBs (Fig. 12B). Indeed, MBs synthetized 

with initial RT aqueous solution (Hot Fuco MBs) had a targeting ratio on platelet aggregate of 

38.2 ± 15.4 % of their surface while MBs with an initial cold aqueous solution (Cold Fuco 

MBs) had a targeting ratio of 47.2 ± 17.2 % (P value = 0.0032). The underlying phenomenon 

explaining this shift has not been widely understood yet. Nevertheless, we believe that the 

reduced temperature may slow down the polymerization process and may be at the origin of a 

different arrangement of the fucoidan, presenting more domains for the targeting of activated 

platelets.  
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Figure 12: Influence of the temperature on the production of polymer MBs with acoustic cavitation. Cold Fuco MBs refers 
to5°C initial aqueous solution and Hot Fuco MBs refers to RT initial solution. 

 

 The main changes comparing the gold standard hydrodynamic cavitation and our 

original acoustic cavitation synthesis are presented in the following table (Table 7). In 

summary, the source of energy was replaced by US insonation, the duration of the synthesis 

was reduced by 3, the gas was replaced by a perfluorocarbon with better acoustic properties and 

the temperature was reduced for a better targeting efficiency. The originality of this method 

was pointed out by the editing of a Patent, supported with the help of INSERM Transfert, 

presented in the next section. 

 
Table 7: Parameters differences between standard hydrodynamic cavitation and original acoustic cavitation. rpm: rotation 
per minute, PFB: Perfluorobutane 

 Acoustic cavitation Hydrodynamic cavitation 

Device Sonifier BRANSON SFX550 Homogenizer Ultra-Turrax IKA 

Cavitation duration 20 min 60 min 

Intensity 30% 20,000 rpm 

Gaz incorporation PFB: 10 min of saturation before and 
injection during all acoustic cavitation Air 

Temperature In ice + cooling of the solution at -20°C 
for 15min RT 
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Patent definition 
This section provides an overview of the 37 claims of the patent filed in February 2022 

(PCT/FR2022/050309): “Method for manufacturing bubbles having a polymeric shell 

using sound waves for generating the bubbles”.  

Inventors: Louise FOURNIER and Cédric CHAUVIERRE 

Assignee: INSERM Tranfert (Annex 3) 

 

With the help of INSERM Transfert and the Patent office Plasseraud, we defined the following 

claims to protect the originality of our protocol. 

 

1. Method for manufacturing bubbles having a polymeric shell comprising the following steps: 

a) providing a first volume of an aqueous solution comprising a gas dissolved therein, 

a surfactant dissolved therein, and having a pH below 6, preferably comprised 

between 1.5 and 5, more preferably comprised between 2 and 4; 

b) in the aqueous solution, generating bubbles comprising the gas by applying sound 

waves to the aqueous solution; 

c) while generating the bubbles, adding a second volume of a cyanoacrylate monomer 

to the aqueous solution, thereby forming a suspension of the bubbles having a 

polymeric shell in the aqueous solution, wherein said polymeric shell is formed by 

polymerization of the cyanoacrylate monomer at the interface between the aqueous 

solution and the bubbles; 

d) recovering the bubbles having a polymeric shell; 

characterized in that the sound waves in step b) are applied during a period of at least 6 

minutes, preferably between 8 and 30 minutes, more preferably between 15 and 30 minutes 

after the beginning of the addition of the cyanoacrylate monomer. 

2. The method according to claim 1, wherein the gas dissolved in the solution has a molar mass 

of at least 100 g/mol, preferably of at least 200 g/mol. 

3. The method according to claim 1 or 2, wherein the gas dissolved in the solution has a density 

at 20°C and 1013 mbar of at least 7 kg/m3, preferably at least 9 kg/m3. 

4. The method according to any one of claims 1 to 3, wherein the gas dissolved in the solution 

is selected from the group consisting of alkanes, fluoroalkanes, and mixtures thereof, 

preferably wherein the gas dissolved in the solution is a perfluoroalkane or a mixture of 

perfluoroalkanes, preferably wherein the gas dissolved in the solution is perfluorobutane. 
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5. The method according to any one of claims 1 to 4, wherein the amount of the gas dissolved 

in the aqueous solution is maintained over 0.5 mg/L throughout steps b) and c), preferably 

wherein the aqueous solution is saturated with said gas throughout steps b) and c). 

6. The method according to any one of claims 1 to 5, wherein the gas dissolved in the aqueous 

solution is bubbled through the aqueous solution during steps b) and c), preferably wherein 

the gas dissolved in the aqueous solution is bubbled through the aqueous solution throughout 

steps b) and c). 

7. The method according to any one of claims 1 to 6, wherein the surfactant is a nonionic 

surfactant, for example a polysorbate, a poloxamer, an octylphenol, a nonylphenol, an 

ethoxylated fatty alcohol, a macrogol-glycerol ester, or a mixture thereof. 

8. The method according to any one of claims 1 to 7, wherein the surfactant has a hydrophilic-

lipophilic balance comprised between 8 and 18, preferably comprised between 10 and 18, 

more preferably comprised between 12 and 18. 

9. The method according to any one of claims 1 to 8, wherein the amount of surfactant in the 

first volume of the aqueous solution of step a) is of at least 10 times the critical micelle 

concentration (CMC) of said surfactant, preferably of at least 50 times the CMC of said 

surfactant. 

10. The method according to any one of claims 1 to 9, wherein a source of the sound waves 

is plunged in the aqueous solution 

11. The method according to any one of claims 1 to 10, wherein the sound waves are not 

applied in pulsed mode, preferably wherein the time interval between two periods of 

application of the sound waves is lower than 10 seconds, more preferably the sound waves 

are applied continuously in one time. 

12. The method according to any one of claims 1 to 11, wherein the source of the sound 

waves vibrates at an amplitude comprised between 50 µm and 500 µm, preferably between 

100 µm and 500 µm, more preferably between 200 µm and 400 µm. 

13. The method according to any one of claims 1 to 12, wherein the frequency of the sound 

waves is comprised between 10 kHz and 100 kHz, preferably between 15 kHz and 50 kHz. 

14. The method according to any one of claims 10 to 13, wherein an emitting surface of the 

source of the sound waves plunged in the aqueous solution is of at least 1 mm2 per 10 mL of 

the aqueous solution. 
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15. The method according to any one of claims 1 to 14, wherein the second volume of the 

cyanoacrylate monomer corresponds to at least 0.01 vol.%, preferably between 0.5 vol.% 

and 5 vol.%, of the first volume of the aqueous solution. 

16. The method according to any one of claims 1 to 15, wherein the cyanoacrylate monomer 

is an alkyl cyanoacrylate monomer, preferably wherein said alkyl group comprises from 2 

or 8 carbon atoms, more preferably wherein said alkyl group is a n-butyl or isobutyl group. 

17. The method according to any one of claims 1 to 16, wherein the first volume of aqueous 

solution of step a) further comprises a saccharide or a derivative thereof, for example an 

oligosaccharide, a polysaccharide, or a derivative thereof, so as to produce the bubbles 

having a polymeric shell wherein the saccharide or derivative thereof is copolymerized with 

the cyanoacrylate monomer, preferably said saccharide or derivative thereof is present in the 

first volume of aqueous solution of step a) in an amount of 0.1 to 4% by weight relative to 

the weight of the first volume of aqueous solution. 

18. The method according to claim 17, wherein the saccharide or derivative thereof is 

selected from the group consisting of fucoidans, dextrans, mannans, derivatives of fucoidans, 

derivatives of dextrans, derivatives of mannans, and mixtures thereof. 

19. The method according to any one of claims 1 to 18, wherein the first volume of aqueous 

solution of step a) and/or the second volume of the cyanoacrylate monomer added in step c) 

further comprise a fluorescent probe so as to yield polymer-coated bubbles comprising the 

fluorescent probe, preferably said fluorescent probe is present in an amount of 0.1 to 40 ppm 

by weight relative to the weight of the first volume of aqueous solution. 

20. The method according to any one of claims 1 to 19, wherein a fluorescent probe is 

incorporated in the bubbles having a polymeric shell, after steps b) and c) or at any later 

stage in the method, by adding said fluorescent probe to a suspension of the bubbles having 

a polymeric shell. 

21. The method according to any one of claims 1 to 20, wherein steps b) and c) are 

performed while maintaining the temperature of the aqueous solution below 60°C, 

preferably below 35°C. 

22. The method according to claim 21, wherein the first volume of aqueous solution just 

before step b) preferably has a temperature below 10°C. 

23. The method according to any one of claims 1 to 22, wherein the first volume of the 

aqueous solution is obtained by the following steps: 
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a1. acidifying a volume a0 of an aqueous solution with a strong inorganic acid, such as 

HCl, H2SO4, or HNO3, to obtain the first volume of the aqueous solution having a pH 

below 5; 

a2. dissolving the gas in the first volume of the aqueous solution to obtain the first 

volume of the aqueous solution comprising the gas dissolved therein and having a pH 

below 5; 

a3. optionally, cooling the first volume of the aqueous solution comprising the gas 

dissolved therein and having a pH below 5, so as to reach a temperature below 10°C; 

a4. while preventing of the aqueous solution from becoming depleted in the hydrophobic 

gas, preferably by bubbling the hydrophobic gas through the aqueous solution, and, 

optionally, while maintaining the aqueous solution at a temperature below 10°C, adding 

the surfactant to obtain the first volume of the aqueous solution comprising the gas 

dissolved therein, the surfactant dissolved therein, and having a pH below 5; 

24. The method according to claim 23, wherein the saccharide is comprised in the aqueous 

solution before step a3, preferably wherein the saccharide is added to the aqueous solution 

before step a2, either before or after the acidification of step a1. 

25. The method according to any one of claims 1 to 24, wherein step b) starts less than 30 s 

after the surfactant has been added. 

26. The method according to any one of claims 1 to 25, wherein step d) comprises a step 

d1) of centrifugating the aqueous solution obtained after steps b) and c) and separating the 

floating bubbles having a polymeric shell from the rest of the aqueous solution obtained after 

steps b) and c), preferably said centrifugation is performed at a relative centrifugal force 

(RCF) comprised between 0.01 and 1, more preferably between 0.05 and 0.2. 

27. The method according to claim 26, wherein step d) comprises, after step d1), a step d2) 

of washing the separated bubbles having a polymeric shell on a sieve to obtain a suspension 

of the bubbles having a polymeric shell with a size smaller than the sieve opening, preferably 

the sieve opening is lower than 10 µm, more preferably lower than 5 µm. 

28. The method according to claim 27, wherein the washing of step d2) is performed using 

a washing solution comprising water and less than 0.1%, preferably less than 0.05% by mass 

of a surfactant. 

29. The method according to any one of claims 26 to 28, wherein step d) comprises, after 

step d1) and, where applicable, before step d2), a step d1bis) of resuspending the separated 

bubbles having a polymeric shell in the washing solution and reseparating the bubbles having 

a polymeric shell through centrifugation, preferably the centrifugation of step d1bis) is 
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performed at a relative centrifugal force (RCF) comprised between 0.01 and 1, even more 

preferably between 0.05 and 0.2. 

30. The method according to claim 29, wherein step d1bis) is performed at least two times. 

31. The method according to any one of claims 26 to 30, wherein step d) comprises, after 

the last one of steps d1), d1bis) and d2), where applicable, a step d3) of suspending the 

bubbles having a polymeric shell in a storage solution, preferably the storage solution is 

identical to the washing solution. 

32. The method according to any one of claims 26 to 31, wherein step d) comprises, after 

the last one of steps d1), d1bis), d2) and d3), where applicable, a step d4) of storing the 

suspension of the bubbles having a polymeric shell at a temperature of less than 10°C. 

33. The method according to any one of claims 1 to 32, wherein the obtained bubbles having 

a polymeric shell have a smallest dimension of less than 10 µm, preferably less than 7 µm, 

even more preferably less than 5µm. 

34. The method according to any one of claims 1 to 33, wherein the obtained bubbles having 

a polymeric shell have a median diameter by volume below 4 µm, preferably comprised 

between 1 and 4 µm, as measured by laser light scattering using the Mie model assuming 

that the solvent is water with a refraction index of 1.330 and that the bubbles are spherical 

polystyrene latex particles with a refraction index of 1.590 and an extinction coefficient of 

0.010. 

35. Bubbles obtainable by the process according to any one of claims 1 to 34. 

36. Bubbles according to claim 35, said bubbles being spherical. 

37. Bubbles according to claim 35 or 36 for use in a method of treatment and/or diagnosis. 

38. Bubbles according to claim 37 for use as a contrast agent in a method of diagnosis. 

39. Bubbles according to claim 37 for use in sonothrombolysis. 

 
Overall, this protocol optimization distinguished from the literature over the following 

points: we validated the original synthesis of co-polymer MBs with acoustic cavitation without 

compromising their intrinsic properties. We also demonstrated that US insonation is not only a 

side step in the MBs production but can be a versatile approach with a lot of tunable parameters. 

The following part will present the therapeutic application of these polymer MBs. 
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Part 2: rtPA-loaded fucoidan MBs for the targeted 

treatment of stroke 

Adapted from:  
L. Fournier et al. “rtPA-loaded fucoidan MBs for the targeted treatment of stroke” 
Submitted in January 2023 to Biomaterials, with Editor (Annex 4) 
 

Abstract:  

Systemic injection of thrombolytic drugs is the gold standard treatment for non-invasive 

blood clot resolution. The most serious risks associated with the intravenous injection of tissue 

plasminogen activator-like proteins are the bleeding complication and the dose related 

neurotoxicity. Indeed, the drug has to be injected in high concentration since it has a short half-

life, due to the presence of its natural blood inhibitor (PAI-1) and fast hepatic clearance (0.9 

mg/kg in humans, 10 mg/kg in mouse models). Overall, there is a serious need for a dose 

reduced targeted treatment to overcome those issues. We present in this article a new acoustic 

cavitation-based method for polymer MBs synthesis, three times faster than current method. 

The generated MBs were ultrasound responsive, stable and biocompatible. Their 

functionalization enabled the efficient and targeted treatment of stroke, without side effects. 

First, the stabilizing shell of those MBs is composed of Poly-Isobutyl Cyanoacrylate (PIBCA), 

copolymerized with fucoidan. Widely studied for its targeting properties, fucoidan exhibit a 

nanomolar affinity for activated endothelium and activated platelets (P-selectins). Second, the 

thrombolytic agent (rtPA) was loaded onto microbubbles (MBs) with a simple adsorption 

protocol. Hence, the present study validated the in vivo efficiency of rtPA-loaded Fuco MBs to 

be over 50% more efficient than regular free rtPA injection for stroke resolution. In addition, 

the relative injected rtPA grafted onto targeting MBs was 1/10th of the standard effective dose 

(1 mg/kg in mouse). As a result, no hemorrhagic event, BBB leakage nor unexpected tissue 

distribution were observed. The echogenic targeting MBs produced in this work now bring 

promising perspective for the development of US molecular imaging of thrombotic diseases 

and the US assisted clot resolution: sonothrombolysis.  
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Introduction 
 

The global burden of cardiovascular diseases (CVD) places them as the leading cause 

of mortality around the world. Among those, thrombotic diseases including ischemic heart 

disease and stroke are the most prevalent and described as the main cause of disability [348]. 

Every year, 15 million of new cases of stroke are reported according to the World Health 

Organization (WHO). The prevalence of stroke increases with age with the highest rates 

typically occurring in people over the age of 75. Stroke is also more common in women, and is 

more prevalent in certain regions of the world, such as Southeast Asia and sub-Saharan Africa, 

compared to other region [349]. Overall, the prevalence of stroke is expected to continue to 

increase in the coming years due to the aging of global population and the increasing of risk 

factors such as high blood pressure, diabetes, and obesity. In medical terms, ischemic stroke is 

defined as the obstruction of vasculature in the brain caused by a thrombus. Those blood clots 

are highly heterogenous and composed of a variety of cell types [350] including erythrocytes, 

immune cells and platelets, with the addition of Von Willebrand Factor (VWF) and Neutrophil 

Extracellular Traps (NETs), tied together by a strong fibrin mesh [351]. Physiologically needed 

to repair impaired vessel walls, their pathological formation and their circulation in the 

bloodstream can lead to flow obstruction and distal tissue ischemia if the vessel recanalization 

is not quickly supported. Patients undergoing stroke event are treated with the gold standard 

systemic injection of a thrombolytic drug [352] in order to disassemble the fibrin mesh. There 

are several different types of “clot busters” used depending on their application (myocardial 

infarction, pulmonary embolism, stroke…) but there are mainly plasminogen activator like 

(Alteplase: rtPA, Reteplase: rPA, Tenecteplase: TNK) [85]. Indeed, this serine protease is 

naturally present in the body [353] allowing the cleavage of plasminogen into plasmin, 

responsible for fibrin degradation in homeostatic regulation. This thrombolytic injection can 

also be associated to mechanical thrombectomy [354] with the limitation of it being an invasive 

procedure. In addition, the systemic injection of the thrombolytic drug brings several drawbacks 

like hemorrhagic transformation [355] and neurotoxicity [356] with a recanalization rate below 

50% [357]. To overcome those issues, the strategy to encapsulate rtPA has been explored with 

different carriers from nanoparticles [85] to microbubbles [132] with the common objective to 

reduce drug doses and improve the treatment efficiency. Besides drug encapsulation, 

nanomedicine is also focusing on targeted drug delivery on identified biomarkers. In thrombotic 

diseases, they are mainly described on activated platelets [7] with P-selectins, GPIIb/IIIa 
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integrins and phosphatidylserines or with circulating molecules like Factor XIII, VWF and 

fibrin [85]. We focused here on the highly specific interaction between P-selectins expressed 

on activated platelets or activated endothelium [358] and a sulfated polysaccharide: the 

fucoidan [15,16]. Their nanomolar affinity [341] makes the fucoidan a very promising targeting 

agent for thrombotic diseases and already showed its performance in vivo [344],[56]. The 

present strategy relies on polymer microbubbles (MBs) for their carrier ability but also their 

imaging property and treatment enhancement perspectives. Indeed, microbubbles are widely 

used as clinical contrast agent (Definity®, Sonovue®…) for US imaging due to their intrinsic 

echogenic properties [137] and have also been of main interest for the development of 

sonothrombolysis [360]. We present in this work, the innovative synthesis of polymer 

microbubbles via acoustic cavitation, never described in the literature yet and recently patented 

(PCT/FR2022/050309). Indeed, the use of US for MBs generation was only used for protein 

shelled MBs [63] or as a side step for lipid shell MBs [50]. This new method improved the yield 

of polymer MBs synthesis and reduce the synthesis time by 3 compared to standard polymer 

MBs synthesis with hydrodynamic cavitation. 

Functionalized with fucoidan as a targeting agent and rtPA-loaded, these fully 

competent MBs were studied for the targeted treatment of thrombotic diseases (Fig. 13). We 

characterized those new MBs in terms of stability, biocompatibility, echogenicity, targeting 

property and thrombolytic activity. Then, in order to validate the efficacy of the treatment, we 

performed a mouse stroke model and compared gold standard treatment to drug-loaded targeted 

MBs by measuring the ischemic lesion reduction after 24 hours with MRI imaging. Overall, 

this paper gives interesting perspectives for the use of drug-loaded targeted polymer MBs for 

the treatment of thrombotic diseases. 
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Figure 13: Graphical abstract of functionalized MBs for the treatment of stroke. MBs are composed of a stable poly-isobutyl 
cyanoacrylate (PIBCA) shell with a perfluorobutane (PFB) gas core enabling US imaging. Their functionalization was 
validated for P-selectin targeting with fucoidan and for thrombolytic activity with recombinant tissue Plasminogen Activator 
(rtPA) loading. After in vitro validation, rtPA-loaded targeting MBs were injected in a mouse stroke model to improve 
thrombolysis recanalization compared to systemic injection of the drug. Fucoidan targeting onto activated platelet P-selectins 
allowed a specific delivery of rtPA to induce local fibrin degradation. The targeted delivery improved the treatment outcome 
by reducing the infarcted area after 24h as observed with MRI imaging. 
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Materials and methods 
 
Materials: Isobutyl cyanoacrylate (IBCA) monomers were purchased from Afinitica 

Technologies (Barcelona, Spain). Carboxymethyl dextran 40 (CMDex) was provided from TdB 

Labs (Uppsala Sweden). Sulfated polysaccharide fucoidan (Mn = 18 kDa Mw = 104 kDa) was 

obtained from Algues & Mer (Ouessant, France). Surfactant Tween 20 was purchased from 

Sigma Aldrich as well as the Rhodamine B fluorochrome. Perfluorobutane (PFB) was obtained 

from F2 Chemicals (Preston, UK). 

 

• Polymer MBs synthesis 
Poly-isobutyl cyanoacrylate (PIBCA) microbubbles were obtained from the anionic 

polymerization of IBCA monomer at the water gas interface. Briefly, 50 mL of an aqueous 

solution was prepared with HCl 1M to reach a pH of 2.5. This solution was saturated with 

perfluorobutane for 10 min and put into a freezer for 15 min to cool it down. Meanwhile, 700 

µl of IBCA solution was loaded into a 1 mL syringe and placed onto a syringe pump (AL-300, 

World Precision Instrument, Florida, USA). The aqueous solution was then placed on ice, under 

the microtip of the Sonifier (SFX 550, BRANSON Ultrasonic Corp, Danbury, USA) so the tip 

is centered and half of a centimeter plunged into the aqueous solution. The organic solution and 

the PFB tank were connected into the aqueous solution with polyethylene catheters (Bioseb Lab 

Instrument, Salon de Provence, France). Just before the insonation, 500 µL of Tween 20 

detergent was added drop by drop into the aqueous phase. The Sonifier was turned on for 20 

min at 30% of amplitude and the IBCA was injected at a controlled speed of 0.45 mL/min. For 

the MBs containing polysaccharide, 1 g (2% w/w) was dissolved at the first step of synthesis 

into the aqueous solution giving fucoidan MBs (Fuco MBs) or carboxymethyl dextran MBs 

(CMDex MBs) used here as a non-targeting polysaccharide control. Similarly, for the 

fluorescent MBs, 500 µg of Rhodamine B was added in the first step of the aqueous phase 

preparation. 

The obtained foam was centrifuged 3 times at 0.1 g in 50 mL falcon tubes for 20 min, and a 

solution of 0.02% Tween 20 was used to resuspend the floating MBs. MBs are then filtered 

through a 5 µm sieve using a sieve shaker. The obtained suspension was stored at 5 °C in a 

0.02% Tween 20 solution. For all experiment requiring fluorescence microscopy visualization, 

MBs were labelled with Rhodamine B. 
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• MBs concentration, size and zeta potential measurements 
MBs concentration is expressed in MBs/mL and measured with image analysis. Briefly, 

a diluted suspension of MBs was injected into a Malassez cell and imaged with an optical 

microscope (10x objective, Axio Observer, Zeiss). Counting was performed with ImageJ 

thresholding of MBs signal allowing an evaluation of the mean concentration with count 

extrapolation. MBs’ size was measured with a Mastersizer 3000 (Malvern Instruments, UK), in 

water and flow speed of 1500 rpm. For each sample the 10th, 50th and 90th percentile of size in 

volume (Dv10; Dv50; Dv90) were collected. The measurements were reproduced over the 

weeks to validate the shelf stability. Zeta potential was measured with electrophoretic light 

scattering method (Nano ZS, Malvern Instrument, UK). Briefly, MBs were diluted to 1/10 in a 

KCl 1 mM solution and added to the chamber allowing surface charge measurement, each 

sample was measured three times and averaged. 

 

• FTIR analysis 
Fourier-transform infrared spectroscopy (FTIR) spectrums were measured using a 

Thermo Nicolet AVATAR 370 FTIR spectrometer (Thermo Electron Corporation, Waltham, 

MA). The lyophilized samples were blended with KBr (1% mass) and compressed to obtain a 

pellet. Transmission spectra were acquired between 4000 cm-1 and 400 cm-1. 

 

• Confocal Imaging and Scanning Electron Microscopy 
Confocal imaging was performed with Zeiss LSM 780 microscope in phase contrast or 

filtered for Rhodamine B MBs observation. Environmental Scanning Electron Microscopy 

(ESEM, Philips XL30, ESEM-FEG, Amsterdam, Netherland) images were performed with the 

following parameters: HV 10 kV, WD 13.7 mm, pressure 2.50e-4 Pa and magnification from 

2500 to 10000 x. To evaluate the internal structure of the MBs, Focused Ion Beam (FIB) 

assisted Scanning Electron Microscopy (SEM, AquilosTM Cryo-FIB, Thermofisher Scientific) 

was used to cut through the MBs. Samples were deposited onto the SEM grid and dried with 

paper. The FIB parameters were defined with: HV 30 kV, current 0.10 nA and pressure  

1.66e-4 Pa. 

 

• Fucoidan quantification with methylene blue dosage 
Fucoidan sulfated groups can be recognized by methylene blue colorimetric assay like 

previously described [361]. On a grade 1 chromatography paper (Whatman®, GE Healthcare), 
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squares of 1 cm2 were drawn to delimit the samples. Standard solutions of fucoidan MMW 

(Algues & Mer, France) were prepared with a serial dilution from 0.5 to 0.3125 mg/mL and the 

negative control was prepared with a suspension of CMDex MBs. MBs suspension were 

hydrolyzed with an alkaline solution of NaOH (0.1 M) until no further accumulation at the 

surface. MBs suspension at a concentration of 1 x 1010 MBs/mL and standard samples were 

successively deposited 5 times 2 µL with an intermediate drying step at 50°C for 10min. Once 

dry, the paper was treated with a solution of Methanol/Acetone (6:4) for 3 minutes, then treated 

with the Methylene blue solution of Methanol/Acetone/Water (6:4:15) containing 0.1% (w/w) 

methylene blue and 50 mM HCl (1M) for 10 min. The paper was then washed with several bath 

of washing solution (Acetic acid/Methanol/Acetone/Water, 5:6:4:75) until the bath remains 

translucid. To help with the paper manipulation, it was left to dry under the hood. The drawn 

squared were then cut and placed in 1.5 mL Eppendorf tubes. 500 µL of 2% SDS methanol 

solution was incubated with the cut papers at 50°C for 15 min. Then, 200 µL of the tainted 

solution was then extracted to a 96 well plate and the absorbance was read at 663 nm. Fucoidan 

final concentration was determined with the linear regression of the standard solution curve. 

 

• US phantom model and US burst model 
In vitro echogenic MBs properties were studied through a home-made setup. The US 

phantom employed was a tissue mimicking Doppler flow phantom (ATS Laboratories, CIRS) 

with a wall-less channel of 8 mm in diameter at 20 mm depth. US imaging were conducted 

using a medical probe, GE-L3-12-D (General Electrics; 256 elements, 0.2 mm pitch size) 

connected to a research ultrasound scanner, Vantage 256 (Verasonics, Kirkland, USA) and 

driven at 5 MHz center frequency. Amplitude modulation sequence used here (checkerboard) 

was programmed with Matlab (The MathWorks, Inc., Natick, MA). The in vitro acquisition 

consisted of 3 blocks of 200 images each, using a compounded framerate of 150 Hz and five 

angles (-4°; -2°; 0; 2°; 4°) pulse repetition frequency (PRF) of 3 kHz. Prior to the experiments, 

the emitted pressures of the probe were measured and calibrated using a 0.2 mm needle 

hydrophone (Precision Acoustic, UK). Flow rate was modulated using butterfly valves to stop 

the flow. The probe was positioned on top of wall-less phantom and various amplitude of signal 

(from 8 V to 17 V corresponding to Mechanical Index from 0.23 to 0.60) were evaluated to 

establish the burst threshold of the MBs, with a constant duty cycle of 67%. In that manner, 

MBs suspension flow was stopped to evaluate the signal before and after US insonation. The 

signal intensity was measured by image analysis with background noise subtraction. 
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• rtPA incorporation onto MBs 
Adsorption method was performed by rising the pH of the MBs suspension to 10 with 

NaOH 1M. 2 mL of suspension containing 1010 MBs at pH 10 was gently mixed with 500 µg 

of rtPA (Actilyse®, Boehringer) for 2 hours at 5°C. The mix was then placed in a 5 mL syringe 

with a closing cap and centrifuged for 20 min at 0.1 g. The undernatent was discharged and the 

mix was rinsed with the storage solution of 0.02 % Tween 20, 3 times. The stability of the 

incorporated drug was measured with the enzyme activity evaluation over 4 days with a 

washing step between each day. 

 

• Amidolytic activity of incorporated rtPA with PefaFluor® assay 
The amidolytic activity of rtPA-loaded MBs was measured by recording the fluorescent 

signal of the degradation product of PefaFluor® in contact with the serine protease. Briefly, 2.5 

µL of the rtPA-loaded MBs were put in contact with 97.5 µL of working buffer (0.1 M HEPES, 

0.05 % BSA, 0.9 % NaCl) in a 96 well plate. 10 µL of PefaFluor® (Interchim, France) solution 

(1M) was added with a multi pipette and measurement of the fluorescence was performed with 

monochromatic spectrophotometer (TECAN, Infinite M200 PRO) at λem = 390, λex = 440 

during 70 min. A standard range was obtained by serial dilution of rtPA (Actilyse®, Boehringer) 

from 400 µg/mL to 6.25 µg/mL and negative control was obtained with Tween 0.02% solution. 

The kinetic of the fluorescent substrate generation is proportional to the concentration of the 

enzyme. The leading coefficients of the linear part of the standard curves were then used to 

established the linear regression of the concentration. 

 

• Fibrinolytic activity 
rtPA ability to lyse fibrin was evaluated in vitro, comparing free rtPA to rtPA-loaded 

MBs on a fibrin gel model. The gel was prepared by mixing a fibrinogen solution and a 

thrombin solution. A TRIS buffer (TRIS 0.1 M, NaCl 0.9%, pH 7.6) was prepared to mix the 

different component of the solutions. In two separated water baths, 5 mL of the fibrinogen 

solution (5 mg/mL, from Human plasma, Sigma Aldrich) was heated to 37°C while 5 mL of 

3% low melting agarose (Thermo Scientific) was heated to 65°C. Once agarose has reached its 

melting temperature, the solution was cooled down to 37°C and 2.5 U of thrombin (from Human 

plasma, Sigma Aldrich) was added. The two solutions were mixed and quickly poured into a 9 

cm petri dish plate and left for gelation 30 min at 5°C. Holes were defined with a 3 mm punch 
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and 5 µL of samples diluted to 1/15 were dropped where the gel was extracted. The set-up was 

placed at 37°C overnight and fibrin degradation rings were measured with Fiji software. 

 

• In vitro targeting flow experiment on human platelet aggregates 
The specific binding of Fuco MBs on P-selectins expressed on activated platelet was 

evaluated with a microfluidic model [345]. Using the Vena8 Fluoro+ biochip (Cellix Ltd, 

Ireland). Microchannels were coated overnight with a 200 µg/mL solution of collagen type I at 

4°C (equine tendon collagen, Collagen Reagens HORM®, Takeda). Whole human blood 

(WHB) was collected from healthy volunteers in 75 mM PPACK tubes, and platelets were 

stained with a DIOC6 solution of 50 µg/mL right before injection into the channel. DIOC6 

specifically stains mitochondria membranes in living cells [362], excluding erythrocytes 

staining. For each channel, the following sequence was performed: channel washing with saline 

solution (NaCl 0.9 %) for 3 min at arterial flow rate (60 µL/min), WHB with DIOC6 injection 

at arterial flow rate up to 5 min until platelet aggregates start to appear without obstructing the 

channel; WHB washing with saline solution (NaCl 0.9 %) for 5 min; Rhodamine B stained 

Fuco MBs injection at venous flow rate (4 µL/min) for 5 min; Washing of Rhodamine B Fuco 

MBs with saline solution (NaCl 0.9 %) at venous flow rate (4 µL/min) until no more free MBs 

were circulating. A microscopy image (Axio Observer, Zeiss) was taken between each step to 

control the platelet aggregates and the targeting properties of the MBs. A negative control was 

obtained with the injection of CMDex MBs. Quantification was established by measuring the 

amount of MBs colocalized on platelet aggregates after the final rinsing and normalized to the 

size of the aggregates using Fiji thresholding analysis. 

 

• Cytotoxicity assays 
The evaluation of cytotoxicity was performed with a LDH (Lactate Dehydrogenase) 

mortality assay and MTT [3-(4,5-dimethyl-2thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] 

viability assay. Both HUVECs (Human Umbilical Vein Endothelial Cells, CRL-1730, ATCC) 

and BALB/3T3 (mouse embryo fibroblast, clone A31, CCL-163, ATCC) were cultured until 

confluency, at 37°C in a 5% CO2 incubator, with Dulbecco’s Modified Eagle Medium (DMEM) 

with 10% (v/v) fetal bovine medium, 4mmol of L-glutamine, 1% (v/v) of penicillin and 1% 

(v/v) of streptomycin. For LDH mortality assay (Cytotoxicity detection kit PLUS, Roche), 

HUVECs and BALB/3T3 were culture in 96 wells plates. Briefly, after incubation with various 

concentrations of MBs diluted in cell culture medium (108, 107, 106, 105 and 104 MBs/mL), 
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supernatants were recovered either after 2, 4 or 6 hours. The recovered culture medias were 

incubated with LDH reaction mix according to the supplier guidelines for 15 min at room 

temperature. After addition of the stop solution, the absorbance of the samples was read at 492 

and 690 nm (control wavelength). The cell cytotoxicity was then determined by subtracting the 

control wavelength to the absorbance at 492 nm and normalized to dead cells absorbance: Cell 

mortality = [(Abs of the sample - Abs of culture medium) / (Abs of 100% of dead cells- Abs of 

culture medium) x 100]. 

For the MTT assay, cells were seeded in 24 well plates. This assay was performed with cell 

culture insert (Falcon®, 1 µm of mesh diameter) to avoid the sedimentation of MBs residues 

onto the cells, allowing the focus on the degradation product toxicity rather than cell asphyxia 

in static conditions. Indeed, due to the experimental conditions, 37°C for 6 hours, we expected 

MBs burst and consequently MBs residues sedimentation rather than intact MBs floating 

property. Cell culture medium was discharged and replaced by 300 µL of new medium, inserts 

were placed in each well and 300 µL of MBs diluted in cell culture medium were added inside 

the inserts for a final MBs concentration of 108, 107, 106, 105 and 104 MBs/mL. After 6 hours 

of incubation, cells insert and medium were replaced by 300 µL of MTT solution (0.05% in 

PBS 1X) and incubated for 3 hours at 37°C in dark environment. The medium was removed by 

gentle plate reversal on dry paper and the 300 µL of isopropanol was added to each well. After 

1 hour at room temperature, absorbance was measured at 490 nm in a TECAN (Infinite M200 

PRO) plate reader. The cell viability was measured as: Cell viability = [(Abs of sample - Abs 

of dead cells control) / (Abs of living cells control - Abs of dead cells control) x 100]. 

 

• Hemolysis evaluation 
Whole human blood from healthy volunteers was centrifuged 5 min at 500 g to isolate 

Red Blood Cells (RBC) in 25 µM PPACK tube to avoid coagulation. Hematocrit and plasma 

level were labelled on the tube, plasma phase was aspirated and replaced by 0.9 % saline 

solution twice. Then 0.9% NaCl was replaced by PBS 1X. The final RBC suspension was 

diluted to 1/50 in PBS 1X. In a V-bottom 96 well plate, 10 µL of MBs suspension was added 

at different concentration (from 0.125 x 108 to 108 MBs/mL). 190 µL of previously prepared 

RBC suspension was added to the wells and incubated at 37°C for one hour on an orbital shaker. 

Plates were centrifuged to the same conditions to recover the RBC pellet. Supernatant was then 

transferred into a clean flat bottomed 96 wells plate and absorbance was measured at 450 nm 

with a monochromator (TECAN, Infinite M200 PRO). Positive control was obtained with 
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Triton 10X allowing a complete lysis of the RBCs and negative control was performed with 

PBS 1X. Percentage of hemolysis was obtained with the following formula: Hemolysis = [(Abs 

of sample - Abs of negative control) / (Abs of positive control - Abs of negative control)]. 

 

• In vivo stroke model 
Animal studies were performed on 6 to 8 weeks old (30 to 40 g) Swiss wild type male 

(Janvier Labs, Le Genest-Saint-Isle, France). All experiment were adapted according to French 

(Decree 87/848) and European (2010/63/EU) ethical guidelines. The local committee of 

Normandy (CENOMEXA) approved the fulfilling of the experiments with the reference 

number APAFIS#35158. Mice were anesthetized with 5% of isoflurane inhalation and 

maintained to 2% during the entire procedure. As analgesic, they subcutaneously received 

buprenorphine (0.1 mg/kg) and ear local anesthesia with lidocaine spay. Mice heads were 

stabilized in a stereotaxic platform and a catheter was placed in the tail vein for the treatment 

injection. After a local craniotomy on top of the middle cerebral artery (MCA), the dura mater 

was excised to expose the MCA bifurcation. Precise pneumatical injection of 1 µL of murine 

thrombin (1 IU, Stago BNL) was carried out by elongated glass capillaries in the MCA to induce 

fibrin rich thrombus formation [363]. The treatment procedures were performed intravenously, 

30 min after thrombin injection with either, free rtPA (Actilyse®, Boehringer) at 1 mg/kg in 

infusion (300 µL, 10% bolus + 90% infusion for 40 min, N ≥ 16); rtPA-loaded Fuco MBs at 1 

mg/kg equivalence in bolus (300µL, 3 x 109 MBs, N ≥ 16); or saline in infusion (300µL, 10% 

bolus + 90% infusion for 40 min, N ≥ 16). 

 

• Speckle imaging 
Monitoring of the in vivo brain perfusion was obtained with Laser Speckle Contrast 

Imager (MOOR FLPI-2, Moor Instruments), allowing the visualization of blood figurative 

elements. Speckle images were taken before and after the stroke induction as well as before and 

after the treatment to control the occlusion. The quantification of the flow mean was generated 

by comparing stroke Region of Interest (ROI) to the same region on the contralateral 

hemisphere, before and after treatment. Mice with pre-stroke contrast difference in both 

hemisphere and mice with complete reperfusion right after treatment were excluded from the 

study. For the first scenario, it was not possible to define if the clot was ever obtained. For the 

second scenario, it was not possible to attest if the clot was not formed correctly or completely 

dissolved by the treatment. 
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• Magnetic Resonance Imaging and BBB permeability 
24 hours after treatment, mice brains were imaged with MRI to measure the size of the 

infarcted areas. Briefly, mice were anesthetized with 5% of isoflurane inhalation and 

maintained to 2% during the acquisitions. All acquisitions were obtained with a Pharmascan 7 

T (Bruker Biospin, France), T2 sequence (echo time 39.9 ms, repetition time 3,500 ms, 2 

averages) were used for ischemic lesion visualization and T2 Star sequence (echo time 8.7 ms, 

repetition time 500 ms, 2 averages) were used for hemorrhagic lesion visualization. Lesion 

volumes were quantified with image analysis of the hyper signal cut off area on all the brain 

slices (0.5 mm thickness) with the formula: Ischemic lesion volume = 

(∑ 𝑖𝑠𝑐ℎ𝑒𝑚𝑖𝑐	𝑎𝑟𝑒𝑎𝑠)	𝑥	0.5. 

For the evaluation of Blood Brain Barrier (BBB) permeability, Gadoteric Acid (GA, Clariscan 

Gé, GE Healthcare) was injected intravenously in the tail vein (200 µL at 0.75 mmol/kg). After 

15 minutes, three dimensional T1 Flash acquisition (echo time 4.4 ms, repetition time 15 ms, 3 

averages) was recorded and white hyper signal volume was quantified as BBB leakage of GA 

compared to acquisition before injection, using Fiji software using the same formula than 

ischemic lesion volume. 

 

• Ex vivo fluorescence biodistribution on complete or sectioned organs 

Organs from previously described procedures were harvested 24 hours after treatment. 

Biodistribution of the Fuco MBs was imaged by near-infrared fluorescence imaging (IVIS® 

Lumina III, Perkin Elmer, USA). The imaging of complete organs (N=3) was performed on 

brain, liver, lungs, bladder, spleen, intestines and kidney right after euthanasia without PFA 

fixation. The quantification of fluorescence intensities (λEx = 550 nm, λEm = 620 nm) in regions 

of interest (ROIs) were analyzed using Living Image® software. For histology analysis, mice 

received buprenorphine (0.1 mg/kg) and were deeply anesthetized with 5% of isoflurane 

inhalation before procedure. After a thoracotomy, a cannula was inserted into the left ventricle, 

and the right atrium was incised to rinse the circulatory system. Transcardiac perfusion was 

then performed with 50 mL of heparinized saline (0.5 mL/L) followed by 30 mL of 4% 

paraformaldehyde (PFA) at a constant speed of 14 mL/min. Organs were post-fixed in 4% PFA 

overnight at 4°C then plunged in cryoprotective solution (20% sucrose in PBS 1X) overnight 

before to be stored at -80°C. Organs were subsequently sliced with a cryostat at a 10 µm 

thickness. Slices were stained with DAPI mounting medium (ABCAM) for nucleus recognition 
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and with rat anti-mouse CD68 primary antibody (Biolegend) followed by a FITC secondary 

antibody (Biolegend) to highlight tissue macrophages. 

 

• Statistical analysis 
Quantitative data underwent the statistical analysis of GraphPad PRISM 8 with a 95% 

confidence level. All presented data are means of at least triplicates expressed with their 

standard deviation (SD). Normality test were performed using Kolmogorov-Smirnov test and 

if needed outliers were identified and excluded with ROUT method (1% of aggressivity of the 

Gaussian distribution). Depending on the design of the experiment and after normality 

validation, data were evaluated with unpaired t-test (two groups) or ANOVA (more than two 

groups) in association with multiple comparison in between groups (Tukey’s test). P-values 

were represented as followed, and deemed significant below the 0.05 threshold: * p < 0.05; **p 

< 0.01; ***p < 0.001, ****p < 0.0001. 
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Results and discussion 
 

• Polymer MBs synthesis and characterization 

MBs synthesis was inspired by the well-described hydrodynamic cavitation method like 

recently published by Bo Li. et al [56]. In this work, the cavitation energy was replaced by 

ultrasonic insonation into the polysaccharide solution. This recently patented acoustic 

cavitation method enabled the production of polymer MBs within 20 minutes (Fig. 14A) 

(PCT/FR2022/050309). The set-up was placed on ice to regulate the synthesis temperature rise 

and perfluorobutane (PFB) was constantly injected into the polysaccharide solution. The 

entrapped gas helped for the stability of the anionic copolymerization between cyanoacrylate 

monomer and polysaccharide chains. Fucoidan (Fuco) was used here as the targeting agent and 

so carboxymethyl dextran (CMDex) was used as the control polysaccharide for untargeted 

MBs. Comparing Fuco MBs and CMDex MBs (Fig. 14B), it was demonstrated that the amount 

of MBs produced was independent from the polysaccharide composition with a yield around 

2.5 x 1010 MBs per batch. The mean size after sieve filtration was measured at 3.13 (± 0.81) µm 

for Fuco MBs and 3.07 (± 1.49) µm for CMDex MBs, showing no significant difference 

depending on the shell compositions, in accordance with the close size range of both 

polysaccharides (Fig. S1A). The evaluation of the surface charge was shown negative with a 

zeta potential close to -45 mV for Fuco MBs and close to -30 mV for CMDex MBs, also in 

accordance with the negatively charged groups in fucoidan and carboxymethyl dextran (Fig. 

S1B). The size stability was monitored over a month by measuring the size of the MBs. A size 

augmentation would be attributed to shell destabilization leading to MBs aggregation detected 

by the apparatus as bigger MBs. In Fig. 14C, the shelf stability was measured right after 

synthesis, after 3 and 4 weeks (independently of their incorporated polysaccharide). MBs were 

either placed at -5°C or 20°C to establish the best storage conditions for MBs suspension. It has 

been demonstrated that 5°C was the best storage temperature as the mean MBs was stable at 

3.27 (± 0.71) µm for 4 weeks. Room temperature storage showed an increased mean size to 

4.09 (± 0.22) µm after 4 weeks, which is still in the range for possible animal injection. The 

whole size distribution presenting the Dv10, Dv50, Dv90 are plotted on the Fig. S1C, 

highlighting the size stability after 4 weeks. In complement to this size distribution study, we 

validated that the incorporation of rtPA presented below did not affect the mean size of the MBs 

(Fig. S1D). 
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The characterization of fucoidan content was obtained with the quantification of sulfated 

groups as presented in the Supplementary data (Fig. S2A-B-C). This colorimetric method based 

on Methylene Blue staining pointed out the presence of the sulfated polysaccharide in the range 

of 1x 10-14 g/MB using CMDex MBs as negative control. Environmental Scanning Electron 

Microscopy (ESEM) images presented in Fig. 14D validated the rounded shape of MBs as well 

as the short polydispersity after filtration. To ensure the hollow structure of the MBs observed 

in confocal imaging (Fig. S3A), Focused Ion Beam (FIB) technology was used to cut through 

individual MBs (Fig. 14E). The shell homogeneity was then demonstrated and an estimation of 

the shell thickness was measured in the range of 500 nm, subsequently emphasized with 

confocal fluorescence imaging (Fig. S3B-C-D). 

 

 
Figure 14: Functionalized polymer MBs characterization. A) Innovative synthesis method. Monomer of isobutyl 
cyanoacrylate (IBCA) was injected with a needle pusher into the acidic aqueous polysaccharide solution while constant 
bubbling of perfluorobutane was ongoing. US sonicator was immerged inside the aqueous solution and generates continuous 
signal for 20 min at 30% of amplitude. The system is placed on ice to avoid temperature rising. Due to high hydrophobicity, 
IBCA will tend to polymerized at the water-gas interface, copolymerizing with polysaccharides dissolved into the solution and 
entrapping PFB. B) Summary of principal physicochemical characterization depending on the incorporated polysaccharide. 
Yield was measured with MBs counting on Malassez cell, mean size was measured with laser diffraction granulometry, zeta 
potential was obtained with electrophoretic light scattering and fucoidan content was dosed with methylene blue colorimetric 
assay. C) Mean size of MBs suspension over a month measured with laser diffraction granulometry, comparing 5°C and 20°C 
for shelf storage. D) Environmental Scanning Electron Microscopy (ESEM) image of MBs pointing out their homogenous 
rounded shape Scale bar is 5 µm. E) Focus Ion Beam (FIB) cut through a single polymer MBs pointing out the hollow structure 
and the thick shell around 500 nm thick. Scale bar is 5 µm.  

 

 

 



Chapter II: Experimental results 

 108 

• Echogenicity of MBs 
One intrinsic property of MBs is their ability to respond to an ultrasound signal [28,29]. 

Indeed, microbubbles are now widely used in clinic as US contrast agents for US imaging. Their 

ability to resonate under US creates bright signal compared to surrounding tissues in cardiac 

echography for example. The proposed agent can be an answer for the problem of specificity 

in diagnostic or treatment thanks to its precise targeting. To ensure the echogenic properties of 

those newly synthetized MBs, a home-made in vitro model was established to determine the 

burst threshold of MBs in function of the intensity of the signal (Fig. 15A). Intensities varied 

from 8 V, 9 V 10 V, 11 V, 12 V, 13 V, 14 V and 17 V corresponding respectively to the 

following mechanical index 0.230 (± 0.002), 0.270 (± 0.003), 0.310 (± 0.004), 0.350 (± 0.002), 

0.390 (± 0.003), 0.430 (± 0.003), 0.470 (± 0.002) and 0.600 (± 0.001). The imaging sequences 

were measured with a 2 V signal before and after 2 sequences of the burst periods (Fig. 15B). 

The signal was normalized to water and to MBs insonated with 2 V all along. The intensity rise 

at the beginning of each burst sequence corresponds to a “blinking” phenomenon of MBs before 

ongoing inertial cavitation. The last part of the graph displays the loss of signal due to some 

MBs implosion. The difference between the initial intensity signal and the final intensity one 

in plotted on Fig. 15C as the disruptive ratio. This ratio determines the amount of disrupted 

MBs and clearly states that over 10 V (MechanicaI Index = 0.31) more than 50 % of MBs 

underwent inertial cavitation. This is illustrated with Fig. 15D, displaying the US images of the 

channels before and after 8 V or 17 V US insonation. 
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Figure 15: Echogenicity characterization of MBs. A) Flow phantom setup mimicking blood vessel circulation. The flow can 
be monitored with a butterfly closure system and the US transducer is placed on top of the phantom. B) Echogenic response of 
MBs at 5 MHz frequency and different intensities in volt (from 8 to 17). The curve is composed of 4 sequences: 1 imaging at 2 
V, 2 burst sequences depending on the different intensities and 1 more imaging sequence at 2 V to compare before and after 
bursting signal. C) Disruptive ratio calculated from the normalized intensitiy difference before and after burst sequence. 
Mechanical Index 0.230 (± 0.002), 0.270 (± 0.003), 0.310 (± 0.004), 0.350 (± 0.002), 0.390 (± 0.003), 0.430 (± 0.003), 0.470 
(± 0.002) and 0.600 (± 0.001)) correspond to the voltage signal of 8V to 17 V. D) US images from phantom setup before and 
after 8 V burst and before and after 17 V burst. The channel is highlighted with a dotted line and MBs signal is visible in white 
contrast. 
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• Drug loading and targeting of MBs 
MBs were functionalized with rtPA (Actilyse®), the recombinant tissue Plasminogen 

Activator used for human treatment. The incorporation was obtained with an adsorption 

protocol (Fig. 16A) where the pH rising of the MBs suspension allowed the incorporation of 

the protein within 2 hours. To evaluate the amount of incorporated rtPA, the protein activity 

was measured, ensuring that its incorporation did not affect its enzymatic activity. Primarily 

noticed result was the high number of incorporated proteins onto Fuco MBs compared to 

CMDex MBs (Fig. 16B). This specific incorporation is believed to be related to the interaction 

with activated sulfated groups of fucoidan [92]. Indeed, Fucoidan MBs were able to incorporate 

226 (± 32) µg of rtPA for 1010 MBs compared to 19 (± 16) µg of rtPA for 1010 MBs onto 

CMDex MBs. Then, rtPA incorporation stability was evaluated over 4 days with centrifugation 

washing between each day (Fig. 16C), pointing out a stable incorporation threshold of 108 (± 

5) µg of rtPA for 1010 MBs from day 1 to day 4. This stable incorporated score was observed 

after the 4th centrifugation washing step on day 1 and stable after the next washing steps. With 

the aim of producing reproducible results, the stable quantity of incorporated rtPA onto Fuco 

MBs was set to 100 µg/1010 MBs. The fibrinolytic activity of incorporated rtPA was validated 

with a fibrin agar assay (Fig. S4A) by measuring the degradation area of the gel after 2, 5 and 

24 hours at 37°C. This semi quantitative method demonstrated that the fibrinolytic activity was 

maintained when rtPA was encapsulated compared to free rtPA (Fig. S4B). 

The targeting property of Fuco MBs were evaluated in fluidic condition mimicking in 

vivo blood circulation (Fig. 16D-F). Platelet aggregates formation on collagen coating is highly 

dependent to flow rate (60 µL/min) [365] and was monitored with fluorescent microscopy to 

avoid channel cloaking. Fuco MBs targeting was measured with Fiji image analysis after rinsing 

the channel with saline solution and normalized to the platelet aggregate size. Previous work 

validated the specificity of fucoidan for P-selectins over E and L-selectins [344], here the focus 

was on expressed P-selectins by activated human platelets. The targeting (Fig. 16F) was highly 

significant (P Value < 0.0001) comparing CMDex MBs (Fig. 16D) to Fuco MBs (Fig. 16E). 

Also, the drug-loaded MBs were still enable to target activated platelet with a significant 

difference to control MBs (P Value < 0.0001). This targeting assay validated that ex vivo platelet 

targeting was highly efficient and that rtPA incorporation did not prohibit MBs targeting despite 

rtPA interaction with the targeting agent. 
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Figure 16: Functionalization of MBs. A-B-C) Drug loading and validation of the rtPA activity after incorporation. 
A) Drug loading adsorption protocol. Briefly, 500 µg of rtPA in solution was added to a MBs suspension from which the pH 
has been risen to 10 with NaOH. The mix was left for 2 hours under gentle agitation and then rinsed 3 times by centrifugation 
and discharge of the undernantent. The protein activity is then monitored on drug-loaded MBs with a kinetic substrate 
degradation assay (PefaFluor®). B) Protein incorporation determined from protein activity assay of rtPA onto either Fuco 
MBs or CMDex MBs after 3 centrifugztion wasing step. C) Stability of rtPA incorporation onto Fuco MBs over 4 days with 
washing centrifugation step in between days. D-E-F) In vitro flow targeting. D-E) Microscopy images of Vena8 Fluoro+ 
microchannels. Platelets from whole human blood were labelled with DIOC6 and MBs were synthesized with Rhodamine B, 
the last image is a merge of both DIOC6 and Rhodamine B channels. Images are taken under venous flow indicating that 
stopped MBs are attached to platelet aggregates. D) is the control group of CMDex MBs and E) is the result of Fuco MBs. 
Scale bar is 50 µm. F) Quantification of MBs targeting on platelet aggregates normalized to the size of the aggregates. The 
evaluation of rtPA-loaded Fuco MBs targeting confirmed that the drug loading did not compromise the effective targeting on 
P-selectins. 
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• Biocompatibility of MBs 
Before in vivo injection, cytotoxicity towards red blood cells (RBC), endothelial cells 

(HUVEC) and fibroblast (3T3) were assessed (Fig. 17). Lactate Dehydrogenase (LDH) is a 

cytoplasmic enzyme, thus its presence in the culture medium is a marker of cell membrane 

rupture. This mortality assay was performed on two cell types likely to encounters MBs in vivo. 

Mortality tests on endothelial cells were on average of 4.73 (± 2.07) % all conditions reunited 

(Fig. 17A) while fibroblasts showed a mortality of 7.9 (± 3.5) % independently of the condition 

(Fig. 17B). Overall, no mortality was measured (above 30% threshold), neither for HUVECs 

and 3T3 nor 2 hours, 4 hours or 6 hours times points and likewise for increasing MBs 

concentrations. The second cytocompatibility evaluation was performed on RBC by the 

measurement of hemoglobin release in the supernatant also marker of cell lysis (Fig. 17C). 

Normalized to Triton 10X lysis, MBs incubation with RBC for one hour did not induce cell 

lysis even at 108 MBs/mL (<4%). Lastly, viability assay was performed for 6 hours with MTT 

assay. To prevent from cell asphyxia because of MBs debris sedimentation (caused by the assay 

temperature and time conditions), the MBs suspension was added on top of a 1 µm cell culture 

insert. The MTT assay evaluates the cell metabolic activity by the reduction of MTT to 

formazan with mitochondrial reductases. After 6 hours of incubation, none of the conditions 

showed a diminution in the cell’s metabolic activity for HUVECs or 3T3 (Fig. 17D) with a 

mean survival rate above 100% compared to MBs control cells cultured without MBs. The 

0.02% tween working buffer (WB) did not influence the cell viability neither. Images of 

formazan crystals were also taken with optical microscopy comparing the highest concentration 

(108 MBs/mL) to cells that were not in contact with MBs (Fig. S5). Those pictures highlighted 

the healthy phenotypes of cells and the correct metabolization of MTT. Therefore, no 

cytotoxicity was demonstrated on three different cell types in contact high concentrations of 

MBs, using three different assays. 
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Figure 17: Biocompatibility study of Fuco MBs on different cell types. A-B) LDH quantification assay on endothelial cells 
(A) and fibroblasts (B) for increasing concentration of MBs and different time points. LDH is a cytoplasmic enzyme only 
present in the culture medium if cells undergo apoptosis. Here, none of the concentrations or time of contact induced a mortality 
above the red dotted line of 30% indicating the biocompatibility of Fuco MBs. C) Hemolysis assay of Fuco MBs on human red 
blood cells. The time of contact here was one hour and showed less that 4% of hemolysis at the highest MBs concentration (108 
MBs/ml) compared to Triton 10X. D) MTT assay with indirect contact of Fuco MBs on endothelial cells and fibroblasts for 6 
hours. The same Fuco MBs concentration was used as the mortality assay and 0.02% tween working buffer (WB) was also put 
to the test. Again, no condition induced a viability below 70 % (red dotted line). The MBs suspension was added on top of a 
cell culture insert with 1 µm mesh to avoid the asphyxia of cells due to MBs debris sedimentation after long contact time in 
culture medium. 
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• In vivo stroke model 
The in vivo stroke model was performed as presented in Fig. 18A. After a local 

craniotomy over the MCA, thrombin injection generated fibrin rich clot formation. Speckle 

imaging was performed before and after each step to validate the reduction of blood flow in the 

region of the stroke. The clot was left to stabilize for 40 min and treatment were carried out 

with intravenous tail vein injection. The final checkup was obtained at 24 hours with MRI 

imaging analysis of the ischemic region. In pre-clinical application, the treatment for an 

efficient thrombolysis using rtPA injection in mice models is usually performed with 10 mg/kg 

ratio while we set the threshold here to 1mg/kg of rtPA for both free rtPA and rtPA-loaded MBs 

[363]. In consequence, there is no significant difference in the ischemic lesion volume between 

the saline group (N = 16, 10.35 ± 4.84 mm3) and the free rtPA group (N = 17, 8.08 ± 6.12 mm3). 

Nevertheless, the rtPA-loaded Fuco MBs treatment significantly reduced the infarcted area by 

more than 50 % (N = 16, 3.75 ± 3.67 mm3) compared to free rtPA treatment (Fig. 18B). In 

addition, we compared the size prevalence in each group (Fig. 18C) by defining 4 groups: no 

lesion, small lesion (<5 mm3), medium lesions (from 5 to 10 mm3) and large lesions (>10 mm3). 

Large lesions were only observed once in rtPA-loaded Fuco MBs treatment with a majority of 

small lesion (N = 8). On the contrary, saline group presented a majority of large lesion (N = 9) 

and free rtPA group presented a similar amount of small and large lesion (N = 6). The MRI 

images displayed on Fig. 18D were taken 24 hours after the treatment, and the white region 

pointed by an arrow represents the ischemic region on the same coronal plane for the three 

groups (more images on Fig. S6A). Since MBs treatment involves micron size bubbles, we also 

monitored the Blood Brain Barrier (BBB) permeability (Fig. 18E-F). By injecting Gadoteric 

Acid (GA) intravenously, the leakage of BBB permeability can be observed with T1 MRI 

acquisition as white spots around the infarcted areas. Nevertheless, this test showed no evidence 

of BBB impairment comparing saline, free rtPA and rtPA-loaded Fuco MBs groups (Fig. 18E). 

