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GENERAL INTRODUCTION

Most of cardiovascular diseases, such as thrombosis, Abdominal Aortic
Aneurysm, are chronic pathogenic processes that happen imperceptibly and progress
silently over decades in the body. The morbidity and mortality rates of acute
cardiovascular incidents and their consequences remain high in the developed
countries. The reason is that traditional diagnosis and treatment of these diseases are
limited by the lack of technology that enables early detection and prediction of the
extent and location of vascular diseases. A recent strategy involves production of
molecular imaging probes to target key biological markers, such as P-selectin, which

are involved in the early pathogenesis of atherosclerotic cardiovascular disease.

Molecular imaging relies on different contrast agents to detect biochemical
changes processed in vascular diseases at the molecular scale. Currently, the
techniques involved in molecular imaging development almost cover all medical
imaging advices. In these imaging modalities, ultrasonography is widely used as a
screening tool in cardiovascular diseases because of its several obvious advantages:
ease of procedure, low cost, quickly and no radiation exposure. The only drawback is
low resolution. Therefore, big companies (GE Healthcare, Philips, Agilent, etc.) are
highly interested by the development of new ligands and new acoustic agents for

cardiovascular molecular imaging.

Fucoidan, a type of poly sulfated polysaccharide mainly found in brown seaweed,
has shown strong binding ability with P-selectin in previous research. Due to this
property, it has been considered as a good candidate to image vascular diseases and

has gotten much attention from many researchers in the past few years.

The aim of my project was to develop high echogenic contrast agents
functionalized with fucoidan, which allow molecular imaging of cardiovascular
pathologic processes as efficient acoustic tracers. Here, we plan to design and
synthesize three kinds of contrast agents, and subsequently assess their properties
respectively. We hope that stable high echogenic targeting contrast agents could be

recognized as potential diagnostic tools for vascular diseases.
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GENERAL INTRODUCTION

The thesis is divided in two parts:

The introduction part presents the related literature reviews as background
information. We briefly outlined the physiology structure of the artery and introduced
relevant diseases and their underlying pathogenic mechanism. We also reviewed the
difficulties that traditional diagnostic technologies are facing and described the
current research orientations and achievements in addressing this challenge.
Molecular imaging techniques associated with vascular pathologies, which are based
on targeted contrast agents, were emphatically mentioned in this part. Then we
introduced basic principle of medical ultrasound molecular technology and
summarized the major types of ultrasound contrast agents. Finally, an overview of

synthetic methods and applications of poly cyanoacrylate nanoparticles was provided.

In the experimental part, the results obtained in this work would be divided in 3

chapters and written in the form of publications:

- In the 1% chapter, we developed and designed the polysaccharides-coated poly
(isobutyl cyanoacrylate) perfluorooctyl bromide nanoparticles, which were
characterized by physical and chemical techniques. Their ability to detect P-selectin

was also evaluated in vifro and in vivo.

- In the 2" chapter, biodegradable microcapsules consist of poly (isobutyl
cyanoacrylate) and polysaccharide were designed and synthesized based on emulsion
solvent evaporation method. The microcapsule surface could be easily functionalized
by fucoidan, which gives them specific property to bind to P-selectin expressed by

human activated platelets under arterial flow conditions.

- In the 3™ chapter, we synthesized, functionalized and characterized
polysaccharide-decorated microbubbles. Subsequently, their echogenicity and binding
abilities to thrombi are investigated in vitro. The results indicated that these constructs
were good candidates as contrast agents for targeted molecular ultrasound imaging of

cardiovascular diseases.
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INTRODUCTION

1. Arterial diseases

1.1 Physiology of the artery

The arteries are the vessels that carry blood from the heart to other tissues and organs.
In humans, their diameter can vary by several tens of micrometers for smaller
arterioles, about 2.7 cm for the aorta. They are characterized by a thicker wall and
stiffer than the veins and are well adapted to blood pressure changes resulting from
the cardiac ventricles. The arterial wall is primarily composed of 3 tunicae that

surround the luminal cavity as illustrated in Figure 1.

The Aorta

Ascending
aorta Aortic arch
-

Media
(strong muscle layer)

Adventitia

CROSS SECTION

Aortic lumen —

Figure 1. Structural composition of an artery.

-Tunica Intima: 1t forms the inner lining of a blood vessel and is in direct contact
with blood as it flows through the lumen. This layer has three parts: innermost layer is
a tight monolayer of endothelial cells, which are active participants in a variety of
vessel-related activities; the second components is a basement membrane, which
provides support base for the endothelial layer; the third part is the internal elastic

lamina, which forms the boundary between the tunica intima and tunica media.
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-Tunica Media: 1t is the thickest layer in arteries and consists mainly of extensive
concentric layers of smooth muscle cells (SMC) and substantial amounts of elastic
fibers. The primary role of the smooth muscle cells is to regulate blood flow and
blood pressure by altering the extents of their contraction. In addition, smooth muscle

cells help limit loss of blood when vessel is damaged.

-Tunica Adventitia: 1t consists of elastic and collagen fibers. Particularly, the external
adventitia of large vessel contains numerous nerves and tiny blood vessels that supply
the tissues of the vessel wall. The tunica adventitia also helps anchor the vessels to

surrounding tissues.

1.2 The main diseases of the arteries

1.2.1 Atherosclerosis

Atherosclerosis is the complex process that culminates in blood vessels being
narrowed and eventually occluded. It is sometimes triggered by subtle physical or
chemical insults to the endothelial cell layer of arteries. The “response to injury theory”
now has widespread acceptance among scientific and medical scholars, which

includes several steps:

1. Endothelial dysfunction in atherosclerosis. The earliest changes in atheroma
formation consist in the endothelium. These changes include increased endothelial
permeability to plasma lipoproteins (Lp), especially low density lipoprotein (LDL) in
the subendothelium. LDL changes itself and becomes the highly atherogenic, oxidized
modified lipoproteins (mLp) by interacting with extracellular matrix components
(Figure 2A). Affected on subtle changes of plasma lipid homoeostasis and the
subendothelial accrual of mLp, the endothelial cells (EC) further trigger a multipart
inflammatory process, such as expression of new or more cell adhesion molecules,
cytokines and chemokines that assist in the recruitment of specific blood

inflammatory cells (Figure 2B).
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Figure 2. Stages in the development of atherosclerotic lesions.!!!

2. Recruitment of inflammatory cells and initiation an inflammatory reaction.
Molecular warning signals sent by dysfunctional EC are decoded by specific immune
cells (monocytes, T lymphocytes, neutrophils, mast cells) and by the resident vascular
cells (SMC, dendritic cells), that respond by initiating the inflammatory process,
which has a major contribution to the escalation of the atheromatous plaque formation

and fate (Figure 2C).

3. SMC-key participants to fibrous plaque formation. Atherosclerosis progression
involves the proliferation of intima-resident SMCs and migration of SMCs from the
vessel’s media to the intima, the latter partially degraded internal elastic leads to the
formation of fibrous cap that is accompanied by increased synthesis of extracellular

matrix components (Figure 2D).
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4. Formation of an advanced calcified fibro-lipid plaque. The fibrous cap covers a
mixture of leukocytes, lipid, and debris, which contributes to the formation of the
calcified fibro-lipid plaque. Combined with macrophages, SMC-, macrophage-derived
foam cells and extracellular lipid droplets, calcification cores may develop into large

calcification centers occupying a sizeable sector of the arteries (Figure 2E).

5. Unstable fibro-lipid plaques in Atherosclerosis. Thinning of the fibrous cap, cell
apoptosis and macrophages generate the physical rupture of the plaque, which enables
blood coagulation components to directly come in contact with tissue factors,
triggering the thrombus formation that extends into the vessel lumen, where it can

partially or totally impede the blood flow (Figure 2F).