Some spots were identified with saline treatment compared to MRI images taken before GA 

injection (Fig. 18F), but isolated events could also be the consequence of the surgery itself 

(more images on Fig. S6B). Overall, the targeted treatment with rtPA-loaded Fuco MBs was 

significantly more efficient than gold standard treatment and neither collateral hemorrhage or 

BBB leakage was observed. 
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Figure 18: In vivo stroke model study on mice comparing rtPA-loaded Fuco MBs treatment to systemic injection of rtPA. 
A) Graphical abstract of the experimental setup. Briefly, mice were anesthetized and placed onto a stereotaxic platform. A 
craniotomy allowed the direct access to the Middle Cerebral Artery (MCA) to inject thrombin. After a few minutes the clot 
partial occlusion was validated with Speckle imaging looking at the two hemispheres perfusion. After 40 min, either saline 
infusion, free rtPA infusion or rtPA-loaded Fuco MBs bolus were used as stroke treatment. The MRI images of the mouse brain 
were taken 24h after the treatement to evaluate the infarcted area volume. B) Lesions volumes quantification from MRI images. 
Volumes were measured with the Fiji software by compiling areas of all brain slices for saline, free rtPA and rtPA-loaded 
Fuco MBs treatment. C) Lesion distribution according to their severity from: no lesion, small lesion (<5 mm3), medium lesion 
(>5; <10 mm3) to large lesion (>10 mm3) depending on the treatment. D) MRI images of the same slice number of the three 
treatment conditions. The white arrows point out the infarcted area and the scale bar is 5 mm. E-F) Blood Brain Barrier (BBB) 
permeability evaluation. Gadoteric Acid (GA) was injected intravenously before MRI T1 flash imaging. E) Quantification of 
GA leakage volume in the brain 24 hours after stroke treatment (ns: not significant). F) MRI T1 flash acquisition of mouse 
brain before and after GA injection for saline treatment condition. The white arrow is pointing out the contrast generated by 
BBB leakage of GA, the scale bar is 5 mm. 
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• Ex vivo fluorescence biodistribution on sectioned or complete organs 
The biodistribution of rtPA-loaded Fuco MBs has been studied with organ fluorescence 

macroscopy (Fig. 19A-B). Ex vivo organ macroscopy was performed 24 hours after treatment 

on brain, liver, lungs, bladder, spleen, intestine and kidney compared to saline groups. As MBs 

were labelled with Rhodamine B, the fluorescence residues of MBs can be observed with an 

excitation wavelength of 550 nm (Fig. 19A). Normalized to the size of the organ, fluorescence 

count (Fig. 19B) gives a qualitative evaluation of MBs biodistribution in the body. As expected, 

the majority of fluorescence was observed in the liver, fulfilling its function of blood 

detoxification. Also, some MBs residues were observed in the lungs most likely related to the 

gas exchange ongoing after MBs degradation. No fluorescence was observed in the bladder, 

spleen, intestines or kidney. Interestingly, the specific fluorescence in the stroke area was 

observed after 24 hours. It enhanced the validation of Fuco MBs targeting capacity in vivo but 

also brings new insights for the P-selectins expression on activated endothelium, after clot 

resolution and thus interesting perspectives for molecular imaging. In regards to those results, 

the histology study was performed on liver explanted 2 hours after Fuco MBs injection, to 

assess their uptake by resident macrophages. In Fig. 19C, cell nuclei were colored with DAPI 

and macrophages were labeled in green with an antibody against CD68 biomarker. Rhodamine 

B Fuco MBs residues were observed to be colocalized with macrophages biomarker CD68 

indicating a potential internalization by the scavenger cells. 
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Figure 19: Biodistribution of fluorescent MBs and MBs residues in mice. A-B) Ex vivo fluorescence macroscopy 
quantification of MBs outcome in brain, liver, lungs, bladder, spleen, intestine and kidney. A) Fluorescence macroscopy images 
of various organs after stroke treatment (saline: top row, rtPA-loaded Fuco MBs: bottom row). Organs were retrieved 24 
hours after treatment and imaged without tissue fixation. The epi fluorescence scale was set between 3938 and 10510 counts. 
Specific targeting of MBs to the stroke area was still visible after 24 hours and liver and lungs were fulfilling their blood 
cleaning property as the rest of the fluorescence was observed in those two organs. B) Quantification of the fluorescence in 
each organ in counts/cm2/s. The quantification gave similar conclusion to the fluorescence images, with a high fluorescent 
signal of MBs residues in the liver and the lungs (N=3). C) Histology coloration of liver tissue 2 hours after injection of 
rhodamine B Fuco MBs in mice. From left to right, DAPI coloration of cell nuclei, CD68 immunostaining of macrophages, 
Rhodamine B Fuco MBs, Merged image. The white arrows point out the MBs fluorescent residues in red and scale bar is 20 
µm. MBs residues were found in liver tissue after 2 hours and some of them seemed to be internalized in liver macrophages. 
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Conclusion 
 

In the present study, we developed ultrasound responsive microbubbles for the targeted 

treatment of stroke. Acoustic cavitation synthesis was optimized for the production of targeting 

polymer MBs, firstly described here in the literature. This innovative protocol reduced the 

production time by three compared to gold standard hydrodynamic cavitation. The 

physicochemical properties and biocompatibility assessments were intensively evaluated to 

conclude on their contrast enhancement with US signal, effective targeting of P-selectins, and 

fibrinolytic potential. The in vivo evaluation on mice stroke model demonstrated the efficiency 

of rtPA-loaded Fuco MBs over clinical systemic injection of the drug. Indeed, we observed a 

volume reduction of the brain injury by more than 50% with a 1/10th lower dose of rtPA than 

recommended in mice. No BBB permeability or hemorrhagic complication was observed and 

expected biodistribution was found in detoxification organs including lungs and liver, 

indicating a high potentiality for a safe and scalable treatment. Our finding now rises new 

possibilities for the application of drug-loaded targeting MBs, without life-threatening side 

effects and efficient thrombolysis at lower dose. 

The main perspectives of this work now rely on the US responsive property of MBs. 

The ischemic memory observed after 24 hours on the stroke region with residual fluorescence 

on activated endothelium, allowed us to think about the potential of Fuco MBs for molecular 

imaging [162]. We demonstrated the contrast enhancement capacity of MBs for US signal and 

targeted imaging with US is an active research field. Indeed, US technology is a non-invasive, 

safe for pregnant patients and less expensive method compared to other imaging modalities. 

With the recent advances in stroke US imaging in rats [315], P-selectin targeted MBs present 

new possibilities for the early diagnosis and clot resolution follow-up of stroke events. Also, 

chemical thrombolysis alone only achieve good outcomes for 40% of patients [352] and clot 

migration can cause a variety of serious problems including distal vessels obstruction. The need 

for non-invasive clot damaging treatment led the scientific community to study microbubble-

assisted US clot bursting: the sonothrombolysis. Especially since tissue plasminogen treatment 

is less efficient on distal occlusions [357], sonothrombolysis could mechanically disrupt the 

clot [354] in addition to fibrinolysis. Despite the fact that it is an area of active research [221], 

these therapies are not yet widely available or fully understood. Few boundaries are 

nevertheless already established, including Mechanical Index threshold of 1.9 and the need of 

biocompatible MBs. Our technology is then a great candidate for the development of targeted 

sonothrombolysis for stroke resolution. 
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Supplementary data 
 

 
Supplementary Figure 1: MBs size distribution and surface charge. A-C-D) Size measurement of MBs with laser diffraction 
granulometry. Here, the Dv10; Dv50 and Dv90 are related to the size distribution. For each graph, it corresponds to the size 
of MBs measured below this percentage. A) MBs size distribution depending on the incorporated polysaccharide, fucoidan or 
control carboxymethyl dextran. B) Zeta potential measurement with Electrophoretic Light Scattering (ELS). Fuco MBs were 
demonstrated to be highly negative compared to bare MBs. Carboxymethyl dextran was used as a control polysaccharide not 
only for its similar size, but for its negative charges close to fucoidan. Also, the incorporation of rtPA onto Fuco MBs 
decreased the negativity of MBs surface charge. C) MBs size distribution in suspension after 4 weeks at 5°C in 0.02% Tween 
working buffer. D) MBs size distribution 4 days after rtPA incorporation. The main difference was observed in the big MBs, 
but still in the range for injection in vivo. 

 

 
Supplementary Figure 2: Fucoidan quantification with methylene blue colorimetric assay sulfate specific. A) Standard 
range absorbance of methylene blue in function of fucoidan quantity. B) Linear correlation between the quantity of Fucoidan 
used for synthesis and the quantity of incorporated Fucoidan. C) Images of methylene blue colorimetric assay. On top, from 
the most to the least concentrated fucoidan sample. On the bottom, Fucoidan MBs sample compared to Carboxymethyl Dextran 
MBs. 
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Supplementary Figure 3: MBs shell thickness characterization. A) Confocal images of Rhodamine B MBs. The fluorescent 
image on the left showed the incorporation of Rhodamine B into MBs shell. The Brightfield image on the right highlighted the 
hollow structure of the MBs. The scale bar is 50 µm. B-C-D) MBs shell thickness evaluation. B) Confocal fluorescent image of 
MBs shell and the drawn tangent line. Scale bar is 5 µm. C) Measurement of fluorescent signal with Fiji by plotting the grey 
value graph of a tangent line to the MBs. The orange line on the graph determines the measured shell thickness reported on 
the x-axis. It is placed at the mean height of the grey value intensity. D) Scanning Electron Microscopy image of a MBs from 
the top after being sectioned by a focused ion beam. The shell thickness measured here validated the range of MBs shell 
thickness. Scale bar is 5 µm. 

 

 

Supplementary Figure 4: Fibrinolytic activity of rtPA-loaded MBs with fibrin gel degradation evaluation. A) Images of fibrin 
gel degradation circles at same time points. From left to right rtPA-loaded Fuco MBs, free rtPA, Fuco MBs. The well for 
sample deposition in the center was 5 mm diameter. B) Fibrinolytic activity of rtPA-loaded MBs compared to free rtPA 
quantification of the degraded area over 24 hours. The degradation kinetic was demonstrated to be similar to free rtPA. 
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Supplementary Figure 5: Microscopy images of fibroblasts and endothelial cells after MTT assay. The Fuco MBs were 
incubated for 6 hours with 3T3 and HUVECs. On the left, images of the cells after incubation with Fuco MBs, on the right, 
images of cells without MBs incubation. The MTT assay consists in the evaluation of the metabolic activity of cells by the 
reduction of MTT to formazan. Here we can observe the formazan crystals in the cell around the nucleus in the highly 
concentrated MBs condition and in the control group that validate the harmless behavior of MBs in static conditions. 

 
Supplementary Figure 6: Full MRI scan of mouse brain. A) Wider MRI scan of ischemic region after stroke treatment. Slices 
are ordered from dorsal to frontal and white arrows are pointing at ischemic regions. We observed that the ischemic lesion 
volume was bigger and present in more plans with saline and free rtPA treatment rather than rtPA-loaded Fuco MBs. Scale 
bar is 5mm. B) Wider MRI scan of BBB leakage evaluation of stroke mice treated with saline. On top T1 acquisition before 
injection of Gadoteric Acid (GA), on the bottom after injection ones. White arrows are pointing out what we can observe as a 
leakage like BBB. Nevertheless, for none of the conditions, a major leakage was observed. Scale bar is 5 mm B. 
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Supplementary Figure 7: FTIR spectra were obtained for different MBs formulations used in this article. The reference 
formulation is represented with the PIBCA spectrum (black). Fuco MBs are shown in red and CMDex MBs in green. 
Comparison to fucoidan alone (blue) implies that no fucoidan can be detected by FTIR in MBs formulation, most likely due to 
its low mass ratio in the MBs. Based on the literature, cyanoacrylate-representative peaks are illustrated (2,900 cm-1, 2,250 
cm-1, 1,750 cm-1). 
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Part 3: What we explored but need to optimize 

This part aimed to present unpublished data that showed promising results but still 

require optimization or repetition. From drug loading capacity to in vivo sonothrombolysis, we 

described each protocol briefly and highlighted the major conclusions.  

 

Fucoidan and drug incorporation 
We presented in the previous section, the close interaction between fucoidan and the 

incorporated rtPA, where the presence of the sulfated polysaccharide was essential to the 

successful incorporation of the thrombolytic drug (Fig. 16A). This interaction is related to the 

presence of negatively charged sulfated groups into Fucoidan structure that interacts with the 

rtPA protein and the presence of non-sulfated polysaccharide did not allow such incorporation 

(Fig. 16B). The successful loading was validated with a kinetic amidolytic assay and a fibrin 

degradation assay, and also proven stable after multiple centrifugation steps (Fig. 16C). 

Nevertheless, the loading capacity on Fuco MBs under those conditions was limited around 100 

µg of rtPA for 1010 MBs in regard with the enzymatic assay. 

 The significant issue with this loading limit is that high concentration of MBs must be 

injected to achieve the 1 mg/kg dose used in the in vivo study. In clinical setting, MBs are 

typically injected at a final concentration in the range of 105 to 106 MBs/mL in humans [366], 

whereas in our preclinical study, a final concentration of 108 MBs/mL was required to reach 

the desired rtPA level. Obviously, we have established that the high concentration of MBs used 

in the study did not cause harm to the animals and there were no deaths related to it. 

Nevertheless, reducing the amount of required MBs would aid in its clinical translation. To 

achieve this goal, we explored options to enhance rtPA encapsulation onto MBs and have 

identified potential avenues for future research.  

 

• Maximum loading capacity 
The maximum loading capacity was determined using the approximation shown in Fig. 20. 

The radius of rtPA dimer was estimated to be 40 Ångstrom, using crystallography analysis 

[367]. When simplified to a sphere, its surface projection was approximated to 50*10-6 µm2. 

For Fuco MBs, considering a mean radius of 1.5 µm, the estimated plane surface was 28.30 

µm2. The final calculation estimates that the maximum rtPA loading onto Fuco MBs is around 

600 µg per 1010 MBs. This approximation was based on a simplified model and did not take 
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into account the curvature of the MBs, the steric hindrance or electrostatic interactions of the 

incorporated proteins. However, it was understood that our loading capacity was already in the 

range of high encapsulation rate, with potential room for improvement. 

 

 
Figure 20: Approximation of Fuco MBs maximum loading capacity of rtPA. 

 

• Covalent bonding strategy 
In order to improve the incorporation of rtPA onto MBs we attempted to perform covalent 

bonding using EDC/NHS protocol. This process involves activating a carboxymethyl group by 

increasing the pH, then using EDC/NHS as a stabilizer for the formation of a stable and covalent 

amide bond with an amine group. Our approach involved the saponification of the ester isobutyl 

side chain of the PIBCA shell with 1M NaOH for 15 min [368]. After that, EDC/NHS (2:5 
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ratio) was added to the pH 10 MBs suspension, followed by free rtPA solution (500 µg). The 

mix was left for 2 hours under gentle agitation before the centrifugation rinsing process.  

The graphs in Fig. 21 compare the results of rtPA incorporation using the EDC/NHS method 

to the adsorption protocol, with the amidolytic assay described previously. The first observation 

is that EDC/NHS did not result in better incorporation of rtPA on polysaccharide-free MBs nor 

CMDex MBs when compared to adsorption protocol (Fig. 21A). Additionally, it was believed 

that covalent bonding would enhance the long-term stability of the incorporation, however Fig. 

21B showed the opposite. Those results helped in the decision of the most suitable rtPA 

incorporation strategy where easy and chemical free adsorption was sufficient. Also, EDC/NHS 

protocols are hard to standardize and it may appear that it could be improved with different 

incubation time and pH variation. Nevertheless, a stable covalent bonding is sometimes a 

constrains for the drug delivery.  

 

 
Figure 21: Comparison of EDC NHS covalent bounding to adsorption of rtPA. Left: rtPA incorporation on various MBs 
shell compositions with amidolytic assay. Naked MBs corresponds to PIBCA MBs with no polysaccharide in the shell. Right: 
stability of rtPA incorporation over 4 days with centrifugation steps every day, performed with the same amidolytic assay. 

 

As a result, our strategy moving forward to increase rtPA incorporation is by enhancing 

fucoidan incorporation. We believe that this electrostatic interaction may enable more rtPA 

loading. The current protocol utilized 2% of fucoidan (w/v) in the starting aqueous solution, but 

this ratio could be increased as we have demonstrated the linear incorporation of fucoidan in 

Fig. S2. 
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In vivo targeting  
The targeting properties of Fuco MBs were evaluated in vitro with the microfluidic 

platelet aggregation assay presented in Part 2 of this Chapter. Nevertheless, the optimization of 

this protocol took a few months to be validated. Indeed, microfluidic systems are highly 

dependent on the coating efficiency and also the quality of the equipment. It may happen that 

the system gets clogged if the blood is infused for too long. On the opposite, platelet aggregation 

may never occur if the coating is not correctly done or if the withdrawn blood has limited 

platelet count or aggregation factors. Overall, we explored in parallel the in vivo targeting of 

Fuco MBs on the ferric chloride clot model [369]. This model is widely studied for deep vein 

thrombosis and briefly consist in the following protocol [338], [370]. 

Mice were anesthetized with a mixture of ketamine and xylazine through intraperitoneal 

injection and placed in lateral position. An incision was performed in the abdomen and the 

mesenterial vein was exposed with the attached bowel (Fig. 22A). The focus was set on the 

mesenteric vein with an intravital microscope and retro-orbital injection of DIOC6 solution 

allowed the labelling of circulating platelets. Then, a 1 mm large rectangle of chromatography 

paper, soaked into a 10% w/v ferric chloride solution (Fe3+Cl-), was placed for 1 min on the 

targeted vein. The chemical aggression of the vessel triggered the formation cascade of a 

thrombus on the injured endothelium. The surgical window was washed with saline to remove 

any ferric chloride excess. The thrombus formation was then monitored with real-time 

fluorescence microscopy and Rhodamine B MBs were injected after its stabilization. Live 

microscopy also recorded the MBs circulation in the vessel, and image analysis was performed 

to determine the percentage of MBs fluorescence on the obtained thrombus (Fig. 22B). For each 

condition, we had an animal number of 4, which gives an interesting insight but not enough 

data to conclude on the statistical significance. Indeed, fluorescence microscopy and 

fluorescence quantification (Fig. 22C) tend to the conclusion that Fuco MBs are more specific 

to the thrombus than non-targeting CMDex MBs but yet, the P-value was not significant (P = 

0.14). If the targeting capacity was more than validated in vitro with whole human blood 

microfluidic system, this result can be explained by various reasons. The first one relies on the 

small number of animals (N=4) and the variability in between them. In the objective of the 3Rs 

(Replace, Reduce, Refine), the animals were selected from our laboratory breeding 

availabilities. In consequence, male and female as well as different ages (10 to 21 weeks) 

C57BL/6 were chosen for this study. The ferric chloride deposition time was very dependent 

of mice sizes and sex, for instance females showed a significantly higher required time for 



Chapter II: Experimental results 

 128 

thrombus formation compared to males. Thus, over a few numbers of animals, we observed a 

high standard deviation even though the fluorescence was normalized to the clot size. Another 

reason for the similarities between groups can be explained by the steric entrapment of the MBs 

independently from the targeting properties of the MBs. We indeed observed that the clot 

obstruction would inevitably trap circulating MBs but also the clot will continue to form without 

any therapeutic intervention entrapping any MBs in the complex.  

Ferric chloride model for targeting validation remains an interesting approach because 

it generates platelet rich clot, where P-selectins are the most expressed. We concluded that the 

preliminary results have a tendency to validate in vivo targeting but a larger number of animals 

with less phenotype differences would be needed to truly compare the results. Finally, 

secondary validation of the efficient targeting was still obtained in vivo with the experiment 

performed in mice stroke model (Fig. 18) showing the residual fluorescence observed on the 

thrombotic event site after 24 hours. 

 
Figure 22: In vivo targeting of Fuco MBs compared to CMDex MBs on ferric chloride thrombotic model. A) Graphical 
abstract of ferric chloride thrombosis model. The mesenteric vein is exposed and a small chromatography paper soaked in the 
ferric chloride solution (orange rectangle) is deposited for 30 seconds to 2 minutes. B) In vivo fluorescent microscopy of the 
induced clot. In green we observed the platelet aggregation, in red the rhodamine labeled MBs and MBs residues .C) 
Fluorescence quantification of Rhodamine B signal normalized to the clot area (yellow line in B). 
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Freeze drying 
The development of new agents for therapeutic application is a long process before 

reaching commercialization, including safety control, complete physicochemical 

characterization and clinical trials. Nevertheless, it is important to think about scalability of 

production and long-term storage. If we look at commercial MBs, they are exclusively 

distributed as a dry powder to be rehydrated before injection. This process of lyophilization 

(freeze drying) is a standard process for storage time prolongation in industry. Briefly, it 

consists in the water removal process by water sublimation, under vacuum conditions.  It has 

the added advantage of reducing the storage weight and space, with the possibility of easy 

sterilization (UV, gamma rays…). In the case of lipid shell MBs, the adaptability of the material 

from “dry” to “wet” is well described as their initial synthesis is obtained from a dry lipid film. 

However, cyanoacrylate MBs are the result of an irreversible polymerization leading to the 

characteristic stiff shell. Our idea to extend the shelf storage was guided from the recent 

publication from Ojha et al. (2019) about lyophilization parameters of PBCA-based polymeric 

MBs [371]. This work pointed out the importance as sucrose and Polyvinylpyrrolidone (PVP) 

for the cryoprotection of the samples. In this study the cryoprotectant (5% w/v) were added to 

the storage solution of PBCA MBs before the freeze-drying protocol. They produced MBs with 

the standard hydrodynamic cavitation and used 0.02% Triton-X-100 as a storage solution. The 

main differences from our work were: the entrapped gas (here is air while we worked with 

PFB), the cyanoacrylate structure (here n-butyl-cyanoacrylate compared to our iso-butyl-

cyanoacrylate) and the freeze-drying protocol (here the freezing step is in liquid nitrogen while 

our freeze dryer has a temperature slope monitoring).  

The first trials performed in the lab, using 5% sucrose or glucose (based on lab stock 

availabilities), did not allow a successful resuspension of the MBs. Based on information 

collected during scientific conferences, a second attempt was performed using 12.5 % w/v 

cryoprotectant (sucrose or glucose). The freeze-drying protocol was based on existing settings 

used in the laboratory for hydrogel lyophilization (3 hours 15 min of freezing at -40°C, then 

vacuum to 1.995 mBar and gradual temperature rise to 10°C in 14 hours). The obtained powder 

was resuspended in 0.02% tween 20 storage solution with vortex and gentle mixing overnight, 

then MBs size were measured for comparison to prior freeze drying. Fig. 23 displays the 

rhodamine labeled MBs before and after the lyophilization protocol. After resuspension some 

MBs aggregates were floating to the surface, also observed in fluorescence microscopy. The 
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size measurement emphasized this observation with an augmentation in the MBs mean size to 

16 µm (Fig. 23).  

 

 
Figure 23: Freeze drying experiment on Rhodamine B MBs. Images of MBs suspension before and after freeze-drying. Size 
measurement of MBs were performed with laser diffraction granulometry. Here, the Dv(10); Dv(50) and Dv(90) are related to 
the size distribution. For each graph, it corresponds to the size of MBs measured below this percentage. 

 

We believe that the protocol can be optimized in order to recover the mean size of the 

initial suspension (around 4 µm here) without compromising the overall concentration. The 

quantity of cryoprotectant may be an important parameter as we are working with a 

perfluorocarbon with a high boiling temperature (-2° C). In consequence, the freeze-drying 

protocol can induce a change in the gas phase compromising the structure of the polymeric 

shell. The overall results were promising for long term storage of polymer MBs, but the lack of 

time postponed this optimization that will be performed in the future projects. 
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Sonothrombolysis 
The process of mechanical disruption with the combination of US and MBs oscillation 

is described as sonothrombolysis (Fig. 24). It relies on MBs acoustic parameters presented in 

the introduction chapter, MBs behavior indeed is highly dependent on the acoustic pressure of 

the US signal. Response to US is not only useful for imaging but stable cavitation can induce 

microstreaming that may improve drug delivery and inertial cavitation could induce MBs burst 

and destabilize the clot (Fig. 24). With the availabilities of commercial MBs for US imaging, 

several clinical trials were already conducted for stroke [219] or myocardial infarction [220] 

with promising results but the lack of standard protocols. Indeed, acoustic parameters for 

reproducible results depend on the frequency, the mechanical index, the insonation duration 

and the distance to the clot. With this project we aimed to improve the sonothrombolysis effect 

with the targeting property and with the incorporation of the thrombolytics inside the MBs.  

 

 
Figure 24: Sonothrombolysis precept for enhanced thrombolysis. Sonothrombolysis is performed by the ultrasound 
insonation of MBs on the thrombus site. Microbubble radial oscillation properties are sensitive to acoustic pressure. The 
bubbles can undergo stable cavitation inducing microstreaming of the surrounding environment or inertial cavitation leading 
to the collapse of the bubble. While MBs alone are proven to destabilize a clot with US insonation, sonothrombolysis efficacy 
is enhanced with the thrombus specific targeting and loaded thrombolytic agent on the MBs. Abbreviations: MI, mechanical 
index; MBs, microbubbles. Created with Biorender.com and adapted from Zenych et al. 2020 [85]. 
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In collaboration with the team of Olivier Couture from the Laboratoire d’Imagerie 

Biomédicale (LIB) and the help of the Post-Doc Georges Chabouh, we established a 

transportable US setup for in vivo sonothrombolysis. The general objective was the in vitro 

validation of the MBs destruction with a home-made setup that we could be easily translated to 

the in vivo experiment for targeted MBs enhanced sonothrombolysis. Considering the fact that 

the in vivo experiments were performed with the team of Denis Vivien in the Cyceron facility 

(Caen), we had to think about an easy to use and easy to transport setup to avoid the operator 

dependent bias. Instead of a computer driven signal, we thought it would be more practical to 

define fixed parameters with the single need to use an on/off switch. Therefore, the 

transportable setup was composed of a monoelement transducer with a 0.75 MHz frequency, 

connected to an electrical generator fixed to 20 V (estimated MI around 0.8). Indeed, what we 

knew from the literature was the necessity of high mechanical index signal to ensure MBs burst 

but the insonation duration was not explicitly standardized. In terms of duration two parameters 

must be addressed, the overall insonation time and the duty cycle of the signal. The overall 

insonation time was set here to 1 minute, considering the blood velocity in vivo and the capacity 

of a 20 V signal to induce MBs implosion. The duty cycle on the other hand is related to the 

continuity of the signal, the higher the duty cycle, the more continuous the signal will be.  

 

• In vitro model 
In that manner we developed the following setup (Fig. 25A) for the in vitro validation 

of MBs burst parameters. It was composed of a home-made 10 % agar phantom model with a 

2 mm wide channel and a lateral opening allowing the addition of the monoelement transducer 

perpendicularly to the channel axis. Briefly, the L3-12-D (General Electrics; 256 elements, 0.2 

mm pitch size) transducer was positioned on top of the system to image the channel and the 

independent 0.75 MHz monoelement transducer (SNX, 131124, Sonaxis) was positioned on 

the front side, perpendicular to the channel (Fig. 25A) to induce MBs burst. The top transducer 

was only used to image MBs signal before and after the burst induction by the monoelement 

one. It allowed the evaluation of different burst parameters in vitro with a constant amplitude 

(20V, 0.8 MI) and burst cycle (50 cycles). The following parameters were studied: burst period 

(0.05 ms, 0.1 ms, 1 ms) corresponding to the duty cycle (100%, 50%, 5%) of the burst event, 

the smaller the burst period the more continuous the signal will be. The protocol was performed 

as followed: MBs flow was stopped and the imaging sequence was 2 blocks of 200 images 

each, using a compounded framerate of 150 Hz, Pulse Repetition Frequency (PRF) of 3 kHz 
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and 2V amplitude. The electric generator was turned on with the previously described 

parameters for 1 minute. Finally, the same imaging sequence recorded the US signal of 

remaining MBs and the channel was washed with flowing MBs for the experiment repetition.  

Thus, the burst response was evaluated in stopped flow condition, comparing before and 

after images acquisition of the L3-12-D transducer with image analysis and background noise 

subtraction. The results are displayed in Fig. 25C-D, with the MBs US intensity before and 

after burst sequence and with the calculated disruption ratio of the MBs depending on the 

continuity of the signal. The evaluation of MBs intensity to US imaging signal clearly assessed 

that above 50 % of duty cycle with 20 V amplitude for 1 minute, no more MBs were observed 

in the channel compared to no burst (0%) and highly discontinuous signal (5%). This result was 

confirmed by the disruptive ratio calculation in Fig. 25C. Those data highlight the importance 

of the continuity of the signal to induce burst potential of MBs even with high amplitude signal 

which information is often lacking in preclinical sonothrombolysis model. With the validation 

of the burst parameters, we were able to translate this model to preclinical sonothrombolysis in 

a mice stroke model. 

 

 
Figure 25: In vitro validation of MBs inertial cavitation. A) Home-made setup of the agar phantom with a lateral position 
designed for the monoelement transducer. L3-12-D transducer was used for imaging purpose only. B) MBs signal intensity to 
different duty cycles before and after burst signal. C) Calculated disruption ratio in function of the continuity of the signal, 
calculated from the normalized intensities. 
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• In vivo translation 
In vivo sonothrombolysis was performed in parallel to the in vivo experiments presented 

in the previous part. In addition to the treated animal with rtPA-loaded Fuco MBs and free rtPA, 

two other conditions were also performed: free rtPA + US (N = 17) and rtPA-loaded Fuco MBs 

+ US (N = 16). In those conditions, 5 minutes following to the previously presented treatment 

protocol, US insonation was performed for 1 min (0.75 MHz, continuous with 100% duty cycle, 

MI 0.8), with the transportable US setup validated in vitro positioned on the mice skull and 

directed to the stroke region on top of echogenic gel to ensure signal continuity (Fig. 26A).  

The addition of US insonation to free rtPA or rtPA-loaded Fuco MBs did not improve 

the size reduction of the ischemic region after 24 hours, as presented in Fig. 26B. Indeed, saline 

group ischemic volume was measured at 10.35 ± 4.84 mm3, showing no statistical significance 

to the free rtPA group (8.11 ± 5.82 mm3) nor rtPA-loaded Fuco MBs group (8.40 ± 6.38 mm3). 

In consequence it seems that this US insonation protocol was not adapted for an efficient 

sonothrombolysis in this stroke model. However, we observed that BBB barrier was not 

compromised as no leakage was observed in gadoteric acid MRI evaluation (Fig. 26C). 

 

Figure 26: In vivo sonothrombolysis. A) Monoelement transducer position on the mouse head during US insonation. B) 
Ischemic lesion volumes of free rtPA + US and rtPA-loaded Fuco MBs + US compared to saline injection of rtPA. C) BBB 
leakage evaluation with Gadoteric Acid injection comparing the previous group. 

 
What we can conclude from this preliminary study of in vivo sonothrombolysis with drug 

loaded targeted MBs, is that in vitro to in vivo translation is not a linear path and require 

adjustments. The large number of animals allowed to conclude that this insonation strategy was 

not more efficient than rtPA-loaded Fuco MBs without US, in terms of ischemic lesion 

reduction at 24 hours but still safe for the animals. It may suggest that the induced cavitation 

was too “powerful” thus limiting MBs to reach the clot or not specific enough compared to 

other techniques like MRI assisted focused US [238]. In consequence it may be interesting to 
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work on the microstreaming effect instead of MBs implosion to destabilize the clot and improve 

the drug delivery. This could be obtained by reducing the duty cycle and/or the intensity of the 

US signal and it may be interesting also to have prolonged US signal with slow MBs infusion. 

In conclusion, the results of this work will help us improve further treatment protocol, with the 

added skill of better understanding the MBs behavior under US insonation adapted to in vivo 

experiment. 
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In the United States, we estimate the occurrence of acute ischemic stroke every 40 sec, 

and the thrombotic diseases in their whole are one of the main cause of mortality worldwide 

[372]. Despite the availability of thrombolytic drugs, there are still a number of unmet medical 

needs for more effective and safer treatments. After reviewing the pathophysiology of 

thrombotic diseases, the importance of environmental factor and the lack of early diagnosis, we 

got interested in the available treatments for fibrinolytic therapy. From 1995, Alteplase (rtPA) 

has been the gold standard for intravenous thrombolysis allowing the disassembling of the fibrin 

network entrapping the clots [372]. Despite the introduction of genetically modified 

thrombolytics like Tenecteplase or Reteplase, with an improved half-life and a high specificity 

for fibrin, the systemic injection of drug will always require high concentration of drugs to 

reach an efficient activity on the thrombotic site. High concentration then translates to 

potentiality for side effects like neurotoxicity or hemorrhagic transformation and consequently 

longer hospitalization time. The need for drug encapsulation and dose reduction matches with 

the duty to provide accessible, easy to administer and non-invasive treatments. This is where 

nanomedicine comes into play in the history of innovative therapies. We presented in the 

introduction, a glimpse of NPs strategies for thrombolytic therapy including lipid, polymer, 

inorganic and bioinspired NPs with their pros and cons. We defined the ideal characteristics for 

the development of an innovative nanomedicine strategy and MBs seemed to check most of the 

boxes. Indeed, their micro scale prevents from crossing biological barriers like BBB or 

endothelium, assuring their local action to the vascular system. Compared to small NPs, MBs 

do not present size dependent toxicity like hemolysis and ROS production [373] nor affect the 

function of erythrocytes oxygen delivery ability [374]. The major drawback related to their size 

would be attributed to the possibility of small vessel occlusion because of their red blood cells 

size range. Nevertheless, their half-life in the bloodstream usually never exceeds 10 minutes, 

limiting the tissue damages. MBs were also selected for their acoustic properties and the 

perspective of their use in molecular imaging. Indeed, MBs such as Sonovue® or Optison®, are 

commonly used for ultrasound imaging in clinic as their non-linear compression dilatation 

properties under US insonation enables an efficient contrast compared to biological tissues. 

However, their lipid and albumin shell bring limitations for the functionalization of MBs and 

as a result our focus was on the design of tunable polymer MBs. 

The synthesis process was inspired from the work of the former PhD student Bo LI, who 

developed targeted MBs composed of cyanoacrylate and fucoidan copolymers via 

hydrodynamic cavitation. The goal of my PhD project was to pursue the development of those 

polymer MBs, by encapsulating the thrombolytic drug and validate their in vivo efficacy for the 
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treatment of thrombotic diseases. The project started with the study of existing synthesis 

protocols for lipid and polymer MBs. We were confronted with the fact that lipids MBs had a 

multitude synthesis protocol (shaking, sonication, microfluidic) while polymer MBs synthesis 

had been barely explored. In order to reduce synthesis time and provide more customizable 

parameters we developed an original synthesis method for polymer MBs. By replacing the air 

by a perfluorocarbon and using acoustic cavitation instead of hydrodynamic energy, we 

managed to reduce the time of synthesis by 3 and patented the methodology in 2022. The overall 

advantage of this technique is the addition of more tunable parameters that could extend the 

application window of those polymer MBs. For example, with pressure/temperature 

management and insonation optimization it may be possible to develop Nanobubbles that 

showed promising perspectives for cancer treatment and diagnostic based on the EPR effect or 

for drug delivery across the BBB. The remaining drawback of this method is attributed to the 

required filtration procedure for the obtention of tuned size MBs. Nevertheless, we believe that 

the synthesis parameters, may still be optimized to reduce the post production step, providing 

a more scalable method. Hence, once we secured a safe, reproducible and time saving method, 

MBs were characterized and tested for in vivo application.  

Thus, we presented in this PhD manuscript, the development of drug-loaded targeting 

polymer MBs for the improvement of stroke treatment. Their stability over time was validated 

over 4 weeks in suspension (Fig. S1C) and their biodistribution aligns with the liver primary 

function to detoxify the blood. In addition, the shell composition did not affect the shelf stability 

(Fig. S1D) allowing data compilation and the preliminary trials on freeze drying MBs (Fig. 23) 

demonstrated the potential of the newly synthetized MBs for long term storage. Cyanoacrylates 

are strong adhesives commonly used in surgical procedures for wound closure but are also 

injected in humans to seal blood vessels [79]. Fucoidans on the other hand are extracted from 

brown algae [44] and were injected in humans with NANO-ATHERO project (NCT03422055) 

[16,30]. Thereby, this easy to make and scalable acoustic cavitation protocol draws new 

perspectives for the development of biocompatible microbubbles. The shell composition was 

validated by Fourier Transform Infrared (FTIR) as presented on Fig. S7, displaying the 

characteristic pics of ester bound around 1,750 and 2,250 cm-1 for cyanoacrylates. However, 

the polysaccharide incorporation with either fucoidan or carboxymethyl dextran was 

challenging to identify given the small amount of it. This quantification was better performed 

with sulfate dosage (Fig. S2A-B) and fucoidan targeting properties (Fig. 16D-E). In addition, 

the use of whole human blood rather than P-selectin coating for the evaluation of targeting 

properties is a much more accurate model for in vivo translation. The micron size of MBs helped 
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for imaging characterization with ESEM (Fig. 14D), confocal (Fig. S3A) and FIB (Fig. 14E; 

Fig. S3D) imaging. In that manner, we were able to estimate the shell thickness by two methods 

(FIB and confocal fluorescence) to 518 ± 116 nm (Fig. S3B-C-D). The wide standard deviation 

is also the consequence of the FIB sample preparation that affected the MBs integrity limiting 

the sample number (N=4). After validation of MBs physicochemical properties, rtPA 

incorporation was obtained with a simple adsorption protocol using no additive chemical, no 

critical temperature and no need for the use of covalent bonding like EDC/NHS (Fig. 21). We 

validated the rtPA activity through two enzymatic assays, the fibrinolytic activity on agar gel 

(Fig. S4A-B) and the amidolytic activity on fluorescent substrate (Fig 4 A-B). Regular protein 

quantification with copper reduction (BCA assay) was not possible due to the reactivity of MBs 

without any incorporated drug. The incorporation was also validated by the shift in the surface 

charge (zeta potential) of rtPA-loaded Fuco MBs compared to Fuco MBs (Fig. S1A). Lastly, 

the activity of the incorporated protein was stable over 4 days (Fig. 16C) with no shift in the 

mean size of the MBs (Fig. S1E). Therefore, to ensure the effectiveness and the quality of the 

treatment, rtPA-loaded MBs were not use after 4 days for in vivo injection. 

MBs are of main interest because of their acoustic property in US imaging also validated 

here with a homemade US setup. Establishing echogenic evaluation is not standardized yet and 

it mainly relies on contrast enhancement validation. Moreover, the system is highly setup 

dependent (distance, probe, medium) and required probe calibration. The test was computer 

driven with different voltage but, in order to translate to Mechanical Index, a hydrophone 

calibration was performed to measure the negative pressure of the signal. Nevertheless, it gives 

good insights for in vivo translation. We wanted to determine the threshold of MBs stability for 

US imaging but also the disruptive ratio of MBs for later sonothrombolysis experimentation. 

Indeed, many teams [20;21;22] have been exploring the impact of bursting MBs with US for 

the mechanical impairment of blood clots. No standards have been determined yet, except for 

bio-damaging boundaries of high Mechanical Index (MI, 1.9) [206]. A better understanding of 

MBs response to US signal in vivo is a key element to perform safe and monitored 

sonothrombolysis. 

Before in vivo injection, we validated the in vitro biocompatibility of cyanoacrylates 

degradation products [74] with hemolytic tests (Fig. 17C), viability (Fig. 17D) and mortality 

assays (Fig. 17A-B) on endothelial cells and fibroblasts. The safety of MBs was demonstrated 

for each cell type independently from the MBs concentration (up to 1 x 108 MBs/ml) or the 

duration of the experiment (from 2 hours to 6 hours). The assays durations were selected 

according to the fact that MBs are not designed to be circulating after a few hours in the 
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bloodstream. Overall, in accordance with the International Standard (ISO 10993-5) the 70% 

viability and 30% for mortality threshold were not exceeded. Thus, the safety of polymer MBs 

allowed the translation to the animal stroke model. 

Thrombin injection triggers the formation of fibrin rich clot compared to ferric chloride 

model [377] that induces platelet rich thrombi. In consequence, thrombin-induced clots are 

more likely to respond to rtPA treatment. In this study rtPA was injected to 1/10th of the 

treatment usually used in mice [378]. This choice was driven by the ultimate goal to limit rtPA 

dose related side effects. This constraint did not prevent an efficient clot resolution thanks to 

the specific targeting of rtPA-loaded Fuco MBs. Indeed, 1 mg/kg injection of rtPA loaded onto 

targeting MBs, reduced by more than 50% the size of the ischemic lesion for 16 animals (out 

of 16). The drug loading helped protect the protein and the specific clot targeting lead to the 

treatment improvement. This result is even more promising as free rtPA treatment at the same 

concentration was not significantly more efficient than treatment with saline only. In 

consequence, we can hypothesize about the synergic action of rtPA loaded onto Fucoidan MBs 

for a successful thrombolysis. The specific targeting of fucoidan may also be enhanced with the 

known affinity of rtPA for fibrin [372] and consequently improve the precise drug delivery. 

Finally, this efficient targeted drug delivery treatment gets in the range of human recommended 

dose of 0.9 mg/kg (according to the National Institute of Neurological disorders and Stroke), 

suggesting that lower dosage of encapsulated rtPA could have beneficial outcomes and reduce 

dose related side effects in humans too.  

No animal was harmed with the injection of rtPA-loaded MBs and we aimed to reduce 

the number of animals. Hence, control conditions like Fuco MBs, rtPA-loaded CMDex MBs 

and free rtPA at 10 mg/kg for stroke treatment were not explored. Firstly, Fuco MBs would 

have been interesting to validate targeting properties in vivo compared to rtPA-loaded Fuco 

MBs. Nevertheless, we demonstrated in vitro that the rtPA incorporation did not impair the 

targeting properties of Fuco MBs (Fig. 16F). Secondly, rtPA loaded CMDex MBs treatment 

evaluation could highlight the importance of targeting for the clot resolution. However, efficient 

rtPA loading on CMDex MBs was not possible as presented in Fig. 16B. Lastly, free rtPA 

treatment validation of 10 mg/kg efficient thrombolysis on thrombin clot mouse model was 

largely studied [363], suggesting the real advantage of our dose reduced treatment.  

We also studied the outcome and clearance process of MBs after stroke treatment. The 

circulation time of polymer MBs in the body depends on a number of factors, including size of 

the MBs, type of polymer, and the density of the gas core [58]. In addition, the circulation time 

can be influenced by opsonization, the presence of plasma proteins that can bind to the surface 
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of MBs and alter their fate through the body. The half-life measurement is part of the 

supplementary studies that would complete this work and US imaging is the most relevant way 

to determine MBs integrity by observing their non-linear signal or on/off contrast with higher 

mechanical index [379]. Unfortunately, the lack of availability of an US device for small animal 

evaluation postponed this evaluation. Overall, circulation time is widely dependent of the MBs 

composition but is usually ranging from minutes to tens of minutes, long enough for 

conventional diagnosis or therapeutic methods.  

The biodistribution study was performed 2 hours after injection in the liver tissue with 

immunolabelling of resident macrophages to evaluate the early blood detoxification in the liver 

(Fig. 19C). More organs including brains, livers and lungs were actually collected from of all 

the groups after 24 hours and stored for further histology evaluation. The lack of time by the 

end of this project did not permit a full histology study, but the harvest of infarcted areas in the 

brain and study of liver residual fluorescence would bring necessary insight for further animal 

studies. In addition, the biodistribution on ex vivo organs revealed the final whereabout of MBs 

in the body with the expected contrast in liver and lungs (Fig. 19A). The residual fluorescence 

of rtPA-loaded Fuco MBs was also observed in the stroke region after 24 hours (Fig. 19A) 

validating the specific targeting of fucoidan on P-selectin but also pointed out the long-term 

expression of this biomarker after the treatment by activated endothelial cells. This confers an 

interesting horizon for further molecular imaging of thrombotic diseases. Especially since the 

residual fluorescence is not due to BBB permeability as demonstrated with Gadoteric Acid 

(GA) injection (Fig. 18E-F; Fig. S6B). P-selectin is a known endothelial-related inflammation 

biomarker [380] and an increase in its concentration within 72 hours could predict the incidence 

of post stroke infection [381]. Nevertheless, some controversies still remain in the significance 

of P-selectin expression in stroke versus non stroke patients [382] and molecular imaging could 

be an alternative way to resolve the debate. In that manner the study of thrombo-inflammation 

with Fuco MBs may be investigated over different time points with either fluorescent 

microscopy or US imaging. 

We also wondered about the further clinical translation of those US responsive agents 

regarding the high MBs concentration injected in order to reach the 0.9 mg/kg of rtPA. In fact, 

the final concentration of rtPA used for stroke treatment was restricted due to the potential harm 

of high concentration of MBs in vivo. For clinical US imaging, the final concentration of MBs 

depends of the US contrast agent [379], but is usually up to 106 MBs/ml of blood. If we compare 

to the final concentration of our animal model, the final concentration was elevated to 108 

MBs/ml of blood. As presented before, no animal presented any distress during the injection, 
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no crossing of the BBB was observed and no unspecific residual fluorescence was recorded. 

Right now, it is hard to evaluate on the possible translation to human with the actual amount of 

required MBs. Besides the fact that commercial MBs are exclusively lipid or protein made, the 

potential harmful degradation products of cyanoacrylates, cyanoacetate and formaldehyde 

could be measured, even though formaldehyde half-life was of 1.5 min in monkey plasma [383]. 

In order to overcome this issue, we expect that the final MBs concentration can be reduced. 

First, we know that rtPA encapsulation can still be improved by enhancing its interaction with 

fucoidan. Also, regarding the first in vivo test, lower dose of rtPA may be enough for an efficient 

treatment and injections in double bolus or infusion are conceivable options to inject smaller 

quantities at the time. Lastly, the synergy between MB drug delivery and US insonation has not 

been validated yet and could also help reducing the required amount of injected MBs. Indeed, 

sonothrombolysis trials were performed on mice, along with the injection of rtPA-loaded MBs. 

The inertial cavitation of MBs did not improve the resolution of the thrombolytic treatment but 

neither induce harmful complications. We can discuss how the US regime should be modified 

to ensure that MBs behavior does not prevent them from reaching their biological target. So, 

the next strategy may be to reduce the mechanical index and increase the US exposure to use 

microstreaming behavior of MBs instead of their implosion. This could enhance drug delivery 

and improve the deeper penetration of MBs inside the clot through mechanical disturbance of 

the environment (Fig. 5). However, the translation of this kind of treatment is still on the edge 

of development as bones are US absorbent and the mouse skull is less that a millimeter thick 

while human skull can reach up to 6 mm. 

The targeted treatment of thrombotic diseases was a success in the performed evaluation 

of stroke resolution and some modifications would be interesting to explore to keep reducing 

the adverse effects of acute ischemic stroke. The time window for rtPA treatment is still limited 

by the hemorrhagic transformation risk after 4.5 hours, because of the action of 

metalloproteinase, limiting the treatment accessibility to only 10% of patients [384]. Indeed, a 

few hours after the ischemic event, metalloproteinase precursors are expressed in the brain and 

become active with rt-PA cleavage, leading to destruction of the endothelium extracellular 

matrix. Recent studies already demonstrated the prevention of hemorrhagic transformation with 

metalloprotease inhibitors and their incorporation into MBs may expand the therapeutic 

window [385]. Combined strategies with optimized plasminogen activators and 

deoxyribonuclease would also have an interest for the dissolution of NETs, recently described 

on thrombi [386]. In addition, oxygen delivery could be performed as a therapeutic gas could 

reduce the hypoxic state of the surrounding tissue. Overall, a more complex design of MBs 
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could embrace the synergic effect of gas, chemical and mechanical actors for the efficient 

treatment of thrombotic diseases. 

The future investigations related to this project include the development of the US 

molecular imaging and the enlargement of their application spectrum. Currently, ultrasound 

imaging is physically limited in resolution by the diffraction of approximately half of the 

wavelength of the transmitted beam. By combining clinical microbubbles with ultrasound, a 

breakthrough resolution was possible with the technique called Ultrasound Localization 

Microscopy [284], [312]. ULM maps the in vivo microcirculation down to few microns deep in 

organs. However, the microvasculature is a complex 3D network, hence 2D ULM suffers from 

out-of-plane motion; thus 3D ULM was recently introduced [312], [314] for whole organ 

imaging and was sensitive to stroke [315]. So far, the smallest ever imaged vessel with ULM is 

about 30 microns (arterioles, venules) where microbubbles speed is higher than 20 µm/s. 

Various functional blood vessels in the human body such as the capillary beds in the brain, 

glomeruli in the kidney or the islets of Langerhans in the pancreas are known to have very slow 

flows (about 1-10 µm/s). With the current ULM techniques, the spatiotemporal filtering that is 

used to separate flowing MBs and tissue is limited on such low velocities, hindering the 

capability of ULM to reveal such microenvironments. The fast improvement of US imaging 

with ULM and the detection of single static MBs are the future key perspective for an efficient 

US molecular imaging with targeting MBs [315]. Thus, the validation of these new imaging 

modalities with different ultrasound pulse schemes such as non-linear techniques to correct for 

the loss in actual filters are the next step of the ANR FightClot project with the collaboration 

of the LIB.  

Another interesting perspective will be explored with the application of targeted MBs with 

chronic inflammatory diseases. Their prevalence is estimated at about 5% of the world 

population [387] and these diseases are associated with the occurrence of inflammatory 

outbreaks, which are the main source of clinical complaints and organ dysfunction. Despite the 

many therapeutic strategies currently used, the control of inflammatory outbreaks remains 

difficult. Circulating monocytes are key players in these inflammatory pathologies and the 

broad spectrum of immunological functions performed by these cells is based on an adaptable 

metabolism. Reprogramming monocytes is then a new strategy for the modulation of the 

inflammatory response. In collaboration with Dr. Arnaud Millet from Institut pour l’Avancée 

des Biosciences (IAB, Grenoble, France), we proposed to achieve a fine control of 

inflammatory hypoxic monocytes by inhibiting their pro-inflammatory glycolytic metabolism 

through oxygen delivery. To achieve this goal, the REPRO-BULLES project (StratEx-
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IdExUP2019-secondaire) is developing an innovative strategy to transport and deliver oxygen 

specifically to circulating monocytes using functionalized oxygen MBs. The advantage of MBs 

over nanocarriers is their high gas encapsulation capacity and their size prevent from 

extravasation allowing a strict encounter of blood circulating monocytes. We performed 

preliminary tests with mannose instead of fucoidan as a targeting agent for the CD33 receptor 

of monocyte and with dioxygen encapsulation instead of PFB. The phagocytosis capacity of 

those circulating cells allowed a reorientation of the inflammatory profile of the monocytes 

through the oxygen control of the Dihydropyrimidine Dehydrogenase metabolic pathway. The 

validation of the anti-inflammatory reprogramming with oxygen delivery was validated in vitro 

and we are now working on the full characterization for the in vivo translation. 

A thesis is only a step in the scientific advancement towards potential clinical 

translation. The long-term prospects of this project would be, of course, the valorization of 

targeting MBs for the treatment of thrombotic diseases in a clinical study project. We are aware 

that this perspective requires the validation of many stages on which we will finalize this 

discussion, with the idea that a future student will resume the project and/or its valorization 

through the creation of a start-up. First, regulatory toxicology must be performed on all 

elements of the MBs, individually and on their combination. Cyanoacrylate is probably the 

main actor that may require additional modifications to strengthen the biocompatibility of the 

model. It is indeed described that longer lateral chains are less likely to be toxic for injection in 

humans. The modification of the main component of the shell thus also implies the validation 

and complete characterization of the physicochemical and acoustic properties of these polymer 

MBs. Regulatory toxicology is also accompanied by the development of long-term stabilization 

for the industrialization of the therapeutic tool. Based on existing ultrasonic contrast agents, the 

best way to preserve MBs is to freeze-dry them. The first tests highlighted the ability of MBs 

to be resuspended in aqueous solution but still require optimization and complete 

characterization. Also, lyophilization was only tested on MBs that did not include a therapeutic 

agent. We know that rtPA in solution is obtained from the solubilization of a lyophilizate and 

it seems that the freeze-drying of the rtPA+ MBs complex is possible without altering its 

enzymatic properties. 

Finally, the question of the dose of MBs needed for an effective treatment should be 

addressed. Currently, the highest recommended dose for MBs injection is only defined for US 

imaging application at a dose of 5*108MBs. Concerning the use of MBs for a clinical 

therapeutic point of view, the dose still needs to be established. If we translate our preclinical 

results to humans, i.e., a ten times reduction of rtPA dose for an efficient thrombolysis, the MBs 



Chapter III: Discussion and Perspectives 

 148 

dose to be injected will still be higher than the current requirements of MBs for US imaging. 

From a theoretical point of view, the development of ultrasonic imaging is necessary for the 

visualization of targeting and therefore static MBs for the development of US molecular 

imaging. Also, it will be necessary to highlight the interest of these barely studied polymer MBs 

compared to gold standard ultrasound imaging enhancers such as Sonovue®. Thus, the 

versatility of these therapeutic tools and the constant theoretical development of imaging 

techniques are the key to the multiplication of the applications for these US responsive drug 

delivering MBs. 
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The aging of the population, the degradation of life styles and population sedentariness 

will be the major contributors for the increase of cardiovascular diseases prevalence in the 

future years. Despite the availability of efficient treatment, there is an unmet medical need to 

extend the therapeutic window and reduce the life-threatening side effects to be able to treat all 

the patients. The objective of this PhD project was to develop an innovative strategy for the 

efficient treatment of thrombotic diseases. We successfully managed to establish an original 

synthesis for targeted polymer MBs, patented in 2022 for its inventiveness. Those MBs were 

successfully targeting activated platelets and activated endothelium with fucoidan on their shell 

composition and rtPA incorporation was stable over several days ensuring an efficient loading. 

The in vivo model of ischemic stroke was efficiently treated with rtPA-loaded Fuco MBs, and 

the ischemic lesion was reduced by more than 50% compared to gold standard systemic 

injection. The biodistribution studies validated the specificity of Fuco MBs for the biomarker 

(P-selectin) and no harmful side effects were observed. In conclusion we validated the objective 

of providing an efficient targeted treatment for thrombotic diseases with a reduction of the 

therapeutic dose and no side effects. Along with their encapsulation capacity, MBs are also 

used as contrast enhancers for US imaging and their behavior towards US can have therapeutic 

applications. While we explored and validated the echogenicity of MBs in a flow phantom 

model, the in vivo translation for sonothrombolysis was not efficient in terms of stroke 

resolution yet. In consequence the US studies in vivo for sonothrombolysis and for molecular 

imaging are the main further perspectives of this project, that will keep running until 2024. 

Also, some more characterizations, including histology study, long term storage optimization 

and drug encapsulation improvement will be essential for a final objective of clinical 

translation.  

The fulfillment of those objectives will be accompanied by the development of a new 

application during my Post-Doc (April 2023-March 2024). I am very pleased to be able to work 

on this topic for another year, with the solid knowledge and expertise that this project already 

brought me. In collaboration with Dr. Arnaud Millet from the Institut pour l’Avancée des 

Biosciences in Grenoble, we are going to study the therapeutic use of MBs as oxygen carriers 

for the reprogramming of monocytes in chronic inflammatory diseases. I was always eager to 

explore strategies for other application and this opportunity was a perfect transition for my 

future projects. I have been attracted to entrepreneurship for several years now, and the 

development of project during my thesis make me want to experience this kind of challenge in 

a start-up or smaller company scale. Far from running my own business, I am eager to get as 

many professional experiences from newly developed companies. 
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In conclusion to my personal feeling toward this PhD, I would like to address that 

despite the constraints of the pandemic, I probably experienced the most thriving years of my 

life. This PhD allowed me to work with amazing teams and understand that research is mostly 

a big collaborative work. My academic formation as a biomedical engineer never allowed me 

to specialize in a restricted field but it allowed me to build bridges between biologists and 

physicists that sometimes do not speak the same language. I learned so much from watching 

and observing my collaborators and I am truly grateful from those experiences. I had the chance 

to participate to 6 international conferences including 3 oral presentations (Annexes 7, 9, 11) 

and 3 posters (Annexes 6, 12). As a young scientist, I was very intimidated presenting my work 

in front of an audience of hundreds of people but I somehow managed to take the best from it. 

I am proud to say that I won two prizes for best oral presentations (Annexes 8 and 10) and 1 

prize for the best poster presentation. (Annex 13). I have to admit that I was surprised about the 

benevolence of the scientific community and the inclusion of PhD students. For a long-time I 

have been afraid to fulfill my academic journey with a doctorate, being aware of the financial 

difficulties of academic research and the competition for grant obtention. Nevertheless, I 

decided to trust my PhD supervisor in this adventure and it was definitely the best professional 

experience of my short carrier. Academic research is not only money-driven but brings a lot of 

freedom in the way of thinking and the way of working. I would say that the hardest task is to 

determine the moment to end an optimization or the moment to end a project. I would not lie 

about scientific redaction being my favorite part, but I learned from that I was endowed with a 

great resilience. These 3 years helped me overcome the fear of failure and forced me to 

acknowledge that I am not only lucky to have come that far, but that work and dedication are 

the keys to success. As a reference to Marie Curie’s quote, I used to always look at what was 

missing instead of focusing on what we had accomplished and I maybe finally learned to be 

more indulgent with my work and with myself.  
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Résumé substantiel en français 
 

Contexte 
Les maladies cardiovasculaires sont le fardeau mondial de l’humanité contemporaine. 

Décrit comme la première cause de mortalité et d’invalidité, c’est devenu une priorité médicale 

avec le vieillissement constant de la population mondiale. Parmi les différentes pathologies 

liées au système cardiovasculaire, notre groupe s’est concentré sur les maladies thrombotiques. 

Elles sont la conséquence de la formation pathologique d’un caillot sanguin dû à une 

dérégulation dans le système hémostatique et/ou à une maladie athérosclérotique. En effet, 

l’équilibre sanguin est fin et régi par des facteurs chimiques, biologiques et mécaniques. Dans 

des conditions physiologiques, les caillots de sang (thrombus) sont essentiels pour maintenir 

l’intégrité des vaisseaux et protéger contre la contamination des corps étrangers. Néanmoins, 

cette barrière biologique est très réactive et de petites perturbations, y compris des facteurs 

génétiques, le style de vie sédentaire, le tabagisme ou une alimentation grasse peuvent entraîner 

des conséquences dramatiques. Les thrombus sont principalement composés de mailles de 

fibrine piégeant les érythrocytes, les plaquettes activées et les cellules inflammatoires 

circulantes, et se forment dans les veines ou dans les artères. Dans les deux cas, le risque majeur 

est l’occlusion des vaisseaux causée par le déplacement du thrombus vers les poumons (embolie 

pulmonaire), les petits vaisseaux du cœur (infarctus du myocarde) et le cerveau (accident 

vasculaire cérébral).  

 

Limites du traitement actuel 
La thrombolyse standard repose sur l’injection d’activateur tissulaire du plasminogène 

recombinant (rtPA) qui activera le plasminogène en plasmine, la principale protéase 

fibrinolytique. Par conséquent, la plasmine désassemble la fibrine réticulée en produits de 

dégradation de la fibrine (FDP) et libère les cellules piégées. Cependant, l’injection systémique 

actuelle de traitement thrombolytique pour un AVC ischémique ne peut être opérée que 4,5 

heures après l’événement. En effet, des précurseurs de métalloprotéases sont exprimés dans la 

région ischémique plusieurs heures après la survenue de l’accident et leur activation par le rtPA 

conduit à un désassemblage de la matrice extracellulaire, fragilisant ainsi l’intégrité des 

vaisseaux et entrainant une hémorragie. Par ailleurs, au-delà de cette limite de temps, une 

thrombectomie (retrait par cathéter endovasculaire) peut envisagée mais avec la possibilité de 

complication chirurgicale. Injecté de façon systémique, le rtPA a une demi-vie relativement 
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courte (environ 4 minutes) en raison de la présence de son inhibiteur naturel (PAI-1) et de sa 

détoxification par le foie. En conséquence, le médicament est injecté dans une concentration 

(0,9 mg/kg de poids corporel) impliquant des effets secondaires liés à la dose tels que la 

neurotoxicité et la transformation hémorragique de l’événement. Dans l’ensemble, le principal 

besoin médical non satisfait pour le traitement des maladies thrombotiques est une thérapie 

spécifique efficace réduisant les effets secondaires potentiellement mortels.  

 

Stratégie proposée 
De cette problématique résulte le principal objectif de ce travail de Doctorat, d’explorer 

une nouvelle stratégie pour l’encapsulation et la délivrance ciblée du médicament 

thrombolytique. Des travaux antérieurs du laboratoire ont validé la délivrance ciblée de rtPA 

avec des nanoparticules de polymère ou de polysaccharide montrant des résultats prometteurs. 

Mais le groupe a également exploré de nouveaux vecteurs comme les microcapsules et les 

microbulles. L’avantage de ces micro-objets est leur polyvalence pour l’imagerie ultrasonore 

et le potentiel de perturbation mécanique du caillot avec la sonothrombolyse. Dans ce contexte, 

ce travail de Doctorat vise au développement de microbulles (MBs) stables et biocompatibles 

permettant l’encapsulation du rtPA et le ciblage efficace des caillots sanguins afin de réduire la 

dose thérapeutique nécessaire à la résolution des accidents thrombotiques.  

 

Pourquoi des microbulles ? 
Les MBs sont déjà employées pour l’imagerie Ultrasonore (US) clinique en tant que 

rehausseurs de contraste (Sonazoid®, Optison®, Sonovue® ou Definity®), permettant ainsi 

l’étude de leurs effets oscillants pour des fins diagnostics/thérapeutiques. Cependant, il n’existe 

pas encore de MBs ciblantes et capables de transporter des actifs en clinique. La question de la 

fonctionnalisation des MBs est principalement abordée sur leur propriété de ciblage et de 

chargement de médicaments, pour traiter des agents pathologiques spécifiques. Toutefois, 

comme les MBs commerciales, le type de MBs le plus répandu est celui des coques 

phospholipidiques. Bien qu’elles aient démontré de nombreux avantages en termes de 

biocompatibilité, de biorésorbabilité et de propriétés mécaniques, elles présentent également 

certains inconvénients. Les MBs à coquille lipidique sont souvent stabilisées avec des glycols 

de polyéthylène (PEG) qui ont été récemment mis en cause pour leur tendance immunogène. 

En outre, le processus de synthèse des MBs enrobées de lipides est dérivé d’un processus de 

réhydratation par film sec dû à la non-miscibilité des lipides en solution aqueuse. Pour 
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surmonter cette problématique, le mélange lipidique est dissous dans du chloroforme et laissé 

pour évaporation pendant plusieurs heures. Non seulement cette méthode révèle l’utilisation de 

produits chimiques toxiques, mais elle est aussi chronophage. Une autre limite des MBs 

lipidiques est leur capacité de fonctionnalisation. En effet, l’arrangement monocouche des 

lipides donne peu d’espace pour la modification de la coquille à part en utilisant le complexe 

streptavidine/avidine. Si certaines MBs « prêtes à être chargées » sont déjà disponibles 

(MicroMarker®, BR55®), il faut parfois modifier l’agent de fonctionnalisation (par 

biotinylation) où la possibilité de modification est limitée. Afin de pallier ces inconvénients, 

nous avons mis en place une méthode de synthèse originale par cavitation acoustique pour la 

production de MBs polymères biocompatibles et à forte capacité de fonctionnalisation.  

 

Synthèse innovante et microbulles fonctionnalisées 

Cette synthèse par cavitation acoustique a récemment été brevetée par notre équipe pour 

son caractère innovant en comparaison à la méthode classique de cavitation hydrodynamique, 

en réduisant notamment le temps de synthèse par trois. Ces MBs sont formées à partir de la 

copolymérisation entre un monomère : le cyanoacrylate d’isobutyle, et un polysaccharide 

sulfaté : le fucoïdane, autour d’un gaz biocompatible connu pour ses propriétés acoustiques : le 

perfluorobutane (Fig. 27). Les propriétés de ciblage du fucoïdane résident dans son analogie 

anatomique comparée au ligand naturel (PSGL-1) de la P-sélectine, protéine transmembranaire 

exprimée lors de l’activation des plaquettes ou de l’endothélium. Il est actuellement en phase 

d’étude clinique comme agent diagnostic pour l’imagerie de la thrombose, et peut devenir une 

alternative abordable et de haute qualité comparé aux anticorps et peptides. Après l’obtention 

de ces MBs stables et leur caractérisation complète, de la mesure de taille (3µm de moyenne), 

à la stabilité en suspension (1 mois), nous avons validé leur fonctionnalisation in vitro. 

L’incorporation de l’agent thérapeutique (rtPA) s’est faite après synthèse par simple adsorption 

et interaction électrostatique entre les groupes sulfates du fucoïdane et les charges positives de 

la protéine. Nous avons validé l’activité du rtPA chargé par deux essais enzymatiques, l’activité 

fibrinolytique sur gel d’agar et l’activité amidolytique sur substrat fluorescent. Enfin, l’activité 

de la protéine chargée a été stable pendant 4 jours sans changement de la taille moyenne des 

MBs. La propriété de ciblage MBs fonctionnalisées a été évaluée en microfluidique imitant les 

conditions de la circulation sanguine in vivo. Le ciblage a été très significatif en comparant les 

MBs non ciblantes (CMDEX MBs) à celles avec le fucoïdane (Fuco MBs). De plus, les MBs 

ciblantes chargées de médicaments ont encore été en mesure de cibler les plaquettes activées 

avec une différence significative par rapport au contrôle. Après validation de la biocompatibilité 
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sur des érythrocytes, fibroblastes et cellules endothéliales, nous avons poursuivi le projet avec 

la validation thérapeutique des MBs fonctionnalisées in vivo. 

 

Traitement de l’AVC chez la souris 

En accord avec les décrets en vigueur sur l’expérimentation animale, nous avons mis en 

place un modèle d’AVC chez la souris afin de tester l’efficacité de notre traitement ciblant. 

Après une craniotomie locale au niveau de l’artère cérébrale moyenne, l’injection de thrombine 

a généré la formation de caillots riches en fibrine. Le caillot se stabilise durant 40 minutes, puis 

le traitement est effectué par injection intraveineuse via la veine de la queue. L’examen final a 

été obtenu à 24 heures par l’analyse des images IRM de la lésion cérébrale ischémique générée 

par l’absence d’apport en oxygène autour du caillot obstructif. Nous avons ainsi comparé 

l’injection systémique du rtPA au rtPA chargé dans des MBs ciblantes aux mêmes doses. Dans 

cette étude, nous avons injecté le rtPA à une concentration au 1/10e du traitement 

habituellement utilisé chez les souris. Ce choix a été motivé par le but ultime de limiter les 

effets secondaires liés à la dose de rtPA injecté. Cette forte contrainte n’a pas empêché une 

résolution de caillot efficace grâce au ciblage spécifique des MBs fonctionnalisées. En effet, 1 

mg/kg d’injection de rtPA chargé sur des MBs ciblantes, à réduit de plus de 50% la taille de la 

lésion ischémique en moyenne sur 16 animaux. Le chargement du médicament a aidé à protéger 

la protéine et le ciblage spécifique du caillot mène à l’amélioration du traitement. Ce résultat 

est d’autant plus prometteur que le traitement avec le rtPA libre à la même concentration n’a 

pas été significativement plus efficace que le contrôle négatif avec une solution saline. De plus, 

nous avons surveillé la perméabilité de la barrière hématoencéphalique, étant donné que les 

bulles sont à la taille du micron, en injectant de l’acide gadotérique (AG) par voie intraveineuse. 

La fuite de la barrière hématoencéphalique peut être observée avec l’acquisition IRM T1 sous 

forme de taches blanches autour des zones victimes d’infarctus. Néanmoins, ce test n’a montré 

aucun signe d’altération de la barrière hématoencéphalique en comparant tous les groupes. Dans 

l’ensemble, le traitement ciblé avec des MBs fonctionnalisées a été beaucoup plus efficace que 

le traitement de référence et aucune hémorragie collatérale ou fuite hématoencéphalique n’a été 

observée.  

Les résidus de fluorescence des MBs peuvent être observés par un marquage à la 

rhodamine. Normalisé à la taille de l’organe, le comptage par fluorescence donne une 

évaluation qualitative de la biodistribution des MBs dans le corps. Comme prévu, la majorité 

de la fluorescence a été observée dans le foie, remplissant sa fonction de détoxification 

sanguine. De plus, certains résidus de MBs ont été observés dans les poumons très 
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probablement liés à l’échange gazeux en cours après la dégradation des MBs. Aucune 

fluorescence n’a été observée dans la vessie, la rate, les intestins ou les reins. Fait intéressant, 

la fluorescence spécifique dans la zone de l’AVC a été observée après 24 heures. Cela appuie 

la validation de la capacité de ciblage des MBs fonctionnalisées in vivo et apporte également 

de nouvelles perspectives sur l’expression des P-sélectines par l’endothélium activé après 

résolution du caillot, et donc des perspectives intéressantes pour le développement de l’imagerie 

moléculaire des pathologies vasculaires ischémiques. 

 

Conclusion et perspectives 

En conclusion, nous avons validé l’objectif de fournir un traitement ciblé et efficace 

pour les maladies thrombotiques avec une réduction de la dose thérapeutique et sans effets 

secondaires. En plus de leur capacité d’encapsulation, les MBs sont également utilisées comme 

rehausseurs de contraste pour l’imagerie US et leur comportement envers les ultrasons peut 

avoir des applications thérapeutiques. Bien que nous ayons exploré et validé l’échogénicité des 

MBs dans un modèle de flux, la translation in vivo pour la sonothrombolyse n’est pas encore 

efficace en termes de résolution de l’AVC. En conséquence, des études complémentaires vont 

être menées jusqu’à fin 2024 avec les US in vivo pour la sonothrombolyse et l’imagerie 

moléculaire. Enfin, l’amélioration de l’encapsulation des médicaments, la toxicologie 

réglementaire et l’optimisation du stockage à long terme seront des études essentielles à mettre 

en œuvre pour atteindre l’objectif final de la translation clinique. 
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Figure 27 : Illustration résumée du projet. Les MBs sont composées d’une enveloppe stable de poly(cyanoacrylate d’isobutyle) 
(PIBCA) avec un noyau gazeux de perfluorobutane (PFB) permettant l’imagerie ultrasonore. Leur fonctionnalisation a été 
validée pour le ciblage des P-sélectines avec le fucoïdane et pour l’activité thrombolytique avec chargement d’activateur 
tissulaire du plasminogène recombinant (rtPA). Après la validation in vitro, les MBs ciblantes chargées de rtPA ont été 
injectées dans un modèle d’AVC chez la souris pour améliorer la thrombolyse par rapport à l’injection systémique du 
médicament seul. Le ciblage par le fucoïdane sur les P-sélectines des plaquettes activées a permis une délivrance spécifique 
du rtPA permettant la dégradation locale de la fibrine. L’administration ciblée a ainsi amélioré l’issue du traitement en 
réduisant la zone de l’infarctus après 24h comme observé avec l’imagerie IRM. 
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Abstract 
 
Ultrasound responsive microbubbles for the targeted treatment of thrombotic diseases 
 
Keywords:  Microbubbles, Original synthesis, Thrombotic diseases, Ultrasound, Targeted 
fibrinolysis, Fucoidan, Sonothrombolysis 
 

Thrombotic diseases such as stroke, atherosclerosis or myocardial infarction are among 

the cardiovascular diseases, the leading causes of death in the World. These pathologies are the 

result of genetic but also environmental factors that will keep having an impact with the aging 

of the world population. Current treatments are effective in disassembling the fibrin mesh 

surrounding blood clots with plasminogen Tissue Activator (tPA), but are limited by a short 

therapeutic window (less than 4.5 hours) and their systemic injection leads to collateral damages 

(neurotoxicity, collateral hemorrhages). The aim of this research was to develop an original 

approach for the delivery of tPA at the site of the thrombotic accident to overcome the various 

life-threatening side effects of gold standard treatment. 

 Thus, we have developed functionalized microbubbles (MBs) allowing the 

targeted transport of tPA for an effective treatment of thrombotic diseases. Indeed, MBs are 

already widely used as contrast agents for ultrasound imaging and have a therapeutic potential 

for mechanical disruption of the clot with sonothrombolysis. Thereafter a deep study of MBs 

applications, we develop an original synthesis method for biocompatible polymer shell MBs 

with acoustic cavitation. The functionalization relied on the shell incorporation of fucoidan 

because of its nanomolar affinity for P-selectins, specific biomarker of thrombotic events. 

Following the validation of the efficient tPA loading, their complete characterization allowed 

the achievement of a proof-of-concept on a stroke mice model. These functionalized MBs have 

demonstrated the effectiveness of targeted therapeutic delivery, at a reduced drug dose, without 

generating deleterious side effects. So, this work opens ambitious prospects for the 

development of MBs for the targeted treatment and molecular diagnosis of thrombotic diseases. 
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Résumé 
 
Microbulles échogènes pour le traitement ciblé des maladies thrombotiques 
 
Mots-clés : Microbulles, Synthèse originale, Maladies thrombotiques, Ultrasons, Fibrinolyse 
ciblée, Fucoïdane, Sonothrombolyse  
 

Les maladies thrombotiques telles que les Accidents Vasculaires Cérébraux (AVC), 

l’athérosclérose ou les infarctus du myocarde font partie des maladies cardiovasculaires, 

première cause de mortalité dans le monde. Ces pathologies sont la conséquence de facteurs 

génétiques mais aussi environnementaux qui ne cesseront d’avoir un impact avec le 

vieillissement de la population mondiale. Les traitements actuels sont efficaces pour 

désassembler le maillage de fibrine entourant les caillots sanguins grâce à l’Activateur tissulaire 

de Plasminogène (tPA), mais sont limités par le temps de prise en charge (moins de 4,5 heures) 

et leur injection systémique conduit à des dommages collatéraux (neurotoxicité, hémorragies 

collatérales). L’objectif de ces travaux de recherche est de développer une approche originale 

permettant la délivrance du tPA sur le lieu de l’accident thrombotique, afin de surmonter les 

divers effets secondaires potentiellement mortels des traitements cliniques actuels.  

 Ainsi, nous avons développé des microbulles (MBs) fonctionnalisées permettant le 

transport ciblé du tPA pour un traitement efficace des maladies thrombotiques. Les MBs sont 

déjà largement utilisées en tant qu’agent de contraste pour l’imagerie ultrasonore et possèdent 

un potentiel thérapeutique pour la destruction mécanique du caillot par sonothrombolyse. Ainsi, 

après l’étude approfondie des multiples applications des MBs, nous avons développé une 

méthode de synthèse originale pour la synthèse de MBs biocompatibles à coque polymère par 

cavitation acoustique. Leur propriété ciblante repose sur l’incorporation du fucoïdane dans la 

coque, ce dernier ayant une affinité nanomolaire pour les P-sélectines, biomarqueur spécifique 

des accidents thrombotiques. Suite à la validation de l’incorporation du tPA, leur caractérisation 

complète a permis l’accomplissement d’une preuve de concept sur un modèle d’AVC chez la 

souris. Ces MBs fonctionnalisées ont démontré l’efficacité de la délivrance thérapeutique ciblée 

sans générer d’effets secondaires délétères, à dose thérapeutique réduite. Ce travail ouvre ainsi 

des perspectives ambitieuses pour le développement des MBs pour le traitement ciblé et le 

diagnostic moléculaire des maladies thrombotiques. 
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A B S T R A C T   

Thrombotic occlusions of blood vessels are responsible for life-threatening cardiovascular disorders such as 
myocardial infarction, ischemic stroke, and venous thromboembolism. Current thrombolytic therapy, the in-
jection of Plasminogen Activators (PA), is yet limited by a narrow therapeutic window, rapid drug elimination, 
and risks of hemorrhagic complications. Nanomedicine-based vectorization of PA protects the drug from the 
enzymatic degradation, improves the therapeutic outcomes, and diminishes adverse effects in preclinical models. 
Herein, we review the pathophysiology of arterial and venous thrombosis and summarize clinically approved PA 
for the treatment of acute thrombotic diseases. We examine current challenges and perspectives in the recent key 
research on various (lipid, polymeric, inorganic, biological) targeted nanocarriers intended for the site-specific 
delivery of PA. Microbubbles and ultrasound-assisted sonothrombolysis that demonstrate thrombolysis 
enhancement in clinical trials are further discussed. Moreover, this review features strategies for the rational 
design of nanocarriers for targeted thrombolysis and effective PA encapsulation in view of interactions between 
nanomaterials and biological systems. Overall, nanomedicine represents a valued approach for the precise 
treatment of acute thrombotic pathologies.   

1. Introduction 

Cardiovascular diseases (CVD), the major global health threat, are 
associated with high morbidity and mortality that account for an esti-
mated 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 health-care costs, 
which are estimated at $329.7 billion annually in the United States [2] 
and nearly €200 billion in the European Union [4]. 

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 cardio-
vascular 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 complica-
tions of thrombosis, the formation of a blood clot in the vessels (Fig. 1). 
Within 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 effec-
tive 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 
research, where nanomedicine is emerging to be a promising strategy to 
improve both the efficacy and safety of thrombolytic therapy. 

This review delves into the preclinical research on nano- or micro-
particles of various composition for delivering fibrinolytic agents, re-
ported during the last 10 years. Ultrasound (US)-responsive 
microbubbles with thrombolytics are highlighted as a potential thera-
nostic system for both US visualization of the pathologic thrombi and 
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their destruction by a combination of mechanical stress with increased 
penetration and drug potency. 

The database searched included MEDLINE/PubMed and Science 
Direct for research articles published in English from 2010 to present, 
using the combinations of the keywords “nanomedicine”, “nano-
particles”, “microbubbles”, “liposomes”, “streptokinase”, “urokinase”, 
“tissue plasminogen activator”, “nanothrombolysis”, “thrombolytic 
therapy”, “drug delivery systems”, “thrombolysis”, “targeted throm-
bolysis”, etc. 

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 that are 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 acti-
vated 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 hemody-
namic 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 myeloperox-
idase, 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 Mono-
cyte Chemoattractant Protein-1 (MCP-1) [11], monocytes infiltrate 
arterial intima through transendothelial migration and differentiate into 
macrophages by internalizing the atherogenic lipoproteins via scav-
enger receptors. The incidence of the foam cells (lipid-laden macro-
phages) and their death by apoptosis and necrosis contribute to the 
formation of destabilizing atheromatous lipid-rich core within the pla-
que. Moreover, the foam cells express an array of inflammatory factors 
and produce proteolytic enzymes, such as Matrix MetalloProteinases 
(MMPs) [11], that 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 

Fig. 1. Schematic of thrombotic diseases. Blot clot formation both in arteries (atherothrombosis) and veins (deep vein thrombosis) are influenced by congenital 
diseases and environmental factors. 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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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. Atheroscle-
rotic plaque calcification is an inflammation-driven process that mani-
fests 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 To-
mography (CT)-detected macroscopic calcification in artery plaque acts 
as a biomarker of the overall disease progression, it is believed to sta-
bilize the plaque and prevent acute events [13]. On the contrary, 
microcalcification, which can be identified by Positron Emission To-
mography (PET)/CT imaging with 18F-sodium fluoride, is associated 
with plaque vulnerability and an increased risk of rupture, since it ag-
gravates 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 coag-
ulation cascade activates the platelets that are rapidly recruited to the 
site and aggregate, resulting in rapid thrombus growth [16] (Fig. 2A). 
Fibrin network then develops for the stabilization of platelet-rich 
thrombosis. Although most episodes of the ruptured fibrous cap 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]. 

Contrary to atherothrombosis, the pathogenesis of Venous Throm-
bosis (VT) is only partially understood. The main components of the 
venous thrombi are fibrin and erythrocytes, and less activated platelets 
[17] (Fig. 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 hypercoag-
ulability. HIF-1 and EGR-1 pathways up-regulate the expression of 
P-selectin on endothelium, prompting monocytes to release micro-
vesicles 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 the occurrence of 
venous thrombotic diseases, such as an imbalance of pro-vs. anti--
coagulation proteins, as well as cancer, obesity, and major surgery [16]. 

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 

Fig. 2. 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 hypercoagulability of the blood. C. Thrombus targeting with functionalized nano-/micro-
particles. Thrombi express a variety of cellular and molecular components – the surface of activated platelets (P-selectin, integrin GPIIb/IIIa, 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: poly-
saccharide fucoidan, peptides, monoclonal antibodies, etc. 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; vWF, von Willebrand factor; 
mAb, monoclonal antibodies; NPs, nanoparticles; PA, plasminogen activators. (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.) 
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plasminogen to plasmin that then cleaves fibrin network into soluble 
degradation products. This activation of the fibrinolytic system de-
stabilizes 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 PA (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 hem-
orrhagic 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 (strep-
tokinase) [23]. The half-life of each PA determines their mode of 
administration (a bolus injection, short infusion, or continuous intra-
venous infusion). A comparison of different FDA-approved PA with their 
clinical indications is summarized in Table 1. 

The leading drawbacks of fibrinolytic therapy include treatment 
failures such as ineffectiveness, re-thrombosis as a result of a persistent 
vascular lesion and plasma hypercoagulability, and a high risk of 
bleeding complications, with intracerebral hemorrhages occurring in 
1–7% 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]. 

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 that is per-
formed by an interventional cardiologist 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 com-
plementary treatment to fibrinolytic therapy for ischemic stroke related 
to large vessel occlusions in the anterior circulation such as in the in-
ternal 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 are 
capable of performing thrombectomy to date [32]. Therefore, there is 
still a dire need for a safe and non-invasive solution. 

With the advent of the field 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 su-
perior recanalization rates and attenuate life-threatening bleeding 
complications associated with their intravenous administration. One 
may also expect the chance to replace intravenous infusion by 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. 

2. Nanomedicine for targeted drug delivery 

Nanomedicine, a medical application of nanotechnology, combines a 
powerful set of nano-engineered devices for diagnostic and/or thera-
peutic applications. Nanoparticle (NP)-based drug delivery can increase 
drug circulation time, improve therapeutic efficacy, and reduce un-
wanted 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 
the 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, mag-
netic nano- & microparticles, quantum dots, nanotubes, dendrimers) are 
similarly researched in the therapeutic area of CVD [37]. Nanotech-
nology 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]. 

Table 1 
Thrombolytic agents approved by the FDA.  

Agent Abbreviation Source Safety [immunogenicity,  
fibrin specificity] 

Half-life, min Regimen Total Dose Metabolism Indication 

First-generation 
Streptokinase SK β-hemolytic  

streptococcus 
Immunogenic 
Non-fibrin specific 

20 Infusion 1.5 × 106 IU Renal PE 
Acute MI 
PAO, DVT 

Urokinase uPA Human urine &  
kidney cell culture 

Non-fibrin specific 15 Infusion 2.25–6.25 × 106 IU Renal PE 
Acute MI 
PAO, DVT 

Second-generation 
Alteplase rtPA Recombinant DNA  

technology 
Fibrin specific (++) 4–8 Infusion MI: 50–100 mg 

IS: 0.9 mg/kg 
PE: 100 mg 

Hepatic Acute MI 
Acute IS 
PE 

Third-generation 
Reteplase rPA Recombinant DNA  

technology 
Fibrin specific (+) 14–18 Double bolus 20 IU Renal Acute MI 

PAO 
Tenecteplase TNK Fibrin specific (+++) 11–20 Bolus 30–50 mg Renal Acute MI 

Abbreviations: DVT, Deep Vein Thrombosis; MI, Myocardial Infarction, PAO, Peripheral Arterial Occlusion; PE, Pulmonary Embolism; IS, Ischemic Stroke; IU, In-
ternational Units. 
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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 should avoid rapid clearance by the immune system 
[45]. The benefits of utilization of the nanoparticles (NPs) are attributed 
to their high surface-volume ratio, multifunctionality, high bioavail-
ability, 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] (Fig. 2C and D). Furthermore, encapsulation of the fibri-
nolytic 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 circula-
tion, reducing the risk of hemorrhagic complications [56,57] such as 
cerebral hemorrhages that often accompany the injection of free plas-
minogen activators. 

The timeline shown in Fig. 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 is-
sues [60]. Polymeric platforms in thrombolytic therapy started to 
emerge a decade later in order to improve a stability profile of the li-
posomes 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 thrombopro-
phylaxis in 2003 led to the further investigation and development of 
diverse bio-inspired nano solutions [62]. These initial studies evidenced 
an undoubtable potential of nanomedicine to boost thrombolytic ther-
apy in animal models, however, they often lacked a complete analysis in 
terms of particle physico-chemistry and safety, drug loading effi-
ciency/release, targeting and thrombolytic efficacy in appropriate in 
vitro and subsequently in vivo models, which is currently recognized and 
adopted [63]. The evolution of nanomedicine-based fibrinolysis 
continued with the development of surface-coated, mostly nanosized 
particles that exhibit considerably 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/IIIa [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 paper, was fruitful for 
progress in nanomedicine-assisted thrombolysis. During these years, 
researchers commonly used active targeting strategies. Apart from 
magnetic targeting of iron oxide NPs, the utilization of monoclonal an-
tibodies (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, 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 MRI [69]. Echogenic lipo-
somes are widely studied with the in vitro clot model for sono-
thrombolysis due to tunable designs like targeting and/or rtPA loading 
[70]. Recently, targeting nanobubbles were published that com-
plemented PA with sonothrombolysis, as they penetrate deeper into the 
clots comparing to microbubbles [71]. The nanoformulations with 
controlled release start appearing more frequently: via hemodynamic 
phenomena – increased shear stress in the stenotic arteries [72] and 

Fig. 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; FXIIIa, activated factor XIII; sPLA2, secreted phospholipase A2 enzyme; MNP, magnetic nanoparticles; MPs, mi-
croparticles; NPs, nanoparticles; MBs, microbubbles; ELIP, echogenic liposomes; mAb, monoclonal antibodies; scFv, single-chain antibody; MRI, magnetic resonance 
imaging; US, ultrasound; NIR, near-infrared. 

A. Zenych et al.                                                                                                                                                                                                                                 



Biomaterials 258 (2020) 120297

6

US-induced [73] in 2012, upon enzyme exposure since 2015 [74], 
elevated temperature since 2017 [47], and low pH in 2019 [48]. To 
enhance thrombolysis, adjuvant therapy in the form of local hyper-
thermia 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. Application 
of novel biomaterials, hybrid NPs with biomimetic surfaces, incorpo-
rating 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 by counteracting the pathological 
processes related to ischemia with an antioxidant [48] and neuro-
protection [76] approach for ischemic stroke in 2019. 

In the next chapters, we are going to describe in detail the 
complexation of PA with different types of nanocarriers, which are 
summarized in Fig. 4, and their corresponding therapeutic effects in 
preclinical studies. 

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 multi-
lamellar vesicles (an 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 pro-
teins, 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 Glyco-
Protein IIb/IIIa (GPIIb/IIIa). GPIIb/IIIa is an integrin complex on the 
platelet membrane that 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 pro-
cess, 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/IIIa receptor both in vitro and in vivo [82]. Despite a 
low level of streptokinase release (12.20 ± 0.94%) over the course of 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/IIIa-targeting liposomes, a favorable rtPA release profile from 
PEGylated ones was demonstrated in the work [52], with a substantial 

Fig. 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 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 poly-
saccharides is common for better stealth effects, particularly significant for the NPs from hydrophobic synthetic polymers. C. Ultrasound-responsive carriers. 
Microbubbles are microspheres filled with gas (e.g., C4F10, N2, C4F8) or air, mostly coated with phospholipids or polymers that bind PA onto the outer layer via 
covalent interactions. Upon exposure to low-frequency ultrasound, microbubbles can burst to realize sonothrombolysis. D. Inorganic nanoparticles. In magnetic NPs, 
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 (SiO2) 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; US, ultrasound; PVP, 
polyvinyl pyrrolidone; PFCs, perfluorocarbons. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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amount of drug 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 lipo-
somes were 35% more potent than native rtPA for vessel recanalization 
but produced a 4.3-fold less depletion of circulating fibrinogen, poten-
tially reducing hemorrhagic risks, in FeCl3-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 pep-
tides on liposomes and GPIIb/IIIa 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 bleeding time of the tail 
bleeding assay of hemostasis, thereby potentially reducing the side ef-
fects of uPA. 

In the elegant study [57], Pawlowski et al. took inspiration from 
platelet-derived microparticles that are plasma membrane vehicles shed 
from platelets that are undergoing activation, stress, or apoptosis 
(Fig. 5A) [84]. They designed a liposomal system with a multivalent 
targeting strategy towards both GPIIb/IIIa and P-selectin on activated 
platelets using the peptides CGSSSGRGDSPA and CDAEWVDVS, 
respectively (Fig. 5B and C). As the constructs could be degraded under 
secreted phospholipase A2 (sPLA2) enzyme, secreted from leukocytes 
and active platelets in the thrombus, it could so release encapsulated SK 
(Fig. 5D and E). While thrombolytic efficacy of the targeted liposomes 
was comparable to free SK in FeCl3-induced carotid artery thrombosis 
model, hemostatic capability for liposome-encapsulated SK was 
improved as measured by mouse tail bleeding time. 

Hsu et al. [85] synthesized a hybrid NP-system, PEGylated thermo-
sensitive magnetic liposomes (TMLs), encapsulating Fe3O4 NPs within 
liposomes, via solvent evaporation/sonication and freeze-thaw method. 

Fig. 5. 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 (a1, 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 PMINs (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 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 PMINs is enhanced (~4 fold) compared to passive release without sPLA2 exposure. Adapted with permission from Ref. [57]. Copyright 2017 
Elsevier Ltd. 
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Thrombolytic activity in vitro of rtPA-loaded TMLs at 43 ◦C was 
augmented as compared to at 37 ◦C due to enhanced drug release and 
higher enzyme activity at higher temperature. In addition to magnetic 
targeting, TMLs demonstrated a first-ever reported dual control mech-
anism of the drug release in serum: temperature- and magnet-sensitive, 
increasing at 43 ◦C and retarding with external magnetic force at 0.5 T 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 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 per-
fluorooctylbromide lipid-encapsulated NPs that can be assimilated to 
SLNs with a size 250 nm by emulsification/sonication method. 
Anti-fibrin mAb on the surface of the SLNs specifically targeted fibrin 
network in a canine model of the electrode-induced arterial 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 hydro-
philic polymers and synthetic biocompatible polymers are used in the 
NP fabrication and offer simple surface modification and functionali-
zation [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 poly-
merized 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(amido-
amine) (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. Polymeric nanoparticles are conventionally fabricated by two 
methods: the dispersion of preformed polymers or the polymerization of 
monomers [90]. The plasminogen activators are typically dissolved and 
entrapped, or covalently attached to the surface of the NPs prepared 
from some of the above-mentioned polymers. 

Chitosan (Cs), as well as its chemical derivatives, has been widely 
used because of its biocompatibility and biodegradability, low toxicity, 
and low immunogenicity in thrombolytic drug delivery. Chitosan is a 
cationic hydrophilic polysaccharide, derived from chitins, able to form 
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 con-
centration 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 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, comparing with free SK. Given that quater-
nized derivative of chitosan - N,N,N-Trimethyl Chitosan (TMC) has su-
perior solubility and increased charge density, Liao et al. covalently 
grafted TMC with cRGD to target GPIIb/IIIa receptors [95]. The resulted 
cRGD-LK-NPs were formed with lumbrokinase (LK) via ionic gelation 
using sodium tripolyphosphate and could effectively accelerate throm-
bolysis in clot-occluded tubes and FeCl3 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 ef-
ficiency. Such NP design improved uPA half-life in rats from 18 min to 
40 min without causing biotoxicity. The application of diagnostic US 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 
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 thrombolytic nanocarrier owing 
to its biocompatibility and 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 de-
rivatives, or PEGylated. 

Polyelectrolyte complex of cationized gelatin and anionic PEGylated 
gelatin with rtPA mutant (monteplase) fabricated a 200 nm thrombo-
lytic delivery system [98]. While fibrinolytic activity in vitro was sup-
pressed to 45% due to nanocomplexation, it was fully recovered under 
US stimulation (1 MHz, intensity 0.75 W/cm2), demonstrating an 
ultrasound-responsive rtPA release. US control drug release can be 
explained by the production of the 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% recanali-
zation 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 of 55,000 
IU/kg and no thrombi at 27,500 IU/kg within 60 min, while NPs car-
rying 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/cm2) [54]. 

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 emul-
sion stabilizer [99]. 

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

Surface PEGylation of PLGA NPs plays a favorable role in biocom-
patibility 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/IIIa [69]. Such 

design addressed a dual function: the early detection of a thrombus and 
the dynamic monitoring of thrombolytic efficiency using a Magnetic 
Resonance Imaging (MRI) scanner. The obtained NPs showed a sus-
tainable 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. 

Inspired by pathophysiological mechanisms [72], the micro-
aggregates of multiple PLGA NPs dissociated into rtPA-bearing NPs 
when exposed to abnormally high hemodynamic shear stress (≥100 
dyne/cm2) in the vascular occlusions. The obtained Shear-Activated 
NanoTherapeutics with rtPA (rtPA-SA-NTs) performed effective throm-
bolysis in multiple preclinical models, as they delayed the time to full 
vessel occlusion in a FeCl3 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 sur-
vival in an otherwise fatal mouse pulmonary embolism model in vivo. 

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

Fig. 6. 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 μm). 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 μm). E. Corresponding quantitative analysis of the 
thrombus density at 30 min after injection. Adapted with permission from Ref. [67]. Copyright 2017 Elsevier Ltd. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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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] (Fig. 6A). Functionalization of the 
NPs with an algae-derived abundant and cost-effective sulfated poly-
saccharide fucoidan (Fuco) [103] allowed binding P-selectin on acti-
vated platelets under arterial or venous shear stress conditions (Fig. 6B 
and C). Fucoidan, as a targeting ligand for P-Selectin overexpression in 
cardiovascular pathologies, was prior validated on microscale particles, 
including polysaccharide microparticles with iron oxide for MRI imag-
ing [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 FeCl3 murine model of venous 
thrombosis at the rtPA dose of 2.5 mg/kg [67], which is 4 times lower 
than the appropriate therapeutic dose in mice [106] (Fig. 6D and E). 

Polycaprolactone (PCL). PCL is a non-toxic biodegradable hydro-
phobic polyester that is approved by the FDA for several medical ap-
plications, including for targeted drug delivery. Its 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 3 h. Despite some reduction in lytic activity in the in vitro 
blood clot test, rtPA-loaded NPs reduced the infarct volume in the brain 
by ~70% comparing 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 biocompati-
bility, and PCL-PEG conjugated with RGDfk peptide – to target GPII-
b/IIIa. The micelles adsorbed anionic 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 pub-
lished a work similarly dealing with LM-adsorbed micelles from triblock 
polymer – polycaprolactone-block-poly(2-(dimethylamino) ethyl 
methacrylate)-block-poly(2-hydroxyethyl methacrylate) (PCL-PDMAE-
MA-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 FeCl3-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 et al. synthesized smart multifunctional polymer 
microcapsules based on a brushlike POx with alkyne functional groups 
(B-PEtOxAlk) polymer via layer-by-layer assembly on removable meso-
porous silica templates [74]. uPA was encapsulated onto these micro-
capsules via electrostatic interactions (6.4 × 10− 15 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, which is 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 as to 

eliminate Reactive Oxygen Species (ROS) after ischemia-reperfusion 
injury [48] (Fig. 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 deficit, reduced ce-
rebral infarct volume, decreased cerebral superoxide ROS and lipid 
peroxidation levels as well as subarachnoid hemorrhage, contrary to free 
rtPA and antioxidant-free nanocomplex (Fig. 7B–G). 

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, 
and 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. 

5. 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 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 con-
taining 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 γ-Fe2O3 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 nanorods suspension with rtPA by a pair of per-
manent 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 thrombol-
ysis. Hu et al. [55] employed enzymatical (rtPA reaction) and me-
chanical clot lysis with rtPA-loaded rotating Fe3O4–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 μm and a diameter D = 0.5 μm rtPA-MRs under magnetic field 
recanalized occluded cerebral artery faster and at a lower dose 
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compared to 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. 

The drawbacks 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 SiO2 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 to 30 nm–~300 nm due to the tight aggregation of 
naked NPs. rtPA was immobilized onto NP surface via EDC/sulfo-NHS 
chemistry (71 μg rtPA/1 mg magnetite NPs). In a preliminary experi-
ment 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 
(SiO2-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 intravas-
cular 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 T 
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 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 adju-
vant 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 alter-
nating 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 chi-
tosan and its derivatives a suitable candidate for the magnetic NP sur-
face 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 

Fig. 7. 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. Analysis of paw-dragging behavior in the cylinder test reveals a reduction in the neurological 
deficit score for the t-PA@iRNP group. C. Representative images of TTC stained cerebral coronal of the mouse brain, white sections indicate the brain infarct zones 
(scale bar = 0.5 cm). D. Corresponding quantification of cerebral infarct volume (%). 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 Ref. [48]. Copyright 2019 Elsevier Ltd. 
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with loading efficiency 95% (0.5 mg rtPA/5 mg chitosan-MNP), main-
taining its enzymatic and thrombolytic activities in vitro. In vivo rat 
arterial embolic model further evidenced tissue perfusion after treat-
ment of 6,000 G magnetically guided Cs-MNP-rtPA at a dosage of 0.2 
mg/kg but not of saline. Alternatively [123], chitosan coating of Fe3O4 
MNPs was achieved by crosslinking with sodium tripolyphosphate via 
ionic gelation in the presence of rtPA. On top of targeted magnetic de-
livery, rtPA-encapsulated NPs unveiled a triggered release: in serum at 
37 ◦C, but not in PBS, which was on/off magnet-sensitive and 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 adminis-
tration 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 fluo-
rophore 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 po-
tential, 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 T magnet into fibrin clot and 
to 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 Fe3O4 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 microfluidics test under a 
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% (Fig. 8A). The size of the resulting nanocomposite 
was around 100 nm (Fig. 8B). Without the inhibitory effect of the hep-
arin on uPA, the thrombolysis rate amplified in the presence of a per-
manent magnet in vitro (12 min vs. 7 min for 60% clot reduction) 
(Fig. 8C). In the FeCl3 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 (Fig. 8D and E). 

The synthetic polymer coating is similarly explored for the prepa-
ration 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 infarct area in the distal cerebral occlusion in vivo 
model vs. free rtPA (8.65 ± 3.63 mm3 vs. 4.40 ± 2.46 mm3). 

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 et 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 

Fig. 8. A. Schematic of the adsorption of uPA to the heparin-coated MNPs to obtain MNPs@uPA. Inset: 3D structure of urokinase with colored electrostatic po-
tentials. 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− i): H&E staining. (b, d, f): Picro-Mallory staining. Adapted with permission 
from Ref. [126]. Copyright 2018 American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccini-
mide (EDC/NHS) chemistry (276 μg rtPA per 1 mg MNC). 
Magnet-guided MNC-rtPA demonstrated significantly improved throm-
bolysis in rat iliac embolism model at 0.2 mg/kg rtPA dose. 

5.2. Gold nanoparticles 

Gold nanoparticles (AuNPs) benefit from diverse optical and pho-
tothermal properties. They are synthesized by the reduction of gold salts 
to gold metals in the presence of stabilizing agents to prevent the ag-
gregation 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 activatable fluorescent peptide that discharged a near-infrared 
signal (NIRF) 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 
interesting perspective to overcome the pitfalls of standard imaging 
protocols and might allow a better triaging of patients according to their 
thrombotic conditions. 

Gold nanoparticles are similarly capable of delivering large bio-
molecules, like plasminogen activators. Tang et al. conjugated rtPA with 
AuNPs with a diameter of 37.8 nm via bio-affinity ligation that is based 
on the interactions between rtPA and 3-lysine ligand on the AuNPs 
surface through polyvinyl pyrrolidone (PVP) spacer [51]. Notably, ob-
tained 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) (Fig. 9A). Owing to hyper-
thermia 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 (Fig. 9B and C). In the 
carrageenan-induced murine tail thrombus model, NIR-irradiated 
uPA-NPs group enhanced thrombolytic effect ~2-fold vs. free uPA 
(Fig. 9D). 

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. Despite most of 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 

Fig. 9. 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 at 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 ϕ represents the amputated tail, and the number represents the number of mice with the 
amputated tail. Adapted with permission from Ref. [47]. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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that NPs from inorganic materials are difficult to degrade in vivo and 
they persist for long periods (more details on safety and metabolism in 
Section 8.1). 

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 elimi-
nation and increase its plasma half-life is to camouflage it as endogenous 
proteins. This approach was demonstrated by Absar et 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/IIIa. This construct 
permitted to temporarily suppress the enzymatic and fibrinolytic ac-
tivities 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 recog-
nized for their extended blood circulation as they manage to avoid 
clearance by the macrophages up to 3 months. A number of factors are 
believed to contribute to that, including their discoidal shape, deform-
ability, 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 
near-infrared (NIR) fluorescence imaging and thrombolytic activity. 

Specifically, after hypotonic treatment of RBCs, obtained erythrocyte 
ghosts were coupled with indocyanine green, FDA-approved NIR im-
aging agent, and conjugated with rtPA via amine-aldehyde chemistry. 
Their thrombolytic efficacy was 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 (Fig. 10A and 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 (Fig. 10C and D); stimulated complete 
thrombus removal contrary to free rtPA in the FeCl3-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 
on Fig. 10E–G. 

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 throm-
bolysis 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 (Fig. 11A). In this nanodesign, rtPA could be released upon 
thrombin presence while exposing Tat-peptide on the NPs and 

Fig. 10. A. Schematic illustration of the synthesis of PNP-PA NPs. Briefly, the membrane of platelets (scale bar = 1 μm), 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 μm). 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 groups of MCAO mice. G. The survival rate of MCAO mice 
treated with the mentioned formulations. Adapted with permission from Ref. [76]. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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penetrating BBB for neuroprotectant delivery in the brain (Fig. 11B and 
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 
(Fig. 11D–F). 

Leukocyte-derived microvesicles. Cell microvesicles that originate from 
the plasma membrane of most cell types, including blood cells, are 
essential effectors in the intercellular communication and may transport 
bioactive molecules [139]. Silva et al. reported an unconventional 
method when microvesicles (D = 673 ± 168 nm), secreted from mac-
rophages 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 im-
aging 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 sur-
face 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 μm] × [1.27 ± 0.20 μm]) 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. 1145 
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 in-
dustrial 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 optimal flow properties 
for thrombolytic therapy, Pitek et 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 patho-
gens such as bacteria and viruses should be not be neglected. 

To conclude, biomimetic delivery systems have the countless po-
tential for the advancement of drug delivery technologies. The repro-
duction of the biological complexity on nanocarriers’ surface imitates 
biological features, like biocompatibility, targeting to the thrombus 
tissue, efficient circulation profiles, etc. To be suitable for clinical 
translation, both toxicological (e.g., safety, immunogenicity) and phar-
maceutical (e.g., reproducibility, scale-up, standardization of chemical 
composition) concerns have to be examined [144]. 

Fig. 11. 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 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 MCAO 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 Ref. [138]. Copyright 2019 American 
Chemical Society. 
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7. Ultrasound-responsive carriers & sonothrombolysis 

Microbubbles (MBs) are defined as spheroid objects stabilized by a 
coating material [145], such as lipids, polymers [146], or denatured 
proteins, and filled with a gas or a combination of gases (air or per-
fluorocarbons). Their average size should not exceed red blood cell size 
(6–8 μm) to avoid embolization [147]. 

The application of these novel therapeutic agents originated from US 
imaging, since local US insonation induces acoustic steaming of the 
surrounding tissues [148] that may help drugs to penetrate deeper into 
the clot by local mechanical stress induction. Sawaguchi et al. illustrated 
this hypothesis with an in vitro blood clot lysis experiment and demon-
strated that the US itself can accelerate thrombolysis [149]. Using 500 
kHz US insonation, the authors pointed out that the thrombolysis ac-
celeration ratio was about 2.5 times greater with rtPA combined with 
the US than rtPA treatment alone. Thrombolytic therapy combined with 
the US could reduce the dose of rtPA by 60% owing to the synergistic 
effect. 

In the cardiovascular field, microbubbles are mostly designed as 
contrast agents for ultrasound molecular imaging due to their ability of 
radiation oscillation, upraising the contrast of tissues. Every bubble is 
subjected to stable cavitation in low range frequencies and can undergo 
inertial cavitation (burst) under higher frequencies [150]. Cavitation is 
the process of induced bubble growth and collapse and can be achieved 
by different mechanisms [151], including ultrasonic waves [152]. As-
sociation of ultrasound insonation and microbubble stimulation is called 
sonothrombolysis (Fig. 12) and is promising to enhance thrombolysis. 

The focus on MBs for thrombolytic therapy was initially published by 
Tachibana et al. [153] and Porter et al. in 1996 [60] with an in vitro 
model of enhanced thrombolysis using dextrose albumin MBs and a 
low-frequency transducer. Nowadays, most of the lab-made micro-
bubbles are phospholipid-based and obtained from a 
sonication-lyophilization-rehydration process [154–157], microfluidics 
[158], or coaxial electrohydrodynamic atomization process [159], and 
called echogenic liposomes (ELIP) [160]. Laing et al. took benefit from 
the rehydration step to incorporate rtPA and obtain thrombolytic-loaded 
ELIP. With natural rtPA affinity to fibrin [156], the authors highlighted 

the significant contribution of a high mechanical index (0.4) on the 
recanalization rate of the obstructed artery in the rabbit model. Me-
chanical Index (MI) is a unitless ratio between the peak of negative 
pressure and the square root of the frequency in MHz. It is applied to 
predict the bioeffect of ultrasound; when MI is > 0.3, microbubbles are 
easily destructed [161] but may have harmful bioeffects above 1.9 value 
[162]. One of the limitations of this study was the lack of stable cavi-
tation of these air-filled MBs. To remediate this issue, other gas fillers 
were explored, like Shekhar’s [155] octafluoropropane targeting ELIP 
that allowed more robust stable cavitation, significantly enhancing 
thrombolysis in vitro. 

Literature accordingly claims that US insonation of microbubbles on 
the thrombus site triggers sonothrombolysis due to the cavitation pro-
cess [157]. The average lytic rate obtained with rtPA loaded ELIP and 
the US was recorded to be over 2-fold higher than free rtPA with an in 
vitro flow model [155]. Zhu et al. [163] published similar results with 
their uPA loaded targeted microbubbles from Targerson Inc. and the US. 

Microbubble targeting agents are similar to other functionalized NPs: 
mostly RGDS peptide targeting GPIIb/IIIa on activated platelets 
[163–166], heat denaturated collagen that binds vWF [167], or scFv 
targeting GPIIb/IIIa grafted on Nonlinear Ultrasound Contrast Agent by 
Visual Sonics® via biotin/streptavidin coupling [168]. Hua et al. [164] 
published the in vivo study presenting the theranostic potential of their 
rtPA-loaded MBs with RGD peptide and 2 MHz ultrasound. A high 
recanalization rate was obtained with a 15 times lower dose of rtPA. 

The magnetic field was also observed as a targeting strategy [169] by 
using ferrofluid in the composition of the MBs. As expected, significant 
enhancement of the cavitation energy was observed when a magnet was 
placed on the thrombi location, limiting the prolonged exposure of ul-
trasonic waves. Potentially, this magnetic element in the MBs may allow 
MRI imaging [167]. 

A complete overview of small animal sonothrombolysis stroke 
models has been published by Auboire et al. [170] in 2018. The overall 
perspective for further treatment model is suggested to be on the range 
of sub-Mhz frequencies and intensities that favor stable cavitation of the 
MBs. It described sonothrombolysis as a potential treatment for small 
vessel impairment or larger arteries occlusion. 

Fig. 12. Sonothrombolysis precept for enhanced 
thrombolysis. Sonothrombolysis is performed by the 
ultrasound insonation of MBs on the thrombus site. 
Microbubble radial oscillation properties are sensitive 
to acoustic pressure. The bubbles can undergo stable 
cavitation inducing microstreaming of the surround-
ing environment or inertial cavitation leading to the 
collapse of the bubble. While MBs alone are proven to 
destabilize a clot with US insonation, sono-
thrombolysis efficacy is enhanced with the thrombus 
specific targeting and loaded thrombolytic agent on 
the MBs. Abbreviations: F, frequency; MI, mechanical 
index; MBs, microbubbles.   
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Preclinical trial on big animals was performed on a porcine model at 
the VU University Medical center in the Netherlands [166] with RGDS 
targeted SonoVue® microbubbles loaded with uPA. Pigs received the 
premedication to prevent the potential allergic reactions to the lipid 
shells of the MBs. MBs were injected intraluminally to simulate a clinical 
setting, and 1.1 MI was applied. Three out of 5 pigs of the uPA targeted 
MBs group showed an increase in the arterial flow and recanalization 
rate, whereas only 1 out of 4 in the uPA group showed a slight 
improvement. A major limitation of this study was a lack of information 
about the exact concentration of the encapsulated drug. 

Because of their echogenic properties, some microbubbles are 
already clinically used as a diagnostic tool [171], such as DEFINITY® 
(Lantheus Medical Imaging) or SonoVue® (Bracco Diagnostics), in order 
to enhance ventricular opacification and US imaging of tumor angio-
genesis. Those approved microbubbles are composed of a phospholipid 
shell but not yet loaded with therapeutic agents. Yet, preclinical studies 
on acute cerebral ischemia on rats demonstrated that focused weak 
energy US associated with SonoVue® injection was as efficient as 
fibrinolysis with rtPA [172]. Recanalization in an occluded vein model 
was efficient with microbubble cavitation only under US insonation 
directly on the vein within 10 min [173], which may be advantageous to 
limit hemorrhage risks induced by PA. 

Sonothrombolysis treatment has already stepped up to clinical trials 
with the following ones: MUST (Microbubbles and Ultrasound in Stroke 
Trial, Clinicaltrials.gov Identifiers: NCT00132691) performed at the 
University of Toulouse in France and CLOTBUST Hands-Free (Combined 
Lysis of Thrombus in Brain Ischemia With Transcranial Ultrasound and 
Systemic T-PA-Hands-Free, ClinicalTrials.gov Identifier: NCT01240356) 
at The University of Texas Health Science Center, Houston. While MUST 
trial was aborted after incidences of intracerebral hemorrhages [171], 
CLOTBUST Hands-Free showed great recanalization rates in combina-
tion with systemic rtPA on ischemic stroke patients [174]. Finally, an 
ongoing clinical trial is evaluating the efficacy of SonoVue® MBs asso-
ciated with rtPA and US insonation compared to classic rtPA injection on 
acute ischemic stroke patients in the 4.5 h window treatment. This study 
takes place in Barcelona, Spain on 24 participants and results have not 
been reported yet (ClinicalTrials.gov Identifier: NCT01678495). 

Recent work focused on nanobubbles (NBs) coupled with cRGD 
peptide [71], instead of their microscale peers, to facilitate deeper blood 
clot penetration. Jiang et al. used the high-frequency US to burst these 
NBs to decrease the risk of clinical bleeding due to the enhancement of 
permeability of low frequencies. Comparing SonoVue® MBs to the NBs, 
both in combination with uPA and submitted to the US, it was observed 
a difference in the clot degradation: a peripheral relaxation in the MBs 
group vs. a fissure like a collapse in the NBs one. The nanometric scale of 
these particles seemed to deconstruct the clot from the inside. 

Ultrasound is mainly applied in diagnostics in the clinic because it is 
safe, easy and quick to utilize at an affordable cost. The therapeutic 
potential of US-responsive carriers and sonothrombolysis is promising in 
fibrinolytic therapy. The main goal is to improve the efficiency of 
thrombolytic therapy on highly retracted thrombi where the medica-
tions struggle to penetrate [175], but where the mechanical properties 
of the MBs and NBs could be a significant gain. 

8. Nanoparticle optimal design for thrombolytic therapy 

8.1. 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 characteristics, 
stability, etc. 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 [176]. The elimination of the larger engi-
neered NPs by the MPS represents a substantial obstacle. Plasma pro-
teins, 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 opsoniza-
tion [177]. 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, also meaning faster elimination [178]. Typically, 
rigid spherical NPs with a size of 100–200 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 μm) 
accumulate within capillaries of the lungs, as well as in spleen and liver 
[33]. The shape of the particles has a dramatic effect on their in vivo 
destiny, as demonstrated in the filamentous polymer micelles that per-
sisted in the circulation for up to one week after the intravenous injec-
tion – 10 times longer than the spherical ones [179]. 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 levels of crosslinking [180]. Irrespective of the size and 
shape, softer nanoconstructs evaded up to 5 times more efficiently 
macrophage internalization as compared to rigid nanoconstructs [181]. 

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 demon-
strated on the cationic liposomes [182] and solid lipid NPs [183]. 
Cytotoxicity was induced by both cationic polymeric and lipid NPs 
[184]. In addition, positively charged NPs have a high rate of cellular 
uptake, as revealed that polymeric microparticles with a primary amine 
at the surface underwent more phagocytosis as compared to the ones 
having sulfate, hydroxyl, or carboxyl groups [178]. 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, 
that is non-biodegradable and may cause complement activation, 
alternative hydrophilic polymers, such as polaxamer, polyvinyl alcohol, 
poly(amino acid)s, and polysaccharides [185] as well as “self” peptide 
CD47 [186] are researched. As a biomimetic surface, the coating of NPs 
with cell membranes extracted from autologous leukocytes and eryth-
rocytes similarly extends their in vivo circulation [133]. 

Collectively, these findings demonstrate the importance of tunable 
particle size and surface composition & functionality for the develop-
ment of long-circulating NPs for thrombolysis. 

While the full analysis of the toxicology of NPs is beyond the scope of 
this paper, 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 [187]. Moreover, silica 
NPs triggered inflammation-coagulation response and thrombotic ef-
fects in vivo via JAK1/TF signaling pathway [188]. Amorphous silica 
NPs penetrated the platelet plasma membrane and stimulated an unfa-
vorably low nitric oxide to peroxynitrite [NO]/[ONOO− ] ration that is 
crucial for cardiovascular homeostasis; they also induced platelet acti-
vation and aggregation via the MMP2 and ADP pathways [189]. 
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Increasing concentrations of gold NPs led to a reduction in mouse body 
weight, red blood cell count, and hematocrit [190]. 

Multiple publications reported nanoparticle size-dependent toxicity. 
For instance, smaller gold, SiO2, or polymer NPs were more hemolytic 
and provoked a higher level of ROS production than larger particles 
[191]. 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 
[192]. In a size-dependent manner, PEGylated AuNPs affected the 
normal function of human erythrocytes, such as deformability and 
oxygen-delivering ability [193]. Alterations of renal, hepatic, and 
splenic functions were dependent on the particle size and surface 
chemistry in ultrasmall SPION [194]. 

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 the blood-brain barrier (BBB) and accumulated in the 
neural tissue [195]. Poly(alkyl cyanoacrylate) NPs could enter into the 
brain both in healthy animals and models of central nervous system 
diseases [196]. 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 [197]. Given that the BBB 
integrity is disrupted during ischemic stroke [198], and nano-
formulation 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 [199], 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 intra-
venous 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 [200]. High doses 
of silica nanorattle particles could induce liver damages, presumably 
due to decreased activity of superoxide dismutase [201]. Treatment with 
silica NPs revealed the hepatic microgranulation and splenic megakar-
yocyte accumulation by histological analysis [202]. Iron oxide NPs 
accumulated in liver phagocytes and elicited hepatic lipid peroxidation 
[203]. 

It is likely that organic biodegradable engineered NPs are of lesser 
concern to toxicity, as they will 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 [204]. Both PLGA and Cs NPs at concentrations 
relevant for drug-delivery application (<10 μg/mL) were 
platelet-compatible [205]. 

In contrast, inorganic non-biodegradable NPs, including multifunc-
tional magnetic NPs, may persist for considerable periods, sometimes up 
to several years [206], and result in prolonged exposure with 
still-to-be-determined consequences. Apart from that, the growing 
presence of non-degradable nanotechnology products and the environ-
mental risks need to be seriously assessed [207]. 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 [208]. Moreover, Feng et al. found that 
dextran-coated and uncoated SPION administration affected several 
metabolism pathways, including energy, lipid, glucose, and amino acid 
metabolism in rodents [209]. PAA-coated iron oxide NPs triggered an 
inflammatory process in vivo, evidenced by abnormal differential blood 
count of neutrophils and large lymphocytes [203]. Fe3O4-MNPs signif-
icantly augmented ROS production in vivo. A sharp decline in RBC 
counts and hemoglobin concentration indicated an excessive degrada-
tion of erythrocytes, suggesting an associated anemia risk [210]. 

Generally, higher metabolic and functional injuries are prompted by 
uncoated NPs compared to coated ones with potential aggregation in the 
biological fluids. Surface modification with polymeric chains 

ameliorates the nanoparticle stability, masks the existing toxicity of the 
NPs, and extends their circulation half-life [121,211]. 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 important 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 toxico-
logical profile. 

8.2. 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 
[212]. 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 release”), 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 [213]. 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 [212]. Comparing covalent vs. non-covalent methods, adsorp-
tive bound PA liberates faster from the particles and diffused more 
readily into the fibrin matrix of the clot than covalently bound PA [128] 
and does not impair the biological activity of the drug [214] 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 quantities of water [215]. 

To sum up, depending on the type and composition of the nano-
carrier, different encapsulation techniques may be applied. Extensive in 
vitro tests demonstrating high loading efficiency, sustainable release, 
preservation of the amidolytic and fibrinolytic activates of the PA after 
conjugation must be verified. 

9. Discussion & conclusion 

The rapid recanalization of the vascular occlusion is of the utmost 
importance for the 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, bio-inspired nanocarriers, and 
microbubbles, 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 schemati-
cally in Fig. 13. Among the numerous thrombolytic-bearing nanocarriers 
that are tested in preclinical models, sonothrombolysis with lipid-based 
microbubbles and intravenous rtPA is already being validated in clinical 
trials with thrombolysis improvement. However, lipid microbubbles 
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may coalesce and form resonant bubbles with a size of over 20 μm [158], 
inducing the risk of pulmonary embolism [155]. Alternatively, poly-
meric microbubbles have enhanced stability in vivo over the soft shell 
ones [216], and the recent work [217] described echogenic polymeric 
fucoidan-functionalized microbubbles, able to target thrombosis via 
P-selectin interactions. 

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, identification 
of the new target molecules and development of the 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 [218,219], 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, microbubbles, and some polymer (gelatin 
and chitosan) NPs, other strategies, such as enzyme exposure (sPLA2 or 
thrombin), pH, temperature, shear stress, magnet, are employed 
(Fig. 13). 

Apart from the necessity of the rapid restoration of blood flow after 
thrombotic occlusions, combating the ischemia-reperfusion injury such 
as inflammation and oxidative damage is vital for a good prognosis. 
Hence, complementing fibrinolytic therapy with nanodelivery of a 
potent antioxidant would be a sensible approach. For instance, poly 
(isobutyl cyanoacrylate)-polysaccharide NPs bearing microRNA-155–5p 
were proposed as a cardio-protective therapy for MI due to their anti-
oxidant and cytoprotective properties [220]. Besides, rtPA might be 
accompanied by neuroprotection to prevent brain injury and neuronal 
damage during or after exposure to ischemia following acute ischemic 

stroke [221]. Discovery of next-generation thrombolytic drugs is further 
required to improve the safety and efficacy of nanomedicine-based 
thrombolysis. Goulay et al. engineered a non-neurotoxic rtPA variant 
with an equal fibrinolytic potential but without stimulating 
NMDA-dependent neurotoxicity [222]. 

The design of theranostic nanosystems with both thrombolytics and 
imaging agents (e.g., NIR fluorescent probes, gold, iron oxides, or per-
fluorocarbon) 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 [223]. 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, as well as a scalable pro-
duction of the nanoformulations according to Good Manufacturing 
Practice (GMP), is essential [224]. 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]. 

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 argu-
ment towards an imminent clinical translation. At the development 
stage, the tendency is to design complex targeted biomimetic multi-
functional nanocarriers, sometimes bearing several active molecules. By 
examining nanoparticle delivery systems that are currently approved or 
under clinical investigation [35,36], we speculate that the first nano-
particulate 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, stimuli-responsive control of drug release will follow. 

Table 2 
Different nanocarriers for thrombolytic therapy.  

Nanocarriers Advantages Disadvantages Therapeutic effects 

Liposomes  • Biodegradable, biocompatible, non- 
toxic  

• Clinically approved  

• Low PA encapsulation rate  
• Low stability  
• Phospholipids may undergo oxidation and 

hydrolysis  

• Improved thrombolysis rate  
• Lower risks of hemorrhages 

Polymeric  • Biocompatible and often biodegradable  
• Easy surface functionalization  

• High PA encapsulation rate  
• Improved stability  

• Superior thrombolytic efficacy  
• Accelerated thrombolysis  
• Protection BBB permeability damage  
• Increased survival in vivo  
• Improved neurological deficit  
• Reduction in cerebral ROS  
• Reduction in subarachnoid hemorrhage 

Inorganic 
Fe3O4 NPs 
AuNPs  

• Biocompatible  
• Superparamagnetic properties  
• Magnet-guided thrombolysis  
• Optical and photothermal properties  
• Multifunctional theranostic systems  

• May enter BBB and generate ROS  
• Accumulation in the body  
• May induce immunogenic response or 

inflammation  

• Faster vessel recanalization  
• Mechanical clot dissolution with an external magnet  
• Hyperthermia as adjuvant therapy  
• Increased blood flow rate  
• Reduction in infarct volume 

Bio-inspired  • Prolonged in vivo circulation  
• Natural thrombus targeting  

• Low reproducibility  
• Lack of standardization  
• Source availability  
• Immunogenicity  
• Scale-up  

• Improved survival rate  
• Superior thrombolytic efficacy  
• Lower neurological deficit score  
• Smaller ischemic zone  
• Better neurological outcome  
• Diminished ROS level in the brain  
• Lower risk of hemorrhages 

US- 
responsive  

• Enhanced thrombolysis with US 
insonation  

• Biocompatibility  
• US imaging  

• Low stability  
• Merging into big MBs  
• Vessel occlusion  

• US stable cavitation - higher penetration of drugs or MBs into 
the clot  

• US inertial cavitation: sonothrombolysis 

Abbreviations: PA, plasminogen activator; BBB, blood-brain barrier; NPs, nanoparticles; ROS, reactive oxygen species; US, ultrasound; MBs, microbubbles. 
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Meanwhile, public initiatives contribute to nanomedicine develop-
ment. Recently, the European Union project NanoAthero (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 valida-
tion and industrial production [225]. Several Phase I clinical trials 
demonstrated its feasibility for patients [219,226–228]. 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 predict 
future clinical translation of some of the formulations and progress in 
the nanomedicine-based precise therapy of thrombotic pathologies. 
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[104] T. Bonnard, J.-M. Serfaty, C. Journé, B. Ho Tin Noe, D. Arnaud, L. Louedec, 
M. Derkaoui, D. Letourneur, C. Chauvierre, C. Le Visage, Leukocyte mimetic 
polysaccharide microparticles tracked in vivo on activated endothelium and in 
abdominal aortic aneurysm, Acta Biomater. 10 (2014) 3535–3545, https://doi. 
org/10.1016/j.actbio.2014.04.015. 