1.2.2 Arterial thrombosis

Arterial thrombosis is the process of a blood clot, also known as a thrombus,
developing in an artery vessel. This thrombus is the result of sequential events
involving platelet adhesion, activation and subsequent aggregation. Notably, arterial
thrombi are typically composed mainly of platelet aggregates, giving the appearance
of ‘white clots’.[?! It can block or obstruct blood flow in the affected area. In some
cases, the thrombi may break free and move around the blood stream until it reaches
vessels too small to let it pass, this process is known as embolization, which causes
severe diseases. For example, when it happens within in heart, lung or brain,
infarction, pulmonary embolism and accident cerebrovascular (stoke) occur as a result

of embolism happened within heart, lung or brain, respectively.

The formation of arterial thrombi induced by vulnerable human has been studied in
detail and shown to occur in two distinct stages: the rapid first phase of GPVI and GP
Ia/lla (also known as integrin a2f1)-mediated platelet adhesion and aggregation onto
plaque collagen components (such as fibronectin, collagen, and vWF) occurred within
1 min after rupture of atherosclerotic plaques (Figure 3A). The second phase of

coagulation started after a delay of 3 min, the thrombus is characterized by the
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formation of thrombin and fibrin, and by the activation of coagulation, which is
driven entirely by plaque tissue factor, moreover, fibrin fiber were observed only at

sites where platelet aggregates had formed (Figure 3B)."
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Figure 3. Summary of the formation of thrombus.!
1.2.3 The aneurysm

An arterial aneurysm is a permanent localized dilation of an artery encompassing all
three layers of the vessel wall that has at least a 50% increase in diameter compared to
the normal diameter of the artery.[*! The prevalence of aneurysm in the abdominal
aorta exists in 82% of the aneurysm and affects 5% of the population in western
countries. Abdominal Aortic Aneurysms (AAA) usually go undetected until they
rupture, and the mortality from ruptured aneurysms is as high as 90%. AAA
pathophysiology is multifactorial process involving degenerative disease of the
abdominal aorta with a natural history of progressive dilatation and ultimate rupture.
The mechanisms of AAA are complex and involve vascular inflammation,
metalloproteinase activity and increased reactive oxygen species (ROS) production in
the vessel wall.l’! Many studies published over the past decade support the view that
inflammation actually plays a key role in the pathogenesis of the AAA.[®! The

pathophysiology of aortic aneurysms is characterized by four events (Figure 4):!"]
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1. Infiltration of the vessel wall. The initial stage of AAA is associated with
recruitment of inflammatory cells, particularly lymphocytes and macrophage in the

aortic media and the production of proinflammatory cytokines.

2. Destruction of elastin and collagen. The aortic lumen shows intraluminal
thrombus formation and adhesion of inflammatory cells due to these inflammatory
responses. Increased cytokines trigger the expression of matrix metalloproteinases and
serine and cathepsin proteases, which degrade structural proteins such as elastin,

collagen, and laminin.

3. Loss of smooth-muscle cells. Inflammatory cell infiltration exacerbates tissue
injury via the production of cytokines (e.g., interleukin (IL)-6, MCP-1 and
osteopontin), leading to further recruitment of immune cells and promoting smooth
muscle cell apoptosis, elastin degradation, and collagen turnover either directly or
indirectly. Dying SMC releases proteases, which further contribute to matrix

degradation.

4. Presence medial neovascularization at aneurysm rupture edge.
Neovascularization of the medial layer showed strong and consistent spatial

correlation with abdominal aortic aneurysms.!®!
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Figure 4. Summary of the mechanisms implicated in abdominal aortic aneurysm.!”’
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1.3 Current diagnostic techniques
Imaging is the cornerstone in diagnosing cardiovascular disease.!"

Most of cardiovascular diseases are chronic process that occurs stealthily and silently
over decades in the body. Despite tremendous progress in diagnosis and treatment
techniques advances in recent years, cardiovascular diseases due to atherosclerosis
and rupture of AAAs are still the leading cause of mortality and morbidity in western
countries.!'!l Conventional diagnostics using ultrasound, Computed Tomography (CT),
Magnetic Resonance Imaging (MRI) and contrast enhanced angiography provide
valuable anatomical and morphological information about cardiovascular disease, and
these techniques also can be used to estimate biomechanical stresses acting within the
arterial system, which are essential to everyday clinical practice and cardiovascular
research (Figure 5).['2l However, such cardiovascular diseases as, atherosclerotic and
AAAs, can only be diagnosed at advanced stages by traditional methods, either by
directly revealing the narrowing of the arterial lumen or by evaluating the effect of

arterial stenosis on organ perfusion.[!*!

Mounting clinical data revealed that the simply measuring the vessel is insufficient for
predicting the rupture of AAA and the risk of CVD. The present and future challenge
for cardiovascular medicine is to identify critical cellular and molecular mechanisms
of atherosclerotic disease, and to prevent some of its manifestations and subsequently
reduce its impact on health. Therefore, imaging the pathophysiological process of the
disease from the molecular and cellular points of view before the onset of symptoms

can make a decisive contribution in this regard.!!® 4]
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_

Figure 5. Multimodal approach to atherosclerosis imaging. A representative illustration of current
and emerging atherosclerosis imaging modalities. A, X-ray angiography showing coronary artery
atherosclerotic lesions (arrows); B, virtual histology intravascular ultrasound showing the
structure of coronary plaque (red: necrotic core, white: dense calcium and dark/light green:
fibro-fatty regions); C, CT angiography showing no calcified plaque with positive remodeling
(dashed line); D, SPECT myocardial perfusion scan with stress-induced perfusion defect (arrow);
E, 3D volume rendered CT whole-heart image; F, OCT image of a coronary plaque showing lipid
(*), characterized as signal-poor regions with poorly demarcated borders; G, OCT image of a
lipid-rich coronary plaque displaying thin overlying fibrous cap (arrow); H, (PET)-CT image
revealing active plaque microcalcification due to high tracer uptake; I, MR angiography showing

clear delineation of the proximal left coronary vessels.!'?!
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2. New angle of imaging cardiovascular disease

To fulfill the above-mentioned requirements, new imaging approaches should not
only assess the morphology of blood vessels, but also monitor the composition of the
vessel walls, enable diseases-associated abnormalities in the arteries to be observed,

down to the cellular and molecular level in some cases.[!’!

2.1 Functional imaging

Functional imaging techniques can detect changes in the metabolism, blood flow,
regional chemical composition and absorption. Using specific tracers or probes, such
as radiolabeled blood cells, lymphocytes, platelet or LDL, functional imaging is able
to track their spatial distribution and reveal physiological activities within a certain

tissue or organ in humans.["!

To date, various functional imaging tools have been developed with the aim to follow

the accumulation of red blood cells, LDL, leukocytes or platelets. All of these
methods based on the same strategy: combine an ex vivo contrast agent to one of these
individual components and then inject he patient before moving the imaging. Red
blood cells radiolabeled with *™Tc are injected in humans and bring a contrast signal
at aneurysms of the abdominal, which is simple, non-invasive and has been used for
over 30 years.!) Thereafter, the feasibility of localizing human atherosclerotic
plaques by imaging with radio-labeled LDL were assessed, results revealed that focal
accumulation of radiolabel was consistent with *™Tc-LDL sequestration by plaques in
the human atherosclerotic lesions.['”) Moreover, !!'In-labeled platelets and leukocytes
have also been used for the imaging of an AAAs.!'8 Furthermore, **™Tc-sestamibi (or
9mTc-MIBI) is lipophilic monovalent cations, which has been used for imaging the
myocardium.!'”! Perfusion imaging with SPECT most often utilizes thallium-201

(01T1).20]
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Although these imaging techniques can offer valuable information in the diagnosis
and management of artery diseases, they are insufficient to track the
cellular/molecular event that may occur in the aortic wall long before any

51 This limitation makes it

structural/functional changes become detectable.
impossible for us to study a developing vessel disease through imaging or to predict
future clinical risk. Therefore, there is still a huge requirement for developing novel
non-invasive methods that will enable early identification and evaluation of the

cardiovascular diseases progression. A recent strategy is focused on using the

molecular imaging to fulfill these demands.
2.2 Molecular imaging
- What and why we need molecular imaging?