[105] B. Li, M. Juenet, R. Aid-Launais, M. Maire, V. Ollivier, D. Letourneur, 
C. Chauvierre, Development of polymer microcapsules functionalized with 
fucoidan to target P-selectin overexpressed in cardiovascular diseases, Adv. 
Healthc. Mater. 6 (2017) 1–11, https://doi.org/10.1002/adhm.201601200. 

[106] H.R. Lijnen, B. Van Hoef, V. Beelen, D. Collen, Characterization of the murine 
plasma fibrinolytic system, Eur. J. Biochem. 224 (1994) 863–871, https://doi. 
org/10.1111/j.1432-1033.1994.00863.x. 

[107] C. Englert, J.C. Brendel, T.C. Majdanski, T. Yildirim, S. Schubert, M. Gottschaldt, 
N. Windhab, U.S. Schubert, Pharmapolymers in the 21st century: synthetic 
polymers in drug delivery applications, Prog. Polym. Sci. 87 (2018) 107–164, 
https://doi.org/10.1016/j.progpolymsci.2018.07.005. 

[108] J. Deng, H. Mei, W. Shi, Z.-Q. Pang, B. Zhang, T. Guo, H.-F. Wang, X.-G. Jiang, 
Y. Hu, Recombinant tissue plasminogen activator-conjugated nanoparticles 
effectively targets thrombolysis in a rat model of middle cerebral artery occlusion, 
Curr. Med. Sci. 38 (2018) 427–435, https://doi.org/10.1007/s11596-018-1896-z. 

[109] Y. Pan, X. Wang, Z. Yin, Synthesis and evaluation of cationic polymeric micelles 
as carriers of lumbrokinase for targeted thrombolysis, Asian J. Pharm. Sci. 14 
(2019) 144–153, https://doi.org/10.1016/j.ajps.2018.03.004. 

[110] Y. Pan, X. Ren, S. Wang, X. Li, X. Luo, Z. Yin, Annexin V-conjugated mixed 
micelles as a potential drug delivery system for targeted thrombolysis, 
Biomacromolecules 18 (2017) 865–876, https://doi.org/10.1021/acs. 
biomac.6b01756. 

[111] J.F. Tait, M.D. Cerqueira, T.A. Dewhurst, K. Fujikawa, J.L. Ritchie, J.R. Stratton, 
Evaluation of annexin V as a platelet-directed thrombus targeting agent, Thromb. 
Res. 75 (1994) 491–501, https://doi.org/10.1016/0049-3848(94)90224-0. 

[112] L.I. Mukhametova, R.B. Aisina, E.M. Zakharyan, E.A. Karakhanov, K. 
B. Gershkovich, S.D. Varfolomeyev, Thrombolytic and fibrinogenolytic properties 
of bioconjugate streptokinase-polyamidoamine dendrimers in vitro, Thromb. Res. 
154 (2017) 50–52, https://doi.org/10.1016/j.thromres.2017.04.008. 

[113] M. Labieniec-Watala, C. Watala, PAMAM dendrimers: destined for success or 
doomed to fail? Plain and modified PAMAM dendrimers in the context of 
biomedical applications, J. Pharmacol. Sci. 104 (2015) 2–14, https://doi.org/ 
10.1002/jps.24222. 

[114] L.W.E. Starmans, D. Burdinski, N.P.M. Haex, R.P.M. Moonen, G.J. Strijkers, 
K. Nicolay, H. Grüll, Iron oxide nanoparticle-micelles (ION-micelles) for sensitive 
(molecular) magnetic particle imaging and magnetic resonance imaging, PloS 
One 8 (2013) 1–9, https://doi.org/10.1371/journal.pone.0057335. 

[115] R. Cheng, W. Huang, L. Huang, B. Yang, L. Mao, K. Jin, Q. Zhuge, Y. Zhao, 
Acceleration of tissue plasminogen activator-mediated thrombolysis by 
magnetically powered nanomotors, ACS Nano 8 (2014) 7746–7754, https://doi. 
org/10.1021/nn5029955. 

[116] H. Kempe, M. Kempe, The use of magnetite nanoparticles for implant-assisted 
magnetic drug targeting in thrombolytic therapy, Biomaterials 31 (2010) 
9499–9510, https://doi.org/10.1016/j.biomaterials.2010.07.107. 

[117] J.P. Chen, P.C. Yang, Y.H. Ma, S.J. Tu, Y.J. Lu, Targeted delivery of tissue 
plasminogen activator by binding to silica-coated magnetic nanoparticle, Int. J. 
Nanomed. 7 (2012) 5137–5149, https://doi.org/10.2147/IJN.S36197. 

[118] M. Wang, J. Zhang, Z. Yuan, W. Yang, Q. Wu, H. Gu, Targeted thrombolysis by 
using of magnetic mesoporous silica nanoparticles, J. Biomed. Nanotechnol. 8 
(2012) 624–632, https://doi.org/10.1166/jbn.2012.1416. 

[119] B.L. Razzaboni, P. Bolsaitis, Evidence of an oxidative mechanism for the 
hemolytic activity of silica particles, Environ. Health Perspect. 87 (1990) 
337–341, https://doi.org/10.1289/ehp.9087337. 

[120] V. Murashov, M. Harper, E. Demchuk, Impact of silanol surface density on the 
toxicity of silica aerosols measured by erythrocyte haemolysis, J. Occup. Environ. 
Hyg. 3 (2006) 718–723, https://doi.org/10.1080/15459620601015950. 

[121] T. Wu, M. Tang, Review of the effects of manufactured nanoparticles on 
mammalian target organs, J. Appl. Toxicol. 38 (2018) 25–40, https://doi.org/ 
10.1002/jat.3499. 

[122] J.P. Chen, P.C. Yang, Y.H. Ma, Y.J. Lu, Superparamagnetic iron oxide 
nanoparticles for delivery of tissue plasminogen activator, J. Nanosci. 
Nanotechnol. (2011) 11089–11094, https://doi.org/10.1166/jnn.2011.3953. 

[123] J.P. Chen, C.H. Liu, H.L. Hsu, T. Wu, Y.J. Lu, Y.H. Ma, Magnetically controlled 
release of recombinant tissue plasminogen activator from chitosan 
nanocomposites for targeted thrombolysis, J. Mater. Chem. B. 4 (2016) 
2578–2590, https://doi.org/10.1039/c5tb02579f. 

[124] S. Heid, H. Unterweger, R. Tietze, R.P. Friedrich, B. Weigel, I. Cicha, D. Eberbeck, 
A.R. Boccaccini, C. Alexiou, S. Lyer, Synthesis and characterization of tissue 
plasminogen activator-functionalized superparamagnetic iron oxide 
nanoparticles for targeted fibrin clot dissolution, Int. J. Mol. Sci. 18 (2017), 
https://doi.org/10.3390/ijms18091837. 

[125] M. Chang, Y.H. Lin, J.L. Gabayno, Q. Li, X. Liu, Thrombolysis based on 
magnetically-controlled surface-functionalized Fe3O4 nanoparticle, 
Bioengineered 8 (2017) 29–35, https://doi.org/10.1080/ 
21655979.2016.1227145. 

[126] A.Y. Prilepskii, A.F. Fakhardo, A.S. Drozdov, V.V. Vinogradov, I.P. Dudanov, A. 
A. Shtil, P.P. Bel’Tyukov, A.M. Shibeko, E.M. Koltsova, D.Y. Nechipurenko, V. 
V. Vinogradov, Urokinase-conjugated magnetite nanoparticles as a promising 
drug delivery system for targeted thrombolysis: synthesis and preclinical 
evaluation, ACS Appl. Mater. Interfaces 10 (2018) 36764–36775, https://doi.org/ 
10.1021/acsami.8b14790. 

[127] L. Huang, J. Wang, S. Huang, F. Siaw-Debrah, M. Nyanzu, Q. Zhuge, Polyacrylic 
acid-coated nanoparticles loaded with recombinant tissue plasminogen activator 
for the treatment of mice with ischemic stroke, Biochem. Biophys. Res. Commun. 
516 (2019) 565–570, https://doi.org/10.1016/j.bbrc.2019.06.079. 

[128] R.P. Friedrich, J. Zaloga, E. Schreiber, I.Y. Tóth, E. Tombácz, S. Lyer, C. Alexiou, 
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A B S T R A C T   

Microbubbles (MBs) were observed for the first time in vivo as a curious consequence of quick saline injection 
during ultrasound (US) imaging of the aortic root, more than 50 years ago. From this serendipitous event, MBs 
are now widely used as contrast enhancers for US imaging. Their intrinsic properties described in this review, 
allow a multitude of designs, from shell to gas composition but also from grafting targeting agents to drug 
payload encapsulation. Indeed, the versatile MBs are deeply studied for their dual potential in imaging and 
therapy. As presented in this paper, new generations of MBs now opens perspectives for targeted molecular 
imaging along with the development of new US imaging systems. This review also presents an overview of the 
different therapeutic strategies with US and MBs for cancer, cardiovascular diseases, and inflammation. The 
overall aim is to overlap those fields in order to find similarities in the MBs application for treatment 
enhancement associated with US. To conclude, this review explores the new scales of MBs technologies with 
nanobubbles development, and along concurrent advances in the US imaging field. This review ends by dis-
cussing perspectives for the booming future uses of MBs.   

1. Introduction 

Conventional therapies are developed in the objective of including as 
many patients as possible. Therefore, researchers are looking for the best 
impact with the least adverse effects for their proposed therapies. At the 
same time, early and precise diagnosis is crucial as it allows early and 
accurate treatment. High dose injections, necessary for the accumula-
tion of a sufficient drug amount on the pathological site, face major 
limitations attributed to the high clearance by the reticuloendothelial 
system (RES) but also potential collateral damages of non-pathological 
sites (depressed immune system in chemotherapy or collateral 

bleeding in stroke treatment). The lack of specificity can also be 
observed for diagnostic strategies where molecular scale observation 
could help early diagnosis and better understand the pathologies. Those 
drawbacks led researchers to work on the design and the development of 
carriers able to specifically targets pathological biomarkers and to 
encapsulate drugs for the improvement of conventional therapies. This 
approach was widely studied over the last 20 years at the nano scale 
with nanoparticles functionalization for various clinical applications 
[1]. In this review, the focus is on the micro scale with the evaluation of 
microbubbles (MBs) and their potential application for human therapy 
and diagnosis. Mostly associated to their response to Ultrasound (US) 
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waves, MBs are objects with the capacity to encapsulate various gas, 
drugs and functionalized with targeting agent. Here, we aimed at 
painting an overview of the latest published papers on MBs, trying to 
understand the links between seemingly disconnected fields, like 
oncology or cardiovascular system. This review aimed at describing the 
similarities and the differences of application of same echogenic agents 
in a field where standards have not been established yet. From MBs 
synthesis to composition characteristics, this work presents the various 
methods adapted to the microscopic field of imaging and drug delivery. 
Since MBs are intrinsically US responsive, they hold a considerable 
advantage over other clinical contrast agents used for diagnosis imaging 
like PET & SPECT scintigraphy, MRI or X-ray, and also over drug de-
livery nanoparticles. Here are discussed the advances in the use of MBs 
for imaging: from commercial MBs to molecular imaging. Among those, 
the therapeutic approach was studied with the potential of gas and US 
therapy as well as the synergic effect of the US + MBs system. Finally, 
this review explores the perspectives that the field offers with new 
generation of US contrast agent such as nanobubbles (NBs) or nanodrops 
(NDs) to conclude with the limitation of current US imaging and the 
latest development of this technique. 

2. Microbubbles 

MBs are defined as microscale objects composed of a shell and a gas 
core. They were firstly described in 1968 by Gramiak and Shah [2] as the 
reason of “ultrasonic contrast in the anatomic identification of the mitral 
valve” after image analysis. US imaging was poorly resolved and quick 
saline injection was used to produce “clouds of echoes” [2] contrasting 

with surrounding tissue. Gramiak and Shah hypothesized that this 
contrast enhancement was probably caused by “mini bubbles” entering 
the blood with the saline injection. These first observations led to the 
perspective for their clinical application. Indeed, a long journey 
happened since Gramiak and Shah with a focus on criteria validation 
prior to the injection in living bodies. Some are common to many 
injectable biomaterials like biocompatibility and biodegradation but 
MBs also have their specific features. For instance, size has to be 
controlled under the 10 μm limit to prevent from the obstruction risk in 
the microvasculature [3] and more preferably in the range of erythro-
cytes diameter [4]. Those characteristics are defined with the careful 
choice of gas core, shell composition and surface modification. As pre-
sented below, MBs are highly versatile objects that will behave differ-
ently in vivo depending on their characteristics. 

2.1. Synthesis methods for microbubbles generation 

Various methods have been developed for the synthesis of micro-
bubbles (Fig. 1) endowing them with different properties. Most of the 
studied MBs are echogenic liposomes and the main methods for their 
synthesis consist in the hydration of dried lipids film [5]. It relies on 
dissolving a mix of lipids into chloroform and using a rotational evap-
oration system to obtain a thin dried film. The addition of emulsifier 
(Polyethylene Glycols: PEG) allows the bubble formation and the dried 
film is hydrated with a buffer solution such as phosphate buffer saline 
[6]. At last, the solution is heated to its glass transition temperature to 
help with lipid resuspension [7] and homogenized with US, using a 
sonicating horn, for several minutes to produce the MBs suspension. 

Fig. 1. Methods for Microbubbles synthesis. Lipid MBs are mainly produced following two different methods: Sonication or Microfluidics. The first step consists in 
dry film rehydration. It requires the solvent evaporation of the lipid + chloroform mix using a rotary evaporator. The obtained film is rehydrated at glass transition 
temperature and the precursor lipid suspension is homogenized with the help of US sonication. This precursor suspension is either used for a sonication protocol or 
microfluidics. This method relies on the encounter of the gaseous phase and the lipids phase either with a T-junction or a flow-focusing system. Both allow the 
generation of highly monodisperse MBs population. Comparing the two methods, dry film rehydration requires day-scale preparation while microfluidics production 
is obtained in hours scale. Protein MBs are obtained following US insonation of a protein solution followed by filtration of the polydisperse population. Polymer MBs 
are generated with hydrodynamic cavitation. Monomer solution is incorporated to an acidic aqueous solution under shear stress perturbation. Again, the polydisperse 
suspension is filtered. Created with BioRender.com. 
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Lipids dissolution in chloroform and rehydration in phosphate buffered 
solution constitutes the precursor lipid suspension for all lipid MBs 
synthesis, and the process can be time-consuming as the chloroform 
evaporation step can last up to 12 h [8]. Despite the wide practice of this 
technique, it presents some drawbacks as a complex control on the size 
distribution. In order to narrow the size dispersity, microfluidics have 
been a widely explored alternative to obtain reproducible and size 
tunable protocol. The general idea consists in constraining a liquid flow 
and/or a gaseous flow into microchannels to generate size monitored 
MBs. The main advantage is the reduction of reagent volumes meaning a 
decrease in the total cost of the experiment but also an increased yield of 
production. Two main systems are leading the field, the T-junction 
system and the flow focusing setup [9]. Both rely on the convergence of 
the gas phase and shell material phase with monitored flow rate and 
optimized channel width to entrap the gas into the shell. Nevertheless, 
the technology still relies on an advanced miniaturized system with 
development costs and a time of production slower than other process 
like sonication or homogenization [10]. A nice review written by Pul-
sipher et al. presents the various microfluidic technologies developed for 
MBs generation [9]. Carugo et al. figured out a smart way to overcome 
the poor production yield without compromising the narrow distribu-
tion of microfluidics systems [11]. Instead of direct production of 
micrometer size MBs, they produce large precursors bubbles with a 
regular T-junction gas-in-oil system but expose them to a low frequency 
US field to generates narrow size distribution MBs. This method enables 
the production of microfluidic-like MBs but with a production yield in 
the same order of magnitude than conventional batch sonication. 
Indeed, high yield production methods like hydrodynamic cavitation 
and sonication have a relatively faster production rate but require post 
synthesis treatment like filtration to narrow the size distribution. The 
hydrodynamic cavitation method uses the shear force of a homogenizer 
in an aqueous solution to induce polymer MBs formation that can be 
stabilized with the wanted shell component. It briefly consists in the 
addition of a monomer into an aqueous solution with the constant hy-
drodynamic stirring of an homogenizer like Ultraturrax for an hour [12]. 
As for sonication, it is the fastest method and is involved in the gener-
ation of the majority of protein shelled MBs [13]. As underlined by 
Stride et al., sonication is in majority a preparatory step and extensive 
study about standardization of sonication protocols is not described yet 
[14]. It consists in the activation of an ultrasonic horn at the solution/air 
interface causing compression refraction of the liquid [6]. This genera-
tion of energy usually creates high local temperature rise and the overall 
temperature of the solution can be cooled down by placing the setup in 
ice. Nevertheless, it is known to have strong potential in the obtention of 
high yield synthesis at low cost and high speed. However, new shell 
compositions might be studied with this technique to overcome the issue 
of stability and fast blood clearance known for protein shelled MBs. 

Alternative techniques also exists like shaking, used for the synthesis 
of Definity® MBs by simply shaking a lipid solution in a sealed vial with 
a shaking device [14]. Moreover, electrohydrodynamic atomization is 
employed for the generation of lipid MBs by applying a constant electric 
field on monitored flow rate of a lipid solution in contact with air [15]. 
Overall, gold standard of MBs synthesis should include the high yield of 
hydrodynamic cavitation, the size regulation of microfluidic, the fast 
production time and cost effectiveness of sonication. 

2.2. Microbubbles shell composition 

The shell integrity of MBs was originally established with albumin 
polymerization but the resulting MBs quickly showed limitations due to 
their fast clearance in the body. The most studied protein for MBs 
application was Human Serum Albumin (HSA) firstly mentioned by 
Reisner et al. in 1989 [16] and furtherly developed with the addition of 
additives like Dextrose 5% [17] or fructose 5% [18] through the 90’s 
and 2000’s. They had the advantage of providing a sufficient robustness 
to keep the gas trapped inside and their chemical characteristics implies 

the possibility to graft targeting or therapeutic agents. The major 
drawback was attributed to their vulnerability in vivo, because of the fast 
recognition by the patrolling scavenging cells leading to a rapid elimi-
nation in the bloodstream [19]. Nowadays, the vast majority of MBs are 
composed of lipids and a mixture of them arranged as a monolayer [20]. 
The mixture of phospholipids usually consists of various ratios of DSPC 
(1,2-distearoyl-sn-glycero-3-phosphocholine) and DSPE-PEG2000 (1, 
2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [amino (poly-
ethylene glycol)-2000]). Phosphatidylcholines are a natural component 
of cell membranes, generally extracted from soybean or egg yolks, and 
are already used and FDA approved as excipient in various intravenous 
treatments [21]. The resulting shell is flexible and confers the ability of 
structural rearrangement. This can be an advantage for an easy recon-
stitution after freeze drying storage but lipid monolayer reorganization 
can disservice the overall stability due to weak interaction forces 
involved in the geometry (hydrophobicity and van der Waals [6]). In 
consequence, it does not efficiently prevent the gas diffusion and the 
coalescence. Therefore, lipid shelled MBs strategy relies on the flexible 
property of lipids and small immunogenicity, as their lipophilic property 
protect them from reticuloendothelial system clearance [22]. 

When looking at MBs stability, interaction of MBs between them-
selves has to be studied. Indeed, during and after their synthesis they 
will be in close contact as the floatation phenomenon occurs, and un-
wanted events like the Ostwald ripening or coalescence are more likely 
to happen [23] (Fig. 2). Ostwald ripening can be defined as the expan-
sion of bigger MBs to the detriment of small and less stable MBs based on 
thermodynamic equilibrium [24]. This phenomenon can be managed by 
selecting a low solubility-to-biological-fluid gas and a low 
solubility-to-biological-fluid shell but also by increasing the stiffness of 
the shell to prevent exchanges between the surrounding fluid and MBs. 
In case of lipid shelled MBs, it is recommended to increase the molar 
volume of the oil phase to reduce their solubility [24]. When two bub-
bles merge to form a larger bubble, it is called coalescence. It can be 
prevented by reducing the interaction between MBs using surfactants 
[25] or by increasing of the synthesis temperature [26]. Hence, MBs 
shelf stability depends on various parameters like shell and gas 
composition, shell elasticity, surface tension and viscosity of the 
aqueous solution. Sridhar et al. [27] proposed a mathematical model to 
estimate MBs half-life in suspension and focused the attention on shell 
resistance and the viscosity of the storage solution. Storage stability of 
MBs in suspension can be extended with stiffer shell material (like 
polymers) and with the addition of glycerol like ingredient to thicken 
the aqueous solution [28]. 

To overcome the shell fragility without compromising the function-
alization of the MBs, polymerized cyanoacrylates were introduced as a 
substitute of lipid shells. Cyanoacrylates are traditionally used in med-
icine as surgical adhesive for wound closing [29]. They are chemically 
composed of an ethylene group, a cyano-group and a variable alkyl 
chain. Initially presented as a monomer solution, their anionic poly-
merization happens in contact with aqueous media like blood or body 
tissues conferring adhesive property to the polymer [30]. N-butyl cya-
noacrylates are also used in clinics for arterial embolization to prevent 
from major bleeding in hard to reach regions such as pelvic area [31]. 
Cyanoacrylate ability to polymerize in water constitutes a new strategy 
for gas encapsulation in aqueous solution as presented before using 
hydrodynamic cavitation method. Because of its chemical structure, 
cyanoacrylate shell are stiffer and thicker (hundreds of nanometers 
compared to 3–5 nm range for lipid shells [32]) allowing multiple 
functionalization possibilities including drug loading [33] and targeting 
peptide grafting [34]. This versatility is accompanied by some draw-
backs, the main one relies on the biocompatibility of cyanoacrylate 
degradation products in vivo. Even if the cyanoacrylate glue has been 
injected in humans [35], it is known that its hydrolysis releases cya-
noacetate and formaldehyde which can lead to local ischemia [30]. 
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2.3. Microbubbles surface modification 

MBs are now also designed as carriers and they not only need a safe 
and resistant shell, but also tunability for better biocompatibility, tar-
geting or drug encapsulation. MBs’ half-life in the bloodstream is suffi-
cient to perform several rounds in the circulatory system and reach their 
target but they will get destabilized because of their inevitable gas ex-
change with the environment. Most lipid MBs are stabilized with PEGs 
working as a steric shield and avoiding a quick uptake from the reticu-
loendothelial system and protecting the gas core [36]. Nevertheless, this 
protection may also lead to generation of anti-polyethylene glycol an-
tibodies with repeated injection [37]. Foreign body recognition can also 
be limited by fooling the immune system. This interesting approach 
presented by Yang et al. relies on the surface modification of liposomes 
by mixing them with platelet membrane [38]. This confers the MBs a 
safe passage through the blood recognition system because of the 
incorporation of transmembrane proteins of the platelet membranes. 
This approach is used here for asepsis induced acute kidney injury 
diagnosis but is an interesting cloaking strategy also used in nano-
medicine for cancer [39] or inflammation [40]. 

With the acknowledgment that every foreign organism will eventu-
ally be discharged, it is also a smart strategy to focus on the targeting of a 
biomarker rather than the long lasting of MBs in vivo. Many innovations 
are derived from the nanoparticles surface modification [41] with the 
objective to graft targeting agents for molecular imaging or promoting 
drug delivery. J. Shue-Min Yeh et al. present a very complete table 
summarizing the state of the art of surface modification for lipid shell 
MBs until 2015 [42]. Interestingly out of 94 published papers, 58,5% are 
based on streptavidin biotin interaction [43,44], 18% on maleimide 
thiol strategy and the rest are specific lipid-peptide linkage before MBs 
formulation. Those numbers are interesting because some controversies 
rely on the immunogenic response to streptavidin in humans due to its 

bacterial origin. Nevertheless, it remains the strongest non covalent 
interaction with an affinity constant KD of 10− 14 M, shadowing any 
antibody for antigen recognition. This is why teams are working on 
improving the immunogenic response [45] and recent work showed 
great promises about the injection of avidin in humans [46]. 
This functionalization can be obtained via in situ incorporation of 
streptavidin and with later association of the molecule of interest 
coupled with biotin, or with chemical incorporation post synthesis of 
avidin using EDC/NHS (1-Ethyl-3-(3-dimethylaminopropyl) 
carbodiimide/N-Hydroxy succinimide) coupling [47]. 

The maleimide thiol bioconjugation strategy relies on the reactivity 
between maleimides and thiols groups naturally present in biomolecules 
like cysteines, allowing grafting of fluorochrome, PEGs or proteins [48]. 
Maleimide groups are added to the structure of the shells and act as an 
intermediate for drug grafting to the MBs but the chemical reaction has 
to be monitored because of two competitive reactions. One reversible 
linkage allowing delivery of agent but easily eliminated in the blood-
stream and one irreversible linkage. Therefore, depending on the 
application and to avoid competition of thiol present in albumin, a fine 
balance has to be found to improve the stability of this reaction which 
heavily depends on pH [49]. 

Covalent bonding of functionalizing agent can be performed via 
EDC/NHS peptide bond formation. By definition, it allows on the co-
valent bounding between a carboxymethyl group and a primary amine 
group [50]. However, standardized protocols are hard to obtain and its 
accessibility and ease of use does not exclude optimization [51]. A major 
drawback of this approach is the immobilization of the N-terminus or 
C-terminus regions of proteins that can be hosting their functional fea-
tures. Thus, alternative strategies emerged to be more specific regarding 
the anchoring point. For example, Lui et al. put forward the click 
chemistry coupling of various desired compounds onto their albumin 
MBs, conferring a high versatility to the system [52]. Briefly, the method 

Fig. 2. Microbubbles behavior with their environment and under Us insonation. Microbubbles in static condition will rise to the top of the suspension to form a 
cake. Depending on the shell properties and surface tension of the MBs/liquid interphase, MBs can undergo Ostwald ripening or coalescence. They are also affected 
by the gas concentration of their environment according to Henry’s Law and to pressure of the surrounding medium according to Laplace’s Law. Under US inso-
nation, MBs are distinguished by the US regime. Low intensity US (low Mechanical Index) will induce stable oscillations of the MBs leading to microstreaming. High 
intensity US (high Mechanical Index) will induce unstable oscillations of the MBs leading to MBs inertial cavitation and microjetting. Also, the liquid core of 
nanodroplets can undergo vaporization under specific acoustic parameters. ND = Nanodroplets, MB = microbubble, MI = Mechanical Index. Created with BioR 
ender.com. 
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depends on the strain promoted alkyne-azide cycloaddition (SPAAC) 
where the triple liaison of the Dibenzocyclooctyne-amine (DBCO) graf-
ted onto the MBs has a high and speed reactivity with azide groups 
present on the desired ligand. 

Functionalizing strategy can also simply rely on weak interaction 
with a positively charged [53] or negatively charged shell [43]. Indeed, 
comparing the incorporation of anionic DNA onto neutral or positively 
charged MBs, Panje et al. highlighted a significant difference in the 
incorporation of the plasmid when positively charged MBs could bind up 
to 0.03 pg of DNA per MB, while neutral MBs incorporated only a re-
sidual amount [54]. Addition of surfactant in the MBs composition was 
also demonstrated to improve lipophilic payload, here using natural 
lung surfactant protein validating the importance of charge on the sur-
face and its environment [55]. 

Therefore, the balance has to be found for surface modification to 
obtain weak or strong linkage to functionalizing object, and it must not 
be forgotten that surface modification has to be strong enough to sustain 
its functionality in flow condition according to the in vivo environment 
hemodynamics. Moreover, it must not be forgotten that surface modi-
fication can influence MBs dynamics, first in term of stability because of 
Laplace pressure’s influence on the MBs but also in terms of acoustic 
response [56]. 

2.4. Microbubbles gas core 

Another level of MBs tuning consist in choosing a gas of interest for 
its echogenic, stability or therapeutic properties. The gas can be 
entrapped into the solution by bubbling in the initial solution and is 
often saturated in the headspace after freeze drying to avoid the gas 
exchange after resuspension. The importance of gas for microbubble 
stability has recently been of main interest while first generation of MBs 
were mainly composed of air core [19]. A gas with higher solubility like 
nitrogen contained in air (20 mg/ml in water) would be more likely to 
diffuse than a fluorinated gas like perfluorobutane (1.5 mg/L in water). 
The balance has to found between the thickness of the shell and the 
incorporated gas property to avoid gas loss from the MBs. Indeed, 
intra-bubble pressure with the surrounding medium (like blood) dras-
tically depends on the bubble radius and the shell resistance at gas-liquid 
interface, also known as Laplace pressure (Fig. 2): 

P=Pinside − Poutside = 2σ/r  

where σ is the surface tension between the phases and r the radius of the 
MB. Hence, Laplace pressure P is defined the pressure difference be-
tween the internal pressure (Pinside) and the external pressure (Poutside) of 
non-miscible phases. In addition, smaller MBs will disappear faster than 
bigger ones and even faster if the surrounding medium isn’t saturated in 
gas [19], this time according to Henry’ law (Fig. 2): 

C= kP  

where C is the concentration of a dissolved gas, k a constant and P the 
pressure of the gas above the suspension or in the MBs [57]. In order to 
maintain the gas trapped inside it is recommended to have a thicker shell 
and a stabilizing gas. 

An additional strategy to overcome the rapid gas exchange of air 
between MBs and the surrounding medium resulted in the second gen-
eration of MBs where low solubility gas like sulfur hexafluoride (SF6) or 
perfluorocarbons (PFCs) replaced the air core. Fluorinated gas and 
especially perfluorocarbons (PFCs) are now widely used to maintain a 
longer half-life of the MBs in the blood circulation because of their inert 
property. Indeed, PFCs are synthetic molecules descending from hy-
drocarbons where the hydrogen atoms have been substituted by fluorine 
atoms. They are known to be chemically inert and their intrinsic atomic 
structure give them the property to be hydrophobic and lipophobic at 
the same time [23]. Omata et al. studied the effect of the encapsulated 
gas on their MBs stability and compared lipid based MBs with either SF6, 

C3F6 or C4F10 [58]. They concluded that PFCs MBs (C3F6 and C4F10) 
were highly stable in vitro compared to the other MBs (including com-
mercial ones) and their half-life in vivo was at least two times higher. 
Those results are strongly correlated to the Ostwald coefficient formula: 

L=Cliquid
/

Cgas  

where Cliquid and Cgas respectively correspond to the concentration of an 
entity in the liquid phase or the gaseous phase [59]. The higher this 
coefficient is, the more affinity the entity would have for the aqueous 
phase. On the opposite, a very inert entity would more likely be highly 
concentrated in the gaseous phase, leading to a small Ostwald coefficient 
[60]. For example, O2 possesses an Ostwald coefficient of 27730 (x106), 
while perfluorobutane (C4F10) and decafluoropentane (C5F12) respec-
tively have an Ostwald coefficient of 202 (x106) and 117 (x106) at 25 ◦C. 
This translates to the fact that dioxygen will be more likely to dissolve in 
the surrounding aqueous phase than perfluorocarbons. Kabalnov et al. 
then demonstrated this theory in an experimental set up validating the 
correlation between the increase of MBs lifetime in vivo and the dimin-
ishing of the Ostwald coefficient of the entrapped gas [61]. They also 
mentioned that the administrated dose did not influence the time of 
circulation. 

This second generation of MBs are now the clinical standards like 
mentioned below with Sonovue® (Sulfur Hexafluoride: SF6), Definity® 
(Perflutren: C3F8) or Sonanzoid® (Perfluorobutane: C4F10). Neverthe-
less, entrapping other gas may have therapeutic properties, as this re-
view will discuss below, and teams keep innovating on oxygen MBs 
formulation to increase their in vivo circulation time [7]. 

2.5. Microbubbles adapted characterizations 

Considering their gas core composition, MBs will inevitably rise to 
the top of the suspension (Fig. 2). This buoyancy phenomenon leads to a 
“cake” formation that constantly need to be resuspended to recover a 
homogeneous suspension. In consequence, most of the characterizations 
have to be thought differently compared to regular particle analysis 
where everything is affected by sedimentation. For most applications, 
alternative approaches exist to overcome this constrain like cen-
trifugating into a syringe to be able to easily discard the infranatant. 
Eventually, characterization in fluidic condition is more relevant than 
static condition due to the buoyancy force dominating the sedimentation 
for MBs, which otherwise dominates in the study of other particles. To 
overcome the buoyancy issue some adapted characterizations are pre-
sented below like acoustic sorting for MBs triage, flow phantoms for US 
evaluation and atomic force microscopy for mechanical 
characterization. 

As US contrast agents, MBs can be characterized by their resonance 
frequency (RF) which must match the US transducer frequency to get the 
best acoustic response. It is highly dependent on the mass of the bubble- 
liquid system (m) and the stiffness (s) of the shell [62], with the formula: 

fr =
1

2π

̅̅̅̅
s
m

√

Thus, it can be deduced that there is an inversely proportional 
relationship between the size of the MBs and their resonance frequency. 
Moreover, an increase in the shell elasticity will increase the magnitude 
of the backscattered signal [63]. Of course, the surrounding medium 
plays a role on the resistance and MBs in water won’t have the same 
resonance frequency than MBs in blood. Considering their response to 
US, acoustic sorting has been a great way to narrow size distribution of 
the sample. In the theory, since MBs resonance frequency depends on 
MBs size, their displacement in a microfluidic system under US inso-
nation also depends on their size [64]. Thus, acoustic sorting consists in 
flow focusing MBs in a microfluidic chip, at a concentration where MBs 
do not overlap, and inducing the emission of US perpendicularly to the 
flow. The output of the channel is divided in separated exits where MBs 
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will be directed in function of their response to US, the bigger bubbles 
being derived the most from their original trajectory. It can be used to 
separate the resonant MBs at a specific frequency to ensure the best 
response in vivo, and to better model the scattering and attenuation of 
MBs under US insonation [65]. 

For the evaluation of MBs to US response, flow phantoms are 
designed to mimic in vivo parameters. It can easily be established in the 
laboratory with an agar gel mold representing the surrounding tissues 
and a wall free vessel representing the vascular network [66]. Thus, a 
clinical transducer can easily be employed on top of the system to image 
the channel where a monitored MBs suspension is flowed. Echogenicity 
parameters can be observed through this in vitro method like the MBs 
disruption threshold as developed by O. Couture et al. [67]. Starting 
from home-made agar gels with channel, industrials developed long 
lasting phantoms with different channel size or morphology for vascular 
doppler flow (Cirsinc®). 

Mechanical properties of individual MBs can be hard to determine 
firstly because of their size but also because of their flotation behavior. 
Atomic force microscopy (AFM) might be the right alternative to get an 
idea of MBs mechanical properties [68]. The measurement consists in 
the immobilization of microbubbles on AFM discs with a specific coating 
like poly-L-lysine or biotinylated self-assembled monolayer for strepta-
vidin functionalized MBs. Consequently, a tipless cantilever is 
approached to a single MB and several loads are applied on the MB 
surface to evaluate the resistance to strain. It has been established with 
this method that Fe3O4 nanoparticles decorated polymer shell MBs had 
an elastic ratio of 4.6 ± 1.2 GPa [69], thin polymer shell Young’s 
modulus was around 1.5–3 GPa [70] while lipid MBs’ was lower, around 
1.2–2 GPa [71]. This last study also validated that not only the shell 
composition but also the shell coating can increase this elastic ratio. 
Similar conclusion was obtained for the stiffness: the more decorated the 
stiffer. 

2.6. In vivo behavior of microbubbles 

After all, MBs are meant to be intravenously injected but there is a 
broad gap between in vitro flow phantoms and in vivo bodies. Hemody-
namically speaking, MBs tend to behave like erythrocytes in the blood as 
their size is similar. It means that in a bloodstream environment where 
none of the Virchow’s Triad event happens (Stasis, Endothelial injury, 
Hypercoagulability) [72], the MBs will tend to have a luminal position 
inside the vessel [73]. Unfortunately, this hemodynamic behavior does 
not protect them from in vivo clearance systems. According to Upadhyay 
et al., in vivo stability of lipids MBs are limited to a maximum of 30 min 
[6]. Most likely, MBs clearance will occur through two pathways: the 
inevitable ripening and coalescence of the MBs due to excess of envi-
ronmental or internal pressure, or the scavenging by macrophages and 
distribution to the reticuloendothelial systems (RES) organs like spleen, 
liver, bone marrow or lungs [23]. 

On one side, the gas saturation of the environment will influence the 
gas exchange between the MBs and the blood and consequently the 
stability of MBs. For instance, if an animal is under isoflurane anesthesia, 
the ratio of oxygen in the inhaled gas mixture must be watched or a 
disequilibrium will appear between dissolved gas in the blood and 
injected air filled MBs. A study on dogs [74] validated that the rapid 
clearance of albumin air filled MBs depends on the oxygen ratio of the 
air mixture inhaled by animals: the more oxygen, the more rapid 
clearance of air filled MBs in US imaging control. On the other side, the 
main organ involved in the clearance of MBs is the liver. Some MBs can 
be used to specifically target the liver, like Sonazoid® shell of which is 
composed of egg phosphatidylserine, a marker externalized by cells 
undergoing apoptosis and generating phagocytosis induction [75]. This 
mechanism was studied to evaluate the clearance through liver Kupffer 
cells in vivo microscopy. It was shown that Sonazoid® MBs were almost 
immediately internalized but survived almost 30 min as MBs inside the 
macrophage cells of the liver [76]. It validates the possibility of 

internalization of MBs by macrophages and their survival for several 
minutes inside the cells before being degraded, allowing potential gas 
delivery before the gas escape. Biodistribution and liver uptake was also 
studied with polymer MBs with the work of Warzecha et al. to better 
understand the impact on liver cell function and viability. First, fluo-
rescence mediated tomography validated that 40% of the MBs uptake 
was performed by the liver and half of it was still observable after 2 h 
[77]. At a tissue level, fluorescent MBs where mainly observed in the 
myeloid cells of the liver endowed with the capacity of phagocytosis. 
Using flow cytometry analysis, they demonstrated that MBs are almost 
instantly fragmented after macrophages or monocytes internalization 
without affecting their viability. However, the use of US on monocytes 
that had internalized MBs induced some cell death that they attributed 
to the fact that some MBs might still be intact after monocytes uptake. 
Finally, the study validated that even after liver injury with CCl4, the 
injection of polymer MBs did not affect the injury extent nor compro-
mise the recruitment of inflammatory cells. 

Once degraded, MBs debris could also enter the endothelial cells 
especially if their shell is composed of a phospholipid layer. Indeed, 
those cells would inevitably be the first barrier to be in contact with MBs 
debris. A micro-vessel on a chip study performed by Park et al. high-
lighted this MBs-to-cells interaction, and especially after stable cavita-
tion of the MBs induced by US insonation [78]. Endothelial cells 
interaction was also demonstrated with doxorubicin loaded liposomes 
inducing an increase in the targeted endothelial cells toxicity due to the 
liposome endocytosis by endothelial cells. We could eventually extrap-
olate that in vivo internalization could be harder to demonstrate ac-
cording to constant flow and very few studies really explored this 
pathway [79]. 

Finally, the major risk after validation of the biocompatibility of the 
shell and gas, is the occurrence of a micro embolism due to the residual 
shell aggregating in small vessels. Air embolism is less likely to be a 
threat as clinical death due to air injection happens with more than 100 
mL of injected air [80]. In comparison, considering an injection of MBs 
of a mean diameter around 3 μm and neglecting the shell width, a 
standard injection of MBs in humans corresponds to a gas volume in the 
magnitude of the microliter. 

3. Microbubbles for imaging 

Currently available MBs for medical application are mostly lipid 
shell based and have not yet been put to use as targeting and drug 
encapsulating agents. Their exclusive function is defined as US contrast 
enhancers for vascular and cardiac cavity imaging. Nevertheless, the US 
insonation influence on MBs behavior can promote more than conven-
tional US imaging ability as described below. 

3.1. Commercial microbubbles 

Twenty-five years ago, FDA approved the first MBs for contrast 
enhancement purpose: Albunex® from Molecular Biosystems®, 
composed of a human albumin shell and air core [74], which was then 
slowly replaced by new generations of Albumin MBs like Albuminex® 
and Optizon®. Sonovue® (BR1) from Bracco is probably the most 
widely used commercial MBs in research and was approved by the FDA 
since 2001 [81]. It is a phospholipid shell MB with a Sulfur Hexafluoride 
(SF6) gas core, employed for cardiac, vascular and hepatic imaging. 
Definity® from Lantheus Medical Imaging is also frequently described 
and share the same shell composition as Sonovue®, but with an octa-
fluoropropane (C3F8) gas core. In clinical application, it is also approved 
for cardiac, abdomen and pelvis imaging [82]. Lastly, General Electrics 
provides two types of clinically approved MBs, Sonazoid® and Optison® 
with respectively a lipid stabilized shell with perfluorobutane core and 
an albumin shell with perfluoropropane core. The first one was devel-
oped for abdominal imaging while the second one is exclusively used for 
cardiac application. According to their general guidelines, Sonovue® 
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must be used within the 6 h after resuspension of the dried product and 
Definity® within 12 h after shaking of the suspension. As for Sonazoid®, 
the use-in period after opening is 2 h and Optison® is limited to 30 min. 
In consequence, those products are limited to single patient utilization. 
In terms of dose administration for instance, Sonovue® injections can be 
administered in bolus or infusion up to two times 2 mL for cardiac cavity 
study. According to the company, this represents around twice 200 
million of MBs. 

In addition, established companies in the ultrasound imaging field 
also developed microbubbles for preclinical research like Visual Sonics 
and their Vevo MicroMarker® which can be provided as a target ready 
carrier thanks to its streptavidin coating [83], allowing research teams 
to graft any biotinylated agent. Other companies like Bracco based their 
strategy on VEGFR2 (Vascular Endothelial Growth Factor Receptor 2) 
targeting for the imaging of endothelial cells involved in angiogenesis, a 
key factor in some tumor’s growth. With a first introduction of BR55 
MBs [84] in the literature in 2010, they completed the first-in-humans 
injection for the molecular imaging of prostate cancer in 24 patients 
in 2013 [85]. Using KDR (Kinase Insert Domain) as another targeting 
agent, BR55 MBs were also injected in humans for the diagnosis of breast 
and ovarian lesion [86] enhancing US contrast in 93% of the malignant 
breast lesion and 85% of the ovarian malignant lesion. 

3.2. US insonation’s influence on microbubbles 

To better understand why microbubbles have been such an inter-
esting alternative in the contrast agent domains for imaging, we have to 
better understand the physics behind it. Ultrasound imaging relies on 
the ability of sound waves to reflect on materials depending on their 
composition and structure [87]. The rationale of the methods consists on 
the analysis of the acoustic impedance on different tissues, which de-
pends on to the sound waves speed of propagation and tissue density. 
What is mainly noticeable are the boundaries between soft tissues with 
different material properties like bone, fat, water and collagen [88]. 
Harmless, non-invasive and accessible method, it is mostly known for 
pregnancy follow-up but can bring quick and reliable answers to many 
more anatomic observation (ligament observation, breast check-up, 
circulatory system …). Indeed US imaging can address anatomical ex-
amination with B-mode imaging (2D) or functional evaluation with 
Doppler setting for blood flow monitoring [89]. Ultrasound imaging in 
clinics is usually performed in a range from 1 to 50 MHz, knowing that 
the higher the frequency the shorter the tissue penetration will be [87]. 
High frequencies (over 15 MHz) enable differentiation of objects less 
than 100 μm apart in depth [90] but are limited to superficial skin and 
superficial structures. Breast and thyroid can be observed in the range of 
10 MHz, deeper organs like general abdomen and gynecological struc-
tures are observed around 3.5 MHz and below. Nevertheless, high fre-
quencies are quite frequently used in animal study because it does not 
require deep tissue penetration and confers a better special resolution 
than low frequency US. There are some limitations of this imaging 
modality and especially the difficulty to image small structures like 
narrow vasculature or delimitations of the heart cavities. According to 
Yong et al., even in transesophageal echography, up to 15% of cardiac 
function evaluation fails due to poor contrast delimitation of the heart 
cavity [91]. Furthermore, US imaging highly depends on the distance to 
the observed object. In consequence, there has been an interest in the 
development in contrast enhancing agent capable of a high response to 
US signal. 

Compared to surrounding tissue, MBs’ response to US stimuli induces 
an increased contrast. The effect of US waves on MBs is the induction of 
their oscillation in a non-linear way [92]. The general oscillation of the 
MBs is not in phase because their response to acoustic stimuli depends 
on their distance to the source. This non-linear property makes them 
dependent on the amplitude of the signal which can be controlled by the 
voltage. This response is known as subharmonic (SH) emission gener-
ated by MBs themselves (rational fraction of the fundamental) after 

insonation which distinguishes them from surrounding tissue, unable to 
produce SH [92]. Those harmonics have a lower frequency and are 
consequently less attenuated by organs. Sojahrood et al. investigated the 
conditions for the best signal of SH by insonating MBs and demonstrated 
that, for a non-destructive regime, the optimum response signal was 
obtained when the emitted frequency was between 1.5 and 1.8 times the 
resonance frequency of the MBs [92] (see part MBs adapted character-
ization). However, this range decreases with the MBs concentration 
elevation due to MBs/MBs interaction. Also, polydispersity of the sus-
pension can play a role as larger MBs can influence the behavior of 
smaller MBs. Haghi et al. studied the consequence of MBs clustering on 
the generation of resonance frequency and highlighted that proximity 
between MBs induced the increase of their resonance frequency [93]. 

In terms of MBs behavior under US insonation, two categories can be 
distinguished: stable cavitation and inertial cavitation which differ by 
the outcome of the mechanical process (Fig. 2). Stable cavitation of MBs 
happens at low intensity of US signal allowing stable oscillations of the 
MBs with an alternance between compression and dilatation episodes 
without inducing MBs rupture [94]. This behavior is the one observed 
during US imaging thanks to the emitted subharmonics and 
ultra-harmonics at low acoustic pressure [95]. Among non-destructive 
cavitations, microstreaming has been described as the biological effect 
on surrounding fluids [14]. In other words, the stable oscillation of MBs 
in living systems creates local fluid motion [96] and temperature rising 
[97] that can locally destabilize its environment. This behavior is 
described as one of the enhancing effect helping thrombus penetration 
[98], drug delivery but also local generation of sonoporation, a method 
for increasing cell membrane permeability by sonic disruption [99]. 
Along with the same phenomenon, Acoustic Radiation Force (ARF) 
emission by US insonation of MBs in vivo can be observed. ARF is 
believed to help drug delivery of loaded agents [100] because of primary 
ARF that will displace MBs away from the US source and because of 
secondary ARF (or Bjerkness force) that will improve MBs attraction 
among themselves by the accordance of their oscillation phase [101]. In 
addition, the subsequent expansion of MBs influenced by US insonation 
is described as rectified diffusion [102]. On the other hand, inertial 
cavitation results in the implosion of the MBs and is caused by the in-
crease of US signal acoustic pressure [103]. Indeed, the rise in the radial 
expansion/compression amplitudes of MBs will eventually lead to MBs 
destabilization and shell rupture. It can be observed acoustically by the 
diminution of ultra-harmonic emission and the rise of broadband 
emission which translates macroscopically by rapid growth and collapse 
of MBs [104]. It is a strategic property for drug delivery of targeting MBs 
but it can also impact its environment as a mechanical disrupting agent 
[103] with shock waves emission that can disrupt endothelial cell 
integrity [78]. In association with inertial cavitation, microjetting has 
been described as the result of asymmetric MBs collapse promoting ac-
celeration of surrounding medium and/or fragment of ruptured MBs. 
Those microjets were revealed to trigger membrane damage around 1 
μm of diameter [105]. Eventually, this kind of disruption would be more 
likely to happens in case of anisotropic and heterogeneous shell 
composition [94]. 

3.3. Microbubbles molecular imaging 

Molecular imaging represents a new era of early and precise diag-
nosis that is in development for several imaging techniques from X-ray 
technology to MRI, including US imaging [88]. Characterized as the 
merging point between molecular biology and in vivo imaging, the goal 
of molecular imaging is to visualize and quantify biological processes 
from early stages, end points and sequels. In contrast to other imaging 
methods, molecular imaging tends to break free from structural imaging 
to reach a molecular range precision. To that purpose, contrast en-
hancers must be functionalized with the targeting property toward 
specific biomarkers. 

Early studies used fluorescence microscopy to overcome the lack of 
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precision of US imaging with the objective to better understand MBs 
behavior in the microcirculation. Mark Keller et al. were among the first 
to investigate intravascular distribution of albumin MBs compared to 
red blood cells in golden hamsters [106]. They highlighted how MBs 
displayed a similar velocity and frequency of distribution across the 
lumen compared to red blood cells, providing MBs an interesting 
property as intravascular tracers for contrast echocardiography. 

As presented in the table below (Table 1), biomarkers of the endo-
thelium can be applied for a wide range of conditions like cancer, 
vascular injury or inflammation. They all have in common the impor-
tance of vascular network, and transmembrane protein like VEGFR2 are 
targeted because of their involvement in neo-vascularization. However, 
one target can fit different strategies with lipids or polymer MBs and 
various targeting agent like peptides, antibodies or polysaccharides. The 
establishment of specific biomarkers like B7–H3 for breast cancer [107, 
108], thymocyte antigen 1 (Thy1) particular for carcinoma lesion only 
in pancreatic diseases [109] or the specific targeting of transmembrane 
Nucleolin (NCL) as angiogenesis marker [110] gives rise to a huge 
versatility to MBs as molecular imaging contrast agents. Vascular pa-
thologies like thrombosis, atherosclerosis or endothelium inflammation 
are more likely to be targeted adhesion proteins like VCAM1 (Vascular 
Cell Adhesion Molecule 1) [111,112], JAM-A (Junctional Adhesion 
Molecule A) [111,113] or P-selectin [12,114]. 

Recent progresses were attributed to the combined targeting strate-
gies with the association of several targeting agents like VEGFR1 and 
FSHR (Follicle Stimulating Hormone Receptor) which has recently been 
demonstrated as overexpressed in renal carcinoma [115]. In case of 
atherosclerosis early diagnostic, the combination of VCAM-1 and ICAM1 
antibodies as well as a synthetic sialyl Lewis X peptide (sLeX) grafted 
onto MBs surface to mimic leukocyte behavior allowed a strong recog-
nition from the atherosclerotic endothelium [116]. 

This table displays a non-exhaustive list of MBs used for molecular 
imaging since 2015 with however only two of them that were injected in 
humans thanks to the clinical trials of the BR55 MBs as contrast agent 
[85,86]. Otherwise, the most accessible animal model remains the 

mouse or the rat even though big animal like pig [124,129] or dog [114] 
are more relevant for human imaging translation. Extravascular targets 
were also introduced by Köse et al. as potential biomarkers especially in 
cancer leaky vasculature but would be more suitable for nanoscale 
bubbles [130]. However, some limitations remain about US molecular 
imaging technology detection limit of static MBs by conventional US 
transducers, discussed below in the new scales chapter. 

4. Microbubbles for therapy 

Microbubbles as therapeutic tools are the combination of three ele-
ments: the therapeutic effect of the gas, the therapeutic effect of the US 
and the functionalized MBs system as a drug carrier and/or a targeting 
object. Gas therapy and US therapy have been studied before the 
democratization of encapsulated MBs and new therapeutic approaches 
now tend to combine these strategies for a synergic effect. 

4.1. Gas therapy 

Gas delivery for therapy is extremely dose dependent as low doses 
will show no effect and high doses can be lethal. Also, if not encapsu-
lated their diffusible property remain a major challenge. Gas entrapped 
in the MBs has not only the advantage of being echogenic but can also be 
part of the therapeutic activity of the carrier [131] (Fig. 3). 

4.1.1. Dioxygen 
In pathologies like cancer, gas balance is a major component of their 

development. For example, surrounding microenvironment of tumors is 
known to be more acidic and more hypoxic [132] conferring them a 
chemo/radiotherapy resistance [133]. Oxygen based treatment are in 
development to overcome tumors growth with the encapsulation of 
oxygen into MBs. Fix et al. pointed out that intra-tumoral injection of 
lipid based oxygen MBs in the tumor site significantly improved radio-
therapy treatment [134]. They highlighted that the bigger the tumor the 
more likely it had developed hypoxic environment, and thus more likely 

Table 1 
Non exhaustive list of targeting ultrasound responsive strategies for molecular imaging since 2015. GPIIb/IIIA = Glycoprotein IIb/IIIa; VCAM-1 = Vascular Cell 
Adhesion Protein 1; vWF = von Willebrand Factor; JAM-A = Junctional Adhesion Molecule A; VEGFR2 = Vascular Endothelial Growth Factor Receptor 2.  

Application MBs composition Targeting agent Biomarker Clinical advancement Year Ref. 

Cancer 
Prostate Lipids Peptide VEGFR2 Clinical trials 2017 [85] 
Breast and ovarian Lipids Peptide KDR Clinical trials 2017 [86] 

Lipids Peptide/Antibody B7–H3 Mouse model 2020 [108] 
Lipids Type III fibronectin VEGFR2 Mouse model 2016 [117] 
Lipids Antibody B7–H3 Mouse model 2015 [107] 

Pancreas Lipids scAntibody Thy-1 Mouse model 2018 [109] 
Colon Lipids Antibody VEGFR1/FSHR Mouse model 2020 [115] 
Kidney Lipids Peptide VEGFR2 Mouse model 2016 [118] 
Angiogenesis Lipid Peptide Nucleolin Mouse model 2017 [110] 

Polymer Peptide E-selectin Mouse model 2016 [119] 
Lipids Peptide Neuropilin-1 Mouse model 2015 [120] 

Vascular 
Thrombosis Polymer Fucoidan P-selectin Mouse model 2019 [12] 

Lipids scAntibody GPIIb/IIIa Mouse model 2016 [121] 
Lipids Peptide Thrombin In vitro model 2017 [122] 

Vessel injury Polymer Antibody VCAM-1 Mouse model 2015 [123] 
Polymer RGD peptide αvβ3-integrin Pig model 2016 [124] 

Atherosclerosis Lipids Nanobodies VCAM-1 Mouse model 2019 [112] 
Lipids Peptide VCAM-1/vWF/P-selectin/LOX1 Mouse model 2018 [125] 
Polymer Antibody JAM-A Mouse model 2018 [111] 
Lipids Antibody/sLeX VCAM-1/ICAM-1/Selectins Mouse model 2018 [116] 
Lipids Antibody JAM-A Rabbit Model 2016 [113] 

Inflammation 
Liver injury Polymer RGD peptide Myeloid integrins Mouse model 2018 [77] 
Endothelium Lipids Peptide P-selectin Dog model 2020 [114] 

Lipids Peptide/Antibody P-selectin/VCAM-1/vWF-A1/GPIbα Mouse model 2018 [126] 
Abdominal aorta Lipids Antibody P-selectin/VCAM-1 Mouse model 2017 [127] 
Liver fibrosis Lipids Antibody VEGFR2 Rat model 2021 [128] 
Bowel Lipids Peptide P and E-selectins Pig model 2015 [129]  
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it would respond to the oxygen treatment. Unfortunately, most tumors 
are not accessible for intra-tumoral injection and gas therapy might be 
delivered via intravenous route. Improvement of radiosensitivity was 
observed with the intravenous injection of surfactant shelled oxygen 
MBs on a breast cancer rat model [135]. By increasing tumor oxygen-
ation by 20 mmHg with oxygen MBs, radiosensitivity was almost tripled. 
This anti-hypoxic treatment leads also to a significant delay in the tumor 
growth of approximately 30 days compared to radiotherapy only, 
highlighting great promises for the use of oxygen delivery therapy as a 
complement of cancer treatment [136]. In order to improve oxygen MBs 
stability, Peng et al. associated SF6 to the gas core which showed a 3 
times improvement of the circulation half-life in vivo [137] (Fig. 4). The 
study presents lipids O2SF6 MBs injected in a nasopharyngeal carcinoma 
mouse model. Using local US triggered destruction of the MBs, tumor 
volume significantly dropped from 614 ± 157 mm3 with regular treat-
ment to 229 ± 31 mm3. Oxygen therapy is also a promising strategy for 
wound healing with the embedding of MBs into hydrogels [138]. 

4.1.2. Nitric oxide 
Apart from oxygen therapy, nitric oxide (NO) delivery is a studied 

strategy because of its function in the regulation of angiogenesis. Thanks 
to its chemical structure with a very unstable peripherical electron, it is 
largely used by the cells for signaling and is known for its important role 
in the promotion of angiogenesis and expending blood vessels [139]. In 
other words, instead of asphyxiating the tumor, improving its vascula-
ture may overcome the radiotherapy resistance caused by the hypoxic 
state: it is called tumor vasculature normalization [140]. This hypothesis 
was studied with the injection of NO micelles combined with radio-
therapy [141]. As a result, tumor weight was divided by two compared 

to the radiotherapy only and survival rate of the mice was also signifi-
cantly improved. NO is also implicated in the resolution of deep vein 
thrombosis, by playing a role with the platelets an inflammatory cells 
aggregation, as well as stimulation the endothelium. Wang et al. injected 
rats with NO MBs after deep vein thrombosis induction surgery and the 
resolution of the clot was studied by weighting the clots 8 days later 
[142]. Interestingly, weight over length ratio of extracted thrombi at day 
8 showed a decrease of 40% compared to control group. Compared to 
anticoagulant therapy this strategy does not involve the risk of collateral 
bleeding as they measured major indexes of coagulation function. They 
hypothesized that the antithrombotic effect mainly affected the vessel 
wall by limiting the leukocyte extravasation (decrease of the expression 
of VCAM-1 on thrombosis site) and thus maintaining endothelium 
integrity. 

4.1.3. Carbon monoxide 
Other gases are potential therapies for cancer such as carbon mon-

oxide (CO) which increases mitochondrial respiration leading to excess 
production of Reactive Oxygen Species (ROS) and the onset of cell 
apoptosis [143]. CO also plays a dual role on the nervous central system. 
Similarly to NO, it is considered as a gasotransmitter in cell signaling 
and intracellular production of CO can provide neuroprotective effect by 
upregulating cyclic guanosine phosphate production [144]. Inhalation 
treatment already proved an infarct volume reduction up to 62.2% in 
brain ischemia on mice [145]. On the other side, excessive concentration 
of CO can lead to hypoxia damaging brain cells. Indeed, a strict control 
of the administered dose creates an unmet medical need for targeted 
encapsulation of CO as neuroprotective treatment. Looking at another 
cell signaling pathway, low doses of CO were demonstrated to have an 

Fig. 3. Therapeutic strategies for tumors, thrombi, infection and Blood-Brain-Barrier. Depending on the mechanical impact of the US signal, MBs therapy can 
be adapted for different pathologies. Microbubble microstreaming can improve drug delivery to the epithelium and the thrombus. It also destabilizes membrane 
permeation by fragilizing biofilms and BBB epithelium tight-junctions. The increasing of US mechanical index induces a stronger mechanical impact on the sur-
rounding tissue. Indeed, MBs implosion helps mechanically disrupt thrombi by loosening up the fibrin mesh. This disruption has to be carefully monitored because it 
promotes cell membrane sonoporation for a therapeutic approach but also vascular permeation causing cerebral hemorrhages. Created with BioRender.com. 