Molecular imaging is one of the most frequently used diagnostic methods. It aims to
non-invasively visualize, characterize, and measure normal and pathological
biological processes at the cellular and molecular levels in humans and other living
organism.?!) Several different techniques used include radiotracer imaging/nuclear
medicine, MRI, MRS, optical imaging, ultrasound and others. In the case of
cardiovascular pathology, molecular imaging combined with specific targeting
contrast agent will hopefully provide insight into potential disease mechanisms,

including:

a) Diagnosis of pathologies at the early maturing stages. When anatomical
deformation isn’t enough to be visualized, the targeting of key molecules presented in
the early stages of atherosclerosis, arterial thrombosis or aneurysm could help to

evaluate the risks.

b) Observing the molecular characterization of artery. By demonstrating the presence
of a certain molecule, these techniques will bring more in-depth understanding of the
pathophysiological processes that underlie aneurysm development, expansion, and

rupture and allow us to better predict its evolution.!*]
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2.2.1 Cardiovascular disease biomarkers

To target vascular pathologies, it is necessary to identify the cells or key molecules
that are only present in sufficiently large quantities during the first pathological signs
of the artery. In Figure 6, we summarize main biomarkers involved in the
development of atherosclerosis. They can be used to characterize vascular diseases
status or to predict disease behavior. The molecular imaging of these biomarkers
emerged as novel tool that offers many enticing prospects, such as diagnosing

aneurysm early, monitoring vascular pathologies and evaluating the treatment.
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Figure 6. Imaging targets in atherothrombosis. Illustration of processes of an atherosclerotic
lesion. The biomarkers could be used for molecular imaging at each stage also listed. Symbols
reveal the feasibility of imaging method using each of the modalities listed.

Inflammation is currently regarded as a crucial step in the pathogenesis of
atherosclerotic cardiovascular disease and is therefore an attractive target for

molecular imaging techniques.*’! Vascular inflammation characterized by the release
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of soluble signaling factors, including chemokines, and by the expression of
endothelial cell adhesion molecules, e.g, VCAM-1, ICAM-1 and the selectin family
of molecules (P-, E- and L-selectin) that play critical roles in leukocyte arrest in the
vasculature, extravasation and migration to inflamed tissue.*¥ The selectins,
E-selectins, L-selectins and P-selectins, are a family of type-1 cell surface

5.1 They all have 5 domains: a short cytoplasmic tail, a transmembrane

glycoprotein
region and a long extracellular portion. This last part strongly glycosylated consists of
several CR (Complement Regulatory) proteins, an EGF (Epidermal Growth

Factor)-like domain and a calcium-dependent lectin domain (Figure 7).

Lectin domain EGF domain 2-9 CR domains Cytoplasmic
domain
2 (L I R

Plasma
membrane

Figure 7. Selectin structure. Selectins are composed of a lectin domain (lime green), an epidermal
growth factor (EGF) domain (dark green), two (L-selectin), six (E-selectin) or nine (P-selectin)
consensus repeats with homology to complement regulatory (CR) proteins (yellow), a
transmembrane domain (red) and a cytoplasmic domain (purple).'?¢]

L-selectin is expressed on all granulocytes and monocytes and on most lymphocytes,
it is now implicated in many instances of inflammatory leukocyte trafficking.*”]
E-selectin is not normally expressed, but is upregulated expressed on the surface of
endothelial cells in the presence of inflammatory cytokines.!*®! P-selectin, which is
expressed by activated platelets and endothelial cells, play a mediator role in
platelet-leukocyte and leukocyte-endothelium interactions and has an important role
in the interplay between inflammation and platelets in atherogenesis and its
thrombotic complications (Figure 8).*) Exposure of endothelium to mediators

including agonists, such as thrombin, histamine, the activator of kinase C or ADP
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results in rapid upregulation of P-selectin expression on the cell surface.l*”’

Therefore, targeting P-selectin using novel molecular imaging probes is an attractive
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therapeutic target in vascular disease.!*!
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Figure 8. P-selectin in thrombus. Role of P-selectin linking inflammatory and thrombotic

pathophysiological pathways at the arterial vessel wall.[*?

2.2.2 P-selectin ligands
- Antibodies

Until now, three kinds of molecules are determined as candidate ligands for P-selectin
(Figure 9). Among those, antibodies-based agents get good imaging results.[**]
However, the production of these tracers is also rather complex and expensive in a

quantity that would be demanded for use as a clinical reagent.*%
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Figure 9. P-selectin ligands for molecular imaging.
- Sialyl Lewis™®

The Sialyl Lewis® (SLe*) is a well-known nature ligand for all of three selectins.*”
Structural features of Sialyl Lewis® are essential for binding with selectins: the
hydroxyl functions of L-fucose and D-galactose, and the carboxylic group of sialic
acid.*>) Numerous previous studies have shown that synthetic analogs of SLe*
interact with P-selectin. However, its application prospects are limited by their poor

imaging properties.
2.2.3 Fucoidan

Fucoidan, first isolated by Kylin in 1913, are a type of fucose-rich sulfated
polysaccharides, mainly found in the cell-wall matrix of various brown marine
algae.l*®) The chemical composition of fucoidan is extremely variable owing to its

heterogeneity and irregularity.”!

It contains a linear backbone built up of
(1-3)-0-L-Fuc or alternating (1—3)-o-L-Fuc and (1—4)-a-L-Fuc (Figure 9),
(1—2)-0-L-Fuc sometimes being present in the backbone branching.*®! Sulfate
groups in the native polysaccharide occupy positions 4 (mainly) and 2, whereas some

3-linked o-L-fucopyranose residues are acetylated at O-2.["]
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- Biological activity of fucoidan

In recent years, fucoidan has been extensively studied aiming at assessing their
potential biological activities. These include antitumor effect, antivirus,*"
anti-inflammatory, anticoagulation and antithrombosis,[*!) as well as their effects

against various renal, hepatic and uropathic disorders.*?!

The anticoagulant effect of fucoidan is considered to be a complex mechanism
involving direct inhibition on the enzyme and indirect inhibition of thrombin through
the activation of thrombin inhibitors.[**) Other results confirmed that, like heparin,
fucoidan could prolong the clotting time of human plasma in vifro and inhibit rat
thrombosis in vivo.**! From this base, it has been proposed that fucoidan may
represent promising candidate for prevention or treatment of thrombosis-related

cardiovascular disease.

Previous studies also have shown fucoidan inhibits cancer cell proliferations by
inducing cell cycle arrest, inducing apoptosis, regulating growth signaling molecules

and inhibits metastasis and angiogenesis.[*

- Why choose fucoidan?

Numerous previous studies have shown that polysaccharides, such as heparin and
dextran sulfate, interact with P-selectin. Our group has observed fucoidan exhibited
the highest affinity for immobilized P-selectin with a Kd of 1.2 nM as compared to
557 nM for heparin, 118 nM for dextran sulfate (Figure 10A) and 320 nM for
PSGL-1 particularly."*’! Together, fucoidan could be used in biomedical applications

as a targeting ligand for P-selectin.

In the past decade, Rouzet et al. showed the *™Tc labeled fucoidan allowing SPECT
imaging of thrombosis and heart ischemia thanks to the interaction of fucoidan with
P-selectin overexpressed by activated platelet and activated endothelium (Figure
10B). Suzuki et al. evidenced the capacity of superparamagnetic functionalized with

fucoidan to detect in vivo the intraluminal thrombus of abdominal aortic aneurysm in
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a rat model with a 47 T MR Imager. Bonnard et al. designed
dextran/pullulan/fucoidan microparticles radiolabeled with *™Tc or were embedded
with USPIO to image an aneurysmal thrombus in a rat model. Among these, fucoidan

has been evidenced as good candidate to image atherothrombosis in vivo.

P-selectin
Masson's trichrome Autoradiography immunostaining

Figure 10. Targeting P-selectin by *™Tc-Fucoidan. (A) Dissociation constants were calculated
using a 1:1 Langmuir binding model plot for the specific binding on P-selectin of fucoidan (upper
curve), heparin (lower curve) or dextran sulfate (middle curve);**! (B) Intraluminal thrombus in
AAA in rat. Compared analysis of histology (Masson trichrome) and autoradiography on same
slice, P-selectin immunostaining with nuclear counterstaining (different sample). Mural thrombus

on Masson trichrome staining (arrows) matched 99mTc- fucoidan uptake on autoradiography.*®!

2.3 Molecular imaging platforms

Molecular imaging depends on various imaging modalities, as reviewed in Table 1.
Each approach exhibits advantages and weaknesses.[*”) Among those, X-ray and CT
offer high spatial resolution and rapidity, but they are limited by sensitivity and
require exposure to radiation. Positron Emission Tomography (PET)/Single Photon

Emission Computed Tomography (SPECT) imaging provide high sensitivity, whereas
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they rely on radioactivity and are very expensive. MRI also exhibits high sensitivity
and resolution but lacks contraindication for certain metallic implants and cost.
Ultrasound keeps promise for imaging because of its relative low cost, wide
availability, and high spatial resolution. The challenges of echography include
restricted depth penetration and sensitivity. Combined with respective molecular
imaging probes, these imaging technologies could provide new perspective to review

vascular disease.

Table 1. Summary of imaging technologies for imaging arterial pathology. (adapted from [48])

Modality Capabilities Application Contrast Agents/
Anatomical Molecular/Functional Benefits Limitations Radionuclide Tracers
Ultrasound X X Rapid, accurate, low cost, Limited resolution, Microbubbles
reproducibility, Image interpretation difficult,
widely available artifacts common
CT X X Rapid, high resolution, ITonizing radiation, ITodine or Barium
useful for early clinical requires contrast agent
followup
MRI X Soft tissue contrast, High cost, Gadolinium chelates
high resolution large equipment required
X Customizable molecular Limited sensitivity, USPIO or gadolinium
targeting, cell tracking requires contrast agent chelates
Bio-lumine X High sensitivity, Shallow tissue penetration, Exotic transgenic cells
scence high specificity requires transgenic combined with
modification luciferin
SPECT X 3D imaging, widely available, Limited temporal resolution, TC, ""In,
highly sensitive, simultaneous few radionuclide tracers 200y, 123,
imaging of multiple processes B
PET X Quantification of metabolism High cost, limited availability, g 1C, BN, 10, RB
and blood flow, high large equipment required,
sensitivity, short tracer half-life,
many radionuclide tracers single process evaluation

2.4 Micro-/Nanoparticles for molecular imaging of biomarkers

2.4.1 What is so special about the micro-/nanoscale?

Recently, many peptides, antibodies or other small molecules have been conjugated

directly to contrast agents for imaging of cardiovascular inflammatory events. Their
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promising results makes molecule imaging promising in revolutionizing diagnostic
modalities for vascular disease. In addition, their small size is conducive to injection
into the body without causing complication or vascular occlusion, but they also have
many shortcoming such as poor relaxation enhancement efficiency, the rapid
elimination and extravasation out of the vasculature.'*” Due to their larger size,
nano-/macromolecular combines contrast agent and targeting agents are being
developed for overcoming these limitations. This approach has many advantages in

early diagnostic accuracy of the diseases:’!

- Long-circulating formulation and tunable biodistribution can be imparted by ease of

surface modification;°!!

- Hypothetical biocompatibility and imaging properties can be adjusted by their

chemical composition, structures and sizes;

- Desired targeting property can be engineered by conjugation with specific molecules

interactions, such as antibodies, nucleic acids, peptides and polysaccharide ligands;

- Large surface area-to volume ratio which enables high conjugation of ligand leading

to a higher affinity with target molecules.
2.4.2 Micro-/Nanoparticles service for molecular imaging

This part focuses on the development of an array of micro-/nanoparticles contrast
agents already being evaluated or with promise for future applications in
cardiovascular disease imaging (Table 2). Among them, three type of nanoparticles:
lipid-based, inorganic nanoparticles and polymer-based have been developed for

molecular imaging of cardiovascular pathologies.

Lipid-based nanoparticles, such as liposomes, micelle or microemulsions are closed
spherical vesicles composed of lipid and/or amphiphilic components, which have both

hydrophobic and hydrophilic parts that spontaneously assemble into aggregates under
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aqueous conditions. Micelles are made of a monolayer of lipids surrounding a
hydrophobic core with diameter 50 nm. Similar to micelles, liposomes are created
from hydrophilic core enclosed by the bilayer-forming lipids, which are usually
composed of a polar headgroup and two fatty acyl chains, their size stands around 150
nm.>?] High density lipoproteins (HDL)-like nanoparticles have been demonstrated to
selectively targets atherosclerotic plaques in vivo and substantially enhance the MRI
image.!>3! Therefore, according to their biocompatibility and their versatility, modified
lipid-based nanosystems are valuable formulations for probing preclinical

cardiovascular diseases.’*

Table 2. Summary of select micro-/nanoparticle applications in cardiovascular imaging.

Modality Contrast agent Particle Mean Targeting Targets Animal model Ref.

type diameter strategy
MRI USPIO Micro 2.3 um Fucoidan P-selectin AAA [33]
Nano 47.5 nm - - AAA [36]
MPIO Micro 1.0 um Antibodies P-selectin apoE ™" mice 7]

VCAM-1

SPET 99mTe Nano 350 nm Fucoidan P-selectin AAA [38]
CT Au Nano 100 nm - - Thrombus in mouse 1591

carotid arteries

PET %Cu Nano 15 nm Antibody CCRS receptor apoE ™~ mice [60]
Ultrasound  Perfluoropropane ~ Microbubble 1 um Peptides glycoprotein Acute thrombotic fe1]
ITb/ITa occlusion in rabbit
gas Microbubble 2 um Antibodies glycoprotein Thrombus in mouse (2]
ITb/ITa carotid arteries

Inorganic nanoparticles (NPs), such as semiconductor quantum dots (QDs), iron oxide
NPs and gold NPs, have been exploited as contrast agents for diagnostics by
molecular imaging.[®*! QDs have been especially useful for multiplexed and long term
optical imaging of biological processes; Magnetic nanoparticles are particularly
important for MRI and drug delivery; Metallic gold nanoparticles are important in
imaging, as drug carriers, and also for thermotherapy of biological targets. Small
molecules, as bisphosphonates, phospholipids and polymer have been widely used as

a coating in order to improve stability and biocompatibility.

Synthetic and natural polymers nanoparticles have been studied by many research
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(%41 Various

groups and play a pivotal role in a wide range of files in the past decades.
techniques such as: solvent evaporation, emulsion polymerization, interfacial
polymerization are employed for their preparation. The properties of polymer
nanoparticles such as size, porosity and hydrophobicity, is adjustable due to the
polymer nature and the synthesis parameters. Polymer nanoparticles with specific
biomarkers have been highly investigated in medical imaging for diagnosis and
treatment of cardiovascular diseases. Poly(alkyl cyanoacrylates) (PACA) are
biodegradable and biocompatible polymers widely employed for nanobiologic
research.!%] Polysaccharide-based nanosystems have received a lot of attention in

atherothrombosis management.[® In particular, heparin or fucoidan-based

nanoparticles present a high affinity to P-selectin, respectively.[”!

Unfortunately, of many molecular imaging agents that have been introduced for
detection of inflammation and matrix remodeling in cardiovascular pathology, only a
small subset has been evaluated in clinical studies and preclinical models of

aneurysm.