L. Fournier et al.                                                                                                                                                                                                                                

http://BioRender.com


Biomaterials 294 (2023) 122025

10

important protective function in inflammatory diseases [146]. Briefly, 
macrophages stimulated with a lipopolysaccharide (LPS) inflammatory 
protocol shown a significant accumulation of anti-inflammatory cyto-
kine IL-10 in contact with low concentration of CO. Same results were 
observed in vivo, allowing interesting perspectives for the role of CO on 
the regulation of an inflammatory response. This treatment strategy 
would be all the more interesting as macrophages have the ability to 
perform phagocytosis on circulating elements of the blood, here MBs. In 
the recent years, the development of carbon monoxide releasing mole-
cule (CORM) has been studied to control its generation. Pathak et al. 
adapted this strategy to develop light triggered carbon monoxide 
generating MBs [147]. By loading CORM onto polybutyl-cyanoacrylate 
(PBCA) based MBs, they evidenced the enhancement of M2-like anti--
inflammatory phenotype upon light triggering CO production on human 
blood samples. This proof of concept was also studied for the protection 
over oxidative stress induced in cardiac issue injury. Again, CO triggered 
delivery allowed a significant reduction of the apoptotic ratio on car-
diomyocytes. Altogether, these results indicate the high potential for 
low dose CO delivery in the resolution of cardiovascular diseases. 

4.1.4. Perfluorocarbons 
Perfluorocarbons (PFC) do not have direct therapeutic effect; how-

ever, they are used as intermediate transporter for oxygen. As mentioned 
before, O2 plays an important role in the physiology and consequently in 
pathologies. PFC in their liquid state like Perfluoro-octyl-bromide 
(PFOB), or perfluorobutane (PFB) can be employed as O2, NO and CO 
carriers [148]. Their very inert property enables the uptake of dioxygen. 
If we compare the capacity of dissolution of oxygen in water or in a PFC, 
the molar ratio of dissolved O2 is 1 mol of O2 in 200 mol of water 
compared to 1 mol of O2 in 0.2 mol of Perfluorodecalin (PFD) [23]. 
Perfluorocarbons-based oxygen carriers (PFOCs) have nicely been re-
ported in the review from Jäger et al., presenting how PFOCs are an 
innovative tool from cancer therapy to blood substitute [23]. As pre-
sented before, the fluorine atomic structure tends to attract electrons 
from surrounding atoms giving a stiff structure to the molecules that are 
not affined to dissolve in aqueous media meaning that PFCs are good 
candidates as solvent for other gas and especially oxygen, carbon di-
oxide and nitric oxide [148]. 

4.2. Ultrasound therapy 

US treatments are already widely used without the need of MBs in-
jection. The main advantage of US therapy is the non-invasive charac-
teristic of the method. It is now possible to avoid surgical intervention 
over kidney stone disease by the use of shock wave lithotripsy [149]. 
The current use of high peak pressure (up to 100 MPa) and very low rate 
(2 Hz) safely helps with the resolution of kidney stones [150]. Recent 
clinical trials of a more efficient burst wave lithotripsy (<12 MPa, <200 
Hz) helped to reposition 95% of kidney stones in human [151]. 

US are also used for ablation therapy without the requirement of 
surgical intervention. This method called histotripsy uses focused US to 
destroy tissue, thanks to the induced cavitation, without thermal or 
ionizing related event [152]. It was first observed as a collateral 
damaging consequence of lithotripsy, which was finally studied by itself 
as a new form of non-invasive therapy. Typically used US parameters are 
performed up to 6 MHz with a high negative pressure up to 15 MPa with 
low duty cycle to avoid heat generation. Phase I clinical trials were 
conducted on benign prostatic hyperplasia, liver cancer and calcified 
aortic stenosis [152]. Limitations of US therapy are still attributed to 
organs containing gas or acoustically unreachable organs because of 
bone blockage. If recent clinical trials have not confirmed the evidence 
of US enhanced sonothrombolysis in limb ischemia yet [153], clinical 
studies are still ongoing to replace invasive mechanical thrombectomy 
and overcome collateral damages of high dose thrombolytic therapy. 
This issue can be resolved by using US as an accelerator of thrombolysis, 
in supplement of drug delivery. Li et al. meta-analysis highlighted that, 

out of 5 clinical trials, thrombolytic injection associated with US inso-
nation for acute ischemic stroke showed a significant recanalization rate 
over thrombolytic injection alone [154]. The studied trials had US pa-
rameters from 1.8 MHz to 4 MHz for over 1 h of US monitoring. 

For a more local treatment, US emitting catheter can be introduced in 
the popliteal vein along with plasminogen activator delivery catheter. 
This method was presented by Kartal et al. and showed 60% of partial 
reopening in deep vein thrombosis events [155]. Even though the sig-
nificance was not established compared to local delivery only, they 
concluded that ultrasound-accelerated-catheter-assisted-thrombolytic 
therapy had the advantage of preventing from bleeding complications 
by maintaining a local treatment. 

Overall, US exposure can be adapted via different forms, from non- 
invasive to local US emitting catheter. In opposition to wide range US 
imaging, focused US can accurately target a zone by focusing high 
pressure amplitude. Nevertheless, this high accuracy method usually 
requires the association of MRI imaging to define the area to treat [152, 
156]. Lastly, US imaging and treatment of brain related events is still a 
major challenge because of the skull thickness. Hence, the most acces-
sible part is through the temporal bone enable the visualization and 
potential treatment with transcranial Doppler approach [157]. 

4.3. Microbubbles as therapeutic tools 

The application of MBs for therapy must be preceded by the study of 
the interaction between vessel wall and MBs interaction. Indeed, 
confined behavior of MBs differs from unbounded ones and it seems 
reasonably clear that the bioeffect of MBs disruption has to be studied to 
determine therapeutic boundaries. Known limitations consist in the 
damage of surrounding tissue attributed to vessel distention or wall 
impairment due to microjetting (Fig. 2). Mathematical models were 
established by Hosseinkhah et al. to evaluate the wall shear stress and 
circumferential stress and have been validated with experimental data 
[158]. In silico results assessed that wall shear stress within microvessels 
could reach 18.3 kPa during MBs expansion and 74 kPa during MB 
collapse. As constrained MBs behave differently, an ex vivo model from 
perfused rat caecum led to the conclusion that the angle of US insonation 
on vessels had no impact on the interaction between MBs and the 
endothelium. It also showed that constrained bubbles in the capillary 
network had an increased oscillatory lifetime compared to big vessels 
and that bigger MBs (>4 μm) tend to interact better with the endothe-
lium than very small MBs [159]. Those observed interactions under US 
insonation consisted in an asymmetrical collapse onto the vessel wall 
and repeated expansion beyond the vessel limits and the study suggested 
that the efficacy of ultrasound mediated MBs therapy strongly depends 
on the MBs concentration and size distribution. On the other hand, in 
vitro vessel phantoms lithotripsy set up with albumin MBs demonstrated 
that the induced expansion of very large bubble could cause rupture of 
the vessel wall and therefore pointing out the importance of size dis-
tribution regulation [160]. Those general examples are important to 
understand the mechanical behavior of MBs. Indeed, despite the wide 
use of MBs for therapy for cancer, inflammation or thrombotic diseases, 
some therapeutic strategies are actually very similar. As many innova-
tive therapies, the balance has to be found between the different pa-
rameters to get the best advantage over risks ratio. The first parameter 
that can be monitored is the mechanical index (MI) of the US wave. It is a 
unitless ratio representing the pic of negative pressure (MPa) over the 
square root of the frequency (MHz) of the signal [161]. 

MI =
P
̅̅̅
f

√

This ratio strongly depends on the US device used and the distance to 
the object, and it can be measured with an hydrophone calibration 
[162]. Below 0.1, MI will generate only linear oscillation of the MBs; 
between 0.1 and 1, these oscillations become non-linear allowing the 
imaging of the MBs. From 1, inertial cavitation leading to disruption of 
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the MBs can be observed [6]. Eventually, these numbers can be adapted 
to each application but the scientific community and the FDA agreed on 
the limit of MI to 1.9 in humans to avoid any damaging bioeffect [163] 
(except for ophthalmological evaluation where the MI is limited to 0.23 
[164]). 

4.3.1. Thrombosis 
As mentioned before, MBs can be triggered to explode by increasing 

the amplitude of the US signal (Fig. 3). This bursting associated with 
thrombi therapy is called sonothrombolysis. Basically, sono-
thrombolysis consists in the use of ultrasound waves and MBs to me-
chanically disrupt the clot [41]. It can be influenced by the duration of 
insonation, the composition and the concentration of MBs or the time 
between pathological incident and treatment. Positive outcomes are 
evaluated with the recanalization rate [121] or the study of the related 
ischemic lesion, like presented by Dixon et al. on an ischemic stroke 
model [10] (Fig. 4). A very complete review from Nederhoed et al. de-
scribes the different therapeutic use of MBs and US on peripheral arterial 
thrombosis based on 26 preclinical studies and 9 clinical ones [165]. 
They compared the localization of the thrombosis (middle cerebral ar-
tery, abdominal aorta, internal carotid artery …), the age of the clot and 
the number of subjects for preclinical and clinical studies. Recanaliza-
tion rate was one of the primary outcomes, meaning the ability of the 
blood flow to be restored after the treatment. There were two ways of 
quantifying the reperfusion rate: angiography or transcranial Doppler. 

Among the in vivo preclinical studies (Table 2) using a thrombolytic 
drug as a control, here are the interesting conclusions: the US settings 
used for sonothrombolysis were very heterogeneous varying frequency 
of the transducer from 1 MHz [166] to 6 MHz [167], the MI from 0.2 
[168] to 2 [169] and different pulse length [170]. Preferentially, the 
strategy was to infuse the MBs over several minutes [168,169,171,172] 
while continuously insonating the clot with different MI. On the other 
hand, some studies injected the MBs in bolus but always with long 
treatment insonation [173–175], which is in contradiction with the fact 
that MBs are relatively quickly cleared out from the blood. The total 
exposition of clot to the US remains unclear and very heterogeneous to 
most of the studies. There is a clear need for in vivo study to accurately 
describe the frequency of the probe, the mechanical index, the duty 
cycle and the total duration of insonation, in order to better establish 
comparisons. Moreover, lack of control groups using MBs and throm-
bolytic agent with US insonation has been highlighted as well as lack of 

comparison with different shell compositions. According to Nederhoed 
et al., all the studies included for the in vivo sonothrombolysis using 
contrast enhancer agent and a thrombolytic agent presented a minimum 
recanalization rate of 56% up to 100% while US alone never allow a 
reperfusion superior to 63% [165]. The lower recanalization rate was 
attributed to Tomkins et al. because of the platelet rich composition of 
the clot that responds less efficiently to thrombolytic therapy [172]. 

Moving on to clinical studies for sonothrombolysis, most of them 
were performed on ischemic stroke patient with duration therapy from 1 
to 2 h with 2 MHz US insonation but with low or non-indicated MI. The 
biggest clinical study of sonothrombolysis for ischemic stroke patient 
was performed at the University Hospital of Vall d’Hebron in Barcelona, 
including 296 patient with acute stroke [176]. After thrombolytic drug 
bolus, patients received 3 doses of 2.5 g of air-filled galactose-based MBs 
along with 2 h of transcranial Doppler monitoring. Conclusion of the 
study was that MBs administration associated with US insonation helped 
early recanalization without increasing the risk of intracranial hemor-
rhage. One limitation however remains, since these results were ob-
tained with an operator dependent technique which is the transcranial 
doppler imaging. The therapeutic window was not meant to be 
improved in this study but presents potential leads for reduction of 
thrombolytic drug dose that still can cause collateral hemorrhages. Short 
pulse duration (<5 μs) is explored in randomized clinical trial to reduce 
US exposition [177]. In this study, myocardial infarction patients were 
randomly treated with high MI and Definity® MBs injection before and 
after undergoing percutaneous coronary intervention. In combination 
with regular treatment, MBs treatment help doubling the recanalization 
rate. One key data was the improvement of the systolic function that 
remained higher with MBs treatment even after 6 months. Conse-
quently, only 5% of the patients required the implantation of a remov-
able defibrillator while 18% of percutaneous coronary only treated 
patient required one. 

The clinical translation of therapeutic MBs still faces obstacles in 
order to find the right conditions for an efficient sonothrombolysis and 
standardize the protocols. Furthermore, the actual clinical studies are 
based on already approved MBs as contrast enhancers, but have not 
included payload-carrying or targeted MBs yet. Also, as Porter et al. 
mentioned, one major drawback to overcome with the use of MBs for 
therapy is the microvascular obstruction after recanalization of 
myocardial infarction [178]. Despite many strategies evaluated for its 
resolution, research has failed finding a solution and recanalization of 

Fig. 4. MBs and US insonation for sonothrombolysis and Blood Brain Barrier permeability. A) and B) In vivo sonothrombolysis using MBs and US. A) TTC staining of stroke 
induced cross sectioned brain. Infarct is identified by yellowish areas. Groups are presented as below: control with saline injection; low dose of rtPA (0.09 mg/kg); high dose of 
rtPA (0.9 mg/kg); low dose of rtPA (0.09 mg/kg) + MBs + US. B) Representative images of hematoxylin and eosin-stained thrombi from mice carotid arteries after different 
treatments and US imaging. a) Platelet targeted MBs + low dose of rtPA (75 U/g); b) rtPA loaded platelet targeted MBs; c) Platelet targeted MBs + saline; d) Platelet targeted 
MBs + high dose of rtPA (500U/g). C) MRI images of Targeting Focused US (FUS) on rats. First row red circles represent the MRI guided FUS targets before insonation. Second 
row corresponds to images after FUS. C–F) Gadolinium contrast enhancement in T1 MRI highlighting BBB permeation on FUS targets. C-G) Dynamic contrast-enhanced-MRI 
after MBs FUS exposure depending on several US amplitude. TTC = Triphenyltetrazolium Chloride. Adapted with permission from A) [10]; B) [121]; C) [193]. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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microvasculature still remains an unmet medical need [179]. 

4.3.2. Cancer 
In certain cases, tumor growth is associated with neo-vascularization 

allowing nutrient transport to the tumor. As presented before with gas 
therapy for tumors, the hypoxic environment reduces the action po-
tential of radiotherapy. Injection of chemotherapy is still promoting 
various side effects because of the apoptosis of rapidly dividing cells that 
include cancer cells but also immune cells or hair follicles. The three 
mains strategies for US meditated MBs for cancer therapy rely on the 
oxygenation to overcome the hypoxic state [134], the anti-tumor drug 
delivery and the anti-angiogenesis strategy [96] (Fig. 3, Table 2). 

In terms of drug delivery, biological barriers are a limiting factor, 
even for nanoparticles (NPs), because of the lack of homogeneity in the 
tumor vasculature. US assisted delivery with MBs could help drug 
penetration with the generated microstreaming. This advantage was 
evaluated by Snipstad et al. in 2017 with polymeric NPs assembled as a 
MB (NPMBs) [180]. The goal is to take the advantage of MBs behavior 
under US insonation to disturb the surrounding tissue and deliver the 

drug loaded NPs. Tumor uptake of drug loaded NPs after US insonation 
is evaluated with fluorescence confocal microscopy. In the 3rd week 
following the tumor cells inoculation, animals are treated with Cab-
azitaxel (mitosis blocker) loaded NPMBs with or without US insonation. 
The conclusions of this study highlight the influence of US (MI over 
0.25) on the uptake efficiency of drug loaded MBs. Attributed to the 
enhancement of the vasculature permeability, Cabazitaxel loaded NPs 
were incorporated 2.3 more times in the tumor and complete remission 
was observed after 50 days. Limits are defined by the heterogenicity of 
vasculature between every tumor and tissue damage over 1 MI. Overall 
it suggested that the higher the tumor is vascularized, the more efficient 
the treatment will be. Also, Enhanced Permeability and Retention (EPR) 
effect is not sufficient enough for the effective delivery of drug loaded 
NPs. The subsequent question was, is the drug encapsulation required 
for cellular uptake? Answering this question could accelerate clinical 
translation by co-administration of drug and MBs with US insonation. 
The question was addressed on the same protocol, with either drug 
loaded NPMBs or free drug co-administered with NPMBs to evaluate the 
true potential of US induced sonopermeation [181]. Interestingly, no 

Table 2 
Synergic therapies of MBs associated with US and drug for thrombosis and cancer. Non exhaustive list of recent pre-clinical studies evaluating the improvement 
of drug therapy with MBs. (tPA: tissue Plasminogen Activator; TCCS: Transcranial Color Doppler Ultrasound; MI: Mechanical Index; Ab: Antibody).  

Application Targe-ting 
agent 

Drug Loaded on MBs Co-injected US Outcome Ref. 

Stroke No tPA No Infusion (NA) 1 MHz, 0.9 
MI, 20 min 

TCCS + MBs required tPA co-injection for an 
efficient thrombolysis 

[166] 

Stroke No tPA No Infusion (10 
mg/kg) 

3 MHz, 1.7 
MI, 40 min 

Resistance of platelet rich clot resolution to 
any condition 

[172] 

Stroke No Urokinase No Infusion 
(20,000 U/kg) 

2 MHz, no 
MI 

Synergy in the recanalization rate using co- 
injection of drug and MBs 

[174] 

Coronary thrombosis Yes (IIb/ 
IIIa) 

Pro-Urokinase, 
Heparin, Aspirin 

No Infusion 
(50,000 U/kg) 

1.5 MHz, MI 
1.9, on/off 
30 min 

Synergy of clot targeting and high MI 
sequence 

[168] 

Coronary thrombosis No tPA No Infusion (1 or 
0.5 mg/kg) 

1 MHz, 2.0 
MI, 30 min 

Synergy of high MI with MBs and low drug 
dose 

[169] 

Coronary and 
microvascular 
thrombosis 

No tPA No Infusion (1 or 
0.5 mg/kg) 

- 1.6 MHz, 
1.0 MI, 30 
min 
- 1.6 MHz, 
2.0 MI, 30 
min 

Longer duration pulse over higher MI is more 
efficient 

[170] 

Abdominal aorta 
thrombosis 

No tPA Yes (rehydration with 
tPA solution, 200 μg/ 
rabbit) 

Control - 6 MHz, MI 
0.4, 2 min 
- 6 MHz, MI 
0.2, 30 min 

No difference in the US conditions, efficient 
thrombolysis but no significant difference 
between co-injection and tPA-loaded MBs 

[167] 

Limb arterial 
thrombosis 

No Urokinase No Intra-arterial 
Infusion 
(50,000 U/kg) 

1.6 MHz, 1.2 
MI, 60 min 

Synergy of US with MBs and low drug dose for 
faster resolution 

[171] 

Limb arterial 
thrombosis 

Yes (RGD) tPA Yes (rehydration with 
tPA solution, 0.06 mg/ 
kg) 

Control 12 MHz, 0.5 
MI, 30 min 

Reduced dose of tPA loaded on MBs with US 
showed similar recanalization rate compared 
to free rtPA regular dose with MBs and US 

[175] 

Breast cancer No Cabazitaxel Yes, loaded during 
synthesis (10 mg/kg) 

Control 1.1 MHz, 0.5 
MI, 2 min 

US + encapsulated drug onto MBs resulted in 
the complete remission in all treated animals 

[180] 

Anti- angiogenic for 
breast cancer 

Yes 
(CD105 
Ab) 

Gene therapy 
(endostatin) 

Yes, loaded during 
synthesis 

No 1 MHz, No 
MI, 30 s 

Tumor volume reduction after targeted gene 
therapy compared to untargeted MBs 

[186] 

Anti- angiogenic for 
breast cancer 

No Endostar 
(endostatin) 

Yes (avidin-biotin) (10 
mg/kg) 

Control 1 MHz 0.5, 
MI, 30 s 

Efficient anti-angiogenesis effect of drug 
loaded MBs + US compared to group without 
US insonation. 

[187] 

Ovarian Cancer No Paclitaxel No Infusion (10 
mg/kg) 

1 MHz, 0.4 
MI, 3 min 

Reversal of drug resistance with the co- 
injection of MBs associated with US 

[182] 

Prostate cancer No Cabazitaxel Yes, loaded during 
synthesis 

Control 1 MHz, 0.5 
MI,15 min 

Efficient reduction of tumor growth with US 
and either free drug + MBs or drug loaded 
MBs 

[181] 

Prostate cancer No Oxygen +
Doxorubicin 

No Control (7 mg/ 
kg) 

2 MHz, 1.4 
MI, 30 min 

Tumor oxygenation with oxygen MBs assisted 
with US improved the intratumoral 
accumulation of anti-cancer drug 

[190] 

Tumor model No Doxorubicin No Infusion (6 mg/ 
kg) 

1 MHz, 1.0 
MI, 10 min 

Improved delivery of drug on tumor site with 
MBs associated with US 

[185] 

Skin cancer No STAT3 decoy Yes, loaded during 
synthesis (10 μg) 

Control 1.3 MHz, 1.6 
MI, 25 min 

Tumor growth inhibition after the specific 
delivery of the encapsulated STAT3 decoy 
associated with US 

[183]  

L. Fournier et al.                                                                                                                                                                                                                                



Biomaterials 294 (2023) 122025

13

difference in the survival of the two groups was observed with 50% of 
survival after 72 days, and free drug uptake was equally effective to 
encapsulated one. Here again, this indicates the mechanical incidence of 
US insonated MBs on their environment. 

In order to overcome the collateral damages of US insonation, 
focused US is developed to restrict the size of the insonated area. Using 
focused low intensity US, drug resistance reversing effect can be studied 
as the results of enhanced drug incorporation [182]. In this in vitro study, 
focused US and MBs destruction with free Paclitaxel inhibit the prolif-
eration and increase the apoptosis of drug resistant ovarian tumor cells. 
The inhibition of autophagy developed by those drug resistant cells was 
defeated by the influence of MBs reaction to focused US. More than 
overcoming a drug resistance pathway, it gives new direction for in vivo 
treatments. The same strategy was validated in vivo with a murine 
squamous cell carcinoma model [183]. This time, MBs were loaded with 
a transcription factor for the inhibition of STAT3 (Signal Transducer and 
Activation of Transcription 3) acting for tumor progression. Gene ther-
apy was proven efficient with a reduction of 51% of the tumor size with 
encapsulated transcription delivery using focused US. The actual size 
limit for drug enhanced uptake was evaluated by comparing Evans Blue 
and FITC dextran as drug model for the respective size of 3.7 nm and 
30.6 nm [184]. While neovascular established cut off stands in a range 
from 380 to 780 nm [184], tumor distribution of free drug is not exactly 
related [185]. Indeed, US associated decrease of internal pressure of new 
vessels helps deeper penetration of bigger sized drugs. Even small drugs 
need environmental stimulation to cross the barriers because of in vivo 
extracellular matrix barrier and circulating protein adsorption that can 
compromise the uptake. 

Antiangiogenic strategy is developed to help depleting tumors from 
their blood supply. Gene therapy was proven efficient with targeting 
MBs compared to untargeted MBs with a specific targeting to endoglin 
(specific marker to newly formed blood vessels higher than VEGFR2) 
[186]. In vivo studies performed on triple negative breast carcinoma 
xenografts established that low MI focused treatment (0.2) of Sonovue® 
was sufficient to improve the antiangiogenic effect of the free Apatinib 
(a tyrosine kinase inhibitor) without observing the drug related systemic 
effects [187,188]. Regardless, this strategy show some limitations with 
the emergence of studies promoting the maturation of tumor blood 
vessels phenotype to reduce their hypoxic state and radiotherapy 
resistance [140,189]. Recent work from Yi-Ju Ho et al. demonstrated the 
potential of this tumor vasculature normalization with oxygen MBs 
[190]. The oxygen release inducing vessels maturation increase the 
anti-drug treatment penetration by 3–4 folds. 

These new cancer strategies are of a worldwide interest. Looking up 
to clinical trials (up to October 2022), 8 trials are currently recruiting 
patients in 5 different countries (USA, Canada, Norway, France and 
Germany). The use of non-targeted commercial MBs in those trials are 
meant to improve treatment for various cancers type like breast 
(NCT04431674, NCT03477019, NCT05445050), liver (NCT03199274, 
NCT02764801), colorectal (NCT03458975, NCT03477019), and 
pancreas (NCT04146441). 

4.3.3. Blood brain barrier 
Major controversy on US associated to MBs treatment is the Blood 

Brain Barrier (BBB) trespassing. Acting as a highly controlled barrier 
which limits the penetration of most compound, BBB prevents brain 
from blood contamination for its own neuroprotection. Consequently, 
systemic injection of treatments for Central Nervous System (CNS) pa-
thologies are challenging as only 2% of molecules below 600 Da can 
cross [191]. As presented before, MBs expansions generated by US 
insonation can overcome microvasculature elastic limit and cause 
microvasculature leakage even in very specific tight junction of the ce-
rebral endothelium. Parallelly, human skull (>6 mm) represents a major 
obstacle for the use of clinical US transducer because of the large ab-
sorption of the emitted waves giving a transmission coefficient only 
estimated of about 14% [191]. Overall, CNS access is limited both to 

circulating drugs and US exposure. This limitation is prevented in pre-
clinical studies with the thin thickness of the mouse skull (0.5–1 mm) 
[192]. 

On one hand, the improvement of BBB permeability is a major 
milestone for drug delivery in the brain tissue (Fig. 3). Firstly, bound-
aries have to be established to obtain a positive advantage over risk ratio 
for brain treatments. Histology for red blood cells extravasation, Evans 
Blue permeability test or dynamic contrast enhanced MRI are morpho-
logic evaluation of BBB permeability. McMahon et al. evaluated it 
through the study of proinflammatory mediators 4 h following US 
insonation of 3 types of injected MBs [193] (Fig. 4). They exhibited that 
the MBs size distribution plays a role in the inflammation response. 
Polydisperse lipids MBs like Definity® or BG8774 (Bracco®) were less 
likely induce the production of inflammatory mediators compared to 
monodisperse populations (MSB4, Bracco®). Nevertheless, the elevation 
of inflammatory response without tissue damage can be an advantage 
for application linked to the neuroinflammatory system. The study 
concludes on the relevance of acoustic feedback controls to limit wide-
band generation and thus diminishing the destructive inertial cavitation 
[156]. This temporarily opening can be improved with the chemical 
functionalization into targeting MBs without increasing the required US 
amplitude [194]. Focused US is currently the best solution for 
non-invasive and targeting application for CNS treatment with micro-
bubbles widely described in Chen et al. review [195]. Those findings are 
high potential therapies for degenerative diseases like Alzheimer’s 
[196] or Parkinson’s [197]. Once again therapeutic targets are un-
reachable with BBB impermeability. Parkinson’s treatment with MRI 
guided focused US to the putamen has reached phase I clinical trial in 
Canada concluding on the safety and feasibility of US assisted drug de-
livery [197]. A decrease of 12% of Parkinson’s disease rating scale motor 
score evaluation was observed in treated patient who were off 
medication. 

On the other hand, MBs induced leakage of the BBB vasculature may 
have significant adverse effect (Fig. 3) like hemorrhages [198], sterile 
inflammation [199] or neurotoxicity [191]. The objective remains to 
limit inertial cavitation, with previously presented monitoring of the 
acoustic feedback, in order to keep the permeabilization temporary and 
localized. 

4.3.4. Other pathologies 
Other strategies are emerging by taking all the advantages of US 

mediated MBs treatment. One major complication observed in clinics 
are nosocomial infections. Particularly life threatening, biofilms cause 
majors problems in health care system. Bacteria adhering to tissue or 
surfaces will develop a protective matrix and behavior limiting the ac-
tion of antibiotics. In vitro proof of concept of sonobactericide potential 
MBs was presented for the infective endocarditis [200]. Briefly, induced 
staphylococcus aureus biofilms on human blood clots were treated under 
flow conditions. The major factor identified as contributing to the 
sonobactericide phenomenon (Fig. 3) was the acoustic streaming pro-
duced by insonated MBs. In Lattwein et al. study performed in 2018, US 
alone did not show any improvement in the infected clot resolution 
compared to regular treatment (antibiotics + thrombolytic). However, 
the use of commercial bubbles with US insonation at low frequency 
parameters (120 kHz, 0.44 MPa) achieve almost 100% of infected clot 
resolution. This strategy can be applied to several sources of infection 
like chronic bacterial prostatitis, pneumonia or urinary tract infection 
[96]. Lattwein et al. study was recently updated by comparing five US 
parameters from 100 kPa to 400 kPa with different duty cycles [201]. 
This time, the study of sonoporation by measuring the intake of propi-
dium iodide, which is unable to permeate cell membrane and bacteria 
dispersion, were mostly observed in the high-pressure US rather than 
high duty cycles ones. This means that the mechanical index has more 
influence than the continuity of the emitted US on untargeted MBs for 
biofilms resolution. Also, this study really demonstrated the key role of 
US and MBs because no significance in the sonobactericide study was 
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shown with the addition of antibiotics (Fig. 5). 
Sonoporation induction can also be a strategy for DNA transfection 

improvement in vivo [54]. Ability of MBs to facilitate intracellular de-
livery by sonoporation has to be further investigated for an innovative 
gene therapy strategy. Indeed, as mentioned by Duan et al., there is a 
lack of information about the membrane repair after MBs + US induced 
sonoporation [202]. They studied the impact on leukemia cells and 
found that US insonation in presence of untargeted MBs induced the 
upregulation of cytoprotective gene (heat shock protein) (Fig. 3). In 
consequence, if a cytoprotective behavior was observed in the first 
hours, many of them failed to maintain an ordered proliferative cycle 
and underwent necrosis or apoptosis. Thus, the addition of targeting 
MBs should improve the selectivity toward leukemia cells before an 
eventual emergence of new antitumoral treatment. Additionally, endo-
cytosis enhancement was demonstrated by the alteration of 
clathrin-mediated endocytosis pathway after US microbubble treatment 
giving more argument for intracellular drug delivery [203]. 

It can be recapitulated from these different applications that US 
triggered MBs disruption therapy is not meant to replace drug therapy. 
Most probably MBs must be used in complement to improve drug effi-
cacy and/or drug delivery. Overall, the use of MBs for therapeutic 
application is mainly driven by the aim to reduce drug-dose related side 
effect and improve the treatment outcome (Table 2). The availability of 
clinically approved microbubbles helped better understand the effect of 
US with MBs and co-injection of drugs. The latest works now tend to 

study the synergy of drug loaded targeting MBs and the use of me-
chanical disruption with US. 

5. New scales and technologies 

MBs also suffer from several limitations, including their size which 
limits extravasation of the vascular compartments, as well as a usually 
short circulation time (in the magnitude of a few minutes [204]). On the 
other hand, new approaches based on nanotechnologies offer significant 
advantages such as surface properties, access to the surrounding tissues 
and longer circulation time thanks to an array of new materials and 
expertise in various formulations of both organic and inorganic objects 
[205]. 

As such, nanobubbles (NBs) were developed as an alternative to 
ultrasound-active compounds like MBs to achieve extended circulation 
time, extravasation to surrounding tissue (especially tumor tissue) and 
potential molecular targeting capacities [206]. New technological de-
velopments have also allowed the emergence of more complex acous-
tically active objects, while also illustrating some limitations and risks of 
the current nanoscale ultrasound-active approach. Lastly, US imaging in 
clinical application shows limitation for a more precise imaging leading 
to the development of innovative ultrafast imaging. 

Fig. 5. MBs and US insonation for sonobactericide and tumor growth control. A) and B) In vitro sonobactericide. A) Bright-field light microscopy images of infected clots 
following treatments. Groups are presented as follow: a) plasma control; b) control magnification; c) antibiotic + rtPA; d) antibiotic + rtPA + US + MBs. B) Dispersion of 
bacteria within biofilms with several insonation intensity and duty cycle. Comparing antibiotic treatment with or without MBs (*p < 0.05. or **p < 0.01). C) and D) In vivo 
tumor growth evaluation with US and MBs mediated radiotherapy treatment. Groups were defined as follow: administration of PBS (PBS control); administration of Oxygen/ 
SF6 MBs followed by US activation (OS MBs); Brachytherapy (radiotherapy with 125I seeds) alone (BT alone); Brachytherapy with SF6 MBs followed by US activation (BT +
SF MBs); Brachytherapy with Oxygen/SF6 MBs followed by US activation (BT + OS MBs). C) Representative images of ex vivo tumor volumes with different treatments. D) 
Tumor relative volume growth curve of different groups for 12 days (n=6, *p = 0.001, **p = 0.001, and ***p = 0.0004). cyc = cycles; PBS = Phosphate Buffer Saline. 
Adapted with permission from A) [200]; B) [201]; C-D) [137]. 
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5.1. Nanobubbles 

Among the wide use of MBs for clinical imaging application, the 
existence of NBs themselves was debated for a long time [207], even 
after being evidenced as existing in commercially available MBs sus-
pensions [208]. For the most part, their stability was not compatible 
with standard bubble models and as described above, the ultrasound 
backscatter significantly decreases with the micro/nanobubble size 
[206], nullifying NB’s participation to ultrasound signal. The main 
takeaway from the literature before 2010 was therefore that NBs, if 
existing, were present at traces level and would not contribute in any 
way to a relevant ultrasound contrast enhancement [209]. However, 
Oeffinger and Wheatley published their work in 2014 with compre-
hensive description of ultrasound contrast agents with diameters 
ranging from 400 to 750 nm and formulated from a previously described 
model of 1.5 μm microbubbles [209,210]. Hereafter, the field started 
taking off with the emergence of multiple approaches, notably in the 
field of cancer imaging and therapy. 

Typically, NBs consist of similar components as traditional MBs 
while having a diameter in the range of 100–500 nm [211]. A gaseous 
core, mostly filled with PFC gas (or mixtures of them) is encapsulated in 
a shell which, as for the MBs, is often composed of self-assembling lipids. 
A broad range of phospholipids, either in single or cocktail formulation, 
have been used over the years while being coupled to various methods of 
synthesis [212]. Mostly two approaches exist: either isolation from a 
bulk heterogeneous microbubble suspension [213] (based on centrifu-
gation [214] or filtration [215]), or ab initio synthesis with similar 
techniques as microbubbles with careful optimization of composition 
and synthesis parameters, such as sonication, mechanical stirring or 
thin-layer evaporation [211], as well as recently microfluidics [216]. 
Other interesting NBs have been formulated with different shell for-
mulations, including surfactants [217] or polymers (e.g., organic poly-
mers such as PLGA nanobubbles from Yang et al. [218] or 
polysaccharide crosslinking as shown by Bhandari et al. [219]). Others 
have described various synthetic methods for NBs generation [205, 
219–221], and since they mostly resemble techniques for MBs synthesis 
recapitulated above, we will focus in the following discussion on their 
applications. 

First, the advantage of NBs over MBs is their much smaller size, 
which allows for extravasation in leaky vasculature (Fig. 6). This has 
been especially investigated in cancer theranostics, with much attention 
on the Enhanced Permeation and Retention (EPR) effect, associated to 
leaky endothelium in certain tumors with fenestrations of a few hun-
dreds of nanometers [211]. As such, NBs have an ideal size for specific 
imaging of tumors with the generally recognized safe and 

easy-to-implement ultrasound imaging. Several authors described the 
use of NBs as means of tumor imaging; among them, Zhang et al. showed 
in 2019 that a carefully controlled preparation method based on dif-
ferential centrifugation could yield acoustically active NBs with di-
ameters of 475.2 ± 5.7 nm with significant passive targeting of solid 
tumors in vivo when compared to microbubbles [214], as well as similar 
ultrasound contrast in vitro as MBs across a range of 105 to 109 bub-
bles/mL. Similar works demonstrated this by various imaging methods 
[220,222]; however, precise localization of the acoustically active 
components inside or outside the vasculature was not evident, and 
mostly macro-imaging methods or efficacy of a fluorophore or drug 
delivery were often used as endpoint. Therefore, the results from Pellow 
et al., were particularly interesting as they demonstrated that acousti-
cally active nanobubbles effectively extravasated, and not only frag-
ments and payloads which could have otherwise been detected: they 
managed this by careful kinetic assessments including destructive 
cavitation of extravasated NBs [223]. Furthermore, they described an 
extravasation enhancement with ultrasound stimulation of their NBs, by 
showing a contrast enhancement of 1.5x the baseline in tumors and 5x 
when subjected to ultrasound stimulation. Other groups have coupled 
passive and active targeting of tumors, with for instance by Kumar et al., 
2022, who covalently conjugated anti-PD-L1 nanobodies to NBs for 
molecular imaging of PD-L1 expression in tumors, with promises related 
to diagnosis and prognosis of multiple cancer types [216]. 

Moreover, the use of NBs is not limited to cancer imaging, as ther-
apeutics can be delivered with the combined benefits of NBs. The 
cavitation properties of MBs and NBs can be utilized to improve delivery 
of gene therapies [222]. In comparison to MBs, NBs benefit from their 
smaller size for extravasation and tissue penetration [224] and publi-
cations from various groups demonstrated the potential of NBs for tissue 
gene therapy. For example, since 2020 Kida et al. described the opti-
mization of NBs size to improve genetic material delivery [224] and 
feasibility of in vivo gene transfection in mice with a hand-held ultra-
sound scanner [225]. Such a controlled release is also relevant for drug 
delivery as shown by Tan et al., among others, who used nanobubbles 
loaded with an immune checkpoint inhibitor and a sonosensitizer for 
antitumoral activity in a xenograft mouse model [226]. Interestingly, 
growing knowledge on the influence of shell properties and NBs size 
might allow in the future a better controlled acoustic response of NBs, 
which might allow multiplexing of NBs in the future for differential 
imaging or therapy [215]. 

5.2. Beyond nanobubbles 

Over the years, more complex approaches have emerged to benefit 

Fig. 6. New scales of US sensitive objects. The rationale behind the different innovations on the nanoscale to MB technologies are represented here. From left to 
right: NBs are typically smaller than 0.5 μm to allow extravasation, while NDs can be converted from nanosized droplets to MBs to combine NBs and MBs properties. 
HGNs use plasmonic resonance to locally create vapor MBs, and MSNs can be loaded with enzyme responsible for in situ O2 bubble generation. Finally, gas vesicles 
can be extracted from bacteria and act as NBs. Otherwise, gas vesicles can be encoded on a genetic cassette, transfected in eukaryotic cells, for the live cell labelling 
during implantation. NB = nanobubble, MB = microbubble, ND = nanodroplet, HGN = hollow gold nanoparticle, MSN = mesoporous silica nanoparticle, loaded with the 
catalase enzyme, GV = gas vesicles. Created with BioRender.com.(For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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from micro/nanobubbles related acoustic properties while ensuring a 
better control over the objects, including switchable properties, multi-
modal imaging or increased stability and robustness [227]. This partly 
stems from limitations of the NBs. 

Indeed, multiple studies showed that in fundamental-mode (or in B- 
mode) ultrasound imaging, nanobubbles contribute to a negligible 
extent to the acoustic signal [208,209,228], which is coherent with the 
backscatter theory in ultrasound imaging [229]. A recent study by Myers 
et al. in 2020, while limited in its scope, raised doubts about the risk of 
MB contamination in a NB preparation, where only a small proportion of 
2.5 μm MB would be responsible for most of the US acoustic signal when 
mixed with 700 nm NBs [230]. Even though this work was limited to a 
single formulation, and focused on fundamental imaging at a classical 
setting, it pinpoints the extreme care that needs to be taken in formu-
lating such NBs. It is however interesting to note that NBs were 
repeatedly shown to have strong nonlinear effects which can be detected 
[206,207,223]. This recapitulates another limitation of NBs: comparison 
to MBs is rather complex since imaging modalities differ. While some 
publications directly compare NBs and MBs with standard ultrasound 
imaging [210,220,231], rigorous comparison based on volume or molar 
concentrations equivalence is often lacking. Furthermore, imaging mo-
dalities differ especially since several publications using the nonlinearity 
of Nanodroplets (NDs) response to ultrasound for contrast enhancement, 
in contrast to MBs. On the other hand, an interesting work by Batchelor 
et al. in 2020 with NBs nested inside liposomes revealed that in their 
formulations, both NBs of perfluorobutane (PFB) and PFB droplets were 
actually present, with the PFB droplets being responsible for the cavi-
tation that allowed payload delivery in their liposomes [232]: this pin-
pointed another rich area of PFC-based acoustically active objects. 

Such nanodroplets (NDs) or Phase-Change Contrast Agents (PCCA) 
have been investigated extensively since 2010 [233,234]. These emul-
sions of PFC gas in nanoscale droplets can undergo a phase-transition 
under stimuli to form nano/microbubbles that are acoustically active 
[235,236]. Interestingly, this shift, which is linked to a vaporization 
temperature usually close to 37 ◦C in the pressure conditions of such 
nanodroplets, can be triggered by both externally applied ultrasounds 
[221] or photoacoustically by near-infrared illumination [237]. This 
allows for both the advantages of nanoparticles/nanobubbles of easy 
extravasation, tissue penetration and targeting abilities, while 
benefiting from the high backscatter of microbubble in-situ formation for 
clear acoustic imaging (Fig. 6). As shown by Moyer et al. in 2015, these 
NDs when compared in vivo to MBs showed an improved HIFU (High 
Intensity Focused Ultrasound) effect, which is used for thermal ablation 
of tumors among others and can be enhanced by ultrasound contrast 
agents [238]. Moyer’s article demonstrated that NDs allowed for more 
localized, more efficient and overall safer use of HIFU for in-depth tissue 
thermal ablation. Notably in a rat model, they showed efficacy of NDs 
from 4 to 10 mm deep in the liver while MBs caused surface and skin 
burns, due to prefocal heating. Multiple groups have similarly investi-
gated the use of NDs both in imaging and therapy for solid tumors [239] 
and showed benefits of using NDs to selectively image cancer bio-
markers [240]. 

Recently, super-resolution-based approaches have emerged in pho-
toacoustic imaging with the works from the group of O. Couture starting 
with the publication of Errico et al., who used MBs to break the 
diffraction limit in ultrasound imaging [241]; similar work was pursued 
with both microdroplets [242] for sub-diffraction drug delivery control 
through ultrasound, and later NDs [243] in a photoacoustic setting to 
reach unequaled spatial resolution in tissue (less than 10 μm spatial 
resolution). Such NDs therefore show promises in advancing ultrasound 
contrast agents further into the tissue and therapeutic potency [227]. 

Other innovative technologies have emerged: in-situ generation of 
nano/microbubbles without PFC gas, with for instance plasmonic 
nanobubble generation [244] with Hollow Gold Nanoshells (HGN) 
[245]. In these objects, HGN or simple gold nanoparticles are able under 
laser excitation to locally heat the surrounding water and create 

transient vapor bubbles (Fig. 6). Interestingly, using Nanoshell structure 
allowed excitation with Near Infrared (NIR) light, therefore enabling 
this technology to be used in vivo thanks to the NIR imaging window 
[245,246]. As demonstrated by Shin et al. in 2020, a fine tuning of 
liposomes-loaded HGN based on size, from 10 to 40 nm, or wall thick-
ness and aspect ratio, can be used in a precise delivery of Ca2+ and ATP 
by liposomal rupture, almost in a multiplex manner [247]. Other objects 
have been investigated to produce similar effects, by directly trapping 
gas nanobubbles on nanostructures. These include the polymeric 
nanocups designed by Kwan et al., which can carry air nanobubbles, and 
use them under cavitation to enhance delivery of an antibody into tu-
mors [248]. Another innovative approach relies on local chemical 
generation of bubbles: one such research was led by Shi et al. who 
loaded catalase on 50 nm mesoporous silica nanoparticles to generate 
locally O2 bubbles that enhanced the HIFU effect in tumors [249] 
(Fig. 6): under sufficiently low power so that no tumor damage could be 
observed with a saline injection, a 135 ± 30 mm3 ablation could be 
observed with this catalytic nanoreactor. A key benefit of these objects 
relies in the extensive knowledge of such nanoparticles which allows 
fine control over synthesis, stability, functionalization, and character-
ization [250]. 

Notably, another source of nanoscale contrast agents takes a radi-
cally different approach, without requiring artificial synthesis of such 
compounds: Gas Vesicles (GVs) can be extracted from certain microor-
ganisms, and under proper purification, can act as proper nanobubbles. 
Such GVs have been described for more than 100 years and can be found 
in various bacteria and archaea and play roles in buoyancy for these 
organisms when freely floating in water, but also in regulation of cyto-
plasm volume and surface-to-volume ratio [251]. They are composed 
exclusively of proteins self-assembling into cylinders or spindle ranging 
from 0.1 to 2 μm long vesicles, which are permeable to gas only. How-
ever, their use as nanotechnology had not yet been exploited. Pioneering 
work was led by Shapiro et al. who described the GVs produced in 
Anabaena flos-aquae (Ana) and Halobacterium NRC-1 (Halo), their 
isolation and characterization as nanoscale nanobubbles both in vitro 
and in vivo [252]. Further engineering improved these GVs as contrast 
agents, with for instance work by Wang et al. which functionalized GVs 
with PEG and Hyaluronic Acid (HA) to increase their circulation time 
and escape immune clearance [253]. Shapiro’s group also performed the 
exciting isolation of a minimal gene cluster which can be expressed in 
mammalian cells as reporter genes, with promising cell lineage tracking 
capabilities with the desired simplicity of ultrasound imaging [254]. 
Another proof-of-concept of the efficiency of GVs as NBs can be found in 
their use for ultrasound-mediated delivery of genetic material by bubble 
destruction, as described by Gao et al., who managed the gene editing of 
tumor cells both in vitro and in vivo with these GVs [255] (Fig. 6). Relying 
on such bio-sourced nanobubbles allows for a strict monomodal size 
distribution and control over these objects, which answers to one of the 
major difficulties of nanobubble synthesis as described above. 

Thus, the rich recent research surrounding nanoscale ultrasound 
contrast agents with the leading nanobubbles illustrate the potential 
yielded by the junction of microbubble-based ultrasound properties and 
nanotechnology: targeted, controlled objects with access to extravasa-
tion in various tissues for both imaging and therapy while also relying on 
a broad range of functional technologies brought forth by the vast 
nanoparticle field [205,250]. The currently understood advantages and 
limitations of these new approaches are listed in Table 3. 

5.3. Ultrafast imaging 

On the other hand, advances in the ultrasound imaging method have 
also benefited from specific MBs use. An especially notable one is the 
emergence of Ultrafast Ultrasound Imaging. Predicted and developed 
since the 70s [256–258], it was however first used in practical condi-
tions after the 2000s (following work in 1984 by Shattuck et al. with 
only four simultaneous lines) [259,260] with the development of new 
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processing units (GPU) that allowed for a software-based parallelization 
which is especially demanding, in the range of several Gigabytes/s for 
data transfer to the processing unit, or of 1–2 Gigaflops/s (operations 
performed by the processing unit) computing power [261]. As explained 
above, the conventional imaging with an ultrasound probe is based on 
serialized lines reconstruction by focused beams, and therefore the 
frame rate is limited by the time to emit, receive, and process the beam 
on one hand, multiplied by the number of lines necessary for the image 
[262]; meaning that the building time of an image is directly correlated 
to the size of the zone being observed with for example at a given depth, 
an image needing twice more lines will take twice more time to acquire, 

which either limits the frame rate or the width of the images [261,262]. 
This can be improved by built-in multiline computation probes, but the 
serialized design remains the main limitation to the frame rate, typically 
in the range of 30–100 Hz [261]. On the other hand, in ultrafast imaging 
the whole process is parallelized, as typically only one (or few) emission 
is used to simultaneously image the whole region of interest by relying 
on plane or divergent ultrasound waves [263,264]. All the lines are 
acquired at once and thus the image frame rate is only limited by the 
wave time-of-flight, as long as the processing power necessary for data 
treatment is sufficient. In such ultrafast architectures the image frame 
rate can reach tens of thousands of Hz [261]. This high frame rate can be 

Table 3 
Advantages and limitations of recent contrast agent innovations, based on their imaging, capabilities, circulation properties and tissue penetration.   

Nanobubbles Nanodroplets In situ bubble generation: plasmonic 
effect or enzyme-based 

Gas vesicles 

Advantages  • Extravasation, tissue penetration  
• Stability  
• Nonlinear imaging  
• EPR effects (tumor passive 

targeting)  

• Extravasation, tissue penetration  
• Stability  
• Nonlinear imaging  
• EPR effects (tumor passive 

targeting)  
• MB switching for improved 

imaging  

• Extravasation, tissue penetration  
• Inorganic (stable, controlled 

chemistry)  
• Fine tunability of NP physico- 

chemical properties  
• Spatial control, tissue-specific 

activation  

• Extravasation, tissue penetration  
• Fine size control  
• Eukaryotic gene reporting  
• Cell tracking in vivo by US imaging 

Limits  • Size control can be limited  
• MB contamination can affect US 

signal  
• Modality of imaging is not yet 

standardized:  
o Classical mode settings 

(resonance frequency, 
intensity)  

o Nonlinear modes (multiple 
methods for exploiting 
nonlinearity, which must be 
compared)  

• Delicate choice of PFC: liquid/gas 
transition must be fitted to body 
temperature  

• Physical activation in situ is yet to 
be mastered (US, light-induced 
heating)  

• High pressure/longer pulses are 
typically required in US 
activation than usually 
administered  

• No imaging prior activation  
• Activation control, due to 

multiple possibilities, is yet to be 
standardized:  
o HGN are limited by light 

penetration and O2 availability  
o Enzyme-based NPs require 

sufficient substrate, ATP and 
tissue variability can be an 
issue  

• Typically, high concentration is required 
for similar imaging power as MBs  

• Differences in imaging with NBs of similar 
size cannot yet be explained  

• Nanoengineering capabilities are still 
recent and requires further refining  

• In vivo cell imaging through gene 
expression is yet limited to destructive 
imaging, with possible negative cellular 
effects  

Fig. 7. Two major applications of Ultrafast Ultrasound imaging: A) Illustration of how different analysis method for MB localization can affect the spatial resolution of ULM. 
Two deep learning algorithms (DL-ENV and DL-RF) are compared to a conventional localization technique, with (a) and (b), simulated vessels separated by 3.0 μm or 4.9 μm. 
Transverse reconstruction with the different methods are respectively shown in (c) and (d). B) Comparison of an Ultrasound Localized Microscopy (ULM) images (a) 
reconstructed through microbubbles localization (pixel size of 10 × 8 μm), with the same area imaged in conventional power Doppler in (b). Based on the (a) image, a linear 
intensity projection along the displayed line (from 1 to 3) shows a spatial resolution below 16 μm. Adapted from A) [275]; B) [241]. 
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put to use for multiple benefits, such as 3D imaging, high temporal 
resolution or two major innovations enabled by this technique: Shear 
Wave Elastography, where quantitative viscoelastic measurements of 
tissue can be acquired in real time without invasive procedures [265] 
(Fig. 7), or Ultrafast Doppler imaging with simultaneous qualitative and 
quantitative measurements at high speeds [266]. Notably, functional 
Ultrasound Imaging (fUSI) was developed, which relies on ultrasound 
plane waves to attain ultrafast ultrasound Doppler for cerebral blood 
volume measurement: this approach allows a high spatiotemporal res-
olution (200 μm, 1 ms) and has already been shown to be beneficial in 
measuring brain activity [267], and study neurovascular coupling. 
However, these improvements alone cannot increase the spatial reso-
lution of US imaging beyond the diffraction limit. 

Furthermore, when coupled with ultrasound contrast agents such as 
MBs, ultrafast ultrasound imaging has found an extremely powerful 
application. Not only can, the benefits of imaging MBs at ultrafast scale, 
improve the real-time imaging of vasculature or tissue, but it has also 
been used in a super resolution approach to break the diffraction limit 
and improve the resolution of ultrasound imaging down to a few mi-
crons, in an approach called Ultrasound Localization Microscopy 
(ULM)) [268,269]. The rationale, inspired by optical super-resolution 
techniques such as Photo-Activated Localization Microscopy (PALM) 
and Stochastic Optical Reconstruction Microscopy (STORM), relies in 
imaging separable punctual sources (here, echoes from a single MB) and 
deconvoluting the Point Spread Function (PSF) to localize the source 
beyond the diffraction limit. The repetition of this process over thou-
sands of sources allows the reconstruction of a resolution-enhanced 
image. In the context of ultrasound imaging, the high frame rate (over 
thousands of Hz) of ultrafast ultrasound imaging allows this method to 
be applied in ultrasound imaging of MBs or similar contrast agents 
[241]. Since the signal of MBs decorrelates much quicker than the sur-
rounding tissue both spatially and temporally, they can be separated 
from the background and isolated individually [269] with either linear 
or nonlinear US imaging. This was demonstrated in 2015 by 
Christensen-Jeffries et al. [270] and by Errico et al. [241]. The latter 
described in vivo ULM and showed that the spatial resolution was 
improved more than ten times compared to conventional ultrasound 
imaging, allowing the distinction of 20 μm wide blood vessels, 20 μm 
apart and up to 8 mm deep in the brain of rats. This is illustrated with 
comparison of ULM to classic Doppler vasculature imaging in Fig. 7. 
Moreover, since this approach relies on individual MB spotting, their 
tracking can be used to measure blood flow velocity inside the imaged 
vessels, with notable benefits when compared to conventional Doppler. 
The resolution is significantly enhanced (from hundreds of μm to around 
15 μm), and Doppler velocity mapping is limited to the component 
orthogonal to the imaging direction [241]. In the recent years, several 
published works have demonstrated the potential of ULM technique, 
with among others, Hingot et al. (2021), who presented a normalized 
method to evaluate spatial resolution in ULM [271], Chavignon et al. 
(2022), who investigated the perfusion differences in ischemic or hem-
orrhagic strokes in rat models [272], or Andersen et al. (2022), who 
verified that ULM could correctly assess physiological velocity changes 
in the vasculature by chemically altering blood velocity in rat kidneys 
[273]. Most recently, new promising diagnostic applications were 
described with for instance ULM use in Alzheimer mouse models [274]. 
This array of publications illustrated the normalization of its use and 
helped the recognition of this powerful tool for non-invasive quantita-
tive exploration of tissues. Interestingly, among multiple approaches to 
robustly implement this method, Chen et al. (2022) reported a Deep 
Learning-based method for MB localization, with apparent imaging 
benefits when compared to conventional localization [275], while 
Heiles et al. openly made available methods and metrics for bench-
marking ULM algorithms in 2022 [276]. Notably, several groups have 
focused on bridging the gap to the clinical world, with for instance Yan 
et al., who translated this method to rhesus monkeys and thus opened 
the way to clinical trials [277], and Demené et al., who first used ULM in 

human brain without the need for transcranial aperture and with sig-
nificant improvement in spatial resolution with at least one order of 
magnitude enhancement at up to 120 mm depth when compared to a 
typical clinical contrast CT imaging [278], or Huang et al. who recently 
published a feasibility study in various human organs [279]. The diag-
nostic potential was also investigated in tumor bearing mice, then in 
human patients, by the group of Opacic in 2018 and opened new tumor 
assessment [280]. 

As mentioned earlier, this new imaging method can also be coupled 
to newly developed ultrasound contrast agents in order to further 
improve resolution and enhance the therapeutic efficacy. Indeed, 
several groups attempted to break through the diffraction limit with the 
use of optical super-resolution inspired techniques. For instance, Zhang 
et al., described Cyanine 7.5-coated NDs for photoacoustic imaging, and 
similarly to PALM, STORM or ULM, single objects are localized and PSF- 
deconvoluted; but here, the laser illumination is tuned so that only a 
small fraction of NDs are converted to MBs which can be imaged by 
ultrasound, and therefore the tuning of the laser allowed for a fine 
control of detectable events [243]. Even though tissue penetration can 
be reduced with NIR light compared to ultrasound imaging (tens of mm 
versus tens of centimeters [281,282]), the precise activation of these 
contrast agents and focal precision of NIR laser can prove useful in 
certain applications. 

Thus, ultrafast ultrasound imaging has opened new opportunities in 
ultrasound imaging by reaching unprecedented imaging frame rates, 
which have among others been exploited with MBs to reach super- 
resolution imaging capabilities in ultrasound imaging. It can therefore 
be expected that innovations in the contrast enhancement agents might 
be repercussed in combination with ultrafast ultrasound imaging to 
reach new potential. For instance, further spatial resolution enhance-
ment in super-resolution ultrasound imaging might benefit from the use 
of NBs or NDs [243,282,]. Functional imaging allowed by targeted MBs 
or even NBs to extravasate deeper in tissues might open new insights 
with improved either temporal or spatial resolution through ultrafast or 
ULM ultrasound imaging, with encouraging results from already exist-
ing (though at a less fine spatial resolution) fUSI in terms of clinical 
applications. Overall, innovations in the contrast agents’ field (MBs, 
NBs, NDs, echogenic NPs, etc …) can converge with advanced imaging 
methods (Doppler, 3D, ultrafast, ULM, etc …) to improve our explora-
tion of physiology, diagnostics, and therapeutics. 

6. Conclusion and perspectives 

This work aimed at better understanding the MBs strategies for 
human treatment and diagnosis. New approaches were described to 
overcome the unmet medical need for a non-invasive and targeted 
efficient treatment but also diagnosis tools. Indeed, therapeutic treat-
ments relying on systemic drug injections are still bringing toxicity, 
collateral damages and uncontrolled pharmacokinetics, such as half-life 
in circulation or tissue penetration. The use of MBs in clinical applica-
tion is currently reserved for US imaging thanks to their echogenic 
properties. Through this review we pointed out the importance of un-
derstanding MBs intrinsic characteristics (composition, behavior, sta-
bility) to better apprehend their translation to in vivo diagnosis and 
treatment. Secondly, the review focused on the use of commercial MBs 
for US imaging and the recent prolific development of targeted MBs for 
molecular imaging that brings a new dimension for early and precise 
diagnosis. We confronted the applications for cancer, cardiovascular 
diseases or inflammation to better understand MBs behavior. Depending 
on their application, MBs can be insonated with US at varying settings to 
take advantage of different oscillation response. It showed that the 
frontier between stable cavitation and inertial cavitation in vivo is still 
delicate to establish. According to most pre-clinical studies, it can be 
concluded that low mechanical index insonation of microbubbles would 
help mechanically destabilize the surrounding environment. This in-
cludes enhancement of drug delivery, biofilms impairment and BBB 
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opening thanks to microstreaming. In addition, the rise of mechanical 
index would induce irreversible MBs destruction which can further 
cause fibrin clot disassembling, cells membrane sonoporation and 
sometimes vascular leakage with erythrocytes extravasation. Overall, 
the complete drug-loaded targeting US responsive tools are not yet ready 
for clinical translation, but the use of clinical MBs co-injected with 
therapeutic agent and enhanced with US signal showed promising re-
sults for the drug doses reduction. In addition, the exact boundaries to 
avoid damaging features are not established yet except for the FDA fixed 
1.9 MI and are highly dependent on MBs intrinsic properties. It has to be 
understood that MBs mechanical response to US insonation have not 
been determined completely and a collective effort has to be made to 
better describe the US transducer parameters (frequency, amplitude, 
duty cycle) and the set-up characteristics (insonation duration, distance 
to object, etc.). Due to the broad interest in the MBs potential, there has 
been multiple advancements and innovations both in designing the right 
MBs for the right applications, and in adapting the MB rationale to new 
US contrast agents in order to overcome their limitations. This was 
described in the last part, including among others the use of nanoscale 
bubbles and droplets, as well as in situ generation of echogenic signals 
with nanoparticle approaches and new MBs’ combined use with recent 
technologies to breach the physical limits of the US imaging. 

In perspective work, it appeared that the emergence of combined 
technologies could add another dimension to MBs’ behavior, including 
for example photodynamic therapy [283,284], photoacoustic imaging 
[237,285] or magnetic MBs [286]. Also, the development of US 
responsive piezoelectric nanomaterial are an interesting new strategy to 
open the MBs world to cell therapy [287]. As these new therapeutic 
approaches require the injection of foreign body material, the priority 
now stands on safety. Clinical trials are widely enrolling patients to 
established the best parameters for US combination with MBs. These 
strategies are obviously not meant to replace drug treatments yet but 
they have the potential to improve their outcome. Since MBs, their ap-
plications, and consequent innovations are thriving in multiple fields 
(oncology, cardiovascular diseases, inflammation), the convergence of 
expertise and standardization of certain practices are paramount to 
ensure a quick development and future translation to the clinic. 
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METHOD FOR MANUFACTURING BUBBLES HAVING A POLYMERIC SHELL 

USING SOUND WAVES FOR GENERATING THE BUBBLES 

 

The present invention relates to a method for manufacturing bubbles having a polymeric 

shell and more particularly to a method wherein the bubbles are generated by applying sound 5 

waves to an aqueous solution and wherein the polymeric shell is formed by polymerization 

of a cyanoacrylate monomer. 