3. Ultrasound molecular imaging

3.1 Echography

Echography, also called ultrasound imaging or sonography, is an imaging method
which uses high-frequency sound waves to create an image of a part of body in real
time; that is, not only do they show the structure of body tissues and organs, but also
show movement of the body’s internal organs as well as blood flowing through
vessels. A computer program could analyze the echoes of sound waves sent into body
and generate an image on screen. It is a widely available, portable non-invasive and
cost-effective diagnostic modality comparable to other imaging modalities, which is
employed for many different therapeutic and diagnostic spanning cardiology,

peripheral vascular disease and obstetrics.
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3.2 Principal theory behind ultrasound

Ultrasound works on acoustic signals produced by reflection or backscattering of
acoustic waves with frequencies. An ultrasound transducer sends wave pulses
consisting of alternating high and low pressure, which are partially reflected by
surfaces between different tissues and various structures within the body.
Backscattered ultrasound waves generate echoes that can be detected by the
ultrasound probe, then can be converted into electrical pulses and digitized by
imaging system. Owing to the time intervals between pulse transmission and
reception, as well as the speed of sound in the tissue, an image can be generated

depending on scattered sound signals.[®®]

Medical ultrasound devices frequencies range from 1 MHz to 20 MHz. Proper
selection of transducer frequency is an important concept for providing optimal image
resolution in diagnostic and procedural ultrasound (Figure 11). Normally, compared
with low frequency waves (long wavelength), the high frequency waves (short
wavelength) generate higher axial resolution images, but the lower depth of
ultrasound penetration. Therefore, they are suitable for imaging mainly superficial
structures.!®”! On the contrary, low frequency waves offer images of poorer resolution

but can penetrate to deeper structures.!””’
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Figure 11. Different frequencies of ultrasound.
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Current technologies based on simple reflection and reading of sound echoes, called
brightness-mode, or “B-Mode”, can produce an image at resolutions down to the
millimeter scale. B-Mode imaging is frequently used to detect abnormalities within
major organs, arteries, and veins in the cardiovascular system, or to image a growing
fetus. In all of these cases, there is a significant acoustic mismatch between the
surrounding media, blood or amniotic fluid, respectively, and the targeted tissues,
allowing them to show up as bright outlines. However, features such as thrombus or
cancers are similarities in tissue compressibility, making them difficult to distinguish
from background noise. Additionally, B-mode can be insufficient to early diagnose
and identify tissue diseases such as arterial wall dilatation because of the resolution

limit.

Contrast agents, or small particles that can be injected and have a high echogenicity in
comparison to the surrounding tissue, have been developed to overcome these
limitations. The addition of a contrast agent allows for much easier viewing of tissue

contours, enabling the clinician to find any physical abnormalities quickly.

3.3 Microbubbles

The majority of ultrasound contrast agents being used are microbubbles. As their
name implies, their size range between 1 and 10 um (Figure 12). Extravasation of
microbubbles (MB) to surrounding tissue is inhibited, preventing unspecific

accumulation in the interstitial space and unwanted background signals.

Micron-sized bubbles were found to cause proper backscattering of applied ultrasound
pulses, not only with linear oscillations, but also with non-linear ones, which are not
strongly present in most tissues (Figure 12). Thus, MBs can be detected with high
sensitivity and a good contrast. With the introduction of microbubble contrast agents,
diagnostic ultrasound has entered a new area that allows the dynamic detection of

tissue flow of both the macro and microvasculature.
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The major factor that affects the properties of MBs includes the type of gas and shells.

The choice of gas is the most important factor that considered first.

The first-generation MBs (e.g. Albunex®) were filled with air, which disappeared
from the bloodstream within a few seconds after administration, due to the high
solubility of air in blood and a thin (10-15 nm) protein shell coat that was insufficient

against gas diffusion.!”!]

In the currently-MBs, biocompatibility, inert and high
molecular weight gases like perfluorocarbon or sulfur hexafluoride were used (Figure
12). They prolong the lifespan of MBs with the circulation due to their decreased

solubility and low diffusion coefficient in water/blood.

Even though the included gas is responsible for the majority of the bubbles’ acoustic
properties, the shell adds a mechanical stiffness and reduces the compressibility of the
gas (Figure 12). Therefore, the shell material provides multiple possibilities to tailor
the MBs to their specific application by changing surface properties.[””) Meanwhile,
encapsulation improves stability against gas loss, dissolution, and microbubble

coalescence, and it produces a more standard size distribution.
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Figure 12. Microbubble ultrasound contrast agents. (a) Structure of a microbubble; (b)
Microbubble linear oscillation under low acoustic power; (c) Microbubble nonlinear oscillation
under medium acoustic power; (d) Microbubble destruction under high acoustic power
(MI>0.5).173
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3.3.1 Hard-shell microbubbles

Hard-shell microbubbles commonly have a more rigid shell made of polymers or
denatured proteins which have lower elastical properties and can increase their
stability to certain degree. Generally, hard-shell microbubbles offer the advantage of
being more stable and increasing circulation time in vivo. Though the rigidity of shell
has been shown to significantly hamper oscillations of the gas core and impair
echogenicity of microbubbles, it does not change the fact that hard-shell microbubbles
is considered as the first choice of contrast agent for higher-intensity ultrasound
application where they provide a higher echogenicity than soft-shell microbubbles

which might be destroyed.!”¥
- Polymer-shelled microbubbles

In addition to improving the stability, the thick polymer shell may allow microbubbles
loading a large number of drugs and offer higher ligands density for the efficient
targeting of tissues. To date, many kinds of biocompatible synthetic polymer were

used as shell materials.!”>]

In recent years, poly (D, L-lactide-co-glycolide) (PLGA) with varying lactic and
glycolic acid ratios has become one of the most studied diblock copolymer
biomaterials and attracted widely attention. PLGA microbubbles are produced from a
double emulsion-solvent evaporation method. Changing the reaction conditions such
as the emulsification speed and sodium cholate concentration will result in
microbubbles with diameters of several hundred nanometers to several micrometers.
The shell of PLGA-MBs could also be adjusted by varying factors like the molecular
weight, adding phospholipids or capping structures to polymers’ ends.[’® A recent
study has shown PEGylated and biotinylated could be incorporated PLGA
microcapsules shells.””) These structures could be attractive molecular target contrast
agents via link specific ligand. However, there is currently no Food and Drug

(FDA)-approved PLGA-MB for clinical applications.
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Cyanoacrylate is another commonly used as membrane material for polymer
microbubbles synthesis. Sonovist® (Schering AG, Germany) is a contrast agent made

1.8 These compounds were

of air bubbles encapsulated in a poly(cyanoacrylate) shel
shown to last more than 10 min circulation in vivo and to be taken up by the
reticuloendothelial system effectively. This microbubble can be synthesized in a
simple one-step synthesis by vigorously stirring during polymerization in presence of
surfactant and cyanoacrylate. Since Sonovist®, other cyanoacrylates are investigated
for preparation microbubbles as well. poly(n-butyl cyanoacrylate) (PBCA) is
characterized by a good biocompatible polymer and considered as a membrane
material for MB synthesis. Similar to Sonovist®, PBCA-MB are synthesized during
intensive stirring and in presence of surfactant and hydrochloric acid.[””! PBCA-MB
has been tested for wvarious diagnostic or therapeutic ultrasound-supporting
applications. Olbrich ef al. compared one-and two-step synthesis protocols as well as
the stirring intensity to evaluate the variation of the size, the shell thickness, the
resulting properties of MB under acoustic pressure, and finally the MB survival time
in plasma and serum.[®! Palmowski ef al. synthesized streptavidin-coated PBCA-MB,
which can target specific area by conjugating specific ligands, antibodies.®!) After
labeled by fluorophores or iron nanoparticles, PBCA-MB is able to be a useful tool
for multimodal imaging with ultrasound and 2-photon-/fluorescence microscopy or

MRI.[73)
- Protein-shelled microbubbles

Despite protein-shelled microbubble are less resistant to ultrasound waves than
polymer-coated MB, it has longer history of use and development. Albunex®
(Molecular Biosystems, San Diego, CA, USA, and Mallinckrodt, St. Louis, MO, USA)
was the first generation commercially available ultrasound contrast agent for cardiac
echography approved by USA and Japan. It consists of air encapsulated by a
thermally denatured serum albumin shell. However, the bubbles had a very limited
lifetime (< 1 min) in vivo due to its air-filled core. The second generation USCA, such

as Optison® (GE Healthcare, Bucking hamshire, UK), was the improved.
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Perfluoropropane gas was used instead of air, since this is stable and results in a
longer persistence time, their diameter ranged from 2 to 5 um. Optison® is
FDA-approved for cardiac applications such as left ventricular opacification and
endocardial border definition. Albumin-based MBs combined with dextrose were used

for molecular targeting.[®?!