 

Micro- and nanobubbles are nowadays used in various biomedical applications. While the 

most common application of such bubbles is as contrast agents for ultrasound imaging, they 10 

have also been used as delivery vehicles (e.g. for drugs, genes or for O2 delivery) and as 

thrombolytic agents. 

Commercially available bubbles include those sold under the brand names SonazoidTM and 

OptisonTM (produced by GE Healthcare), SonovueTM (produced by Bracco) and DefinityTM 

(produced by Lantheus Medical Imaging). 15 

Micro- and nanobubbles generally comprise a gaseous core and a stabilizing shell. Said shell 

is generally made of surfactants, lipids or proteins. Bubbles having a polymeric shell have 

also been studied as they can be more stable and can attract less immune response in vivo 

than bubbles having a proteinic shell. 

 20 

Bubbles having a polymeric shell made of polycyanoacrylate have been described in Bo Li 

et al., Functionalized polymer microbubbles as new molecular ultrasound contrast agent to 

target P-selectin in thrombus, Biomaterials, 2019, Volume 194, Pages 139-150. The bubbles 

having a polymeric shell made of polycyanoacrylate described therein are obtained by 

hydrodynamic cavitation. However, the reaction time is of 60 minutes and the bubbles 25 

obtained are not homogeneous in shape and generally not spherical. 

 

It would thus be advantageous to be able to produce bubbles having a polymeric shell made 

of polycyanoacrylate requiring shorter reaction times and being more homogeneous in shape 

and more spherical. 30 

 

The present invention discloses a method for manufacturing bubbles having a polymeric 

shell made of polycyanoacrylate using sound waves to generate the bubbles instead of 



2 

 

hydrodynamic cavitation. Surprisingly, the method of the invention allows to obtain bubbles 

having a polymeric shell made of polycyanoacrylate with reduced reaction times compared 

to the method using hydrodynamic cavitation described in Bo Li et al. 

 

It has been found that the application of sound waves for at least 6 minutes in combination 5 

with the choice of a specific pH was critical to produce with a high yield stable bubbles 

having a polymeric shell. This is surprising since it could have been expected that such 

sonication times would have degraded the structures formed. Indeed, acoustic cavitation is 

known to generate locally elevated temperature and free radicals that can degrade polymeric 

molecules. 10 

 

Moreover, the bubbles obtained with the method of the present invention unexpectedly have 

an improved sphericity than the bubbles obtained using hydrodynamic cavitation. 

 

SUMMARY OF THE INVENTION 15 

 

One aspect of the present invention is related to a method for manufacturing bubbles having 

a polymeric shell comprising the following steps: 

a) providing a first volume of an aqueous solution comprising a gas dissolved 

therein, a surfactant dissolved therein, and having a pH below 6, preferably 20 

comprised between 1.5 and 5, more preferably comprised between 2 and 4; 

b) in the aqueous solution, generating bubbles comprising the gas by applying sound 

waves to the aqueous solution; 

c) while generating the bubbles, adding a second volume of a cyanoacrylate 

monomer to the aqueous solution, thereby forming a suspension of the bubbles 25 

having a polymeric shell in the aqueous solution, wherein said polymeric shell is 

formed by polymerization of the cyanoacrylate monomer at the interface between 

the aqueous solution and the bubbles; 

d) recovering the bubbles having a polymeric shell; 

characterized in that the sound waves in step b) are applied during a period of at least 6 30 

minutes, preferably between 8 and 30 minutes, more preferably between 15 and 30 minutes 

after the beginning of the addition of the cyanoacrylate monomer. 
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Another aspect of the present invention is related to the bubbles obtainable by the method 

according to the invention. 

 

DESCRIPTION OF THE FIGURES 

 5 

FIGURE 1 compares the shape and the ability to incorporate a fluorescent probe of: 

- Top line: bubbles obtained according to the prior art Bo Li et al., Functionalized 

polymer microbubbles as new molecular ultrasound contrast agent to target P-

selectin in thrombus, Biomaterials, 2019, Volume 194, Pages 139-150; 

- Middle line: bubbles comprising Nile red as a fluorescent probe obtained by the 10 

method of Example 5; 

- Bottom line: bubbles comprising Nile red as a fluorescent probe obtained by the 

method of Example 4. 

In each line, the left image shows the fluorescence of Nile red in the sample, the middle 

image shows the same view without fluorescence and the right image shows the left image 15 

and the middle image merged. 

On the left and right images, the lighter parts correspond to fluorescence. 

The scale bar on the images corresponds to 10 µm. 

It can be seen that the bubbles obtained by the method of Example 5 (middle line), wherein 

the amplitude of vibration of the tip is set at 369 µm and the sound waves are applied for 10 20 

minutes, did not incorporate fluorescence as efficiently as the bubbles obtained by the 

method of Example 4 (bottom line), wherein the vibration of the tip is set at 243 µm and the 

sound waves are applied for 10 minutes. Moreover, the bubbles obtained by the method of 

the invention (middle and bottom lines) are more spherical and homogeneous in shape than 

the bubbles obtained according to the prior art (top line). 25 

 

FIGURE 2 shows a scanning electron microscopy image of the bubbles obtained using the 

method described in Example 1. The scale bar on the image corresponds to 4 µm. 

 

 30 

DETAILED DESCRIPTION OF THE INVENTION 
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An object of the present invention is a method for manufacturing bubbles having a polymeric 

shell comprising the following steps: 

a) providing a first volume of an aqueous solution comprising a gas dissolved 

therein, a surfactant dissolved therein, and having a pH below 6, preferably 5 

comprised between 1.5 and 5, more preferably comprised between 2 and 4; 

b) in the aqueous solution, generating bubbles comprising the gas by applying sound 

waves to the aqueous solution; 

c) while generating the bubbles, adding a second volume of a cyanoacrylate 

monomer to the aqueous solution, thereby forming a suspension of the bubbles 10 

having a polymeric shell in the aqueous solution, wherein said polymeric shell is 

formed by polymerization of the cyanoacrylate monomer at the interface between 

the aqueous solution and the bubbles; 

d) recovering the bubbles having a polymeric shell; 

characterized in that the sound waves in step b) are applied during a period of at least 6 15 

minutes, preferably between 8 and 30 minutes, more preferably between 15 and 30 minutes 

after the beginning of the addition of the cyanoacrylate monomer. 

 

In step b) of the method of the invention, the bubbles can be generated directly by the sound 

waves when they lower the pressure of the aqueous solution enough to produce bubbles. In 20 

step b), the bubbles can also be generated by the fragmentation or coalescence of other 

bubbles, said fragmentation or coalescence being itself caused or accelerated by the sound 

waves. Said other bubbles can themselves be generated directly by the sound waves and/or 

can originate from e.g. gas bubbling through the aqueous solution, and/or gas trapped at the 

interface between the aqueous solution and any instrument plunged therein (e.g. a 25 

sonotrode), and/or gas trapped at the interface between the aqueous solution and the walls 

of the reactor. 

 

The bubbles generated by the sound waves in step b) contain the gas dissolved in the aqueous 

solution together with water vapor at least because of the partition equilibrium between the 30 

bubbles and the aqueous solution. 
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In the method of the invention, the bubbles having a polymeric shell recovered at step d) 

originate from the bubbles generated by the sound waves in step b). Because of the partition 

equilibrium between the bubbles and the aqueous solution, the bubbles having a polymeric 

shell recovered at step d) can be enriched in the gas dissolved in the aqueous solution 

compared to the bubbles generated by the sound waves in step b). 5 

 

The gas dissolved in the solution can be one gaseous compound or a mixture of gaseous 

compounds or a mixture of compounds different from water that would be gaseous in the 

conditions of temperature and pressure used when the method of the invention is performed. 

 10 

Preferably, in the method according to the invention, the gas dissolved in the solution has a 

molar mass of at least 100 g/mol, more preferably of at least 200 g/mol. 

 

Preferably, in the method according to the invention, the gas dissolved in the solution has a 

density at 20°C and 1013 mbar of at least 7 kg/m3, more preferably at least 9 kg/m3. 15 

 

Preferably, in the method according to the invention, the gas dissolved in the solution is 

selected from the group consisting of alkanes, fluoroalkanes, and mixtures thereof, more 

preferably the gas dissolved in the solution is a perfluoroalkane, such as perfluoropropane 

or perfluorobutane, or a mixture of perfluoroalkanes, even more preferably the gas dissolved 20 

in the solution is perfluorobutane. 

 

Surprisingly, the bubbles are obtained in particularly high yields when the gas dissolved in 

the solution is selected from the group consisting of alkanes, fluoroalkanes, and mixtures 

thereof, in particular when the gas dissolved in the solution is a perfluoroalkane, such as 25 

perfluoropropane or perfluorobutane, or a mixture of perfluoroalkanes, more particularly 

when the gas dissolved in the solution is perfluorobutane. 

 

Preferably, in the method according to the invention, the amount of the gas dissolved in the 

aqueous solution is maintained over 0.5 mg/L throughout steps b) and c), more preferably 30 

the aqueous solution is saturated with said gas throughout steps b) and c). 
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A gas can be dissolved in an aqueous solution by bubbling said gas through the aqueous 

solution. 

 

Preferably, in the method according to the invention, the gas dissolved in the aqueous 

solution is bubbled through the aqueous solution during steps b) and c), preferably gas 5 

dissolved in the aqueous solution is bubbled through the aqueous solution throughout steps 

b) and c). 

 

The surfactant contributes to the formation of the bubbles and to their stabilization. 

 10 

Preferably, in the method according to the invention, the surfactant is a nonionic surfactant, 

for example a polysorbate, a poloxamer, an octylphenol (including ethoxylated derivatives 

of octylphenols), a nonylphenol (including ethoxylated derivatives of nonylphenols), an 

ethoxylated fatty alcohol (e.g. a cetomacrogol), a macrogol-glycerol ester (e.g. an 

ethoxylated hydrogenated castor oil), or a mixture thereof. 15 

 

Preferably, in the method according to the invention, the surfactant has a hydrophilic-

lipophilic balance comprised between 8 and 18, more preferably comprised between 10 and 

18, even more preferably comprised between 12 and 18. 

 20 

Preferably, in the method according to the invention, the amount of surfactant in the first 

volume of the aqueous solution of step a) is of at least 10 times the critical micelle 

concentration (CMC) of said surfactant, more preferably of at least 50 times the CMC of 

said surfactant. 

 25 

Preferably, in the method of the invention, a source of the sound waves is plunged in the 

aqueous solution. 

 

Sound waves can be applied in a pulsed mode. As defined herein in a pulsed mode, the sound 

waves are not applied continuously for more than 10 seconds. 30 

 

Preferably, in the method according to the invention, the sound waves are not applied in a 

pulsed mode, more preferably the time interval between two periods of application of the 
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sound waves is lower than 10 seconds, even more preferably the sound waves are applied 

continuously in one time. 

 

Preferably, in the method according to the invention, the source of the sound waves vibrates 

with an amplitude comprised between 50 µm and 500 µm, more preferably between 100 µm 5 

and 500 µm, even more preferably between 200 µm and 400 µm, more particularly the 

amplitude of the sound waves is comprised between 200 µm and 300 µm. 

 

Increasing the amplitude of vibration of the source of the sound waves generally accelerates 

the formation of the microbubbles having a polymeric shell. It also results in a faster increase 10 

of the temperature of the aqueous solution. 

 

In a particular embodiment of the method of the invention, the source of the sound waves 

vibrates with an amplitude comprised between 200 µm and 400 µm and the period of 

application of the sound waves after the beginning of the addition of the cyanoacrylate 15 

monomer is of between 8 and 30 minutes. 

 

In a particular embodiment of the method of the invention, the source of the sound waves 

vibrates with an amplitude comprised between 200 µm and 300 µm and the period of 

application of the sound waves after the beginning of the addition of the cyanoacrylate 20 

monomer is of between 15 and 30 minutes. 

 

Surprisingly, with the above conditions of amplitude of vibration for the source of the sound 

waves and of duration of the application of the sound waves, better incorporation of 

fluorescent probes is observed, as shown in FIGURE 1. 25 

 

Preferably, in the method according to the invention, the frequency of the sound waves is 

comprised between 10 kHz and 100 kHz, more preferably between 15 kHz and 50 kHz. 

 

Preferably, in the method according to the invention, an emitting surface of the source of the 30 

sound waves plunged in the aqueous solution is of at least 1 mm2 per 10 mL of the aqueous 

solution. 
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Preferably, in the method according to the invention, the second volume of the hydrophobic 

cyanoacrylate monomer corresponds to at least 0.01 vol.%, preferably between 0.5 vol.% 

and 5 vol.%, of the first volume of the aqueous solution. 

 

Preferably, in the method according to the invention, the addition of the second volume of 5 

the hydrophobic cyanoacrylate monomer begins less than 5 minutes, more preferably less 

than 1 minute, even more preferably between 10 seconds and 1 minute after the beginning 

of step b). 

 

Preferably, in the method according to the invention, the cyanoacrylate monomer is an alkyl 10 

cyanoacrylate monomer, more preferably wherein said alkyl group comprises from 2 or 8 

carbon atoms, even more preferably wherein said alkyl group is a n-butyl or isobutyl group. 

 

It is believed that the cyanoacrylate monomer has some affinity for the interface between the 

bubbles and the aqueous solution, allowing the formation of the polymeric shell when the 15 

cyanoacrylate monomer polymerizes. 

 

Cyanoacrylate monomer can polymerize through anionic polymerization. In water, higher 

pH are more favorable to anionic polymerization of cyanoacrylate monomers than lower pH. 

In the method according to the invention, the pH of the first volume of the aqueous solution 20 

is chosen to prevent the anionic polymerization of the cyanoacrylate monomer to be too fast 

or too slow. The pH of the first volume of the aqueous solution is thus chosen so that the 

cyanoacrylate monomer polymerizes slow enough for it to have time to migrate to the 

interface between the bubbles and the aqueous solution and at the same time polymerizes 

fast enough for the polymeric shell to be formed before the bubbles are destabilized. 25 

 

In step c), the cyanoacrylate monomer can be added at a controlled speed or all at once. 

Preferably the time of addition of the cyanoacrylate monomer does not exceed 5 minutes 

and is such that the sound waves are applied after the end of the addition of the cyanoacrylate 

monomer for at least 4 minutes. 30 

 

In some embodiments of the method according to the invention, the first volume of aqueous 

solution of step a) further comprises a saccharide or a derivative thereof, for example an 
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oligosaccharide, a polysaccharide, or a derivative thereof, so as to produce bubbles having a 

polymeric shell wherein the saccharide or derivative thereof is copolymerized with the 

cyanoacrylate monomer. 

 

Preferably, said saccharide or derivative thereof is present in the first volume of aqueous 5 

solution of step a) in an amount of 0.1 to 4% by weight relative to the weight of the first 

volume of aqueous solution. 

 

It is believed that the saccharides or derivatives thereof copolymerize with the cyanoacrylate 

via addition of the hydroxyl groups in the saccharides or derivatives thereof to the vinylic 10 

group of the cyanoacrylate monomers. 

 

Preferably, in the method according to the invention, the saccharide or derivative thereof is 

selected from the group consisting of fucoidans, dextrans, mannans, derivatives of fucoidans, 

derivatives of dextrans (such as carboxymethyl dextran, carboxymethyl dextran FITC, 15 

dextran FITC), derivatives of mannans (such as glucomannan and galactomannan), and 

mixtures thereof. 

 

Including a saccharide in the shell of the bubbles potentially gives them further 

functionalities. For example, bubbles functionalized with fucoidan have been shown to 20 

efficiently target the protein P-selectin, bubbles functionalized with a fluorescent saccharide 

such as dextran FITC have fluorescent properties useful for optical imaging purposes. 

 

In some embodiments of the method according to the invention, the first volume of aqueous 

solution of step a) and/or the second volume of the cyanoacrylate monomer added in step c) 25 

further comprises a fluorescent probe so as to yield polymer-coated bubbles comprising the 

fluorescent probe, preferably said fluorescent probe is present in an amount of 0.1 to 40 ppm 

by weight relative to the weight of the first volume of aqueous solution. 

 

In some embodiments of the method according to the invention, a fluorescent probe is 30 

incorporated in the bubbles having a polymeric shell, after steps b) and c) or at any later 

stage in the method, by adding said fluorescent probe to a suspension of the bubbles having 

a polymeric shell. 
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Surprisingly, it has been observed that these embodiments of the method allow to incorporate 

the fluorescent probe in the bubbles having a polymeric shell in such a way that the 

fluorescent probe is not released upon subsequent washing of the bubbles. 

 5 

Preferably, when the fluorescent probe is added to the first volume of aqueous solution of 

step a) or after steps b) and c), said fluorescent probe is soluble in water, for example said 

fluorescent probe is rhodamine B. 

 

Preferably, when the fluorescent probe is added to the second volume of the cyanoacrylate 10 

monomer added in step c), said fluorescent probe is lipophilic, for example said fluorescent 

probe is Nile red. 

 

Preferably, in the method according to the invention, steps b) and c) are performed while 

maintaining the temperature of the aqueous solution below 60°C, more preferably below 15 

35°C. 

 

Applying the sound waves to the aqueous solution generally results in an increase of the 

temperature of the aqueous solution during step b) and c) of the method of the invention. It 

is preferred to prevent excessive heating of the aqueous solution. It has thus been observed 20 

that when the temperature of the aqueous solution reaches 70°C at the end of step b) lower 

yields in number of bubbles per mL are obtained. Maintaining the temperature of the aqueous 

solution below 60°C, more preferably below 35°C can be performed by any means known 

of the person skilled in the art, e.g. by using an ice bath. 

 25 

In addition to maintaining the temperature of the aqueous solution below 60°C, more 

preferably below 35°C, the first volume of aqueous solution just before step b) preferably 

has a temperature below 10°C. 

 

Surprisingly, in the embodiments of the method of the invention where an oligosaccharide, 30 

a polysaccharide, or a derivative thereof, able to target a protein is comprised in the first 

volume of aqueous solution of step a), it has been observed that the bubbles having a 
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polymeric shell obtained had improved targeting properties when the temperature of the first 

volume of aqueous solution just before step b) was below 10°C. 

 

Preferably, in the method according to the invention, the first volume of the aqueous solution 

is obtained by the following steps: 5 

a1. acidifying a volume a0 of an aqueous solution with a strong inorganic acid, such 

as HCl, H2SO4, or HNO3, to obtain the first volume of the aqueous solution having a 

desired pH; 

a2. dissolving the gas in the first volume of the aqueous solution to obtain the first 

volume of the aqueous solution comprising the gas dissolved therein and having the 10 

desired pH; 

a3. Optionally, cooling the first volume of the aqueous solution comprising the gas 

dissolved therein and having the desired pH, so as to reach a temperature below 10°C; 

a4. While preventing of the aqueous solution from becoming depleted in the 

hydrophobic gas, preferably by bubbling the gas through the aqueous solution, and, 15 

optionally, while maintaining the aqueous solution at a temperature below 10°C, 

adding the surfactant to obtain the first volume of the aqueous solution comprising 

the gas dissolved therein, the surfactant dissolved therein, and having the desired pH. 

 

A desired pH is below 6, in particular comprised between 1.5 and 5, more particularly 20 

comprised between 2 and 4. 

 

Preferably, in the method according to the invention, step b) starts less than 30 s after the 

surfactant has been added. 

 25 

Surprisingly, in the embodiments of the method of the invention where an oligosaccharide, 

a polysaccharide, or a derivative thereof, is comprised in the first volume of aqueous solution 

of step a), it has been observed that the bubbles having a polymeric shell obtained showed 

better incorporation of the oligosaccharide, polysaccharide, or derivative thereof, when step 

b) starts less than 30 s after the surfactant has been added. 30 

 



12 

 

Preferably, in the method according to the invention, the saccharide is comprised in the 

aqueous solution before step a3, more preferably the saccharide is added to the aqueous 

solution before step a2, either before or after the acidification of step a1. 

 

Preferably, in the method according to the invention, step d) comprises a step d1) of 5 

centrifugating the aqueous solution obtained after steps b) and c) and separating the bubbles 

having a polymeric shell from the rest of the aqueous solution, for example, said 

centrifugation is performed at a relative centrifugal force (RCF) comprised between 0.01 

and 1, more preferably between 0.05 and 0.2. 

 10 

Preferably, in the method according to the invention, step d) comprises, after step d1), a step 

d2) of washing the separated bubbles having a polymeric shell on a sieve, more preferably 

using a sieve shaker, to obtain a suspension of the polymer-coated bubbles with a size smaller 

than the sieve opening, preferably the sieve opening is lower than 10 µm, more preferably 

lower than 5 µm. 15 

 

Preferably, in the method according to the invention, the washing of step d2) is performed 

using a washing solution comprising water and less than 0.1%, preferably less than 0.05% 

by mass of a surfactant. In a preferred embodiment, said surfactant is the same as the 

surfactant comprised in the first volume of aqueous solution. 20 

 

Preferably, in the method according to the invention, step d) comprises, after step d1) and, 

where applicable before step d2), a step d1bis) of resuspending the separated bubbles having 

a polymeric shell in the washing solution and reseparating the bubbles having a polymeric 

shell through centrifugation, for example, the centrifugation of step d1bis) is performed at a 25 

relative centrifugal force (RCF) comprised between 0.01 and 1, preferably between 0.05 and 

0.2. 

 

Preferably, in the method according to the invention, step d1bis) is performed at least two 

times. 30 

 

Preferably, in the method according to the invention, step d) comprises, after the last one of 

steps d1), d1bis), and d2), where applicable, a step d3) of suspending the bubbles having a 
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polymeric shell in a storage solution, more preferably the storage solution is identical to the 

washing solution. 

 

Preferably, in the method according to the invention, step d) comprises, after the last one of 

steps d1), d1bis), d2) and d3), where applicable, a step d4) of storing the suspension of the 5 

bubbles having a polymeric shell at a temperature of less than 10°C. 

 

When stored in suspension in the storage solution at a temperature of less than 10°C, the 

bubbles obtained by the method of the invention are stable at least 6 weeks, as evidenced 

from size measurements. 10 

 

Preferably, in the method according to the invention, the obtained bubbles having a 

polymeric shell have a smallest dimension of less than 10 µm, more preferably less than 7 

µm, even more preferably less than 5 µm. 

 15 

For example, bubbles having a polymeric shell having a smallest dimension of less than 10 

µm can be obtained by using a sieve having a sieve opening of less than 10 µm, for example 

as in step d2). 

 

For biomedical applications, it is generally required that the smallest dimension of the 20 

bubbles remains below 10 µm so that they do not block blood flow when they are 

administered intravenously. 

 

Preferably, in the method according to the invention, the obtained bubbles having a 

polymeric shell have a volume-weighted mean diameter (Dv(50)) below 4 µm, for example 25 

comprised between 1 µm and 4 µm, as measured by laser light scattering using the Mie 

model assuming that the solvent is water with a refraction index of 1.330 and that the bubbles 

are spherical polystyrene latex particles with a refraction index of 1.590 and an extinction 

coefficient (imaginary part of the complex refractive index) of 0.010. 

 30 

Another object of the present invention are bubbles obtainable by the method of the 

invention. 
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Preferably the bubbles obtainable by the method of the invention are spherical. 

 

In some embodiments, the bubbles obtainable by the method of the invention can be used in 

a method of treatment and/or of diagnosis. For example, they can be used as a contrast agent 

in a method of diagnosis. In another example, they can be used in sonothrombolysis. 5 

 

EXAMPLES 

 

Bubble size measurements 

The size of the bubbles is measured thanks to a laser diffraction particle size analyzer 10 

(Mastersizer 3000, Malvern Instruments). 

For analysis, the Mie model is used assuming that the solvent is water with a refraction index 

of 1.330 and that the bubbles are spherical polystyrene latex particles with a refraction index 

of 1.590 and an extinction coefficient (imaginary part of the complex refractive index) of 

0.010. The analysis yields values for the surface-weighted mean diameter (D[3,2]), the 15 

volume weighted mean diameter (D[4,3]), the Dv(10), the Dv(50) and the Dv(90) (the point 

in the size distribution, up to and including which, 10%, respectively 50%, resp. 90% of the 

total volume of material in the sample is contained). 

Although these values for the optical properties of the bubbles are not accurate, the result of 

the analysis is still useful for comparison purposes. For example, the measurements can be 20 

reproduced over 6 weeks which demonstrate the shelf-stability of the bubbles. Moreover, 

the value obtained for the median particle size by volume (Dv(50)) is close to the diameter 

observed by scanning electron microscopy or by optical microscopy (see Figures 1 and 2). 

 

Bubble concentration measurement 25 

The bubble concentration is expressed in number of bubbles per mL and is measured with 

image analysis. Briefly, a diluted solution of bubbles is injected into a hemocytometer 

(counting chamber device for cell counting) and pictures are taken with an optical 

microscope (Zeiss). Bubbles are isolated thanks to ImageJ thresholding and three small 

squares are averaged for each sample allowing an evaluation of the mean concentration with 30 

count extrapolation. 
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Example 1: Synthesis of bubbles having a poly(isobutyl cyanoacrylate) (PIBCA) shell 

according to the invention. 

50 mL of an aqueous solution are prepared with water and HCl 1M to reach a pH of 2.5. 500 

µL of Tween 20 are added to the aqueous solution. A perfluorobutane (PFB) tank is 

connected to the aqueous solution with a polyethylene catheter (Bioseb Lab Instruments) 5 

and PFB is bubbled through the solution. Meanwhile, 700 µL of isobutyl cyanoacrylate 

(IBCA) are loaded into a 1 mL syringe and placed onto a syringe pump (AL-300, World 

Precision Instrument, Florida, USA). The aqueous solution is then placed in ice, under the 

sonotrode (model 101-148-070, Branson UltrasonicTM; diameter of the tip: 3 mm) of a 

sonicator (SonifierTM SFX 550, Branson UltrasonicTM) with the tip of the sonotrode centered 10 

relative to the aqueous solution and with half of a centimeter of the tip plunged into the 

aqueous solution. The IBCA is connected to the aqueous solution with a polyethylene 

catheter (Bioseb Lab Instruments). The amplitude of vibration of the tip is set at 243 µm. 

The sonicator is turned on in continuous mode, producing sound waves with a frequency of 

20 kHz for 20 min, and the IBCA is injected at a controlled speed of 0.45 mL/min about 30 15 

seconds after the sonication begins. 

The obtained foam is centrifuged 3 times at 0.1 relative centrifugal force (RCF) in 50 mL 

FalconTM tubes for 20 min, and a solution of 0.02% Tween 20 is used to resuspend the 

floating bubbles. The bubbles are then washed through a 5 µm sieve using a sieve shaker. 

The obtained suspension is stored at 5 °C in a 0.02% Tween 20 solution. 20 

 

Example 2: Synthesis of bubbles having a PIBCA shell according to the invention. 

The same procedure as example 1 is followed except that the amplitude of vibration of the 

tip is set at 369 µm and that the sound waves are applied for 10 min. 

 25 

Example 3: Synthesis of bubbles having a PIBCA shell functionalized with polysaccharides 

according to the invention. 

The same procedure as example 1 is followed except that 500 mg (1%) to 1 g (2%) of the 

polysaccharide are dissolved in the aqueous solution prior to adjusting its pH to 2.5, that the 

solution is put into a freezer for 15 min to cool its temperature down to 5°C before adding 30 

the Tween 20 and that the Tween 20 is added just before the beginning of the sonication. 
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Example 4 and 5: Synthesis of bubbles having a PIBCA shell functionalized with Nile red 

according to the invention. 

The same procedures as examples 1 and 2, respectively, are followed except that the IBCA 

injected contained 30 µg of Nile red, added to the IBCA as a solution in acetone at 1 mg/mL. 

 5 

Example 6: Effect of the duration and intensity of the acoustic cavitation. 

The same procedure as example 1 is followed except for the duration and amplitude of the 

sonication, which are as described in Table 1. It can be seen that no bubbles are obtained 

when the duration of the sonication is of 5 minutes whereas for durations of 10 minutes and 

20 minutes, stable bubbles are obtained with a high yield.  10 
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Table 1 

Test No. 
Duration 

(min) 

Amplitude 

(µm) 

Bubbles 

per mL 

Dv(10) 

(µm) 

Dv(50) 

(µm) 

Dv(90) 

(µm) 
Observations 

4a 5 243 - - - - 
no stable 

bubble 

4b 5 306 - - - - 
no stable 

bubble 

4c 5 369 - - - - 
no stable 

bubble 

4d 5 431 - - - - 
no stable 

bubble 

2 10 369 3.2‧1010 0.35 2.91 6.01 
bubbles are 

stable 

1 20 243 2.5‧1010 0.37 3.27 6.40 
bubbles are 

stable 
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CLAIMS 

 

1. Method for manufacturing bubbles having a polymeric shell comprising the following 

steps: 

a) providing a first volume of an aqueous solution comprising a gas dissolved 5 

therein, a surfactant dissolved therein, and having a pH below 6, preferably 

comprised between 1.5 and 5, more preferably comprised between 2 and 4; 

b) in the aqueous solution, generating bubbles comprising the gas by applying sound 

waves to the aqueous solution; 

c) while generating the bubbles, adding a second volume of a cyanoacrylate 10 

monomer to the aqueous solution, thereby forming a suspension of the bubbles 

having a polymeric shell in the aqueous solution, wherein said polymeric shell is 

formed by polymerization of the cyanoacrylate monomer at the interface between 

the aqueous solution and the bubbles; 

d) recovering the bubbles having a polymeric shell; 15 

characterized in that the sound waves in step b) are applied during a period of at least 6 

minutes, preferably between 8 and 30 minutes, more preferably between 15 and 30 

minutes after the beginning of the addition of the cyanoacrylate monomer. 

 

2. The method according to claim 1, wherein the gas dissolved in the solution has a molar 20 

mass of at least 100 g/mol, preferably of at least 200 g/mol. 

 

3. The method according to claim 1 or 2, wherein the gas dissolved in the solution has a 

density at 20°C and 1013 mbar of at least 7 kg/m3, preferably at least 9 kg/m3. 

 25 

4. The method according to any one of claims 1 to 3, wherein the gas dissolved in the 

solution is selected from the group consisting of alkanes, fluoroalkanes, and mixtures 

thereof, preferably wherein the gas dissolved in the solution is a perfluoroalkane or a 

mixture of perfluoroalkanes, preferably wherein the gas dissolved in the solution is 

perfluorobutane. 30 
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5. The method according to any one of claims 1 to 4, wherein the amount of the gas dissolved 

in the aqueous solution is maintained over 0.5 mg/L throughout steps b) and c), preferably 

wherein the aqueous solution is saturated with said gas throughout steps b) and c). 

 

6. The method according to any one of claims 1 to 5, wherein the gas dissolved in the 5 

aqueous solution is bubbled through the aqueous solution during steps b) and c), 

preferably wherein the gas dissolved in the aqueous solution is bubbled through the 

aqueous solution throughout steps b) and c). 

 

7. The method according to any one of claims 1 to 6, wherein the surfactant is a nonionic 10 

surfactant, for example a polysorbate, a poloxamer, an octylphenol, a nonylphenol, an 

ethoxylated fatty alcohol, a macrogol-glycerol ester, or a mixture thereof. 

 

8. The method according to any one of claims 1 to 7, wherein the surfactant has a 

hydrophilic-lipophilic balance comprised between 8 and 18, preferably comprised 15 

between 10 and 18, more preferably comprised between 12 and 18. 

 

9. The method according to any one of claims 1 to 8, wherein the amount of surfactant in 

the first volume of the aqueous solution of step a) is of at least 10 times the critical micelle 

concentration (CMC) of said surfactant, preferably of at least 50 times the CMC of said 20 

surfactant. 

 

10. The method according to any one of claims 1 to 9, wherein a source of the sound 

waves is plunged in the aqueous solution 

 25 

11. The method according to any one of claims 1 to 10, wherein the sound waves are not 

applied in pulsed mode, preferably wherein the time interval between two periods of 

application of the sound waves is lower than 10 seconds, more preferably the sound waves 

are applied continuously in one time. 

 30 

12. The method according to any one of claims 1 to 11, wherein the source of the sound 

waves vibrates at an amplitude comprised between 50 µm and 500 µm, preferably 

between 100 µm and 500 µm, more preferably between 200 µm and 400 µm. 
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13. The method according to any one of claims 1 to 12, wherein the frequency of the 

sound waves is comprised between 10 kHz and 100 kHz, preferably between 15 kHz and 

50 kHz. 

 5 

14. The method according to any one of claims 10 to 13, wherein an emitting surface of 

the source of the sound waves plunged in the aqueous solution is of at least 1 mm2 per 10 

mL of the aqueous solution. 

 

15. The method according to any one of claims 1 to 14, wherein the second volume of 10 

the cyanoacrylate monomer corresponds to at least 0.01 vol.%, preferably between 0.5 

vol.% and 5 vol.%, of the first volume of the aqueous solution. 

 

16. The method according to any one of claims 1 to 15, wherein the cyanoacrylate 

monomer is an alkyl cyanoacrylate monomer, preferably wherein said alkyl group 15 

comprises from 2 or 8 carbon atoms, more preferably wherein said alkyl group is a n-

butyl or isobutyl group. 

 

17. The method according to any one of claims 1 to 16, wherein the first volume of 

aqueous solution of step a) further comprises a saccharide or a derivative thereof, for 20 

example an oligosaccharide, a polysaccharide, or a derivative thereof, so as to produce 

the bubbles having a polymeric shell wherein the saccharide or derivative thereof is 

copolymerized with the cyanoacrylate monomer, preferably said saccharide or derivative 

thereof is present in the first volume of aqueous solution of step a) in an amount of 0.1 to 

4% by weight relative to the weight of the first volume of aqueous solution. 25 

 

18. The method according to claim 17, wherein the saccharide or derivative thereof is 

selected from the group consisting of fucoidans, dextrans, mannans, derivatives of 

fucoidans, derivatives of dextrans, derivatives of mannans, and mixtures thereof. 

 30 

19. The method according to any one of claims 1 to 18, wherein the first volume of 

aqueous solution of step a) and/or the second volume of the cyanoacrylate monomer 

added in step c) further comprise a fluorescent probe so as to yield polymer-coated 
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bubbles comprising the fluorescent probe, preferably said fluorescent probe is present in 

an amount of 0.1 to 40 ppm by weight relative to the weight of the first volume of aqueous 

solution. 

 

20. The method according to any one of claims 1 to 19, wherein a fluorescent probe is 5 

incorporated in the bubbles having a polymeric shell, after steps b) and c) or at any later 

stage in the method, by adding said fluorescent probe to a suspension of the bubbles 

having a polymeric shell. 

 

21. The method according to any one of claims 1 to 20, wherein steps b) and c) are 10 

performed while maintaining the temperature of the aqueous solution below 60°C, 

preferably below 35°C. 

 

22. The method according to claim 21, wherein the first volume of aqueous solution just 

before step b) preferably has a temperature below 10°C. 15 

 

23. The method according to any one of claims 1 to 22, wherein the first volume of the 

aqueous solution is obtained by the following steps: 

a1. acidifying a volume a0 of an aqueous solution with a strong inorganic acid, such 

as HCl, H2SO4, or HNO3, to obtain the first volume of the aqueous solution having 20 

a pH below 5; 

a2. dissolving the gas in the first volume of the aqueous solution to obtain the first 

volume of the aqueous solution comprising the gas dissolved therein and having a 

pH below 5; 

a3. optionally, cooling the first volume of the aqueous solution comprising the gas 25 

dissolved therein and having a pH below 5, so as to reach a temperature below 10°C; 

a4. while preventing of the aqueous solution from becoming depleted in the 

hydrophobic gas, preferably by bubbling the hydrophobic gas through the aqueous 

solution, and, optionally, while maintaining the aqueous solution at a temperature 

below 10°C, adding the surfactant to obtain the first volume of the aqueous solution 30 

comprising the gas dissolved therein, the surfactant dissolved therein, and having a 

pH below 5; 
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24. The method according to claim 23, wherein the saccharide is comprised in the 

aqueous solution before step a3, preferably wherein the saccharide is added to the aqueous 

solution before step a2, either before or after the acidification of step a1. 

 

25. The method according to any one of claims 1 to 24, wherein step b) starts less than 5 

30 s after the surfactant has been added. 

 

26. The method according to any one of claims 1 to 25, wherein step d) comprises a step 

d1) of centrifugating the aqueous solution obtained after steps b) and c) and separating 

the floating bubbles having a polymeric shell from the rest of the aqueous solution 10 

obtained after steps b) and c), preferably said centrifugation is performed at a relative 

centrifugal force (RCF) comprised between 0.01 and 1, more preferably between 0.05 

and 0.2. 

 

27. The method according to claim 26, wherein step d) comprises, after step d1), a step 15 

d2) of washing the separated bubbles having a polymeric shell on a sieve to obtain a 

suspension of the bubbles having a polymeric shell with a size smaller than the sieve 

opening, preferably the sieve opening is lower than 10 µm, more preferably lower than 5 

µm. 

 20 

28. The method according to claim 27, wherein the washing of step d2) is performed 

using a washing solution comprising water and less than 0.1%, preferably less than 0.05% 

by mass of a surfactant. 

 

29. The method according to any one of claims 26 to 28, wherein step d) comprises, after 25 

step d1) and, where applicable, before step d2), a step d1bis) of resuspending the 

separated bubbles having a polymeric shell in the washing solution and reseparating the 

bubbles having a polymeric shell through centrifugation, preferably the centrifugation of 

step d1bis) is performed at a relative centrifugal force (RCF) comprised between 0.01 and 

1, even more preferably between 0.05 and 0.2. 30 

 

30. The method according to claim 29, wherein step d1bis) is performed at least two 

times. 
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31. The method according to any one of claims 26 to 30, wherein step d) comprises, after 

the last one of steps d1), d1bis) and d2), where applicable, a step d3) of suspending the 

bubbles having a polymeric shell in a storage solution, preferably the storage solution is 

identical to the washing solution. 5 

 

32. The method according to any one of claims 26 to 31, wherein step d) comprises, after 

the last one of steps d1), d1bis), d2) and d3), where applicable, a step d4) of storing the 

suspension of the bubbles having a polymeric shell at a temperature of less than 10°C. 

 10 

33. The method according to any one of claims 1 to 32, wherein the obtained bubbles 

having a polymeric shell have a smallest dimension of less than 10 µm, preferably less 

than 7 µm, even more preferably less than 5µm. 

 

34. The method according to any one of claims 1 to 33, wherein the obtained bubbles 15 

having a polymeric shell have a median diameter by volume below 4 µm, preferably 

comprised between 1 and 4 µm, as measured by laser light scattering using the Mie model 

assuming that the solvent is water with a refraction index of 1.330 and that the bubbles 

are spherical polystyrene latex particles with a refraction index of 1.590 and an extinction 

coefficient of 0.010. 20 

 

35. Bubbles obtainable by the process according to any one of claims 1 to 34. 

 

36. Bubbles according to claim 35, said bubbles being spherical. 

 25 

37. Bubbles according to claim 35 or 36 for use in a method of treatment and/or 

diagnosis. 

 

38. Bubbles according to claim 37 for use as a contrast agent in a method of diagnosis. 

 30 

39. Bubbles according to claim 37 for use in sonothrombolysis. 
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ABSTRACT 

 

The invention relates to an improved method for the manufacturing of bubbles having a 

polycyanoacrylate shell using sound waves for generating the bubbles. It has been found that 

the application of sound waves for at least 6 minutes in combination with the choice of a 5 

specific pH was critical to produce stable bubbles with a high yield. The bubbles produced 

by the method of the invention have an improved sphericity compared to the bubbles 

obtained with the methods of the prior art and are obtained in shorter times. With the method 

of the invention, the bubbles can be functionalized with fluorescent probes or with 

polysaccharides, which can confer targeting properties to the bubbles. Such bubbles can be 10 

used as contrast agents for ultrasound imaging or for sonothrombolysis. 
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FIGURE 1 
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FIGURE 2 
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Abstract 

Systemic injection of thrombolytic drugs is the gold standard treatment for non-

invasive blood clot resolution. The most serious risks associated with the intravenous 

injection of tissue plasminogen activator-like proteins are the bleeding complication 

and the dose related neurotoxicity. Indeed, the drug has to be injected in high 

concentration since it has a short half-life, due to the presence of its natural blood 

inhibitor (PAI-1) and fast hepatic clearance (0.9 mg/kg in humans, 10 mg/kg in mouse 

models). Overall, there is a serious need for a dose reduced targeted treatment to 

overcome those issues. We present in this article a new acoustic cavitation-based 

method for polymer MBs synthesis, three times faster than current method. The 

generated MBs were ultrasound responsive, stable and biocompatible. Their 

functionalization enabled the efficient and targeted treatment of stroke, without side 

effects. First, the stabilizing shell of those MBs is composed of Poly-Isobutyl 

Cyanoacrylate (PIBCA), copolymerized with fucoidan. Widely studied for its targeting 

properties, fucoidan exhibit a nanomolar affinity for activated endothelium and 

activated platelets (P-selectins). Second, the thrombolytic agent (rtPA) was loaded 

onto microbubbles (MBs) with a simple adsorption protocol. Hence, the present study 

validated the in vivo efficiency of rtPA-loaded Fuco MBs to be over 50% more efficient 

than regular free rtPA injection for stroke resolution. In addition, the relative injected 

rtPA grafted onto targeting MBs was 1/10th of the standard effective dose (1 mg/kg in 

mouse). As a result, no hemorrhagic event, BBB leakage nor unexpected tissue 
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distribution were observed. The echogenic targeting MBs produced in this work now 

bring promising perspective for the development of US molecular imaging of 

thrombotic diseases and the US assisted clot resolution: sonothrombolysis.  
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PIBCA: Poly-IsoButyl Cyanoacrylate; PRF: Pulse Repetition Frequency; RBC: Red 

Blood Cell; ROI: Region Of Interest; rtPA: recombinant tissue Plasminogen Activator; 

SD: Standard Deviation; US: UltraSound; VWF: Von Willebrand Factor; WB: Working 

Buffer; WHB: Whole Human Blood; WHO: World Health Organization; 3T3: 

Fibroblasts. 

 

1. Introduction 

The global burden of cardiovascular diseases (CVD) places them as the leading 

cause of mortality around the world. Among those, thrombotic diseases including 

ischemic heart disease and stroke are the most prevalent and described as the main 

cause of disability [1]. Every year, 15 million of new cases of stroke are reported 

according to the World Health Organization (WHO). The prevalence of stroke 

increases with age with the highest rates typically occurring in people over the age of 

75. Stroke is also more common in women, and is more prevalent in certain regions of 

the world, such as Southeast Asia and sub-Saharan Africa, compared to other region 

[2]. Overall, the prevalence of stroke is expected to continue to increase in the coming 

years due to the aging of global population and the increasing of risk factors such as 
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high blood pressure, diabetes, and obesity. In medical terms, ischemic stroke is 

defined as the obstruction of vasculature in the brain caused by a thrombus. Those 

blood clots are highly heterogenous and composed of a variety of cell types [3] 

including erythrocytes, immune cells and platelets, with the addition of Von Willebrand 

Factor (VWF) and Neutrophil Extracellular Traps (NETs), tied together by a strong 

fibrin mesh [4]. Physiologically needed to repair impaired vessel walls, their 

pathological formation and their circulation in the bloodstream can lead to flow 

obstruction and distal tissue ischemia if the vessel recanalization is not quickly 

supported. Patients undergoing stroke event are treated with the gold standard 

systemic injection of a thrombolytic drug [5] in order to disassemble the fibrin mesh. 

There are several different types of “clot busters” used depending on their application 

(myocardial infarction, pulmonary embolism, stroke…) but there are mainly 

plasminogen activator like (Alteplase: rtPA, Reteplase: rPA, Tenecteplase: TNK) [6]. 

Indeed, this serine protease is naturally present in the body [7] allowing the cleavage 

of plasminogen into plasmin, responsible for fibrin degradation in homeostatic 

regulation. This thrombolytic injection can also be associated to mechanical 

thrombectomy [8] with the limitation of it being an invasive procedure. In addition, the 

systemic injection of the thrombolytic drug brings several drawbacks like hemorrhagic 

transformation [9] and neurotoxicity [10] with a recanalization rate below 50% [11]. To 

overcome those issues, the strategy to encapsulate rtPA has been explored with 

different carriers from nanoparticles [6] to microbubbles [12] with the common objective 

to reduce drug doses and improve the treatment efficiency. Besides drug 

encapsulation, nanomedicine is also focusing on targeted drug delivery on identified 

biomarkers. In thrombotic diseases, they are mainly described on activated platelets 

[13] with P-selectins, GPIIb/IIIa integrins and phosphatidylserines or with circulating 

molecules like Factor XIII, VWF and fibrin [6]. We focused here on the highly specific 

interaction between P-selectins expressed on activated platelets or activated 

endothelium [14] and a sulfated polysaccharide: the fucoidan [15,16]. Their nanomolar 

affinity [17] makes the fucoidan a very promising targeting agent for thrombotic 

diseases and already showed its performance in vivo [18],[19]. The present strategy 

relies on polymer microbubbles (MBs) for their carrier ability but also their imaging 

property and treatment enhancement perspectives. Indeed, microbubbles are widely 

used as clinical contrast agent (Definity®, Sonovue®…) for US imaging due to their 

intrinsic echogenic properties [20] and have also been of main interest for the 
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development of sonothrombolysis [21]. We present in this work, the innovative 

synthesis of polymer microbubbles via acoustic cavitation, never described in the 

literature yet and recently patented (PCT/FR2022/050309). Indeed, the use of US for 

MBs generation was only used for protein shelled MBs [22] or as a side step for lipid 

shell MBs [23]. This new method improved the yield of polymer MBs synthesis and 

reduce the synthesis time by 3 compared to standard polymer MBs synthesis with 

hydrodynamic cavitation. 

Functionalized with fucoidan as a targeting agent and rtPA-loaded, these fully 

competent MBs were studied for the targeted treatment of thrombotic diseases (Fig. 

1). We characterized those new MBs in terms of stability, biocompatibility, 

echogenicity, targeting property and thrombolytic activity. Then, in order to validate the 

efficacy of the treatment, we performed a mouse stroke model and compared gold 

standard treatment to drug-loaded targeted MBs by measuring the ischemic lesion 

reduction after 24 hours with MRI imaging. Overall, this paper gives interesting 

perspectives for the use of drug-loaded targeted polymer MBs for the treatment of 

thrombotic diseases. 

 

Figure 1: Graphical abstract of functionalized MBs for the treatment of stroke. MBs are composed of a stable poly-
isobutyl cyanoacrylate (PIBCA) shell with a perfluorobutane (PFB) gas core enabling US imaging. Their 
functionalization was validated for P-selectin targeting with fucoidan and for thrombolytic activity with recombinant 
tissue Plasminogen Activator (rtPA) loading. After in vitro validation, rtPA-loaded targeting MBs were injected in a 
mouse stroke model to improve thrombolysis recanalization compared to systemic injection of the drug. Fucoidan 
targeting onto activated platelet P-selectins allowed a specific delivery of rtPA to induce local fibrin degradation. 
The targeted delivery improved the treatment outcome by reducing the infarcted area after 24h as observed with 
MRI imaging. 
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2. Materials and methods 

Materials: Isobutyl cyanoacrylate (IBCA) monomers were purchased from Afinitica 

Technologies (Barcelona, Spain). Carboxymethyl dextran 40 (CMDex) was provided 

from TdB Labs (Uppsala Sweden). Sulfated polysaccharide fucoidan (Mn = 18 kDa 

Mw = 104 kDa) was obtained from Algues et Mer (Ouessant, France). Surfactant 

Tween 20 was purchased from Sigma Aldrich as well as the Rhodamine B 

fluorochrome. Perfluorobutane (PFB) was obtained from F2 Chemicals (Preston, UK). 

 

Polymer MBs synthesis 

Poly-isobutyl cyanoacrylate (PIBCA) microbubbles were obtained from the 

anionic polymerization of IBCA monomer at the water gas interface. Briefly, 50 mL of 

an aqueous solution was prepared with HCl 1M to reach a pH of 2.5. This solution was 

saturated with perfluorobutane for 10 min and put into a freezer for 15 min to cool it 

down. Meanwhile, 700 µl of IBCA solution was loaded into a 1 mL syringe and placed 

onto a syringe pump (AL-300, World Precision Instrument, Florida, USA). The aqueous 

solution was then placed on ice, under the microtip of the Sonifier (SFX 550, 

BRANSON Ultrasonic Corp, Danbury, USA) so the tip is centered and half of a 

centimeter plunged into the aqueous solution. The organic solution and the PFB tank 

were connected into the aqueous solution with polyethylene catheters (Bioseb Lab 

Instrument, Salon de Provence, France). Just before the insonation, 500 µL of Tween 

20 detergent was added drop by drop into the aqueous phase. The Sonifier was turned 

on for 20 min at 30% of amplitude and the IBCA was injected at a controlled speed of 

0.45 mL/min. For the MBs containing polysaccharide, 1 g (2% w/w) was dissolved at 

the first step of synthesis into the aqueous solution giving fucoidan MBs (Fuco MBs) 

or carboxymethyl dextran MBs (CMDex MBs) used here as a non-targeting 

polysaccharide control. Similarly, for the fluorescent MBs, 500 µg of Rhodamine B was 

added in the first step of the aqueous phase preparation. 

The obtained foam was centrifuged 3 times at 0.1 g in 50 mL falcon tubes for 20 min, 

and a solution of 0.02% Tween 20 was used to resuspend the floating MBs. MBs are 

then filtered through a 5 µm sieve using a sieve shaker. The obtained suspension was 

stored at 5 °C in a 0.02% Tween 20 solution. For all experiment requiring fluorescence 

microscopy visualization, MBs were labelled with Rhodamine B. 
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MBs concentration, size and zeta potential measurements 

MBs concentration is expressed in MBs/mL and measured with image analysis. 

Briefly, a diluted suspension of MBs was injected into a Malassez cell and imaged with 

an optical microscope (10x objective, Axio Observer, Zeiss). Counting was performed 

with ImageJ thresholding of MBs signal allowing an evaluation of the mean 

concentration with count extrapolation. MBs’ size was measured with a Mastersizer 

3000 (Malvern Instruments, UK), in water and flow speed of 1500 rpm. For each 

sample the 10th, 50th and 90th percentile of size in volume (Dv10; Dv50; Dv90) were 

collected. The measurements were reproduced over the weeks to validate the shelf 

stability. Zeta potential was measured with electrophoretic light scattering method 

(Nano ZS, Malvern Instrument, UK). Briefly, MBs were diluted to 1/10 in a KCl 1 mM 

solution and added to the chamber allowing surface charge measurement, each 

sample was measured three times and averaged. 

 

FTIR analysis 

Fourier-transform infrared spectroscopy (FTIR) spectrums were measured 

using a Thermo Nicolet AVATAR 370 FTIR spectrometer (Thermo Electron 

Corporation, Waltham, MA). The lyophilized samples were blended with KBr (1% 

mass) and compressed to obtain a pellet. Transmission spectra were acquired 

between 4000 cm-1 and 400 cm-1. 

 

Confocal Imaging and Scanning Electron Microscopy 

Confocal imaging was performed with Zeiss LSM 780 microscope in phase 

contrast or filtered for Rhodamine B MBs observation. Environmental Scanning 

Electron Microscopy (ESEM, Philips XL30, ESEM-FEG, Amsterdam, Netherland) 

images were performed with the following parameters: HV 10 kV, WD 13.7 mm, 

pressure 2.50e-4 Pa and magnification from 2500 to 10000 x. To evaluate the internal 

structure of the MBs, Focused Ion Beam (FIB) assisted Scanning Electron Microscopy 

(SEM, AquilosTM Cryo-FIB, Thermofisher Scientific) was used to cut through the MBs. 

Samples were deposited onto the SEM grid and dried with paper. The FIB parameters 

were defined with: HV 30 kV, current 0.10 nA and pressure 1.66e-4 Pa. 
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Fucoidan quantification with methylene blue dosage 

Fucoidan sulfated groups can be recognized by methylene blue colorimetric 

assay like previously described [24]. On a grade 1 chromatography paper (Whatman®, 

GE Healthcare), squares of 1 cm2 were drawn to delimit the samples. Standard 

solutions of fucoidan MMW (Algues & Mer, France) were prepared with a serial dilution 

from 0.5 to 0.3125 mg/mL and the negative control was prepared with a suspension of 

CMDex MBs. MBs suspension were hydrolyzed with an alkaline solution of NaOH (0.1 

M) until no further accumulation at the surface. MBs suspension at a concentration of 

1 x 1010 MBs/mL and standard samples were successively deposited 5 times 2 µL with 

an intermediate drying step at 50°C for 10min. Once dry, the paper was treated with a 

solution of Methanol/Acetone (6:4) for 3 minutes, then treated with the Methylene blue 

solution of Methanol/Acetone/Water (6:4:15) containing 0.1% (w/w) methylene blue 

and 50 mM HCl (1M) for 10 min. The paper was then washed with several bath of 

washing solution (Acetic acid/Methanol/Acetone/Water, 5:6:4:75) until the bath 

remains translucid. To help with the paper manipulation, it was left to dry under the 

hood. The drawn squared were then cut and placed in 1.5 mL Eppendorf tubes. 500 

µL of 2% SDS methanol solution was incubated with the cut papers at 50°C for 15 min. 

Then, 200 µL of the tainted solution was then extracted to a 96 well plate and the 

absorbance was read at 663 nm. Fucoidan final concentration was determined with 

the linear regression of the standard solution curve. 

 

US phantom model and US burst model 

In vitro echogenic MBs properties were studied through a home-made setup. 

The US phantom employed was a tissue mimicking Doppler flow phantom (ATS 

Laboratories, CIRS) with a wall-less channel of 8 mm in diameter at 20 mm depth. US 

imaging were conducted using a medical probe, GE-L3-12-D (General Electrics; 256 

elements, 0.2 mm pitch size) connected to a research ultrasound scanner, Vantage 

256 (Verasonics, Kirkland, USA) and driven at 5 MHz center frequency. Amplitude 

modulation sequence used here (checkerboard) was programmed with Matlab (The 

MathWorks, Inc., Natick, MA). The in vitro acquisition consisted of 3 blocks of 200 

images each, using a compounded framerate of 150 Hz and five angles (-4°; -2°; 0; 2°; 

4°) pulse repetition frequency (PRF) of 3 kHz. Prior to the experiments, the emitted 

pressures of the probe were measured and calibrated using a 0.2 mm needle 

hydrophone (Precision Acoustic, UK). Flow rate was modulated using butterfly valves 
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to stop the flow. The probe was positioned on top of wall-less phantom and various 

amplitude of signal (from 8 V to 17 V corresponding to Mechanical Index from 0.23 to 

0.60) were evaluated to establish the burst threshold of the MBs, with a constant duty 

cycle of 67%. In that manner, MBs suspension flow was stopped to evaluate the signal 

before and after US insonation. The signal intensity was measured by image analysis 

with background noise subtraction. 

 

rtPA incorporation onto MBs 

Adsorption method was performed by rising the pH of the MBs suspension to 

10 with NaOH 1M. 2 mL of suspension containing 1010 MBs at pH 10 was gently mixed 

with 500 µg of rtPA (Actilyse®, Boehringer) for 2 hours at 5°C. The mix was then placed 

in a 5 mL syringe with a closing cap and centrifuged for 20 min at 0.1 g. The 

undernatent was discharged and the mix was rinsed with the storage solution of 0.02 

% Tween 20, 3 times. The stability of the incorporated drug was measured with the 

enzyme activity evaluation over 4 days with a washing step between each day. 

 

Amidolytic activity of incorporated rtPA with PefaFluor® assay 

The amidolytic activity of rtPA-loaded MBs was measured by recording the 

fluorescent signal of the degradation product of PefaFluor in contact with the serine 

protease. Briefly, 2.5 µL of the rtPA-loaded MBs were put in contact with 97.5 µL of 

working buffer (0.1 M HEPES, 0.05 % BSA, 0.9 % NaCl) in a 96 well plate. 10 µL of 

PefaFluor (Interchim, France) solution (1M) was added with a multi pipette and 

measurement of the fluorescence was performed with monochromatic 

spectrophotometer (TECAN, Infinite M200 PRO) at λem = 390, λex = 440 during 70 min. 

A standard range was obtained by serial dilution of rtPA (Actilyse®, Boehringer) from 

400 µg/mL to 6.25 µg/mL and negative control was obtained with Tween 0.02% 

solution. The kinetic of the fluorescent substrate generation is proportional to the 

concentration of the enzyme. The leading coefficients of the linear part of the standard 

curves were then used to established the linear regression of the concentration. 

 

Fibrinolytic activity 

rtPA ability to lyse fibrin was evaluated in vitro, comparing free rtPA to rtPA-

loaded MBs on a fibrin gel model. The gel was prepared by mixing a fibrinogen solution 
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and a thrombin solution. A TRIS buffer (TRIS 0.1 M, NaCl 0.9%, pH 7.6) was prepared 

to mix the different component of the solutions. In two separated water baths, 5 mL of 

the fibrinogen solution (5 mg/mL, from Human plasma, Sigma Aldrich) was heated to 

37°C while 5 mL of 3% low melting agarose (Thermo Scientific) was heated to 65°C. 

Once agarose has reached its melting temperature, the solution was cooled down to 

37°C and 2.5 U of thrombin (from Human plasma, Sigma Aldrich) was added. The two 

solutions were mixed and quickly poured into a 9 cm petri dish plate and left for gelation 

30 min at 5°C. Holes were defined with a 3 mm punch and 5 µL of samples diluted to 

1/15 were dropped where the gel was extracted. The set-up was placed at 37°C 

overnight and fibrin degradation rings were measured with Fiji software. 

 

In vitro targeting flow experiment on human platelet aggregates 

The specific binding of Fuco MBs on P-selectins expressed on activated platelet 

was evaluated with a microfluidic model [25]. Using the Vena8 Fluoro+ biochip (Cellix 

Ltd, Ireland). Microchannels were coated overnight with a 200 µg/mL solution of 

collagen type I at 4°C (equine tendon collagen, Collagen Reagens HORM®, Takeda). 

Whole human blood (WHB) was collected from healthy volunteers in 75 mM PPACK 

tubes, and platelets were stained with a DIOC6 solution of 50 µg/mL right before 

injection into the channel. DIOC6 specifically stains mitochondria membranes in living 

cells [26], excluding erythrocytes staining. For each channel, the following sequence 

was performed: channel washing with saline solution (NaCl 0.9 %) for 3 min at arterial 

flow rate (60 µL/min), WHB with DIOC6 injection at arterial flow rate up to 5 min until 

platelet aggregates start to appear without obstructing the channel; WHB washing with 

saline solution (NaCl 0.9 %) for 5 min; Rhodamine B stained Fuco MBs injection at 

venous flow rate (4 µL/min) for 5 min; Washing of Rhodamine B Fuco MBs with saline 

solution (NaCl 0.9 %) at venous flow rate (4 µL/min) until no more free MBs were 

circulating. A microscopy image (Axio Observer, Zeiss) was taken between each step 

to control the platelet aggregates and the targeting properties of the MBs. A negative 

control was obtained with the injection of CMDex MBs. Quantification was established 

by measuring the amount of MBs colocalized on platelet aggregates after the final 

rinsing and normalized to the size of the aggregates using Fiji thresholding analysis. 
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Cytotoxicity assays 

The evaluation of cytotoxicity was performed with a LDH (Lactate 

Dehydrogenase) mortality assay and MTT [3-(4,5-dimethyl-2thiazolyl)-2,5-diphenyl-

2H-tetrazolium bromide] viability assay. Both HUVECs (Human Umbilical Vein 

Endothelial Cells, CRL-1730, ATCC) and BALB/3T3 (mouse embryo fibroblast, clone 

A31, CCL-163, ATCC) were cultured until confluency, at 37°C in a 5% CO2 incubator, 

with Dulbecco’s Modified Eagle Medium (DMEM) with 10% (v/v) fetal bovine medium, 

4mmol of L-glutamine, 1% (v/v) of penicillin and 1% (v/v) of streptomycin. For LDH 

mortality assay (Cytotoxicity detection kit PLUS, Roche), HUVECs and BALB/3T3 were 

culture in 96 wells plates. Briefly, after incubation with various concentrations of MBs 

diluted in cell culture medium (108, 107, 106, 105 and 104 MBs/mL), supernatants were 

recovered either after 2, 4 or 6 hours. The recovered culture medias were incubated 

with LDH reaction mix according to the supplier guidelines for 15 min at room 

temperature. After addition of the stop solution, the absorbance of the samples was 

read at 492 and 690 nm (control wavelength). The cell cytotoxicity was then 

determined by subtracting the control wavelength to the absorbance at 492 nm and 

normalized to dead cells absorbance: Cell mortality = [(Abs of the sample - Abs of 

culture medium) / (Abs of 100% of dead cells- Abs of culture medium) x 100]. 

For the MTT assay, cells were seeded in 24 well plates. This assay was performed 

with cell culture insert (Falcon®, 1 µm of mesh diameter) to avoid the sedimentation of 

MBs residues onto the cells, allowing the focus on the degradation product toxicity 

rather than cell asphyxia in static conditions. Indeed, due to the experimental 

conditions, 37°C for 6 hours, we expected MBs burst and consequently MBs residues 

sedimentation rather than intact MBs floating property. Cell culture medium was 

discharged and replaced by 300 µL of new medium, inserts were placed in each well 

and 300 µL of MBs diluted in cell culture medium were added inside the inserts for a 

final MBs concentration of 108, 107, 106, 105 and 104 MBs/mL. After 6 hours of 

incubation, cells insert and medium were replaced by 300 µL of MTT solution (0.05% 

in PBS 1X) and incubated for 3 hours at 37°C in dark environment. The medium was 

removed by gentle plate reversal on dry paper and the 300 µL of isopropanol was 

added to each well. After 1 hour at room temperature, absorbance was measured at 

490 nm in a TECAN (Infinite M200 PRO) plate reader. The cell viability was measured 

as: Cell viability = [(Abs of sample - Abs of dead cells control) / (Abs of living cells 

control - Abs of dead cells control) x 100]. 
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Hemolysis evaluation 

Whole human blood from healthy volunteers was centrifuged 5 min at 500 g to 

isolate Red Blood Cells (RBC) in 25 µM PPACK tube to avoid coagulation. Hematocrit 

and plasma level were labelled on the tube, plasma phase was aspirated and replaced 

by 0.9 % saline solution twice. Then 0.9% NaCl was replaced by PBS 1X. The final 

RBC suspension was diluted to 1/50 in PBS 1X. In a V-bottom 96 well plate, 10 µL of 

MBs suspension was added at different concentration (from 0.125 x 108 to 108 

MBs/mL). 190 µL of previously prepared RBC suspension was added to the wells and 

incubated at 37°C for one hour on an orbital shaker. Plates were centrifuged to the 

same conditions to recover the RBC pellet. Supernatant was then transferred into a 

clean flat bottomed 96 wells plate and absorbance was measured at 450 nm with a 

monochromator (TECAN, Infinite M200 PRO). Positive control was obtained with Triton 

10X allowing a complete lysis of the RBCs and negative control was performed with 

PBS 1X. Percentage of hemolysis was obtained with the following formula: Hemolysis 

= [(Abs of sample - Abs of negative control) / (Abs of positive control - Abs of negative 

control)]. 

 

In vivo stroke model 

Animal studies were performed on 6 to 8 weeks old (30 to 40 g) Swiss wild type 

male (Janvier Labs, Le Genest-Saint-Isle, France). All experiment were adapted 

according to French (Decree 87/848) and European (2010/63/EU) ethical guidelines. 

The local committee of Normandy (CENOMEXA) approved the fulfilling of the 

experiments with the reference number APAFIS#35158. Mice were anesthetized with 

5% of isoflurane inhalation and maintained to 2% during the entire procedure. As 

analgesic, they subcutaneously received buprenorphine (0.1 mg/kg) and ear local 

anesthesia with lidocaine spay. Mice heads were stabilized in a stereotaxic platform 

and a catheter was placed in the tail vein for the treatment injection. After a local 

craniotomy on top of the middle cerebral artery (MCA), the dura mater was excised to 

expose the MCA bifurcation. Precise pneumatical injection of 1 µL of murine thrombin 

(1 IU, Stago BNL) was carried out by elongated glass capillaries in the MCA to induce 

fibrin rich thrombus formation [27]. The treatment procedures were performed 

intravenously, 30 min after thrombin injection with either, free rtPA (Actilyse®, 

Boehringer) at 1 mg/kg in infusion (300 µL, 10% bolus + 90% infusion for 40 min, N ≥ 
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16); rtPA-loaded Fuco MBs at 1 mg/kg equivalence in bolus (300µL, 3 x 109 MBs, N ≥ 

16); or saline in infusion (300µL, 10% bolus + 90% infusion for 40 min, N ≥ 16). 

 

Speckle imaging 

Monitoring of the in vivo brain perfusion was obtained with Laser Speckle 

Contrast Imager (MOOR FLPI-2, Moor Instruments), allowing the visualization of blood 

figurative elements. Speckle images were taken before and after the stroke induction 

as well as before and after the treatment to control the occlusion. The quantification of 

the flow mean was generated by comparing stroke Region of Interest (ROI) to the 

same region on the contralateral hemisphere, before and after treatment. Mice with 

pre-stroke contrast difference in both hemisphere and mice with complete reperfusion 

right after treatment were excluded from the study. For the first scenario, it was not 

possible to define if the clot was ever obtained. For the second scenario, it was not 

possible to attest if the clot was not formed correctly or completely dissolved by the 

treatment. 

 

Magnetic Resonance Imaging and BBB permeability 

24 hours after treatment, mice brains were imaged with MRI to measure the size 

of the infarcted areas. Briefly, mice were anesthetized with 5% of isoflurane inhalation 

and maintained to 2% during the acquisitions. All acquisitions were obtained with a 

Pharmascan 7 T (Bruker Biospin, France), T2 sequence (echo time 39.9 ms, repetition 

time 3,500 ms, 2 averages) were used for ischemic lesion visualization and T2 Star 

sequence (echo time 8.7 ms, repetition time 500 ms, 2 averages) were used for 

hemorrhagic lesion visualization. Lesion volumes were quantified with image analysis 

of the hyper signal cut off area on all the brain slices (0.5 mm thickness) with the 

formula: Ischemic lesion volume = (∑ 𝑖𝑠𝑐ℎ𝑒𝑚𝑖𝑐 𝑎𝑟𝑒𝑎𝑠) 𝑥 0.5. 

For the evaluation of Blood Brain Barrier (BBB) permeability, Gadoteric Acid (GA, 

Clariscan Gé, GE Healthcare) was injected intravenously in the tail vein (200 µL at 

0.75 mmol/kg). After 15 minutes, three dimensional T1 Flash acquisition (echo time 

4.4 ms, repetition time 15 ms, 3 averages) was recorded and white hyper signal volume 

was quantified as BBB leakage of GA compared to acquisition before injection, using 

Fiji software using the same formula than ischemic lesion volume. 
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Ex vivo fluorescence biodistribution on complete or sectioned organs 

Organs from previously described procedures were harvested 24 hours after 

treatment. Biodistribution of the Fuco MBs was imaged by near-infrared fluorescence 

imaging (IVIS® Lumina III, Perkin Elmer, USA). The imaging of complete organs (N=3) 

was performed on brain, liver, lungs, bladder, spleen, intestines and kidney right after 

euthanasia without PFA fixation. The quantification of fluorescence intensities (λEx = 

550 nm, λEm = 620 nm) in regions of interest (ROIs) were analyzed using Living Image® 

software. For histology analysis, mice received buprenorphine (0.1 mg/kg) and were 

deeply anesthetized with 5% of isoflurane inhalation before procedure. After a 

thoracotomy, a cannula was inserted into the left ventricle, and the right atrium was 

incised to rinse the circulatory system. Transcardiac perfusion was then performed 

with 50 mL of heparinized saline (0.5 mL/L) followed by 30 mL of 4% paraformaldehyde 

(PFA) at a constant speed of 14 mL/min. Organs were post-fixed in 4% PFA overnight 

at 4°C then plunged in cryoprotective solution (20% sucrose in PBS 1X) overnight 

before to be stored at -80°C. Organs were subsequently sliced with a cryostat at a 10 

µm thickness. Slices were stained with DAPI mounting medium (ABCAM) for nucleus 

recognition and with rat anti-mouse CD68 primary antibody (Biolegend) followed by a 

FITC secondary antibody (Biolegend) to highlight tissue macrophages. 

 

Statistical analysis 

Quantitative data underwent the statistical analysis of GraphPad PRISM 8 with a 

95% confidence level. All presented data are means of at least triplicates expressed 

with their standard deviation (SD). Normality test were performed using Kolmogorov-

Smirnov test and if needed outliers were identified and excluded with ROUT method 

(1% of aggressivity of the Gaussian distribution). Depending on the design of the 

experiment and after normality validation, data were evaluated with unpaired t-test (two 

groups) or ANOVA (more than two groups) in association with multiple comparison in 

between groups (Tukey’s test). P-values were represented as followed, and deemed 

significant below the 0.05 threshold: * p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001. 
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3. Results 

3.1 Polymer MBs synthesis and characterization 

MBs synthesis was inspired by the well-described hydrodynamic cavitation 

method like recently published by Bo Li. et al [19]. In this work, the cavitation energy 

was replaced by ultrasonic insonation into the polysaccharide solution. This recently 

patented acoustic cavitation method enabled the production of polymer MBs within 20 

minutes (Fig. 2A) (PCT/FR2022/050309). The set-up was placed on ice to regulate the 

synthesis temperature rise and perfluorobutane (PFB) was constantly injected into the 

polysaccharide solution. The entrapped gas helped for the stability of the anionic 

copolymerization between cyanoacrylate monomer and polysaccharide chains. 

Fucoidan (Fuco) was used here as the targeting agent and so carboxymethyl dextran 

(CMDex) was used as the control polysaccharide for untargeted MBs. Comparing Fuco 

MBs and CMDex MBs (Fig. 2B), it was demonstrated that the amount of MBs produced 

was independent from the polysaccharide composition with a yield around 2.5 x 1010 

MBs per batch. The mean size after sieve filtration was measured at 3.13 (± 0.81) µm 

for Fuco MBs and 3.07 (± 1.49) µm for CMDex MBs, showing no significant difference 

depending on the shell compositions, in accordance with the close size range of both 

polysaccharides (Fig. S1A). The evaluation of the surface charge was shown negative 

with a zeta potential close to -45 mV for Fuco MBs and close to -30 mV for CMDex 

MBs, also in accordance with the negatively charged groups in fucoidan and 

carboxymethyl dextran (Fig. S1B). The size stability was monitored over a month by 

measuring the size of the MBs. A size augmentation would be attributed to shell 

destabilization leading to MBs aggregation detected by the apparatus as bigger MBs. 

In Fig. 2C, the shelf stability was measured right after synthesis, after 3 and 4 weeks 

(independently of their incorporated polysaccharide). MBs were either placed at -5°C 

or 20°C to establish the best storage conditions for MBs suspension. It has been 

demonstrated that 5°C was the best storage temperature as the mean MBs was stable 

at 3.27 (± 0.71) µm for 4 weeks. Room temperature storage showed an increased 

mean size to 4.09 (± 0.22) µm after 4 weeks, which is still in the range for possible 

animal injection. The whole size distribution presenting the Dv10, Dv50, Dv90 are 

plotted on the Fig. S1C, highlighting the size stability after 4 weeks. In complement to 

this size distribution study, we validated that the incorporation of rtPA presented below 

did not affect the mean size of the MBs (Fig. S1D). 
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The characterization of fucoidan content was obtained with the quantification of 

sulfated groups as presented in the Supplementary data (Fig. S2A-B-C). This 

colorimetric method based on Methylene Blue staining pointed out the presence of the 

sulfated polysaccharide in the range of 1x 10-14 g/MB using CMDex MBs as negative 

control. Environmental Scanning Electron Microscopy (ESEM) images presented in 

Fig. 2D validated the rounded shape of MBs as well as the short polydispersity after 

filtration. To ensure the hollow structure of the MBs observed in confocal imaging (Fig. 

S3A), Focused Ion Beam (FIB) technology was used to cut through individual MBs 

(Fig. 2E). The shell homogeneity was then demonstrated and an estimation of the shell 

thickness was measured in the range of 500 nm, subsequently emphasized with 

confocal fluorescence imaging (Fig. S3B-C-D). 

 

Figure 2: Functionalized polymer MBs characterization. A) Innovative synthesis method. Monomer of isobutyl 
cyanoacrylate (IBCA) was injected with a needle pusher into the acidic aqueous polysaccharide solution while 
constant bubbling of perfluorobutane was ongoing. US sonicator was immerged inside the aqueous solution and 
generates continuous signal for 20 min at 30% of amplitude. The system is placed on ice to avoid temperature 
rising. Due to high hydrophobicity, IBCA will tend to polymerized at the water-gas interface, copolymerizing with 
polysaccharides dissolved into the solution and entrapping PFB. B) Summary of principal physicochemical 
characterization depending on the incorporated polysaccharide. Yield was measured with MBs counting on 
Malassez cell, mean size was measured with laser diffraction granulometry, zeta potential was obtained with 
electrophoretic light scattering and fucoidan content was dosed with methylene blue colorimetric assay. C) Mean 
size of MBs suspension over a month measured with laser diffraction granulometry, comparing 5°C and 20°C for 
shelf storage. D) Environmental Scanning Electron Microscopy (ESEM) image of MBs pointing out their 
homogenous rounded shape Scale bar is 5 µm. E) Focus Ion Beam (FIB) cut through a single polymer MBs pointing 
out the hollow structure and the thick shell around 500 nm thick. Scale bar is 5 µm.  

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



3.2 Echogenicity of MBs 

One intrinsic property of MBs is their ability to respond to an ultrasound signal 

[28,29]. Indeed, microbubbles are now widely used in clinic as US contrast agents for 

US imaging. Their ability to resonate under US creates bright signal compared to 

surrounding tissues in cardiac echography for example. The proposed agent can be 

an answer for the problem of specificity in diagnostic or treatment thanks to its precise 

targeting. To ensure the echogenic properties of those newly synthetized MBs, a 

home-made in vitro model was established to determine the burst threshold of MBs in 

function of the intensity of the signal (Fig. 3A). Intensities varied from 8 V, 9 V 10 V, 11 

V, 12 V, 13 V, 14 V and 17 V corresponding respectively to the following mechanical 

index 0.230 (± 0.002), 0.270 (± 0.003), 0.310 (± 0.004), 0.350 (± 0.002), 0.390 (± 

0.003), 0.430 (± 0.003), 0.470 (± 0.002) and 0.600 (± 0.001). The imaging sequences 

were measured with a 2 V signal before and after 2 sequences of the burst periods 

(Fig. 3B). The signal was normalized to water and to MBs insonated with 2 V all along. 

The intensity rise at the beginning of each burst sequence corresponds to a “blinking” 

phenomenon of MBs before ongoing inertial cavitation. The last part of the graph 

displays the loss of signal due to some MBs implosion. The difference between the 

initial intensity signal and the final intensity one in plotted on Fig. 3C as the disruptive 

ratio. This ratio determines the amount of disrupted MBs and clearly states that over 

10 V (MechanicaI Index = 0.31) more than 50 % of MBs underwent inertial cavitation. 

This is illustrated with Fig. 3D, displaying the US images of the channels before and 

after 8 V or 17 V US insonation. 
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Figure 3: Ecogenicity characterization of MBs. A) Flow phantom setup mimicking blood vessel circulation. The flow 
can be monitored with a butterfly closure system and the US transducer is placed on top of the phantom. B) 
Echogenic response of MBs at 5 MHz frequency and different intensities in volt (from 8 to 17). The curve is 
composed of 4 sequences: 1 imaging at 2 V, 2 burst sequences depending on the different intensities and 1 more 
imaging sequence at 2 V to compare before and after bursting signal. C) Disruptive ratio calculated from the 
normalized intensitiy difference before and after burst sequence. Mechanical Index 0.230 (± 0.002), 0.270 (± 0.003), 
0.310 (± 0.004), 0.350 (± 0.002), 0.390 (± 0.003), 0.430 (± 0.003), 0.470 (± 0.002) and 0.600 (± 0.001)) correspond 
to the voltage signal of 8V to 17 V. D) US images from phantom setup before and after 8 V burst and before and 
after 17 V burst. The channel is highlighted with a dotted line and MBs signal is visible in white contrast. 

 

3.4 Drug loading and targeting of MBs 
MBs were functionalized with rtPA (Actilyse®), the recombinant tissue 

Plasminogen Activator used for human treatment. The incorporation was obtained with 

an adsorption protocol (Fig. 4A) where the pH rising of the MBs suspension allowed 

the incorporation of the protein within 2 hours. To evaluate the amount of incorporated 

rtPA, the protein activity was measured, ensuring that its incorporation did not affect 

its enzymatic activity. Primarily noticed result was the high number of incorporated 

proteins onto Fuco MBs compared to CMDex MBs (Fig. 4B). This specific incorporation 

is believed to be related to the interaction with activated sulfated groups of fucoidan 

[30]. Indeed, Fucoidan MBs were able to incorporate 226 (± 32) µg of rtPA for 1010 

MBs compared to 19 (± 16) µg of rtPA for 1010 MBs onto CMDex MBs. Then, rtPA 

incorporation stability was evaluated over 4 days with centrifugation washing between 

each day (Fig. 4C), pointing out a stable incorporation threshold of 108 (± 5) µg of rtPA 

for 1010 MBs from day 1 to day 4. This stable incorporated score was observed after 
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the 4th centrifugation washing step on day 1 and stable after the next washing steps. 

With the aim of producing reproducible results, the stable quantity of incorporated rtPA 

onto Fuco MBs was set to 100 µg/1010 MBs. The fibrinolytic activity of incorporated 

rtPA was validated with a fibrin agar assay (Fig. S4A) by measuring the degradation 

area of the gel after 2, 5 and 24 hours at 37°C. This semi quantitative method 

demonstrated that the fibrinolytic activity was maintained when rtPA was encapsulated 

compared to free rtPA (Fig. S4B). 

The targeting property of Fuco MBs were evaluated in fluidic condition 

mimicking in vivo blood circulation (Fig. 4D-F). Platelet aggregates formation on 

collagen coating is highly dependent to flow rate (60 µL/min) [31] and was monitored 

with fluorescent microscopy to avoid channel cloaking. Fuco MBs targeting was 

measured with Fiji image analysis after rinsing the channel with saline solution and 

normalized to the platelet aggregate size. Previous work validated the specificity of 

fucoidan for P-selectins over E and L-selectins [18], here the focus was on expressed 

P-selectins by activated human platelets. The targeting (Fig. 4F) was highly significant 

(P Value < 0.0001) comparing CMDex MBs (Fig. 4D) to Fuco MBs (Fig. 4E). Also, the 

drug-loaded MBs were still enable to target activated platelet with a significant 

difference to control MBs (P Value < 0.0001). This targeting assay validated that ex 

vivo platelet targeting was highly efficient and that rtPA incorporation did not prohibit 

MBs targeting despite rtPA interaction with the targeting agent. 
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Figure 4: Functionalization of MBs. A-B-C) Drug loading and validation of the rtPA activity after incorporation. 

A) Drug loading adsorption protocol. Briefly, 500 µg of rtPA in solution was added to a MBs suspension from which 

the pH has been risen to 10 with NaOH. The mix was left for 2 hours under gentle agitation and then rinsed 3 times 

by centrifugation and discharge of the undernantent. The protein activity is then monitored on drug-loaded MBs 

with a kinetic substrate degradation assay (PefaFluor®). B) Protein incorporation determined from protein activity 

assay of rtPA onto either Fuco MBs or CMDex MBs after 3 centrifugztion wasing step. C) Stability of rtPA 

incorporation onto Fuco MBs over 4 days with washing centrifugation step in between days. D-E-F) In vitro flow 

targeting. D-E) Microscopy images of Vena8 Fluoro+ microchannels. Platelets from whole human blood were 

labelled with DIOC6 and MBs were synthesized with Rhodamine B, the last image is a merge of both DIOC6 and 

Rhodamine B channels. Images are taken under venous flow indicating that stopped MBs are attached to platelet 

aggregates. D) is the control group of CMDex MBs and E) is the result of Fuco MBs. Scale bar is 50 µm. F) 

Quantification of MBs targeting on platelet aggregates normalized to the size of the aggregates. The evaluation of 

rtPA-loaded Fuco MBs targeting confirmed that the drug loading did not compromise the effective targeting on P-

selectins. 

 

3.5 Biocompatibility of MBs 

Before in vivo injection, cytotoxicity towards red blood cells (RBC), endothelial 

cells (HUVEC) and fibroblast (3T3) were assessed (Fig. 5). Lactate Dehydrogenase 

(LDH) is a cytoplasmic enzyme, thus its presence in the culture medium is a marker of 

cell membrane rupture. This mortality assay was performed on two cell types likely to 

encounters MBs in vivo. Mortality tests on endothelial cells were on average of 4.73 (± 
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2.07) % all conditions reunited (Fig.5A) while fibroblasts showed a mortality of 7.9 (± 

3.5) % independently of the condition (Fig. 5B). Overall, no mortality was measured 

(above 30% threshold), neither for HUVECs and 3T3 nor 2 hours, 4 hours or 6 hours 

times points and likewise for increasing MBs concentrations. The second 

cytocompatibility evaluation was performed on RBC by the measurement of 

hemoglobin release in the supernatant also marker of cell lysis (Fig. 5C). Normalized 

to Triton 10X lysis, MBs incubation with RBC for one hour did not induce cell lysis even 

at 108 MBs/mL (<4%). Lastly, viability assay was performed for 6 hours with MTT 

assay. To prevent from cell asphyxia because of MBs debris sedimentation (caused 

by the assay temperature and time conditions), the MBs suspension was added on top 

of a 1 µm cell culture insert. The MTT assay evaluates the cell metabolic activity by 

the reduction of MTT to formazan with mitochondrial reductases. After 6 hours of 

incubation, none of the conditions showed a diminution in the cell’s metabolic activity 

for HUVECs or 3T3 (Fig. 5D) with a mean survival rate above 100% compared to MBs 

control cells cultured without MBs. The 0.02% tween working buffer (WB) did not 

influence the cell viability neither. Images of formazan crystals were also taken with 

optical microscopy comparing the highest concentration (108 MBs/mL) to cells that 

were not in contact with MBs (Fig. S5). Those pictures highlighted the healthy 

phenotypes of cells and the correct metabolization of MTT. Therefore, no cytotoxicity 

was demonstrated on three different cell types in contact high concentrations of MBs, 

using three different assays. 
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Figure 5: Biocompatibility study of Fuco MBs on different cell types. A-B) LDH quantification assay on endothelial 
cells (A) and fibroblasts (B) for increasing concentration of MBs and different time points. LDH is a cytoplasmic 
enzyme only present in the culture medium if cells undergo apoptosis. Here, none of the concentrations or time of 
contact induced a mortality above the red dotted line of 30% indicating the biocompatibility of Fuco MBs. C) 
Hemolysis assay of Fuco MBs on human red blood cells. The time of contact here was one hour and showed less 
that 4% of hemolysis at the highest MBs concentration (108 MBs/ml) compared to Triton 10X. D) MTT assay with 
indirect contact of Fuco MBs on endothelial cells and fibroblasts for 6 hours. The same Fuco MBs concentration 
was used as the mortality assay and 0.02% tween working buffer (WB) was also put to the test. Again, no condition 
induced a viability below 70 % (red dotted line). The MBs suspension was added on top of a cell culture insert with 
1 µm mesh to avoid the asphyxia of cells due to MBs debris sedimentation after long contact time in culture medium. 

 

3.6 In vivo stroke model 

The in vivo stroke model was performed as presented in Fig. 6A. After a local 

craniotomy over the MCA, thrombin injection generated fibrin rich clot formation. 

Speckle imaging was performed before and after each step to validate the reduction 

of blood flow in the region of the stroke. The clot was left to stabilize for 40 min and 

treatment were carried out with intravenous tail vein injection. The final checkup was 

obtained at 24 hours with MRI imaging analysis of the ischemic region. In pre-clinical 

application, the treatment for an efficient thrombolysis using rtPA injection in mice 

models is usually performed with 10 mg/kg ratio while we set the threshold here to 

1mg/kg of rtPA for both free rtPA and rtPA-loaded MBs [27]. In consequence, there is 

no significant difference in the ischemic lesion volume between the saline group (N = 
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16, 10.35 ± 4.84 mm3) and the free rtPA group (N = 17, 8.08 ± 6.12 mm3). 

Nevertheless, the rtPA-loaded Fuco MBs treatment significantly reduced the infarcted 

area by more than 50 % (N = 16, 3.75 ± 3.67 mm3) compared to free rtPA treatment 

(Fig. 6B). In addition, we compared the size prevalence in each group (Fig. 6C) by 

defining 4 groups: no lesion, small lesion (<5 mm3), medium lesions (from 5 to 10 mm3) 

and large lesions (>10 mm3). Large lesions were only observed once in rtPA-loaded 

Fuco MBs treatment with a majority of small lesion (N = 8). On the contrary, saline 

group presented a majority of large lesion (N = 9) and free rtPA group presented a 

similar amount of small and large lesion (N = 6). The MRI images displayed on Fig. 6D 

were taken 24 hours after the treatment, and the white region pointed by an arrow 

represents the ischemic region on the same coronal plane for the three groups (more 

images on Fig. S6A). Since MBs treatment involves micron size bubbles, we also 

monitored the Blood Brain Barrier (BBB) permeability (Fig. 6E-F). By injecting 

Gadoteric Acid (GA) intravenously, the leakage of BBB permeability can be observed 

with T1 MRI acquisition as white spots around the infarcted areas. Nevertheless, this 

test showed no evidence of BBB impairment comparing saline, free rtPA and rtPA-

loaded Fuco MBs groups (Fig. 6E). Some spots were identified with saline treatment 

compared to MRI images taken before GA injection (Fig. 6F), but isolated events could 

also be the consequence of the surgery itself (more images on Fig. S6B). Overall, the 

targeted treatment with rtPA-loaded Fuco MBs was significantly more efficient than 

gold standard treatment and neither collateral hemorrhage or BBB leakage was 

observed. 
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Figure 6: In vivo stroke model study on mice comparing rtPA-loaded Fuco MBs treatment to systemic injection of 
rtPA. A) Graphical abstract of the experimental setup. Briefly, mice were anesthetized and placed onto a stereotaxic 
platform. A craniotomy allowed the direct access to the Middle Cerebral Artery (MCA) to inject thrombin. After a few 
minutes the clot partial occlusion was validated with Speckle imaging looking at the two hemispheres perfusion. 
After 40 min, either saline infusion, free rtPA infusion or rtPA-loaded Fuco MBs bolus were used as stroke treatment. 
The MRI images of the mouse brain were taken 24h after the treatement to evaluate the infarcted area volume. B) 
Lesions volumes quantification from MRI images. Volumes were measured with the Fiji software by compiling areas 
of all brain slices for saline, free rtPA and rtPA-loaded Fuco MBs treatment. C) Lesion distribution according to their 
severity from: no lesion, small lesion (<5 mm3), medium lesion (>5; <10 mm3) to large lesion (>10 mm3) depending 
on the treatment. D) MRI images of the same slice number of the three treatment conditions. The white arrows point 
out the infarcted area and the scale bar is 5 mm. E-F) Blood Brain Barrier (BBB) permeability evaluation. Gadoteric 
Acid (GA) was injected intravenously before MRI T1 flash imaging. E) Quantification of GA leakage volume in the 
brain 24 hours after stroke treatment (ns: not significant). F) MRI T1 flash acquisition of mouse brain before and 
after GA injection for saline treatment condition. The white arrow is pointing out the contrast generated by BBB 
leakage of GA, the scale bar is 5 mm. 

 

3.7 Ex vivo fluorescence biodistribution on sectioned or complete organs 

The biodistribution of rtPA-loaded Fuco MBs has been studied with organ 

fluorescence macroscopy (Fig. 7A-B). Ex vivo organ macroscopy was performed 24 

hours after treatment on brain, liver, lungs, bladder, spleen, intestine and kidney 

compared to saline groups. As MBs were labelled with Rhodamine B, the fluorescence 

residues of MBs can be observed with an excitation wavelength of 550 nm (Fig. 7A). 

Normalized to the size of the organ, fluorescence count (Fig. 7B) gives a qualitative 

evaluation of MBs biodistribution in the body. As expected, the majority of fluorescence 
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was observed in the liver, fulfilling its function of blood detoxification. Also, some MBs 

residues were observed in the lungs most likely related to the gas exchange ongoing 

after MBs degradation. No fluorescence was observed in the bladder, spleen, 

intestines or kidney. Interestingly, the specific fluorescence in the stroke area was 

observed after 24 hours. It enhanced the validation of Fuco MBs targeting capacity in 

vivo but also brings new insights for the P-selectins expression on activated 

endothelium, after clot resolution and thus interesting perspectives for molecular 

imaging. In regards to those results, the histology study was performed on liver 

explanted 2 hours after Fuco MBs injection, to assess their uptake by resident 

macrophages. In Fig. 7C, cell nuclei were colored with DAPI and macrophages were 

labeled in green with an antibody against CD68 biomarker. Rhodamine B Fuco MBs 

residues were observed to be colocalized with macrophages biomarker CD68 

indicating a potential internalization by the scavenger cells. 

 
Figure 7: Biodistribution of fluorescent MBs and MBs residues in mice. A-B) Ex vivo fluorescence macroscopy 
quantification of MBs outcome in brain, liver, lungs, bladder, spleen, intestine and kidney. A) Fluorescence 
macroscopy images of various organs after stroke treatment (saline: top row, rtPA-loaded Fuco MBs: bottom row). 
Organs were retrieved 24 hours after treatment and imaged without tissue fixation. The epi fluorescence scale was 
set between 3938 and 10510 counts. Specific targeting of MBs to the stroke area was still visible after 24 hours and 
liver and lungs were fulfilling their blood cleaning property as the rest of the fluorescence was observed in those 
two organs. B) Quantification of the fluorescence in each organ in counts/cm2/s. The quantification gave similar 
conclusion to the fluorescence images, with a high fluorescent signal of MBs residues in the liver and the lungs 
(N=3). C) Histology coloration of liver tissue 2 hours after injection of rhodamine B Fuco MBs in mice. From left to 
right, DAPI coloration of cell nuclei, CD68 immunostaining of macrophages, Rhodamine B Fuco MBs, Merged 
image. The white arrows point out the MBs fluorescent residues in red and scale bar is 20 µm. MBs residues were 
found in liver tissue after 2 hours and some of them seemed to be internalized in liver macrophages. 
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Discussion 

Thrombotic diseases are life threatening conditions. Despite the availability of 

thrombolytic drugs, there are still a number of unmet medical needs for more effective 

and safer treatments. We presented in this study the development of drug-loaded 

targeting polymer MBs for the improvement of stroke treatment. Their stability over 

time was validated over 4 weeks in suspension (Fig. S1C) and their biodistribution 

aligns with the liver primary function to detoxify the blood. In addition, the shell 

composition did not affect the shelf stability (Fig. S1D) allowing data compilation. 

Cyanoacrylate are strong adhesives commonly used in surgical procedures for wound 

closure but are also injected in humans to seal blood vessels [32]. Fucoidans on the 

other hand are derived from brown algae [16] and were injected in humans with NANO-

ATHERO project (NCT03422055) [16,30]. Thereby, this easy to make and scalable 

acoustic cavitation protocol draws new perspectives for the development of 

biocompatible acoustic microbubbles. The shell composition was validated by Fourier 

Transform Infrared (FTIR) as presented on Fig. S7, displaying the characteristic pics 

of ester bound around 1,750 and 2,250 cm-1 for cyanoacrylate. However, the 

polysaccharide incorporation with either fucoidan or carboxymethyl dextran was 

challenging to identify given the small amount of it. This quantification was better 

performed with sulfate dosage (Fig. S2A-B) and fucoidan targeting properties (Fig. 4D-

E). In addition, the use of whole human blood rather than P-selectin coating for the 

evaluation of targeting properties is a much more accurate model for in vivo translation. 

The micron size of MBs helped for imaging characterization with ESEM (Fig. 2D), 

confocal (Fig. S3A) and FIB (Fig. 2E; Fig. S3D) imaging. In that manner, we were able 

to estimate the shell thickness by two methods (FIB and confocal fluorescence) to 518 

± 116 nm (Fig. S3B-C-D). The wide standard deviation is also the consequence of the 

FIB sample preparation that affected the MBs integrity limiting the sample number 

(N=4). After validation of MBs physicochemical properties, rtPA incorporation was 

obtained with a simple adsorption protocol using no additive chemical and no critical 

temperature. We validated the rtPA activity through two enzymatic assays, the 

fibrinolytic activity on agar gel (Fig. S4A-B) and the amidolytic activity on fluorescent 

substrate (Fig 4 A-B). Regular protein quantification with copper reduction (BCA assay) 

was not possible due to the reactivity of MBs without any incorporated drug. The 

incorporation was also validated by the shift in the surface charge of rtPA-loaded Fuco 

MBs compared to Fuco MBs (Fig. S1A). Lastly, the activity of the incorporated protein 
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was stable over 4 days (Fig. 4C) with no shift in the mean size of the MBs (Fig. S1E). 

Therefore, to ensure the effectiveness and the quality of the treatment, rtPA-loaded 

MBs were not use after 4 days for in vivo injection. 

MBs are of main interest because of their acoustic property in US imaging also 

validated here with a homemade US setup. Establishing echogenic evaluation is not 

standardized yet and it mainly relies on contrast enhancement validation. Moreover, 

the system is highly setup dependent (distance, probe, medium) and required probe 

calibration. The test was computer driven with different voltage but, in order to translate 

to Mechanical Index, a hydrophone calibration was performed to measure the negative 

pressure of the signal. Nevertheless, it gives good insights for in vivo translation. We 

wanted to determine the threshold of MBs stability for US imaging but also the 

disruptive ratio of MBs for later sonothrombolysis experimentation. Indeed, many 

teams [20;21;22] have been exploring the impact of bursting MBs with US for the 

mechanical impairment of blood clots. No standards have been determined yet, except 

for bio-damaging boundaries of high Mechanical Index (MI, 1.9) [37]. A better 

understanding of MBs response to US signal in vivo is a key element to perform safe 

and monitored sonothrombolysis. 

Before in vivo injection, we validated the in vitro biocompatibility of 

cyanoacrylate degradation products [38] with hemolytic tests (Fig. 5C), viability (Fig. 

5D) and mortality assays (Fig. 5A-B) on endothelial cells and fibroblasts. The safety of 

MBs was demonstrated for each cell type independently from the MBs concentration 

(up to 1 x 108 MBs/ml) or the duration of the experiment (from 2 hours to 6 hours). The 

assays durations were selected according to the fact that MBs are not designed to be 

circulating after a few hours in the bloodstream. Overall, in accordance with the 

International Standard (ISO 10993-5) the 70% viability and 30% for mortality threshold 

were not exceeded. Thus, the safety of polymer MBs allowed the translation to the 

animal stroke model. 

Thrombin injection triggers the formation of fibrin rich clot compared to ferric 

chloride model [39] that induces platelet rich thrombi. In consequence, thrombin-

induced clots are more likely to respond to rtPA treatment. In this study rtPA was 

injected to 1/10th of the treatment usually used in mice [40]. This choice was driven by 

the ultimate goal to limit rtPA dose related side effects. This constrain did not prevent 

from an efficient clot resolution thanks to the specific targeting of rtPA-loaded Fuco 

MBs. Indeed, 1mg/kg injection of rtPA loaded onto targeting MBs, reduced by more 
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than 50% the size of the ischemic lesion for 16 animals. The drug encapsulation helped 

protecting the protein and the specific clot targeting lead to the treatment improvement. 

This result is even more promising as free rtPA treatment at the same concentration 

was not significantly more efficient than treatment with saline. In consequence, we can 

hypothesize about the synergic action of rtPA loaded onto Fucoidan MBs for a 

successful thrombolysis. The specific targeting of fucoidan may also be enhanced with 

the known affinity of rtPA for fibrin [41] and consequently improve the precise drug 

delivery. Finally, this efficient targeted drug delivery treatment gets in the range of 

human recommended dose of 0.9 mg/kg (according to the National Institute of 

Neurological disorders and Stroke), suggesting that lower dosage of encapsulated 

rtPA could have beneficial outcomes and reduce dose related side effects in humans 

too. 

No animal was harmed with the injection of rtPA-loaded MBs and we aimed at reducing 

the number of animals. Hence, control conditions like Fuco MBs, rtPA-loaded CMDex 

MBs and free rtPA at 10 mg/kg for stroke treatment were not explored. Firstly, Fuco 

MBs would have been interesting to validate targeting properties in vivo compared to 

rtPA-loaded Fuco MBs. Nevertheless, we demonstrated in vitro that the rtPA 

incorporation did not impair the targeting properties of Fuco MBs (Fig. 4F). Secondly, 

rtPA loaded CMDex MBs treatment evaluation could highlight the importance of 

targeting for the clot resolution. However, efficient rtPA loading on CMDex MBs was 

not possible as presented in Fig. 4B. Lastly, free rtPA treatment validation of 10 mg/kg 

efficient thrombolysis on thrombin clot mouse model was largely studied [27], 

suggesting the real advantage of our dose reduced treatment. 

We also studied the outcome and clearance process of MBs after stroke treatment. 

The circulation time of polymer MBs in the body depends on a number of factors, 

including size of the MBs, type of polymer, and the density of the gas core [42]. In 

addition, the circulation time can be influence by the presence of blood proteins that 

can bind to the surface of MBs and alter their movement through the body. Overall, 

circulation time is widely dependent of the MBs composition but is usually ranging from 

minutes to tens of minutes, long enough for conventional diagnosis or therapeutic 

methods. The biodistribution study was performed at 2 hours after injection in the liver 

tissue with immunolabelling of resident macrophages to evaluate the early blood 

detoxification in the liver (Fig. 7C). In addition, the biodistribution on ex vivo organs 

revealed the final whereabout of MBs in the body with the expected contrast in liver 
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and lungs (Fig. 7A). The residual fluorescence of rtPA-loaded Fuco MBs was also 

observed in the stroke region after 24 hours (Fig. 7A) validating the specific targeting 

of fucoidan on P-selectin but also pointed out the long-term expression of the 

biomarker after the treatment by activated endothelial cells. This suggests an 

interesting insight for further molecular imaging of thrombotic diseases resolution. 

Especially since the residual fluorescence is not due to BBB permeability as 

demonstrated with Gadoteric Acid (GA) injection (Fig. 6E-F; Fig. S6B). P-selectin is a 

known endothelial-related inflammation biomarker [43] and an increase in its 

concentration within 72 hours could predict the incidence of post stroke infection [44]. 

Nevertheless, some controversies still remain in the significance of P-selectin 

expression in stroke versus non stroke patients [45] and molecular imaging could be 

an alternative way to set the debate. In that manner the study of thrombo-inflammation 

with Fuco MBs may be investigated over different time points with either fluorescent 

microscopy or US imaging. 

 

Conclusion 

In the present study, we developed ultrasound responsive microbubbles for the 

targeted treatment of stroke. Acoustic cavitation synthesis was optimized for the 

production of targeting polymer MBs, firstly described here in the literature. This 

innovative protocol reduced the production time by three compared to gold standard 

hydrodynamic cavitation. The physicochemical properties and biocompatibility 

assessments were intensively evaluated to conclude on their contrast enhancement 

with US signal, effective targeting of P-selectins, and fibrinolytic potential. The in vivo 

evaluation on mice stroke model demonstrated the efficiency of rtPA-loaded Fuco MBs 

over clinical systemic injection of the drug. Indeed, we observed a volume reduction of 

the brain injury by more than 50% with a 1/10th lower dose of rtPA than recommended 

in mice. No BBB permeability or hemorrhagic complication was observed and expected 

biodistribution was found in detoxification organs including lungs and liver, indicating 

a high potentiality for a safe and scalable treatment. Our finding now rises new 

possibilities for the application of drug-loaded targeting MBs. Not only that rtPA gold 

standard has a short therapeutic window (< 4.5 hours) but can lead to collateral 

bleeding and neurotoxicity. In consequence, there is a rising interest for the 
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development of targeted and dose reduced therapies for a safe and efficient clot 

resolution. 

The main perspectives of this work now rely on the US responsive property of 

MBs. The ischemic memory observed after 24 hours on the stroke region with residual 

fluorescence on activated endothelium, allowed us to think about the potential of Fuco 

MBs for molecular imaging [46]. We demonstrated the contrast enhancement capacity 

of MBs for US signal and targeted imaging with US is an active research field. Indeed, 

US technology is a non-invasive, safe for pregnant patients and less expensive method 

compared to other imaging modalities. With the recent advances in stroke US imaging 

in rats [47], P-selectin targeted MBs present new possibilities for the early diagnosis 

and clot resolution follow-up of stroke events. Also, chemical thrombolysis alone only 

achieve good outcomes for 40% of patients [5] and clot migration can cause a variety 

of serious problems including distal vessels obstruction. The need for non-invasive clot 

damaging treatment led the scientific community to study microbubble-assisted US clot 

bursting: the sonothrombolysis. Especially since tissue plasminogen treatment is less 

efficient on distal occlusions [11], sonothrombolysis could mechanically disrupt the clot 

[8] in addition to fibrinolysis. Despite the fact that it is an area of active research [48], 

these therapies are not yet widely available or fully understood. Few boundaries are 

nevertheless already established, including Mechanical Index threshold of 1.9 and the 

need of biocompatible MBs. Our technology is then a great candidate for the 

development of targeted sonothrombolysis for stroke resolution. 

 

Credit author statement 

Louise FOURNIER: Conceptualization, Investigation, Experimental work, Data 

analysis, Writing, Visualization; Myriam ABIOUI-MOURGUES: Investigation (Animal 

model main investigator), Data validation; Georges CHABOUH: Investigation, Data 

validation; Rachida AID: Methodology; Thibault DE LA TAILLE: Investigation; Olivier 

COUTURE: Conceptualization, Methodology; Cyrille ORSET: Conceptualization, 

Methodology; Cédric CHAUVIERRE: Conceptualization, Review and Editing, 

Supervision, Project administration, Funding acquisition. All the authors approved the 

final revised version of the manuscript. 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Declaration of competing interest 

The author declare that they have no known competing financial interest or personal 

relationship that could have appeared to influence the work reported in this paper. 

 

Acknowledgments 

Authors thank INSERM, Université Paris Cité, Université Sorbonne Paris Nord and the 

ANR “FightClot” ANR-20-CE18-0005-01, and ANR “FucoChem” ANR-13-LAB1-0005-

01 for the financial support. We express our gratitude to Algues & Mer for the supplying 

of fucoidan. The authors would like to acknowledge Christine CHOQUEUX for the 

ESEM images performed at Université de Technologie de Compiègne (France). We 

kindly thank Stephane TACHON from the Nanoimagerie department of Institut Pasteur 

(France) for the FIB assisted SEM images. We also thank Véronique OLLIVIER and 

Stéphane LOYAU for their help and expertise on the in vitro targeting experiment. The 

confocal images were also performed with the help of Camille LE GUILCHER and 

Chloé DUJARDIN, we also thank her and Graciela PAVON-DJAVID for their support 

in cell culture experiments. The illustrations were designed with BioRender online 

software (biorender.com). 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Supplementary data 

 

Supplementary Figure 1: MBs size distribution and surface charge. A-C-D) Size measurement of MBs with laser 
diffraction granulometry. Here, the Dv10; Dv50 and Dv90 are related to the size distribution. For each graph, it 
corresponds to the size of MBs measured below this percentage. A) MBs size distribution depending on the 
incorporated polysaccharide, fucoidan or control carboxymethyl dextran. B) Zeta potential measurement with 
Electrophoretic Light Scattering (ELS). Fuco MBs were demonstrated to be highly negative compared to bare MBs. 
Carboxymethyl dextran was used as a control polysaccharide not only for its similar size, but for its negative charges 
close to fucoidan. Also, the incorporation of rtPA onto Fuco MBs decreased the negativity of MBs surface charge. 
C) MBs size distribution in suspension after 4 weeks at 5°C in 0.02% Tween working buffer. D) MBs size distribution 
4 days after rtPA incorporation. The main difference was observed in the big MBs, but still in the range for injection 
in vivo. 

 

 

Supplementary Figure 2: Fucoidan quantification with methylen blue colorimetric assay sulfate specific. A) Standard 
range absorbance of methylene blue in function of fucoidan quantity. B) Linear correlation between the quantity of 
Fucoidan used for synthesis and the quantity of incorporated Fucoidan. C) Images of methylene blue colorimetric 
assay. On top, from the most to the least concentrated fucoidan sample. On the bottom, Fucoidan MBs sample 
compared to Carboxymethyl Dextran MBs. 
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Supplementary Figure 3: MBs shell thickness characterization. A) Confocal images of Rhodamine B MBs. The 
fluorescent image on the left showed the incorporation of Rhodamine B into MBs shell. The Brightfield image on 
the right highlighted the hollow structure of the MBs. The scale bar is 50 µm. B-C-D) MBs shell thickness evaluation. 
B) Confocal fluorescent image of MBs shell and the drawn tangent line. Scale bar is 5 µm. C) Measurement of 
fluorescent signal with Fiji by plotting the grey value graph of a tangent line to the MBs. The orange line on the 
graph determines the measured shell thickness reported on the x-axis. It is placed at the mean height of the grey 
value intensity. D) Scanning Electron Microscopy image of a MBs from the top after being sectioned by a focused 
ion beam. The shell thickness measured here validated the range of MBs shell thickness. Scale bar is 5 µm. 

 

 

Supplementary Figure 4: Fibrinolytic activity of rtPA-loaded MBs with fibrin gel degradation evaluation. A) Images 
of fibrin gel degradation circles at same time points. From left to right rtPA-loaded Fuco MBs, free rtPA, Fuco MBs. 
The well for sample deposition in the center was 5 mm diameter. B) Fibrinolytic activity of rtPA-loaded MBs 
compared to free rtPA quantification of the degraded area over 24 hours. The degradation kinetic was demonstrated 
to be similar to free rtPA. 
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Supplementary Figure 5: Microscopy images of fibroblasts and endothelial cells after MTT assay. The Fuco MBs 
were incubated for 6 hours with 3T3 and HUVECs. On the left, images of the cells after incubation with Fuco MBs, 
on the right, images of cells without MBs incubation. The MTT assay consists in the evaluation of the metabolic 
activity of cells by the reduction of MTT to formazan. Here we can observe the formazan crystals in the cell around 
the nucleus in the highly concentrated MBs condition and in the control group that validate the harmless behavior 
of MBs in static conditions. 

 
Supplementary Figure 6: Full MRI scan of mouse brain. A) Wider MRI scan of ischemic region after stroke treatment. 

Slices are ordered from dorsal to frontal and white arrows are pointing at ischemic regions. We observed that the 
ischemic lesion volume was bigger and present in more plans with saline and free rtPA treatment rather than rtPA-
loaded Fuco MBs. Scale bar is 5mm. B) Wider MRI scan of BBB leakage evaluation of stroke mice treated with 
saline. On top T1 acquisition before injection of Gadoteric Acid (GA), on the bottom after injection ones. White 
arrows are pointing out what we can observe as a leakage like BBB. Nevertheless, for none of the conditions, a 
major leakage was observed. Scale bar is 5 mm B. 
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Supplementary Figure 7: FTIR spectra were obtained for different MBs formulations used in this article. The reference 

formulation is represented with the PIBCA spectrum (black). Fuco MBs are shown in red and CMDex MBs in green. 
Comparison to fucoidan alone (blue) implies that no fucoidan can be detected by FTIR in MBs formulation, most 
likely due to its low mass ratio in the MBs. Based on the literature, cyanoacrylate-representative peaks are illustrated 
(2,900 cm-1, 2,250 cm-1, 1,750 cm-1). 

 

Data availability 

The raw/processed data required to reproduce these findings cannot be shared at 
this time due to legal or ethical reasons. 
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A B S T R A C T   

Intravenous administration of fibrinolytic drugs is the standard treatment of acute thrombotic diseases. However, 
current fibrinolytics exhibit limited clinical efficacy because of their short plasma half-lives and might trigger 
hemorrhagic transformations. Therefore, it is mandatory to develop innovative nanomedicine-based solutions for 
more efficient and safer thrombolysis with biocompatible and biodegradable thrombus-targeted nanocarrier. 
Herein, fucoidan-functionalized hydrogel polysaccharide submicroparticles with high biocompatibility are 
elaborated by the inverse miniemulsion/crosslinking method. They are loaded with the gold standard fibrinolytic 
– alteplase – to direct site-specific fibrinolysis due to nanomolar interactions between fucoidan and P-selectin 
overexpressed on activated platelets and endothelial cells in the thrombus area. The thrombus targeting prop-
erties of these particles are validated in a microfluidic assay containing recombinant P-selectin and activated 
platelets under arterial and venous blood shear rates as well as in vivo. The experiments on the murine model of 
acute thromboembolic ischemic stroke support this product’s therapeutic efficacy, revealing a faster recanali-
zation rate in the middle cerebral artery than with free alteplase, which reduces post-ischemic cerebral infarct 
lesions and blood-brain barrier permeability. Altogether, this proof-of-concept study demonstrates the potential 
of a biomaterial-based targeted nanomedicine for the precise treatment of acute thrombotic events, such as 
ischemic stroke.   

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 [1]. Current thrombolytic therapy, the intravenous injection 
of Plasminogen Activators (PA), is administrated to lyse a clot-induced 
vascular occlusion and restore the blood flow in the vessel. The re-
combinant tissue plasminogen activator (rtPA) is the most commonly 
applied clot-busting drug in clinics and the only one approved to treat 
acute ischemic stroke [2]. 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 the rapid drug elimi-
nation (half-life 4–6 min), physiological deactivation by its antidotes 
such as Plasminogen Activator Inhibitors (PAI-1 and PAI-2), and dele-
terious side-effects such as intracranial hemorrhages [3]. This restricts 
its use to a narrow therapeutic window (4.5 h of stroke symptom onset 
when injected alone and 6 h when combined with mechanical throm-
bectomy), beyond which the deleterious effects of rtPA overcome its 
benefits. Moreover, the rate of acute recanalization after intravenous 
administration of rtPA is low: only ~30% of patients experienced full or 
partial recanalization [4]. 

Therapeutic strategies that intend to address the challenges of 
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thrombolytic therapy and boost survival rates remain of great clinical 
interest. Certainly, novel thrombolytic molecules are being researched 
to increase reperfusion, improve safety, and protect the brain neuro-
vascular unit [5,6]. Apart from that, nanomedical approaches for the 
targeted delivery of thrombolytic agents have been intensively proposed 
[7]. Korin et al. reported the microaggregates of poly (lactic-co-glycolic 
acid) (PLGA) nanoparticles (NPs) dissociated into rtPA-bearing nano-
compounds when exposed to abnormally high hemodynamic shear 
stress, typical for the vascular occlusions, that performed effective 
thrombolysis in several preclinical models [8]. 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 [9]. 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 [10–12] active blood clot 
targeting is currently achieved by directing the functionalized NPs to-
wards fibrin or activated platelets (mostly integrin GPIIb/IIIa and less 
adhesion receptor P-selectin) with antibodies and/or peptides. Notably, 
Zhou et al. developed a theranostic system for thrombus molecular 
imaging and targeted therapy that could bind GPIIb/IIIa owing to a film 
of cyclic arginine-glycine-aspartic acid (cRGD) peptide grafted onto the 
chitosan, which covered the surface of rtPA-encapsulated Fe3O4-based 
PLGA NPs [13]. 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 [14], while peptides might suffer from weak binding affinity, 
immunogenicity, a high costs of peptide synthesis, and metabolic 
instability with fast renal clearance due to their small sizes [15]. 

An effective alternative could be the nanoparticle functionalization 
with fucoidan [16], a naturally-occurring algae-derived sulfated poly-
saccharide that exhibits a strong and specific tropism for the P-selectin 
overexpression in cardiovascular pathologies [17,18]. Fucoidan 
emerged as an affordable, high-quality targeting ligand to P-selectin that 
was prior validated by our group on various polysaccharide-based nano- 
& microsystems for molecular diagnostics and targeted therapy [19–23]. 
Following the obtention of the label “raw materials for pharmaceutical 
uses” in 2015 in France, it became a part of the large-scale European 
Union project NanoAthero as a contrast agent for Single-Photon Emis-
sion Computed Tomography (SPECT) imaging in human athero-
thrombosis, coordinated by our laboratory [24]. The first in the world 
Phase I clinical trial on intravenous delivery of fucoidan radiolabeled by 
Technetium-99m reported its safety and favorable biodistribution [25], 
while Phase IIa for the imaging of deep vein thrombosis and pulmonary 
embolism is ongoing. 

It is critical to ensure an excellent safety profile of the designed 
nanocarrier for targeted thrombolysis in future clinical translation by 
selecting biocompatible and fully biodegradable materials with the U.S. 
Food and Drug Administration (FDA)-approval [26]. Contrary to the 
attractiveness of synthetic polymers such as PLGA, the NPs made of 
polysaccharides are explored to a lesser degree for thrombolytic ther-
apy. Yet, they benefit from the general advantages of natural polymers: 
biocompatibility, low cost, and hydrophilicity. Polysaccharide hydro-
gels, which are crosslinked three-dimensional polymer networks, absorb 
large quantities of water and can effectively load macromolecules with 
high encapsulation efficiency [27], including plasminogen activators. 
Few publications reported the nanoformulations of thrombolytic agents 
with chitosan, a cationic chitin-derived polysaccharide that can form 
polyelectrolyte complexes with negatively charged molecules [28]. For 
instance, superior thrombolytic potential in vivo was demonstrated on 

self-assembled chitosan NPs crosslinked with sodium tripolyphosphate 
and loaded with urokinase [29]. Liao et al. formulated the 
lumbrokinase-bearing NPs from quaternized derivative of chitosan - N, 
N,N-Trimethyl Chitosan covalently grafted with cRGD peptide to 
target GPIIb/IIIa receptors that could accelerate thrombolysis [30]. 

Dextran, an exocellular bacterial water-soluble polysaccharide, is 
extensively employed in clinics, particularly in its low molecular weight 
(40 and 70 kDa), for plasma volume expansion, thrombosis prophylaxis, 
peripheral blood flow enhancement, artificial tears, etc. [31] Dextran 
coating of magnetic NPs is applied to ensure their environmental sta-
bility and prolong the blood circulation time [32,33]. However, there is 
no reported exclusively dextran nanocarrier with hydrogel structure for 
thrombolytic application to our knowledge. Meeting the requirements of 
biocompatibility, biodegradability, non-immunogenicity, dextran 
stands out as an attractive polymer to design an alteplase delivery 
system. 

Herein, we fabricated novel fucoidan-functionalized dextran sub-
microparticles (SPs) by a green chemistry method using fully biode-
gradable and biocompatible compounds, all of them approved by the 
FDA. After physico-chemical and biosafety characterization of these 
hydrogel-like SPs, rtPA was loaded onto the SPs with a high encapsu-
lation capacity, and its release in saline and in vitro amidolytic and 
fibrinolytic activities were tested. Through the in vitro microfluidic ex-
periments under continuous arterial or venous flow, we provided evi-
dence that fucoidan-functionalized SPs (Fuco-SPs) have a high and 
specific affinity to P-selectin and accumulate on activated platelet ag-
gregates. Also, these particles bind to the thrombi in vivo. Finally, rtPA- 
associated 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. 

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, 14.1 wt % sulfates by elemental analysis) was a gift from 
Algues & Mer (Ouessant, France). Sodium trimetaphosphate (STMP), 
methylene blue hydrate, and Human Serum Albumin (HSA) were pur-
chased from Sigma-Aldrich (Saint-Quentin-Fallavier, France). Poly-
glycerol polyricinoleate (PGPR) was obtained from Palsgaard France S. 
A.S. (Lyon, France). Vegetable – sunflower – oil (Lesieur - Huile Coeur de 
Tournesol, Lesieur S.A.S, Asnières-sur-Seine, France) was purchased 
from a local supermarket (Monoprix, Paris, France). 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 from equine 
tendon Horm® was purchased from Takeda (Linz, Austria). 96-Well Cell 
Culture Plates (Costar) were obtained from Corning Incorporated. 
PPACK (Phe-Pro-Arg-Chloromethylketone) 75 μM tubes were purchased 
from Cryopep (Montpellier, France). Flow chambers (Vena8 Fluoro+) 
were provided by Cellix Ltd (Dublin, Ireland). 

Submicroparticle synthesis: Polysaccharide submicroparticles (SPs) 
were obtained via a water-in-oil (w/o) emulsification combined with a 
crosslinking process [19,20]. Polysaccharide solution (300 mg/ml, 6 M 
NaCl) was prepared as a mixture of dextran 40 and 5% TRITC-dextran 40 
(for fluorescent SPs). To synthesize functionalized SPs with fucoidan 
(Fuco-SPs), 10% w/w of fucoidan was added. Table S1, Supplementary 
Data describes the synthesis parameters of SPs. 

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, 1200 mg of the polysaccharide solution was incubated 
with 120 μL of 10 M NaOH under magnetic stirring for 10 min. 240 μL of 
STMP solution (30% w/v in water) was added into the aqueous phase 
under magnetic stirring and mixed for 20 s on ice. Next, emulsification 
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was achieved by the dropwise injection of 600 μL of the aqueous phase 
into the organic phase and dispersed with a stand-disperser (Polytron PT 
3100, dispersing aggregate PT-DA 07/2 EC-B101, Kinematica, Luzer-
nerstrasse, 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 3000 g in Falcon tubes. The organic 
phase was recovered and ultracentrifuged (Optima MAX-XP, Ultracen-
trifuge, 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 sus-
pended in water or 0.9% NaCl with 0.02% Tween 20 (Sigma) and stored 
at 4 ◦C. 

Physico-chemical characterization: The submicroparticle (SP) formu-
lations were studied for particle morphology, size and zeta potential 
distributions, mass concentration, and elemental composition. 

Particle morphology was visualized by Transmission Electron Mi-
croscopy (TEM) (Philips FEI Tecnai 12, Amsterdam, Netherlands), 
negatively stained with 1% (w/v) uranyl acetate for 5 min, and Envi-
ronmental Scanning Electron Microscopy (ESEM) (Philips XL30 ESEM- 
FEG, Amsterdam, Netherlands) with the following parameters: HV 5 
kV, HFW 25.4 μm, magnification 5 000 x, WD 9.4 mm, mode SE, pres-
sure 3.00e-6 Torr. 

Hydrodynamic size and Zeta potential (ζ-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 KCl for ζ-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). 

Sulfate and fucoidan quantification: The sulfate content of fucoidan 
was determined by a semi-quantitative solid-phase colorimetric assay 
[34]. Briefly, 5 μL of Fuco-SPs in suspension at a concentration of 2 
mg/ml were dropped on a piece of Whatman Chromatography paper 
grade 1. This 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 meth-
anol/acetone (6:4) solution for 3 min and then into a meth-
anol/acetone/water (6:4:15) solution with 50 mM HCl 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. 

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 (HUVECs). 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 μg/ml of 
streptomycin and kept in an incubator at 37 ◦C in a humidified atmo-
sphere of 5% CO2. Cells 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 24 h. The SPs were prior sterilized under the UV light for 15 

min. Next, the medium was replaced with 100 μL 10% Resazurin solu-
tion, and the plates were covered in foil and incubated for 2 h. Culture 
media were used as a negative control. The Resazurin’s fluorescent 
signals 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 (Fl) values 
were blank corrected, and the relative cell viability was expressed as 
FlSPs/Flcontrol × 100%, where Flcontrol 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, HUVECs 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 μl 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, Iena, Germany). 

Hemocompatibility test: Hemolysis assay was adapted from the pub-
lication [20] and performed on washed isolated murine erythrocytes. 
Murine blood was collected in sodium citrate 3.8% (w/v) and centri-
fuged at 800 g for 5 min to isolate red blood cells. The supernatant 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 3000 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 - 
Anegative control)/(Apositive control - Anegative control). 