3.3.2 Soft-shell microbubbles

Soft-shell microbubbles commonly covered by a monolayer of surfactant molecules
or phospholipids and readily expand and contract during the ultrasound pulse, making
them are sensitively detectable by their non-linear oscillations.®®) The better
echogenicity of soft-shell MBs compared with hard-shell MBs are mainly due to the
thinner, more flexible shells, which are held together through hydrophobic
interactions (i.e., intermolecular dispersion and electrostatic forces) rather than
covalent bonding or chain entanglement. Recent experimental evidence has shown
soft-shell microbubbles are able to split into several smaller bubbles at high acoustic
pressures instead of destruction like hard-shell MBs.®*! Sonazoid™ (GE-Healthcare)
is surfactant stabilized contrast agent containing perfluorocarbon gas for heart and
liver imaging. BR14® Bracco (Geneva, Switzerland) is a novel ultrasound agent with
a shell of a phospholipid monolayer. Perfluoropropane gas core is used as the gaseous

core and is currently undergoing Phase II studies in humans.

3.4 Nanobubbles

The relatively large sizes of microbubbles normally do not allow effective
extravasation from the vasculature and limit their application to the extravascular.
Targeting of tissues outside the bloodstream, such as solid tumors, requires the
diameters of bubbles less than 400-800 nm, therefor referred to as nanobubbles
(Figure 13). Oeffinger’s work proved that nanobubbles of this dimension were able to
produce an enhanced backscatter.>) PLGA have been used to develop nanobubbles

that have been labeled with antibodies that specifically bind to tumors.[*®!
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Figure 13. Micro-/nanobubbles targeting.
3.5 Liquid perfluorocarbons as contrast agents

Recently, liquid perfluorinated chemicals (PFCs) contrast agents have been used
instead of gaseous bubbles because they lead to ultrasound contrast agents that are
more resistant to pressure changes and mechanical stresses (Figure 14).57 Liquid
PFCs present minimal toxicological risk compared to gaseous ones.®®! Their safety
and biocompatibility have been well-documented, mostly pertaining to their
development and their use as artificial blood substitutes.*”) The length of the
fluorinated carbon chain determines the perfluorocarbon physical properties: small
chains PFCs, such as perfluorocarbon, are gases, and larger chain PFCs, such as
perfluorooctane and PFOB are liquids denser than water. Liquid PFCs have been
tested as contrast agents for ultrasonography and Magnetic Resonance Imaging since
the end of the 1970s.%8) Nano-/micro-system encapsulating liquid PFC as contrast
agents are more stable and are able to load larger amount of drug as compared to
nano-/microbubbles. However, they tend to be less echogenic than gaseous bubbles,
in particular when particle size reduce to nano-scale, because they are incompressible

and do not oscillate strongly with the passing acoustic wave.
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Figure 14. Scheme of systems of contrast agent with liquid PFCs.[%"]

4. Design considerations for P-selectin targeting ultrasound contrast

agents

4.1 Construct a simple “skeleton”

Alkyl cyanoacrylates are widely known monomers, extremely appreciated for their
very high reactivity and excellent adhesive properties of the resulting polymers. They
have been widely applied in the biomedical materials due to their excellent
biodegradability and biocompatibility, PACA nanoparticles also have recently been
considered as a kind of low-toxic drug carrier in clinical development for cancer
therapy.’”! The structure of some alkyl cyanoacrylates, which are used for the

preparation of nanoparticles, as shown in Figure 15.°!]
CN CN CN CN U CN CN
O McA O IBCA O ECA O IHCA O BCA O ocaA

Figure 15. Chemical structures of alkyl cyanoacrylates monomers used for the preparation

nanoparticles.”!)
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4.2 Methods of preparation of PACA nanoparticles

Alkyl cyanoacrylate monomers are highly reactive because the two
electron-withdrawing groups localize on the same carbon atom, which leads to
polarization of the C=C bond and hence it could be easily by anions, compounds with
nucleophilic groups (such as amines) and radical ions (Figure 16).°!! And the
polymerization reaction proceeds quite rapidly. Because of this character, there are
two main techniques used for the preparation of PACA nanoparticles:
polymerization-based and nanoprecipitation-based methods, resulting in the two main
types of nanoparticles, namely, nanospheres and nanocapsules, respectively.
Nanospheres are matrix systems constituted by a polymer, whereas nanocapsules are

vesicular systems containing a liquid or oil core, surrounded by a polymer shell.

J v

R R

(c)
G ~CN R CN
KT —
CN
C Q W = _——

R R o s — >
S e

R R

Figure 16. The polymerization mechanisms of alkyl cyanoacrylates used in emulsion

polymerization method. (A) anionic; (B) zwitterionic and (C) radical.l®
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4.2.1 Polymerization-based methods

The polymerization of alkyl cyanoacrylate monomers can theoretically be triggered
by two different initiators, free radical (radical polymerization) and anion (anionic

polymerization), including emulsion polymerization,'®?! interfacial polymerization®*!

and miniemulsion polymerization methods!®*

- Emulsion polymerization

Emulsion polymerization method is a classical method for preparing polymer colloids
with a matrix structure (nanospheres) in aqueous medium. In this system, the
polymerization of alkyl cyanoacrylate monomers is initiated by an anion (OH") in an
acidic aqueous medium (generally pH 2.0-3.0) containing the suitable amount of a
surfactant (e.g. poloxamer 188, pluronic F127) or a stabilizing agent (e.g. dextran,
heparin, chitosan). Afterwards, the mixture is stirred for several hours to prolong the

polymer chains and produce PACA nanospheres.

Polysaccharide-decorated PACA nanoparticles have been prepared in nitric acid
dissolved various polysaccharides via redox radical emulsion polymerization
mechanism, thanks to the polysaccharide/cerium IV (Ce*") ions redox couple as the
initiator.”> In this polymerization process, the free-radical chain growth benefited

from radical initiation rate much faster than anionic polymerization.

The polysaccharide chains at the surface of the nanospheres are in direct relation with
the structure of the copolymer, anionic emulsion polymerization led to grafted
copolymers and form compact loops, whereas linear block copolymers were achieved

under redox radical initiation lead to hairy polysaccharide chains (Figure 17).
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o | HO |

N . Z
A S

Figure 17. Schematic representation of poly (alkyl cyanoacrylate)-based nanospheres using (a)

polysaccharide chains under anionic initiation, (b) polysaccharide chains under redox radical

initiation.[®]
- Interfacial polymerization method

Interfacial polymerization takes place at the interface between oil phase and aqueous
phase by hydroxide anions present in the water. Therefore, the reactions are prepared
either in water-in-oil or oil-in-water emulsion systems, leading to PACA nanocapsules
consisting of oil or an aqueous core, surrounded by a thin polymer membrane,
respectively.”®! Briefly, the oil phase is slowly added to the aqueous solution of
colloidal stabilizer or the aqueous phase is slowly added to the oil phase under
vigorous stirring, leading to small oil/water or water/oil droplets and accomplishing
the interfacial polymerization process. In addition, PACA nanocapsules also could be
obtained through added monomer into reaction system after forming the emulsion.
The main problem in these protocols is that nanospheres are obtained together with
the nanocapsules, in order to minimize the formation of nanospheres, it is desirable to

optimize the solvent/oil ration.
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- Miniemulsion polymerization methods

Miniemulsion polymerization method was first used by Limouzin et al. to prepare
PBCA nanoparticles.””! It is similar to emulsion polymerization or interfacial
polymerization, and additionally has ultrasonication process. In miniemulsion
polymerization process, an appropriate amount of oil is added to an acidic aqueous
solution containing surfactant and colloidal stabilizer, and then sonicated or rapidly
stirred to yield a pre-emulsion. Afterward, monomer is added and the mixture is
sonicated to produce a miniemulsion, with the polymerization of cyanoacrylate taking

place at the interface between aqueous phase and oil phase to form nanocapsules.
4.2.2 Nanoprecipitation-based methods

Nanoprecipitation-based method is another approach for the preparation of
poly(n-butyl cyanoacrylate) (PBCA) nanoparticles, beginning with pre-synthesized
polymer.®®! Briefly, water phase is obtained by dissolving an appropriate amount of
stabilizer (dextran, poloxamer 188 or polysorbate 80) in the water or PBS, and then
the acetone solution containing dissolved pre-synthesized PBCA is added drop wise to
the water phase, the mixture is stirred continuously, and the resulting nanoparticles are
usually 200-300 nm in size.”®! This technique could be used to entrap desired drugs
by adding them to either the water phase or the acetone solution due to their

solubility.l”]

Compared to the polymerization-based method, the nanoprecipitation-based method
has the advantage that nanocarriers’ characteristics need to be independent of the
preparation conditions of the nanoparticle formation due to the use of pre-synthesized
polymers. Moreover, no chemical reaction happens between drug molecules and
n-butyl cyanoacrylate monomers during the formation of nanoparticles prepared by
nanoprecipitation. This method is used to load highly reactive and/or biologically
active drugs because these compounds could initiate the polymerization of monomers

during the classical emulsion method.
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CHAPTER I

Polysaccharides-coated poly (isobutyl cyanoacrylate) perfluorooctyl
bromide nanoparticles dedicated to contrast agents for ultrasound

molecular imaging of atherothrombosis
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Chapter 1

ABSTRACT

Non-invasive diagnostic imaging methods in clinical examination are important for
understanding disease process and risk in cardiovascular pathology. Here we report a
new potential contrast agent based on polysaccharides-coated poly (isobutyl
cyanoacrylate) nanoparticles loaded with perfluorooctyl bromide (PFOB) designed for
ultrasound imaging. PFOB was embedded in the surface of nanoparticles with the
help of Tween 80, and these nanoparticles could be functionalized with fucoidan
easily. In addition, the physico-chemical characterizations of the obtained
nanoparticles were carried out in order to evaluate the contents of fucoidan and PFOB.
Flow cytometry analysis showed a stronger interaction between activated platelets and
fucoidan  functionalized @~ PFOB  nanoparticles  (Fuco-TNPs-PFOB)  than
non-functionalized PFOB nanoparticles. Moreover, in vivo ultrasound imaging
experiments showed an accumulation of Fuco-TNPs-PFOB in the thrombotic
abdominal aortic aneurysm wall, where P-selectin is expressed. This study revealed
that Fuco-TNPs-PFOB have the potential to track vascular diseases characterized by

P-selectin overexpression in vivo.
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Chapter 1

1. Introduction

Cardiovascular diseases due to atherosclerosis remain the leading cause of mortality
in developed countries.!'! During the past decade, molecular imaging techniques have
improved our understanding and shown promise in identifying the steps of
atherosclerotic disease based on ligand-modified contrast agents that bind selectively
to a target site contained specific biomarkers.[?! Among the many imaging modalities,
ultrasonic imaging is considered to be one of the best candidates because it is widely
available, non-invasive and cost-effective.l*! The main limitation of clinical ultrasound
imaging is the poor resolution of the results, which are generally in the millimeter

range. Ultrasound contrast agents are considered to address this problem.!

Polymer ultrasound contrast agents have been developed in the current study, they
were different from the first-generation microbubbles contrast agent because they
consist of nano-/microcapsules of poly(lactide-co-glycolide) (PLGA) encapsulating a
liquid core of perfluorooctyl bromide (PFOB).!*) They have shown promise for blood
pool contrast and the polymer shell improved the stability of the capsules as compared
to traditional ultrasound contrast agents. However, due to their rather hydrophobic
surface, these contrast agents are quickly eliminated by the mononuclear phagocyte

system and they end up in the liver.

To avoid a rapid clearance from the systemic circulation, surface modification of
these polymer contrast agents has been considered to provide them stealth.l®
Poly(alkyl cyanoacrylate) (PACA) were employed as materials for biomedical
applications science the early 1980s.” PACA nanoparticles are already in clinical
development for cancer therapy.!® Particularly, polysaccharides coated poly(isobutyl
cyanoacrylate) (PIBCA) nanoparticles could effectively prevent blood proteins

adsorption and observably reduce the uptake by the mononuclear phagocyte system.”!

P-selectin belongs to the family of selectin adhesion molecules and is expressed at the

surface of activated platelets and pathological vascular endothelium.'”) This pattern of
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expression is considered to be involved in inflammation and coagulation, which are
key processes in the early pathogenesis of atherosclerotic cardiovascular diseases.!!!]
Therefore, revealing the expression of P-selectin with a molecular imaging tool is a
promising clinically relevant strategy for the diagnosis of vascular diseases such as

atherosclerosis.[!?]

Some authors have developed contrast agents for targeting P-selectin, most of them
are functionalized with P-selectin antibodies or synthetic mimics of sialyl lewisX
(SLeX), which is the natural ligand of P-selectin.!!¥) New non-invasive carrier systems
with strong P-selectin binding specificity are still needed for vascular-targeted

imaging or drug delivery.

Recently, fucoidan, a type of sulfated and fucosylated polysaccharide mainly derived
from brown seaweed, has attracted much attention.!'*) Fucoidan exhibited in vitro a
high affinity for immobilized P-selectin.') Our group recently demonstrated that
Technetium (*™Tc) radiolabeled fucoidan enabled detection by activated endothelium
and thrombosis with P-selectin expression in rats.['®) Moreover, we have designed
Ultrasmall Superparamagnetic Iron Oxide (USPIO) nanoparticles associated with
fucoidan (USPIO-FUCO) as a new contrast agent.!'’) 15 min after injection,
USPIO-FUCO start to localize in platelet-rich thrombus area in a rat model, the signal

enhancement could be detected by MRI.['®!