Loading rtPA on the SPs: rtPA was immobilized onto the SPs by 
adsorption. 100 μl of SPs (5 mg/ml) was mixed with 100 μl of rtPA (1 
mg/ml) in ultrapure water and then incubated for 1 h at RT. Free un-
absorbed 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 μl of working reagent was added 
to 25 μL 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. The concentration of the drug was extrapolated by a 
calibration curve prepared with different concentrations of rtPA. 

The encapsulation efficacy (EE) was calculated as EE (%) = 100% x 
B/A, whereas B is the amount of rtPA loaded onto the SPs and A is the 
total quantity of rtPA put in contact with the SPs. 

In vitro rtPA release: The release of rtPA from the Fuco-SPs was 
assessed by flow cytometry [35]. 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 μL 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 
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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 μL of samples (20 μg/ml) was 
put in contact with 97.5 μL of 100 mM HEPES buffer (pH 8.0, 154 mM 
NaCl, 0.1% HAS) in the 96-well plate. After the addition of 10 μL 
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 
þ Co. KG, Karlsruhe, Germany) were heated to 65 ◦C. 5 mL of fibrinogen 
(from human plasma, Sigma Aldrich) solution in TRIS buffer (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 for-
mation 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 μL of each SPs sample (45 μg/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 equiv-
alent 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 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 μg/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 μg/ml). Channels were then 
washed with NaCl 0.9% and further incubated with HSA at 10 μg/ml for 
2 h. 

A suspension of fluorescently labeled Control-SPs or Fuco-SPs (1 mg/ 
ml) in saline was passed through the channels for 5 min at arterial and 
venous flow conditions (shear stress 67.5 dyne/cm2 and 6.75 dyne/cm2) 
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 (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 soft-
ware 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 fibrillar type I collagen Horm® (50 μg/ml) 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 μM DIOC6 (Life Technologies SAS, Saint-Aubin, France), was perfused 
at arterial shear stress for 5 min to induce platelet activation and ag-
gregation. 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 bound to the platelets on each channel 
was analyzed with ImageJ. Intensity settings were kept the same for 
both types of SPs. 

Tissue distribution 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 μL of Fuco-SPs (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 administra-
tion. The liver, spleen, lungs, and kidneys were excised, washed in sa-
line, and fixed in paraformaldehyde 4%. The tissues were then frozen 
and cryosectioned at 10 μm thickness. The samples were stained with 
alcian blue & nuclear fast red 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 thromboembolic 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 the 
local ethical committee of Normandy (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/N2O (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 occlusion of the MCA, the coagula-
tion cascade was triggered by the pneumatical injection of 1 μL murine 
α-thrombin (1 IU; Stago BNL) with a glass micropipette, as previously 
described [36]. 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 μL, 10% 
bolus, 90% infusion over 40 min) with either saline, Actilyse® rtPA 10 
mg/kg, or rtPA-Fuco-SPs (loaded rtPA at 10 mg/kg, SPs at 71 mg/kg) 20 
min after thrombus formation (n ≥ 5). 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 Flt (%) = 100% x 
Flipsi/Flcontra. The post-stroke reperfusion was expressed as a Growth 
Rate (GR) of the blood flow increase in the ipsilateral ROI to contra-
lateral one at a time point, and it was quantified as GR (%) = 100% x 
(Flt2 - Flt1)/Flt1. 

Magnetic resonance imaging acquisition and analysis: Mice were anes-
thetized with 5% isoflurane and maintained with 1.5–2% isoflurane in a 
mixture of O2/N2O (30%/70%) during the acquisitions. Experiments 
were carried out on a Pharmascan 7 T (Bruker Biospin, Wissembourg, 
France). Three-dimensional T2-weighted images were acquired using a 
Multi-Slice Multi-Echo sequence (TE/TR 39.9 ms/3500 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 
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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 μL gadolinium chelate (DOT-
AREM) in saline (0.25 mg/ml). 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 animal care 
and with the approval of the animal care and use committee of the 
Claude Bernard Institute (APAFIS #8724, Paris, France). FeCl3-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) 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 μM was retro-orbitally injected. The 
mesentery vein was covered with a 1 mm 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 micro-
scopy by an accumulation of fluorescently labeled platelets. TRITC- 
fluorescent labeled Control-SPs or Fuco-SPs were retro-orbitally injec-
ted 10 min after thrombus initiation with the volume of 150 μL (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 para-
formaldehyde 4% (w/v), and frozen. The vein samples were cryosec-
tioned at 10 μm 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 9 (GraphPad Software, Inc, La Jolla, U.S.) with 
a 95% confidence level. Kolmogorov-Smirnov normality test was uti-
lized 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. 

3. Results 

3.1. Submicroparticle synthesis and characterization 

Novel polysaccharide SPs were elaborated by a simple two-step 
synthesis process (Fig. 1A). First, a stable w/o miniemulsion of the 
aqueous phase with hydrophilic polysaccharides and vegetable (sun-
flower) oil was prepared. Chemical crosslinking of polysaccharides with 
the crosslinking agent STMP under alkaline conditions (Fig. 1B & 
Figure S1, Supplementary Data) produced a suspension of uniform SPs. 
We refer to the hydrogel particles only from dextran as Control-SPs, and 

Fig. 1. Synthesis and physico-chemical characterization of the SPs. A. Overall schematic of the synthesis process of the SPs – miniemulsion/crosslinking. B. 
Simplified chemical structures of dextran and fucoidan and crosslinking with STMP in alkaline conditions. SEM (C) (scale bar = 5 μm) and TEM (D) (scale bar = 3 
μm) images of the Fuco-SPs. E. Swelling in the water of the Fuco-SPs due to the hydrogel nature of the particles. The size of one sample when resuspended in water 
(green) and in saline (blue). F. Size, zeta potential, and chemical composition of the SPs; D0 – at the day of synthesis, D30 – one month after the synthesis. 
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from a mixture of dextran and fucoidan as Fuco-SPs in this manuscript. 
To ensure desirable safety of the future drug delivery platform, a 

thoughtful approach to material selection was effectuated. Low molec-
ular 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 [31], an FDA-approved food additive [37] that is preferred 
over conventional crosslinker glutaraldehyde known for cytotoxicity 
[38]. Fucoidan, a marine polysaccharide approved as a pharmaceutical 
compound [39] that exhibits a nanomolar affinity to P-selectin [40], 
served as a targeting ligand to thrombi. Hence, both natural poly-
saccharides applied in this study are affordable, biodegradable, 
biocompatible compounds, non-immunogenic, and approved for clinical 
applications. 

Instead of commonly used organic solvents, sunflower oil was 
applied 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 nano-
carrier. 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 [41]. 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 ul-
timate 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). 

ESEM and TEM images revealed a well-defined spherical 
morphology and uniform size distribution of SPs (Fig. 1C and D). As 
hydrogel-based particles, they could swell in an aqueous medium while 
maintaining their network structure (Fig. 1E). 

Functionalized Fuco-SPs contained 1.21 ± 0.01 wt% sulfates, which 
corresponded to a fucoidan content of 8.60 ± 0.01% 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 Fig. 1F. 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 important to highlight that a relatively large size of the SPs 
might limit the accumulation of associated rtPA within the brain pa-
renchyma and reduce the risk of hemorrhagic events. The negative 
ζ-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 Fig. 1F. 

The size and zeta potential of both SPs remained relatively stable for 
at least 30 days at 4 ◦C (Fig. 1F). Besides, effective 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 11.1 ± 0.6%, resulting in the production 13.4 ± 0.7 mg 
of SPs per batch. 

3.2. Biocompatibility of the SPs 

The injectable hydrogel SPs were produced according to the green 
chemistry principles through the formulation method without using 
hazardous substances and organic solvents and were expected to be 
biocompatible. 

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 on endothelial cells. 
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) (Fig. 2A). The upper limit for the tested concentration 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 μg/ml) [42] 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. 

Since the SPs in this study were designed for intravenous adminis-
tration and were expected to have direct contact with blood, the Fuco- 
SPs were examined for their blood-compatible behavior by a hemoly-
sis test on isolated murine red blood cells in vitro (Fig. 2B). Even at the 
highest concentration of 1.5 mg/ml, the SPs presented a hemolytic index 
1.51 ± 0.02%, below 2%, and considered nonhemolytic according to 
ISO 10993 - 4 standard [43,44]. 

Morphology of the cells, co-cultured with Fuco-SPs, was visualized 
with confocal microscopy. No obvious morphological differences were 
revealed for HUVECs with Fuco-SPs and negative control, as depicted in 
Fig. 2C. FITC-Phalloidin staining was used to visualize a cytoplasm and 
DAPI for nuclei. 

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 microscopy [20,45,46], our group developed a 
robust and tunable dynamic microfluidic method that mimics arterial or 
venous blood flow conditions to study the targeting efficacy for re-
combinant P-selectin or/and human activated platelet aggregates 
expressing P-selectin. It was previously validated on fucoidan-coated 
nano-/microcarriers (Figure S2, Supplementary Data) [21–23]. 

First, fluorescent Fuco-SPs and Control-SPs were injected in the 
microchannels coated with recombinant P-selectin under arterial or 
venous shear rates (67.50 dyne/cm2 vs. 6.75 dyne/cm2), and their 
adhesion was visualized and quantified in real-time under fluorescence 
microscopy. According to obtained results, fluorescent Fuco-SPs depic-
ted 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 (Fig. 3A, E). There was no significant difference between the 
fluorescent signal of Fuco-SPs accumulation for arterial and venous flow 
conditions (p = 0.27). Fuco-SPs accumulation after injection onto P- 
selectin coating was in a linear dose-dependent manner as regards to the 
P-selectin concentration, R2 = 0.99 (Fig. 3B). An experiment of 
competitive 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) (Fig. 3C). 

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 [47]. 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 (Fig. 3D). Thus, our results indicate that Fuco-SPs bind 
specifically to P-selectin but not to E- and L-selectins, and these results 
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are in accordance with a previous work of our group published by Bo Li 
et al. of fucoidan-functionalized polymer microcapsules [21]. 

Overall, these findings are encouraging evidence of the sensitivity 
and selectivity of the Fuco-SPs, confirming fucoidan potential as a nat-
ural ligand of P-selectin. 

3.4. rtPA loading onto the SPs and its release in saline. In vitro 
thrombolytic activity o rtPA-loaded SPs 

Due to rtPA low bioavailability and requirement of high dose 
administration, coupling this enzyme to the biocompatible nanocarrier 
could overcome the drawbacks associated with a drug high dosage. 
Herein, an efficient rtPA encapsulation was achieved through the 
physical adsorption method due to electrostatic interaction: 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 [48,49] when rtPA presented a positive charge. The 
hydrogel nature of the SPs allowed reaching a high encapsulation effi-
ciency 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-labeled 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 S3A, Supplementary Data). 

The release kinetics of rtPA from fucoidan-functionalized SPs was 
analyzed in vitro by flow cytometry [35] in saline at 37 ◦C under gentle 

agitation by quantifying the MFI of the FITC-labeled rtPA associated 
with TRITC-fluorescent Fuco-SPs. Figure S3B, Supplementary Data 
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 
[50]. 

The thrombolytic activity of the rtPA-loaded SPs in vitro was 
analyzed as a combination of amidolytic and fibrinolytic activities 
(Fig. 4A, B, C). 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 (Fig. 4A and B). The fibrinolytic exper-
iment in vitro of the rtPA-loaded SPs was performed in a fibrin plate 
assay (Figure S4A, Supplementary Data). The results indicated full 
retention of fibrinolytic activity (Fig. 4C; Figure S4B, Supplementary 
Data). rtPA loaded onto the SPs appeared to diffuse into the fibrin- 
agarose matrix and induce fibrinolysis in contact with fibrin. No sig-
nificant difference was detected between both types of SPs, enabling us 
to utilize them in the following experiments. 

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 bio-
logical activity [51]. 

Fig. 2. Biocompatibility of the SPs. Cytocompatibility (A) and hemocompatibility (B). Confocal microscopy of HUVECs cultured without (control) and with Fuco-SPs 
(C) (scale bar = 30 μm). 
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3.5. Unloaded and rtPA-loaded Fuco-SPs adhere to activated platelet 
aggregates in vitro under arterial flow 

Since 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 
[52]. Before the in vivo tests, we complemented the targeting evaluation 
on selectins 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 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 signif-
icantly more onto activated platelets than Control-SPs (2678.34 ±
237.40 for Fuco-SPs vs. 392.44 ± 137.15 for Control-SPs, ***p < 0.001, 
Fig. 5A–B Left). Notably, adsorption of rtPA did not impair the Fuco-SPs 
clot-binding ability (1880.80 ± 429.37 for rtPA-Fuco-SPs vs. 77.56 ±
40.25 for rtPA-Control-SPs, **p < 0.01, Fig. 5B Right). There was no 
significant difference between unloaded and rtPA-loaded Fuco-SPs 
adhering to the activated platelets (p = 0.11). 

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, which was main-
tained after loading the thrombolytic agent. This finding presumes that 

Fig. 3. 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-SPs onto the coating of the P-selectin at a range of con-
centrations. 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 μg/ml under arterial and venous shear rates (scale bar = 20 μm). 
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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 

After their intravenous injection, the distribution in vivo of Fuco-SPs 
was examined by histological analysis of the excised tissues with 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 S5, Supplementary Data. Our data are in agreement 
with other deformable polymer hydrogel-like particles in their submi-
cron and micron size range [53]. 

3.7. In vivo thrombolytic efficacy 

Whereas demonstrating the in vitro activity of the rtPA immobilized 

Fig. 4. Thrombolytic efficacy in vitro of the rtPA-loaded SPs. A - B. Amidolytic activity measured by the PefaFluor® fluorogenic assay. A. The curves correspond to 
the mean value of fluorescence release and are correlated with the enzymatic velocity over 90 min. B. Corresponding quantitative analysis normalized to free rtPA at 
the same concentration at 90 min (n = 3). C. Fibrinolytic activities of the SPs determined by a fibrin-plate agarose assay. The quantitative analysis normalized to free 
rtPA at the same concentration (n = 3). 

Fig. 5. Adhesion of the 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 μm). B. Corresponding quantification of the integral density of the unloaded (n = 6) and rtPA-loaded (n = 4) 
Control-SPs and Fuco-SPs in ImageJ. 
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on the drug delivery system is important, the in vivo therapeutic effect is 
paramount. A murine thromboembolic stroke model was established by 
in situ injection of 1 IU of thrombin into the MCA by provoking a 
coagulation cascade and formation of both fibrin- and platelet-rich clots 
in the lumen of the artery [54,55]. Fig. 6A highlights the in vivo exper-
iments design, and Fig. 6B the potential mode of action of the Fuco-SPs 
in the thrombus. The treatment options – control saline, rtPA 10 mg/kg, 
or rtPA-Fuco-SPs at 10 mg/kg rtPA – were intravenously injected 20 min 
after ischemic onset under 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 [56]. 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. 

Cerebral blood flow was monitored throughout the treatment via 
laser Doppler speckle contrast imaging, a high resolution and high-speed 
technique that instantly visualizes microcirculatory tissue blood perfu-
sion. The reduction of the blood flow in the ipsilateral cerebral hemi-
sphere due to the stroke was restored by 33.97 ± 5.15% after 40 min 
treatment with rtPA-Fuco-SPs; by contrast, in the rtPA and saline group 
for which the perfusion was improved only by 15.16 ± 6.49% and 10.33 
± 4.62%, respectively, in this experiment (Fig. 6E). The representative 
laser Doppler speckle multispectral imaging in the ipsilateral and the 
contralateral hemispheres at 0 min and 40 min are expressed in Fig. 6D. 

Accelerated Video S1A, B, C recorded the perfusion in real-time for all 
conditions. These data were confirmed by the angiographic analysis 
performed 24 h later and assessed by a blinded observer based on TICI 
grade flow scoring measured by magnetic resonance angiography 
(MRA). Indeed, similar to some untreated stroke patients, some blood 
clots were gradually lysed post-stroke in this murine model: at 24 h after 
thrombotic occlusion, 40% of mice exhibited a total recanalization 
(score 3) of the MCA when injected with saline, while treatment of 40% 
of animals resulted in partial perfusion (score 2), and 20% achieved only 
minimal flow (score 1) (Fig. 6H; Figure S6A, Supplementary Data). 
However, after the treatment with rtPA-Fuco-SPs, most of the cases were 
entirely recanalized (score 3). For the rtPA treated group, no animal 
achieved a score 1 of minimal perfusion, and 67% of cases showed a 
partial score 2 level of recanalization. 

We then utilized magnetic resonance imaging as a powerful tech-
nique to quantify the volume of brain damage at 24 h after stroke onset. 
Using T2-weighted MRI sequences, we observed that the size of the 
ischemic brain lesions for the control saline group was 14.80 ± 3.34 
mm3 whereas for the rtPA-loaded fucoidan-targeted SPs it was 4.63 ±
1.59 mm3 (Fig. 6F and G). rtPA-conjugated Fuco-SPs reduced the 
ischemic zone almost 2-fold of the free rtPA, despite the fact that these 
data were non-significant due to the limited number of the animals as to 
the well-known effect of free rtPA in this murine model [55]. Out of all 
treated animals with rtPA-Fuco-SPs, 66.6% of the animals displayed 
small lesion sizes (<3 mm3), and 33.3% had medium lesion sizes (<11 

Fig. 6. Thrombolytic efficacy in vivo in the murine ischemic stroke model. A. Schematic of the design of the in vivo experiment. B. 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. C – E. Cerebral blood flow reperfusion monitored by the laser speckle contrast imaging during the 40-min treatment 
(n ≥ 5). Schematic image of the perfusion in the microcirculatory brain tissue (C). The representative multispectral photos in the ROI of ipsilateral (upper) and 
contralateral (lower) hemispheres at 0 min and 40 min for saline and rtPA-Fuco-SPs groups (D). The growth rate of the cerebral reperfusion in the ipsilateral 
hemisphere after 40 min treatment injection (E). F. MRI images of the infarct lesion 24 h post-stroke with the corresponding quantification of its volume (G), (n ≥ 5). 
H. Angiographic scores of the MCA reperfusion at day 1 after stroke induction by MRI. I. MRI images of the BBB permeability at day 4 post-stroke with the cor-
responding quantification of its volume (J), (n ≥ 5). 
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mm3). In the rtPA group, only 33.3% of the animals displayed a small 
infarct zone. In the saline treatment group, we recorded 60% of the 
animals with severe (<20 mm3) and critical (>20 mm3) lesions and no 
animals with small lesions (Figure S6B, Supplementary Data). 

To monitor the BBB integrity disrupted by ischemic stroke [57], 
extravasation of gadolinium injected intravenously was detected and 
quantified on T1-weighted MRI images at day 4 after stroke (Fig. 6I and 
J). Gadolinium extravasation from the blood into the brain parenchyma 
was unmistakably located at the ischemia-affected region where the BBB 
was compromised. rtPA-Fuco-SPs treatment group demonstrated a sig-
nificant BBB preservation over control groups of free rtPA and saline 
with only a subtle BBB breakdown of 3.45 ± 1.40 mm3. 

In order to confirm the accumulation of Fuco-SPs within the 
thrombus area in vivo, we injected fluorescent-labeled SPs at the thera-
peutic concentration as in the stroke model into the FeCl3 model of 
venous thrombosis in mice. Upon histological examination of the 
thrombus-affected area of the mesenteric vein, Fuco-SPs were clearly 
identified on the green-fluorescent labeled thrombus (Fig. 7A). By a 
quantitative analysis of the MFI normalized by the size of the thrombus, 
it was evidenced a highly increased TRITC signal from fucoidan- 
functionalized SPs group comparing with Control-SPs (9.48 ± 2.19 for 
Fuco-SPs vs. 1.48 ± 0.35 for Control-SPs, **p < 0.01, Fig. 7B). 

Overall, the apparent superiority of rtPA-Fuco-SPs to reduce the 
brain tissue injury area in comparison with saline and rtPA at the same 
dose, combined with a favorable safety profile of the SPs, makes them a 
promising nanomedicine-based approach for the treatment of acute 
arterial thrombosis. 

4. Discussion 

The revolutionary treatment with alteplase to dissolve thrombi and 
restore blood flow is a standard of care in acute thrombotic events, but it 
is certainly not risk-free. Nanomedicine exploits a profound under-
standing of the molecular mechanisms involved in thrombus formation 
and offers outside-the-box strategies to effectively target and dissolve 
the blood clots in the body with fewer systemic and neurological com-
plications [58]. 

In this study, rtPA was associated with hydrogel-like polysaccharide 
SPs, synthesized by a simple miniemulsion/crosslinking process. The 
soft structure of chemically crosslinked hydrogels resembles those of 
extracellular matrices and may prevent tissue irritation, providing a 
convenient and versatile platform for storage and site-specific delivery 
of a drug to the thrombi [59]. Our approach’s novelty is exclusively 
polysaccharide nature of the particles – from dextran and fucoidan 
without any prior chemical modification, as well as green chemistry 
synthesis technique. Intriguingly, several articles claim that dextran 
[60] and fucoidan [61,62] themselves exert some antithrombotic action 
that makes them an excellent starting material for the nanocarrier. 

Hydrophilic polysaccharide surfaces lead to longer circulating NPs since 
they avert the formation of a protein corona and early macrophage 
internalization [63]. Moreover, natural polysaccharides are advanta-
geous to synthetic polymers in terms of safety, abundance in nature, and 
low cost. Overall, we considered the issues imperative for high biosafety 
and potential future clinical translation of Fuco-SPs by (I) the choice of 
biocompatible and biodegradable materials, all with FDA-approval; (II) 
a relatively simple and efficient production by a mild synthesis method 
without the utilization of the hazardous substances and organic solvents; 
(III) targeting agent of natural origin – fucoidan – that is being validated 
in clinical trials for thrombosis. 

After fabrication and extensive physico-chemical characterization of 
the SPs, we confirmed their cyto- and hemocompatibility at concentra-
tions up to 1.5 mg/ml (Figs. 2A and 3B). The main pathway of the 
polysaccharide Fuco-SPs tissue distribution in vivo upon intravenous 
injection was the spleen (Figure S5, Supplementary Data). Future studies 
should include the tests of thrombogenicity and immunogenicity in vivo. 

The Fuco-SPs were associated with a thrombolytic agent by physical 
adsorption, allowing a high encapsulation efficiency of the rtPA of 
81.04 ± 1.86% due to their hydrogel-based structure. Classically, alte-
plase is loaded onto the NPs using the covalent amide bond formation 
via EDC/NHS reaction between the primary amines on the rtPA mole-
cule and the nanocarriers containing carboxyl groups. As a mild drug 
encapsulation method, adsorption is preferred to covalent bio-
conjugation to load fragile molecules such as proteins to avoid changes 
in the protein structure and function that might result in its partial 
denaturation and loss of biological activity [64]. The fibrinolytic 
diffused through the matrix of the porous SPs (Figure S3A, Supple-
mentary Data), fully preserving its enzymatic and fibrinolytic potential 
in vitro (Fig. 4). Friedrich et al. demonstrated that the adsorptive bound 
rtPA liberated faster from the particles and spread more readily into the 
fibrin matrix than covalently bound rtPA [65], which may be beneficial 
in targeted thrombolysis. Although a rising number of recent articles 
apply a controlled release of the thrombolytics via endogenous and 
exogenous stimuli, we chose not to incorporate sophisticated nanode-
signs and demonstrated a gradual and continuous rtPA release from the 
SPs without an external trigger (Figure S3B, Supplementary Data) so as 
to facilitate future regulatory approvals. 

The clot targeting strategy of the SPs was achieved by the intro-
duction of the fucoidan to the polysaccharide solution at 9% w/w. 
Functionalization with fucoidan permitted the high-affinity binding of 
Fuco-SPs to its molecular target P-selectin in a dynamic microfluidic 
method that mimics arterial or venous blood flow conditions in a dose- 
dependent manner (Fig. 3A, B, E). Importantly, this type of interaction is 
selective, as SPs did not adhere a lot to other selectins: E- and L-selectin 
in vitro (Fig. 3D). When the microchannels were covered with activated 
platelet aggregates, both unloaded and rtPA-loaded Fuco-SPs were 
capable of binding these micro-clots (Fig. 5). Once tested in the in vivo 

Fig. 7. In vivo targeting in the FeCl3 murine model of thrombosis. A. Histological analysis of thrombi in the mesenteric vein by fluorescent microscopy. The venous 
vascular wall is visualized with DAPI staining; thrombus is stained in green due to DIOC6 labeling of platelets; Fuco-SPs and Control-SPs are fluorescently labeled 
with TRITC. Inserts are a magnification of dashed Regions of Interest of the TRITC signal. B. Corresponding quantification of MFI from the adhered TRITC-SPs in the 
thrombi (n = 5). 
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model of venous thrombosis, Fuco-SPs were identified on the FeCl3- 
induced thrombi by histological examination, contrary to Control-SPs 
(Fig. 7). Our data validate an inimitable and efficient thrombus target-
ing approach of the Fuco-SPs, using a clinical algae-derived compound. 
Yet, a surge in strategies involving dual or even more surface targeting 
moieties is being witnessed in academic works. For instance, the 
combinatory targeting of GPIIb/IIIa receptors and P-selectin on acti-
vated platelets with two peptide ligands on the lipid nanovesicles 
enhanced thrombus binding capacities in a synergic manner [66]. 
Another notable example is the biomimetic functionalization of NPs 
with platelet membrane coating that enabled thrombus directing via 
multiple platelet receptors [67]. These combinations of NP modifica-
tions represent a promising strategy for developing next-generation 
blood clot-targeting NP platforms for therapy and/or diagnostics. 

The experiments on the murine thrombin-induced thromboembolic 
stroke model supported the therapeutic effect of the rtPA-Fuco-SPs in 
vivo (Fig. 6). The findings of the submicroparticle-associated rtPA 
treatment group outperformed those of free rtPA at the same concen-
tration, as we observed a more rapid clot dissolution and MCA reper-
fusion, which minimized the brain injury and resulted in subsequently 
smaller infarct area post-stroke by MRI. Several groups previously re-
ported the reduction of the infarct zone in preclinical models by nano-
medicinal product. For example, the magnetic iron oxide (Fe3O4)- 
microrods [10] and polyacrylic acid-stabilized magnetic NPs [12] con-
jugated with rtPA diminished the brain infarct lesion in the FeCl3 murine 
model of ischemic stroke of MCA. These designs, however, require an 
external magnet for targeting and to complement chemical lysis with 
rtPA with mechanical one of the magnetic rotations. Without any clin-
ically approved medical device to impose a high magnetic force on the 
NPs in deep blood vessels, it would probably be desirable for nanocarrier 
formulation to avoid external assistance. Mei et al. stated that only the 
synergistic effect of rtPA-loaded polymer micelles and a reactive oxygen 
species (ROS)-eliminating antioxidant suppressed an infarct volume and 
improved neurological deficit after brain ischemia in the mouse model 
of photo-thrombotic MCA occlusion [68]. In our case, the therapeutic 
benefit of rtPA-Fuco-SPs could be ascribed to faster MCA reperfusion 
and, hence, prevention of the major brain injury due to higher rtPA 
accumulation on the thrombus site as to active targeting and specific 
P-selectin interactions of the Fuco-SPs. 

Moreover, the animals in the rtPA-Fuco-SPs group suffered a lower 
level of BBB disruption by the ischemic stroke that was quantified on T1- 
weighted MRI images with gadolinium. It is vital to underline that 
although in this article we utilized fucoidan on the SPs purely for the P- 
selectin targeting purpose, new avenues of research are deciphering its 
neuroprotective role, particularly after cerebral ischemic events [69]. 
Altogether, this first proof-of-concept in vivo results of Fuco-SPs show an 
astonishing potential of the nanomedicine-based approach for the tar-
geted treatment of acute thrombosis. We speculate that the submicron 
size of the particles, along with their active thrombus-targeting moiety, 
should maintain rtPA-loaded nanocarrier within the intravascular 
compartment to exert its thrombolytic activity. It should prevent the 
leakage of rtPA into the brain parenchyma, reducing the risks of NMDA 
receptors-mediated neurotoxicity and hemorrhages [70]. Further 
studies could compare a single or a double bolus route of administration 
of rtPA-Fuco-SPs due to the rtPA preservation by SPs, and, thus, a more 
comfortable treatment option for patients. Besides, these particles could 
also vehicle other therapeutic and/or molecular imaging agents in the 
vascular compartment to target P-selectin overexpressed pathologies, 
such as cardiovascular diseases [71] or some cancers [72,73]. Consid-
ering the detrimental role of P-selectin in chronic or acute inflammatory 
pathologies [10], it might be relevant to explore the immunomodulatory 
and anti-inflammatory effects of fucoidan in the Fuco-SPs, in addition to 
its binding P-selectin, bearing in mind that natural variability of fucoi-
dans (the source, species, molecular weight, composition, and structure 
of the polysaccharides) influences their biological activity and potential 
therapeutic application. 

Nevertheless, as none of the available in vivo rodent experimental 
models of acute thrombosis accurately recapitulates all the aspects of 
human disease progression and heterogeneity, it is recommended to 
validate any translational concept in multiple models to ensure its 
therapeutic efficacy and safety. Notably, in 2019, Xu et al. proposed a 
biomimetic strategy of platelet membrane-camouflaged PLGA NPs with 
rtPA that was studied in several in vivo models: pulmonary embolism, 
FeCl3-induced arterial thrombosis, and ischemic stroke model [67]. 

Due to technical challenges and strict regulatory requirements, the 
clinical translation of the nanopharmaceutical products happens slowly. 
The rtPA-Fuco-SPs representing an actively targeted nanodelivery sys-
tem reach a balance of safety, simplicity, and functionality concerning 
the projected clinical application. While they were designed and fabri-
cated in the academic laboratory at the range of ~10 mg per batch, the 
industrial scale-up of the process with high reproducibility under GMP 
conditions and intended quality standards is essential to establish in 
order to obtain the necessary amounts for further screening and, ulti-
mately, clinical use. For instance, high-precision microfluidic and 
micropatterning methods for the fabrication of monodisperse NPs with 
uniform physicochemical characteristics and low batch-to-batch vari-
ability are becoming prevalent and are compatible with GMP standards 
[74]. Finally, an adequate sterilization method should be validated to 
prevent nanoparticle damage and alteration in the product’s 
parameters. 

5. Conclusions 

In the present study, we designed and fabricated fucoidan- 
functionalized 100% polysaccharide submicroparticles from biocom-
patible and FDA approved components as a P-selectin targeting drug 
delivery system for thrombolytic therapy. The physico-chemical prop-
erties and a biocompatibility analysis of these SPs were thoroughly 
evaluated, and alteplase was effectively immobilized onto the SPs with 
full retention of its enzymatic and fibrinolytic potential in vitro and 
sustained drug-release kinetics. We established in vitro by dynamic flow 
microchamber assays that the fucoidan-functionalized nanosystem 
specifically adhered to the recombinant P-selectin in a dose-dependent 
manner, but not to E- and L-Selectins, and to human activated plate-
lets. In FeCl3 model of thrombosis, Fuco-SPs accumulated in the 
thrombus. Finally, our findings revealed in the murine model of 
ischemic stroke that rtPA conjugation to the Fuco-SPs could enhance the 
thrombolytic activity of the clinical agent in vivo. The blood flow 
perfusion was restored more rapidly, which resulted in smaller post- 
ischemic cerebral infarct lesions and higher BBB protection. In sum-
mary, an alteplase-associated hydrogel-based nano-delivery system with 
fucoidan demonstrates a solid argument for improved thrombolytic 
therapy in terms of safety and efficacy in the preclinical studies. 
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Paris Nord for financial support. This work also received funding from 
the EU project FP7-NMP-2012-LARGE-6-309820 “NanoAthero” and 
ANR-13-LAB1-0005-01 “FucoChem”. Alina Zenych is grateful for the Ph. 
D. fellowship from the INSPIRE program of the European Union’s Ho-
rizon 2020 research and innovation program (Marie Sklodowska-Curie 
grant # 665850). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.biomaterials.2021.121102. 

References 

[1] E.J. Benjamin, P. Muntner, A. Alonso, M.S. Bittencourt, C.W. Callaway, A. 
P. Carson, A.M. Chamberlain, A.R. Chang, S. Cheng, S.R. Das, F.N. Delling, 
L. Djousse, M.S.V. Elkind, J.F. Ferguson, M. Fornage, L.C. Jordan, S.S. Khan, B. 
M. Kissela, K.L. Knutson, T.W. Kwan, D.T. Lackland, T.T. Lewis, J.H. Lichtman, C. 
T. Longenecker, M.S. Loop, P.L. Lutsey, S.S. Martin, K. Matsushita, A.E. Moran, M. 
E. Mussolino, M. O’Flaherty, A. Pandey, A.M. Perak, W.D. Rosamond, G.A. Roth, U. 
K.A. Sampson, G.M. Satou, E.B. Schroeder, S.H. Shah, N.L. Spartano, A. Stokes, D. 
L. Tirschwell, C.W. Tsao, M.P. Turakhia, L.B. VanWagner, J.T. Wilkins, S.S. Wong, 
S.S. Virani, Heart disease and stroke statistics—2019 update: a report from the 
American heart association, Circulation (2019), https://doi.org/10.1161/ 
CIR.0000000000000659. 

[2] W.J. Powers, A.A. Rabinstein, T. Ackerson, O.M. Adeoye, N.C. Bambakidis, 
K. Becker, J. Biller, M. Brown, B.M. Demaerschalk, B. Hoh, E.C. Jauch, C. 
S. Kidwell, T.M. Leslie-Mazwi, B. Ovbiagele, P.A. Scott, K.N. Sheth, A. 
M. Southerland, D.V. Summers, D.L. Tirschwell, Guidelines for the early 
management of patients with acute ischemic stroke: 2019 update to the 2018 
guidelines for the early management of acute ischemic stroke: a guideline for 
healthcare professionals from the American heart association/American stroke, 
Stroke 50 (2019) e344, https://doi.org/10.1161/STR.0000000000000211. –e418. 

[3] J. Mican, M. Toul, D. Bednar, J. Damborsky, Structural biology and protein 
engineering of thrombolytics, Comput. Struct. Biotechnol. J. 17 (2019) 917–938, 
https://doi.org/10.1016/j.csbj.2019.06.023. 

[4] R. Bhatia, M.D. Hill, N. Shobha, B. Menon, S. Bal, P. Kochar, T. Watson, M. Goyal, 
A.M. Demchuk, Low rates of acute recanalization with intravenous recombinant 
tissue plasminogen activator in ischemic stroke: real-world experience and a call 
for action, Stroke 41 (2010) 2254–2258, https://doi.org/10.1161/ 
STROKEAHA.110.592535. 

[5] A.M. Thiebaut, M. Gauberti, C. Ali, S. Martinez De Lizarrondo, D. Vivien, M. Yepes, 
B.D. Roussel, The role of plasminogen activators in stroke treatment: fibrinolysis 
and beyond, Lancet Neurol. 17 (2018) 1121–1132, https://doi.org/10.1016/ 
S1474-4422(18)30323-5. 

[6] A. Pal Khasa, Y. Pal Khasa, The evolution of recombinant thrombolytics: current 
status and future directions, Bioengineered 8 (2017) 331–358, https://doi.org/ 
10.1080/21655979.2016.1229718. 

[7] S. Liu, X. Feng, R. Jin, G. Li, Tissue plasminogen activator-based nanothrombolysis 
for ischemic stroke, Expet Opin. Drug Deliv. 15 (2018) 173–184, https://doi.org/ 
10.1080/17425247.2018.1384464. 

[8] N. Korin, M. Kanapathipillai, B.D. Matthews, M. Crescente, A. Brill, T. Mammoto, 
K. Ghosh, S. Jurek, S.A. Bencherif, D. Bhatta, A.U. Coskun, C.L. Feldman, D. 
D. Wagner, D.E. Ingber, Shear-activated nanotherapeutics for drug targeting to 
obstructed blood vessels, Science 337 (2012) 738–742, https://doi.org/10.1126/ 
science.1217815, 80. 

[9] M. Colasuonno, A.L. Palange, R. Aid, M. Ferreira, H. Mollica, R. Palomba, 
M. Emdin, M. Del Sette, C. Chauvierre, D. Letourneur, P. Decuzzi, Erythrocyte- 
Inspired discoidal polymeric nanoconstructs carrying tissue plasminogen activator 
for the enhanced lysis of blood clots, ACS Nano 12 (2018) 12224–12237, https:// 
doi.org/10.1021/acsnano.8b06021. 

[10] J. Hu, S. Huang, L. Zhu, W. Huang, Y. Zhao, K. Jin, Q. Zhuge, Tissue plasminogen 
activator-porous magnetic microrods for targeted thrombolytic therapy after 
ischemic stroke, ACS Appl. Mater. Interfaces 10 (2018) 32988–32997, https://doi. 
org/10.1021/acsami.8b09423. 

[11] H.-W. Yang, M.-Y. Hua, K.-J. Lin, S.-P. Wey, R.-Y. Tsai, S.-Y. Wu, Y.-C. Lu, H.-L. Liu, 
T. Wu, Y.-H. Ma, Bioconjugation of recombinant tissue plasminogen activator to 
magnetic nanocarriers for targeted thrombolysis, Int. J. Nanomed. 7 (2012) 
5159–5173, https://doi.org/10.2147/IJN.S32939. 

[12] L. Huang, J. Wang, S. Huang, F. Siaw-Debrah, M. Nyanzu, Q. Zhuge, Polyacrylic 
acid-coated nanoparticles loaded with recombinant tissue plasminogen activator 
for the treatment of mice with ischemic stroke, Biochem. Biophys. Res. Commun. 
516 (2019) 565–570, https://doi.org/10.1016/j.bbrc.2019.06.079. 

[13] J. Zhou, D. Guo, Y. Zhang, W. Wu, H. Ran, Z. Wang, Construction and evaluation of 
Fe3O4-based PLGA nanoparticles carrying rtPA used in the detection of thrombosis 
and in targeted thrombolysis, ACS Appl. Mater. Interfaces 6 (2014) 5566–5576, 
https://doi.org/10.1021/am406008k. 

[14] A. Friedman, S. Claypool, R. Liu, The smart targeting of nanoparticles, Curr. 
Pharmaceut. Des. 19 (2013) 6315–6329, https://doi.org/10.2174/ 
13816128113199990375. 

[15] W. jin Jeong, J. Bu, L.J. Kubiatowicz, S.S. Chen, Y.S. Kim, S. Hong, 
Peptide–nanoparticle conjugates: a next generation of diagnostic and therapeutic 
platforms? Nano Converg 5 (2018) 1–18, https://doi.org/10.1186/s40580-018- 
0170-1. 

[16] L. Chollet, P. Saboural, C. Chauvierre, J.-N. Villemin, D. Letourneur, F. Chaubet, 
Fucoidans in Nanomedicine, Mar. Drugs. 14 (2016) 1–24, https://doi.org/ 
10.3390/md14080145. 

[17] L. Bachelet, I. Bertholon, D. Lavigne, R. Vassy, M. Jandrot-Perrus, F. Chaubet, 
D. Letourneur, Affinity of low molecular weight fucoidan for P-selectin triggers its 
binding to activated human platelets, Biochim. Biophys. Acta Gen. Subj. 1790 
(2009) 141–146, https://doi.org/10.1016/j.bbagen.2008.10.008. 

[18] P. Saboural, F. Chaubet, F. Rouzet, F. Al-Shoukr, R. Ben Azzouna, N. Bouchemal, 
L. Picton, L. Louedec, M. Maire, L. Rolland, G. Potier, D. Le Guludec, D. Letourneur, 
C. Chauvierre, Purification of a low molecular weight fucoidan for SPECT 
molecular imaging of myocardial infarction, Mar. Drugs 12 (2014) 4851–4867, 
https://doi.org/10.3390/md12094851. 

[19] T. Bonnard, J.-M. Serfaty, C. Journé, B. Ho Tin Noe, D. Arnaud, L. Louedec, 
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Amki, M. Fatar, I. Garcia-Yébenes, M. Gauberti, S. Grudzenski, I. Lizasoain, E. Lo, 

R. Macrez, I. Margaill, S. Maysami, S. Meairs, N. Nighoghossian, J. Orbe, J. 
A. Paramo, J.J. Parienti, N.J. Rothwell, M. Rubio, C. Waeber, A.R. Young, E. Touzé, 
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Our aim is to deliver safely a thrombolytic drug to the site of clot formation.
Our protocol using acoustic cavitation for the synthesis of polymer targeting
MBs is not described in the literature yet. So far, we have been able to obtain
reproducible and stable MBs that are not harmful in the blood system. Our
results on targeting properties thanks to fucoidan incorporation, showed an
improved targeting compared to control MBs, in static condition and flow
condition. Also the echogenic property has been demonstrated in flow
experiment to be comparable to commercial MBs and the inertial cavitation
response to high mechanical index US pulse present great promises for an
effective sonothrombolysis. Our remaining work is now focused on the the
optimization of the thrombolytic agent incorporation and the in vivo proof of
concept of the sonothrombolysis efficiency in a mice stroke model.

This work is funded by ANR-20-CE18-0005-01 “FightClot” and we
acknowledge Université de Paris and the MTCI doctoral school for the PhD
grant.

References

1% polysaccharide  
acidic solution 

Cyanoacrylate 
Monomer

Surfactant
(Tween 20)

-20°C

Perfluorobutane 
saturation The aim of this new protocol was to develop a reproducible, scalable

and faster protocol compared to classic hydrodynamic cavitation. The
aqueous solution contains the polysaccharide (Fucoidan for targeting
MBs and carboxymethyl-Dextran for control) and the cyanoacrylate
monomer is added during the insonation at a controlled speed. Air is
replaced by Perfluorobutane (C4F10) saturation into the solution. The
insonation of ultrasound (US) induce acoustic cavitation so the
hydrophobic (cyanoacrylate) and the hydrophilic (polysaccharide)
elements meet at the water air interface, generating an anionic
copolymerization and so shell formation entrapping the perfluorobutane.

Centrifugation / 
filtration

C
4F
10

C
4F
10

[1]

[1]

[3]

[1] A. Zenych, L. Fournier, and C. Chauvierre, “Nanomedicine progress in thrombolytic therapy,” 
Biomaterials, vol. 258, no. January, 2020, doi: 10.1016/j.biomaterials.2020.120297.
[2] I. Bertholon, S. Lesieur, D. Labarre, M. Besnard, and C. Vauthier, “Characterization of dextran-
poly(isobutylcyanoacrylate) copolymers obtained by redox radical and anionic emulsion polymerization,” 
Macromolecules, vol. 39, no. 10, pp. 3559–3567, 2006, doi: 10.1021/ma060338z.
[3] B. Li et al., “Functionalized polymer microbubbles as new molecular ultrasound contrast agent to target
P-selectin in thrombus,” Biomaterials, vol. 194, no. 2019, pp. 139–150, 2019, doi:
10.1016/j.biomaterials.2018.12.023.

Acoustic 
cavitation

Perfluorobutane has been chosen for
its echogenic contrast property but
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Whole human blood is flown into collagen type I coated channels. After
washing, MBs are flown under venous flow rate and colocalisation of the
platelet aggregates and the fuco MBs is improved compared to control MBs.

The higher the intensity of methylene blue staining, the higher the sample
is sulfated according to the Beer-Lambert equation (A=𝜺lC).

Standard range (A) of the colorimetric dosage allowed the concentration
measurement of fucoidan. It has been found a linear correlation (B) between the
quantity of fucoidan used for the synthesis and the grafted quantity on MBs.
à For the following experiment MBs were synthetized using 1% of fucoidan
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Microscopy images of polymer MBs

Shelf stability and blood toxicity
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MBs were flown at a constant rate in an agar phantom and recorded with an US
transducer (filtered to remove the background).

High mechanical index US wave (burst) was sent on the tube containing the
MBs, inducing an inertial cavitation of the MBs.
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Ultrasound	responsive	polymer	microbubbles	for	an	efficient	
targeted	treatment	of	thrombotic	diseases	

Louise Fournier, 3rd year PhD student at the Laboratory for Vascular and Translational Science (U1148 LVTS – Hopital 
Bichat Paris) under the supervision of Dr Cedric Chauvierre. 

	
Cardiovascular	 diseases	 are	 the	 first	 worldwide	 mortality	 rate,	 and	 our	 team	 more	

specifically	 focuses	 on	 thrombotic	 diseases.	 Indeed,	 current	 treatments	 to	prevent	 blood	 clots	
from	 obstructing	 vessels	 are	 intravenous	 injection	 of	 plasminogen	 activator	 or	 invasive	
mechanical	removal	called	 thrombectomy	[1].	Nevertheless,	 systemic	 injection	of	 the	drug	can	
cause	collateral	bleeding.	Our	strategy	focuses	on	developing	innovative	carriers	for	the	targeting	
treatment,	 and	 visualization	 of	 the	 blood	 clot.	We	 synthesize	 targeting	 polymer	microbubbles	
(MBs)	in	a	one-pot,	scalable,	and	not	described	in	the	literature	protocol.	Our	targeting	agent	is	a	
sulfated	polysaccharide,	the	fucoidan,	already	used	in	clinical	trial	phase	IIa.	It	was	chosen	for	its	
affinity	for	P-selectin,	expressed	protein	on	activated	platelets	and	activated	endothelial	cells.	MBs	
can	 be	 visualized	 with	 an	 ultrasound	 device	 and	 the	 ultrasound	 insonation	 can	 also	 induce	
sonothrombolysis	 [2],	 a	 mechanical	 perturbation	 of	 the	 MBs	 that	 can	 accentuate	 the	 clot	
disruption.	 In	short	term,	the	objective	 is	to	 incorporate	the	drug	into	the	MBs,	 for	a	complete	
theragnostic	tool.	 

	
MBs	 synthesis	 is	 obtained	 via	 acoustic	 cavitation	 of	 an	 aqueous	 phase	 containing	 our	

targeted	 agent	 with	 a	 surfactant.	 The	 organic	 phase	 containing	 the	 monomer	 of	 isobutyl	
cyanoacrylate	is	injected	into	the	aqueous	solution	at	a	controlled	speed.	During	the	insonation	
process,	perfluorobutane	is	injected	into	the	aqueous	solution	to	be	imprisoned	inside	the	MBs.	
Size	and	concentration	measurement	allowed	us	to	control	the	shelf	stability	over	the	weeks	of	
the	MBs.	Also,	the	morphology	of	the	MBs	was	observed	by	Scanning	Electron	Microscopy	(SEM).	
Fucoidan	content	was	determined	by	a	quantitative	analysis	with	methylene	blue	colorimetric	
dosage.	Targeting	tests	were	performed	ex	vivo	in	static	and	fluidic	conditions	on	human	platelet	
clots.	Echogenicity	evaluation	was	performed	with	an	ultrasound	device.	Signals	of	echogenicity	
and	response	to	burst	for	sonothrombolysis	are	compared	to	commercial	MBs.	Ongoing	in	vivo	
testing	aimed	to	validate	the	clot	targeting	with	a	FeCl	model	on	the	mesenterial	vein	and	we	also	
performed	the	preliminary	in	vivo	validation	of	effective	sonothrombolysis	with	a	stroke	mouse	
model	on	the	middle	cerebral	artery.	

	
We	 were	 able	 to	 develop	 an	 undescribed	 synthesis	

protocol	 for	 polymer	 MBs	 with	 acoustic	 cavitation.	 Those	 MBs	
showed	 great	 shelf	 stability	 in	 terms	 of	 size	 distribution	 and	
concentration	 over	 two	 months.	 Convincing	 results	 of	 the	
targeting	experiment	in	static	and	fluidic	conditions	allowed	the	
beginning	 of	 in	 vivo	 testing.	 Echogenic	 characterization	
experiment	provided	similarities	with	commercial	contrast	agent	
in	terms	of	echogenicity.		
We	are	thrilled	to	present	our	innovative	carrier	for	the	treatment	of	thrombotic	diseases.	
Perspectives	result	in	the	incorporation	of	the	therapeutic	agent	[4]	to	allow	its	release	on	the	
targeted	site	and	enhance	mechanical	thrombolysis	with	US	insonation. 

	
References	

[1]	A.	Zenych,	L.	Fournier,	and	C.	Chauvierre,	“Nanomedicine	progress	in	thrombolytic	therapy,”	Biomaterials,	vol.	258,	no.	January,	
2020,	doi:	10.1016/j.biomaterials.2020.120297.	
[2]	K.	Kooiman	et	al.,	“Ultrasound-Responsive	Cavitation	Nuclei	for	Therapy	and	Drug	Delivery,”	Ultrasound	Med.	Biol.,	vol.	00,	no.	00,	
2020,	doi:	10.1016/j.ultrasmedbio.2020.01.002.	
[3]	B.	Li	et	al.,	“Functionalized	polymer	microbubbles	as	new	molecular	ultrasound	contrast	agent	to	target	P-selectin	in	thrombus,”	
Biomaterials,	vol.	194,	no.	2019,	pp.	139–150,	2019,	doi:	10.1016/j.biomaterials.2018.12.023.	
[4]	M.	Juenet	et	al.,	“Thrombolytic	therapy	based	on	fucoidan-functionalized	polymer	nanoparticles	targeting	P-selectin,”	
Biomaterials,	vol.	156,	pp.	204–216,	2018,	doi:	10.1016/j.biomaterials.2017.11.047.	 

 



 

 

 

 

 

 

 

 

 

 

 

ANNEX 8 

  



of
 th

e F
ut

ur
e

of
 th

e F
ut

ur
e

of
 th

e F
ut

ur
e

FO
RM

ER
LY

 T
HE

 B
IO

M
AR

KE
R 

M
EE

TI
NG

 O
F 

PA
RI

S 

FR
OM

 B
ED

SI
DE

 TO
 P

RA
CT

IC
E

TH
E 

JU
R

Y
 O

F 
TH

E 
Y

O
U

N
G

 R
ES

ER
A

CH
ER

S 
CO

M
EP

TI
TI

O
N

CE
R

TI
FI

ES
 T

H
A

T

H
A

S 
B

EE
N

 A
W

A
R

D
ED

 T
H

E 
Y

O
U

N
G

 R
ES

EA
R

CH
ER

S 
CO

M
P

ET
IT

IO
N

'S

P
A

R
IS

, 2
4 

N
O

V
EM

B
ER

 2
02

1

U
LT

R
A

SO
U

N
D

 R
ES

P
O

N
SI

V
E 

P
O

LY
M

ER
M

IC
R

O
B

U
B

B
LE

 F
O

R
 A

N
 E

FF
IC

IE
N

T 
TA

R
G

ET
ED

TR
EA

TM
EN

T 
O

F 
TH

R
O

M
B

O
TI

C 
D

IS
EA

SE
S



 

 

 

 

 

 

 

 

 

 

 

ANNEX 9 

  



 
Ultrasound responsive polymer microbubbles for an efficient targeted 

treatment of thrombotic diseases 
 
L. J. Fournier1, R. Aid1,2, A. W. Aissani3, V. Ollivier1, D. Vivien4, O. Couture3, C. Orset4, 
and C. Chauvierre1  
1 INSERM U1148, LVTS, Université de Paris, X Bichat Hospital, Paris, France 
2 UMS34 FRIM, Université de Paris, Paris, France 
3 Laboratoire d'Imagerie Biomédicale, Sorbonne Université, UMR 7371-U1146, Paris, 
France 

4 INSERM U1237, CYCERON, Université Caen Normandie, Caen, France 
Contact: louise.fournier@inserm.fr 
 

Our team focuses on the first worldwide mortality rate, cardiovascular diseases, 
and more specifically on thrombotic diseases. The major unmet medical need in the 
treatment of pathological blood clot, is the systemic injection of the thrombolytic drug 
(t-PA) causing collateral hemorrhages and showing a short therapeutic window. Our 
objective is to develop a safe, targeting, visualizable and treating carrier to overcome 
surgical complications of blood clot related events. 

Our technology consists in the innovative synthesis of polymer microbubbles 
(MBs) via acoustic cavitation. Unseen in the literature, this method allows an improved 
yield and reduced time of synthesis compared to regular hydrodynamic cavitation. 
Those polymer MBs are composed of a co-polymer shell of poly-isobutyl cyanoacrylate 
and a sulfated polysaccharide, fucoidan. Our lab already demonstrated the affinity of 
fucoidan for activated platelet and activated endothelial cells via P-selectin proteins. 
MBs are filled with perfluorobutane gas known for its echogenic properties allowing 
their visualization in optical microscopy but also in ultrasound imaging. In addition, the 
ultrasound insonation can also induce sonothrombolysis, a mechanical perturbation of 
the MBs that can accentuate the clot disruption. In short term, the objective is to 
incorporate the plasminogen activator into the MBs, for a complete theragnostic tool. 

So far, we have been able to produce MBs, thanks to an innovative protocol, 
that are stable over a month in suspension and harmless for red blood cells. Optic and 
electronic microscopy validated the size distribution, hallow structure and rounded 
morphology. Targeting properties were evaluated in static and flowing condition on 
human platelet aggregates demonstrating the true improvement of clot recognition by 
fucoidan MBs. Also, echogenic and burst properties were demonstrated with a clinical 
ultrasound device showing great promises for in vivo sonothrombolysis. Lastly, 
ongoing animal experimentations will soon validate the in vitro to in vivo translation 
with a stroke model on mice. 

Figure 1 - (A) Confocal microscopy, (B) Scanning electron microscopy, (C) In vitro flow targeting 
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Louise J. Fournier1*, Rachida Aid1,2, Cyrille Orset3, Olivier Couture4, Denis Vivien3, Cédric Chauvierre1 
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INTRODUCTION 
Our team focuses on the first worldwide mortality rate, 
cardiovascular diseases, and more specifically on 
thrombotic diseases. The major unmet medical need in 
the treatment of pathological blood clot, is the systemic 
injection of the thrombolytic drug (rtPA) causing 
collateral hemorrhages and showing a short therapeutic 
window1. Our objective is to develop a safe, targeting, 
visualizable and treating carrier to overcome surgical 
complications of blood clot related events. Our 
technology consists in the innovative synthesis of 
polymer microbubbles (MBs) via acoustic cavitation. 
Unseen in the literature, this method allows an improved 
yield and reduced time of synthesis compared to regular 
hydrodynamic cavitation. Those MBs are composed of a 
co-polymer shell of poly-isobutyl cyanoacrylate and a 
sulfated polysaccharide, fucoidan. Our strategy is based 
on the affinity of fucoidan for activated platelet and 
activated endothelial cells via P-selectin proteins2. MBs 
are filled with perfluorobutane gas known for its 
echogenic properties allowing their visualization in 
optical microscopy but also in ultrasound (US) imaging. 
Thereby, we aim to use MBs as a carrier for the treatment 
of thrombotic diseases. In addition, the ultrasound 
insonation can also induce sonothrombolysis, a 
mechanical perturbation of the MBs that can accentuate 
the clot disruption2.  
 
EXPERIMENTAL METHODS 
MBs synthesis is performed via acoustic cavitation of an 
aqueous phase containing our targeted agent (fucoidan) 
with a surfactant. The phase containing the monomer of 
isobutyl cyanoacrylate is injected into the aqueous 
solution and the mix is insonated with continuous US. 
During this process, perfluorobutane is injected into the 
solution to be imprisoned inside the MBs. The obtained 
foam is washed and filtered to 5 μm. MBs size 
characterization was performed with granulometry 
analysis, and the morphology of the MBs was observed 
by Scanning Electron Microscopy (SEM). Targeting 
experimentations are obtained with a microfluidic 
system3 that consists in coating microfluidic channels 
with collagen type I in order to promote platelet 
aggregation. Whole human blood is then injected at 
arterial flow speed. When platelet aggregates are formed, 
the channel is rinsed and the MBs suspension is injected. 
Microbubbles attachment to the platelet aggregates is 
observed by fluorescence microscopy. Echogenicity 
evaluation is performed in static and fluidic conditions 
with an US scanner to evaluate the response of MBs to 
different US intensities. Preliminary in vivo experiments 
have been performed on a stroke mice model to observe 

the effect of US treatment accompanied with the injection 
of targeted MBs on the recanalization of the occluded 
artery. Image analysis of the speckle imaging allows 
recanalization quantification. 
 
RESULTS AND DISCUSSION 
The innovative synthesis allowed us to obtained 
reproducible, stable (> 6 weeks on shelf stability), and 
non-toxic microbubbles (< 4% of hemolysis at 108 MBs 
/ml). Targeting evaluation (Fig. A) on activated platelet 
in flow condition was demonstrated to be effective 
(p<0,0001) compared to a group of MBs with a non-
targeting polysaccharide (CMDex = carboxymethyl 
dextran). Preliminary in vivo experiments encourage the 
treatment of US insonation with the injection of targeted 
MBs in a stroke mouse model (Fig. B). 

CONCLUSION 
We are proud to present our work on an innovative tool 
for the treatment of thrombotic diseases. We have 
demonstrated a reproducible synthesis of MBs able to 
target ex vivo activated platelet. Encouraging on going 
work focuses on the incorporation of the thrombolytic 
protein (rtPA) with various chemical reactions like 
adsorption or EDC/NHS. The quantification of this 
grafting is performed with the evaluation of the 
amidolytic and fibrinolytic property of the protein, to 
obtain a full theragnostic tool. In vivo validation is also 
established to validate the live targeting in fluorescence 
macroscopy and final sonothrombolysis experiment will 
be performed on the mouse stroke model. 
 
REFERENCES 
1. Zenych A. et al., Biomaterials.258, 120297, 2020 
2. Li B. et al., Biomaterials. 194:139-150, 2019 
3. Kooiman K. et al., Ultrasound Med. Biol. 46, 1296-

1325, 2020 
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Figures A-B: (A) Targeting efficiency of fucoidan MBs compared to CMDex 
MBs on platelet aggregate. (B) Stroke model from brain before surgery (left), 
brain post stroke (center), brain after MBs injection and US treatment (right). 



 

 

 

 

 

 

 

 

 

 

 

ANNEX 12 

  



Ultrasound responsive microbubbles for the targeted treatment of stroke
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INTRODUCTION

    This work aims to overcome the unmet medical need 
for an efficient, targeted treatment of stroke. Indeed, 
the gold standard for pathological blood clot treatment 
consists in the systemic injection of a thrombolytic 
agent (tissue Plasminogen Activator). Unspecific 
delivery implies major collateral risks like bleeding and 
dose related neurotoxicity. 
    We developed ultrasound responsive microbubbles 
with an innovative synthesis method of acoustic 
cavitation. The  specific affinity of fucoidan for P-
selectines on activated platelet brings a  major 
advantage for the targeted delivery of the thrombolytic 
agent.  This study presents the latest results with an in 
vivo stroke model.

CONCLUSION AND PERSPECTIVES

        The efficient encapsulation of the thrombolytic 
agent onto targeted MBs allowed a specific drug 
delivery on the stoke site. The MBs treatment 
significantly reduced the infarct size on a mouse model 
compared to gold standard free thrombolytic injection. 
Furthermore, the encapsulated dose corresponded to 
1/10 of the mouse treatment indication. This gives high 
hopes to reduce the efficient dose threshold and thus 
limit dose related neurotoxicity. 
    MBs  response to ultrasound (US) insonnation for 
imaging and self-bursting now gives perpective for the 
establishement of molecular imaging and  
sonothombolysis.

Acknowlegments
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METHODS

RESULTS

● Thrombolytic drug incorporation:
  2 hours adsorption protocol (A). 
●  The  drug activity measurement 

demonstrated the high  incor-
poration of rtPA onto Fuco MBs 
compared to control CMDex MBs due 
to the sulfated groups (B). Also, the 
incorporation was stable over 4 days 
(C). 

● The targeting property was evaluated 
with microfluidic chips,  allowing the 
formation of platelet aggregates. 
After washing, targeted MBs (Fuco 
MBs) showed a high affinity for the 
aggregates (D) compared to control 
MBs (E), even after drug 
encapsulation (F). 

● Ischemic lesions were 
observed 24 hours after 
treatment either with  saline 
infusion, rtPa infusion or rtPA 
loaded  targeted MBs.

● Significant infact size 
reduction was demonstrated 
for the rtPA loaded targeted 
MBs (A).

● Ischemic lesions present 
white contrast on  MRI images 
(B).

● Fluorecent macroscopy of 
ex vivo organs allowed 
tracking of fluorescent 
MBs after 24 hours.

● Majority of fluorescence 
was observed in liver and 
lungs (B).

● High affinity for the stroke 
region pointed out the 
targeting properties of 
rtPA loaded Fuco MBs (A). 

*Contact : 
louise.fournier@inserm.fr
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