In the present study, we propose a novel ultrasound contrast agent for molecular
imaging of abdominal aortic aneurysm (AAA). As a first step, we explored a simple
method to synthesize dextran-coated PIBCA nanoparticles loaded with perfluorooctyl
bromide (PFOB) and functionalized with fucoidan. Next, the physicochemical
characterization of the obtained product was carried out in order to evaluate the
contents of fucoidan and PFOB. Then, flow cytometry was performed to assess the
interaction between activated platelets and these nanoparticles. Moreover, their ability
to detect active intravascular thrombi was evaluated in vivo in rat models by following

elastase-induced vascular injury.
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2. Experimental Section

Materials:

I-Bromoheptadecafluorooctane (PFOB), CDCIl3 (99.96 atom % D), Tween 80,
nitric acid and fucoidan were provided by Sigma Aldrich (Saint Quentin Fallavier,
France). Dextran 20 and FITC-Dextran 20 were obtained from TdB Consultancy
(Uppsala, Sweden). Perfluoro-15-crown-5-ether (PFCE) was purchased from
Fluorochem (Hadfield, UK). Isobutyl cyanoacrylate (IBCA) was provided by ORAPI
(Saint Vulbas, France). TRAP (thrombin receptor-activating-peptide) was obtained
from PolyPeptide laboratories (Strasbourg, France). Cerium (IV) ammonium nitrate

was supplied by Merck Millipore (Fontenay-sous-Bois, France).
Synthesis of nanoparticles:

The redox radical emulsion polymerization (RREP) methods described by
Chauvierre et al. were adapted to prepare nanoparticles.'”) A total amount of
polysaccharide (137.5 mg) including a blend of fucoidan and dextran in different
proportions was dissolved in 8 mL of 0.2 M nitric acid. The solution was placed under
magnetic stirring at 40°C under gentle stirring and nitrogen bubbling. After 10 min, 2
mL of cerium (IV) ammonium nitrate (8 x 102 M) in 0.2 M nitric acid and 0.5 mL of
IBCA were added successively under vigorous magnetic stirring. The reaction was
maintained under magnetic stirring and nitrogen bubbling was maintained for 10 min.
The system was left to continue under vigorous stirring for 40 min. After cooling
down to room temperature, 1.25 mL of an aqueous solution of tri-sodium citrate
dihydrate (1.02 M) was added to react with the remaining cerium ions and the pH was

adjusted to 7.0 with NaOH.

To prepare PFOB loaded nanoparticles, Tween 80 was dissolved into nitric acid and
desired amount of PFOB was dispersed in ultrasonic cleaner. To prepare

fluorescent-labeled nanoparticles, 5% (w/w) of FITC-Dextran was blended into
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polysaccharide and was dissolved into nitric acid solutions.

Nanoparticles (NPs); Fucoidan-coated nanoparticles (Fuco-NPs); Tween 80 induced

nanoparticles (TNPs)

Size and zeta potential nanoparticle determinations.

The size distribution of nanoparticles was quantitatively obtained using a laser
dynamic scattering particle size-measuring instrument (Nano ZS, Malvern

Instruments, Orsay, France).

Zeta potential ({) of the nanoparticles was measured to evaluate their stability in
suspension and to identify the presence of the polysaccharides onto the surface.
Samples were diluted in 1 mM KCI. Measurements were performed at 25°C using
quasi-elastic light scattering apparatus (Nano ZS, Malvern Instruments, Orsay,

France).

All the measurements were performed in triplicate and the results were expressed as

mean =+ standard deviation.

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy

(TEM):

The surface morphology of nanoparticles was imaged using a SEM apparatus
(Philips XL 30 ESEM-FEG, Amsterdam, Netherlands) on dried samples coated with a
thin gold layer. TEM was performed using a Philips EM208 apparatus (Amsterdam,
Netherlands) operating at 80 kV.

Elemental Analysis:

The presence of fluorine on the surface of nanoparticles was demonstrated by
energy-dispersive X-ray spectroscopy. Global S content was quantified by UV
fluorescence spectroscopy (THERMO TN-TS 3000, Thermo Fisher Scientific,
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Pittsburgh, PA, USA) on freeze-dried samples of fucoidan and nanoparticles. The
fucoidan content in the nanoparticles was calculated from their sulfur content and the

sulfur content of fucoidan as standard.

Measurement of PFOB encapsulation efficacy:

The method used for PFOB encapsulation efficacy assay was performed

1.2%1 Nanoparticles were

according to the method as described by O. Diou et a
freeze-dried for 24-48 hours. Subsequently, freeze-dried nanoparticles were dissolved
into CDCI;3 along with PFCE as an internal standard ([PFCE] = 0.76 mmol/L). The "°F
NMR (Nuclear Magnetic Resonance) spectra were recorded on a Bruker (400 MHz)
Spectrometer (Billerica, USA). The amount of PFOB was determined by the
integration of the peak at -80.7 ppm, corresponding to the CF3 group and by the

normalization of the area of the PFCE peak at -89.5 ppm. Mass fraction Crroz was

calculated as follows:

mass

max __ feed Nanoparticles
Mprog = Mppop X pfeed | feed (1)
Polysaccharides mpolymer n’lPFOB
mNMR
— PFOB 0,
nencaps T max XIOOA) (2)
PFOB
feed feed feed e ey
Where  my5 o iges Mpaymer Mprop  ar€  the initial masses of the components

mass
Nanoparticles

introduced in the reaction solution, m is the quantity of freeze-dried

nanoparticles, and mppy corresponds to the mass of PFOB recovered after

freeze-drying process.
Static binding on platelets:

The interaction between two groups of PE-Cy5 labeled platelets (non-activated

platelets (PRP), activated platelets (PRP + TRAP) and two groups of FITC
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nanoparticles (TNPs-PFOB, Fuco-TNPs-PFOB) were measured by flow cytometry. 5
mL of blood from healthy adult volunteers were collected in sodium citrate 3.8%
(w/v). Platelet-rich plasma (PRP) was obtained by centrifugation at 200 g for 15 min
(5702RH centrifuge Beckman Coulter, Villepinte, France) and platelet concentration
was adjusted to 2x10® mL™! with autologous platelet-poor plasma. Activated PRP was
obtained by stimulation of PRP with 20 uM TRAP. Before assessing the interaction
with nanoparticles, P-selectin expression level at the platelet surface was assessed
using an anti-human CD62P-FITC. An additional tube of PRP was also incubated
with a mouse IgG1/FITC to verify that the FITC signal was not due to non-specific
binding to the platelets. In addition, TNPs-PFOB and Fuco-TNPs-PFOB were
incubated with anti-human PE-Cy5 at a similar concentration to prove that
nanoparticles could not be labeled by antibody. Thus, for each test, we measured the
FITC signal by flow cytometry and confirmed that P-selectin was expressed by
platelets from PRP + TRAP batches and that low level of P-selectin was detected on
PRP batch. To evaluate the binding ability between nanoparticles with P-selectin
expressed onto platelets, 5 pL of non-activated PRP or of activated PRP + TRAP were
incubated for 20 min with 5 pLL of TNPs-PFOB and of Fuco-TNPs-PFOB (5 mg/mL),
together with 5 pL of PE-Cy5 mouse anti-human CD41a to label platelets. Samples
were analyzed on a LSRII flow cytometer (BD Biosciences, Le Pont de Claix, France),
50,000 PE-Cy5 positive platelets collected per samples, and the mean fluorescence

intensity (MFI) of FITC was measured in these platelets.
In vivo arterial disease model:

Animal studies were done in accordance with principles of laboratory animal care
and with approval of the animal care and use committee of the Claude Bernard
Institute (N°2012-15/698-0100) (Paris, France). The elastase induced Abdominal
Aortic Aneurysm (AAA) rat model was performed on 8 male adult Wistar rats (7
weeks, Janvier Labs, Le Genest-Saint-Isle, France). Animals were anesthetized with

intra-peritoneal injection of pentobarbital (1 uL/g body weight, Ceva Santé Animale
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SA, La Ballastiere, France). Porcine pancreatic elastase (2.7 mg/mL, Sigma Aldrich,
Saint Quentin Fallavier, France) was perfused into the lumen of an isolated segment
of the infrarenal abdominal aorta for 15 minutes at a rate of 2.5 mL/h. Delbosc et al.
reported that repeated intravenous injection of Porphyromonas gingivalis (Pg) in a rat
model of AAA led to enhanced aortic dilation associated with neutrophil retention and
persistence of a non-healing luminal thrombus. In this study, Porphyromonas
gingivalis suspension (107 CFU in 500 pL 0.9% saline), a gift from La Pitié
Salpétricre Hospital, was injected to the rats once a week via the penis vein for 4
weeks. Two days after the fourth injection, rats were anaesthetized by sodium
pentobarbital intra-peritoneal injection (1 puL/g,) and 200 nuL of Fuco-TNPs-PFOB (50
mg/mL) were injected slowly via the carotid artery. The imaging sequence was

performed in the B-mode (transducers: MS-550D, VisualSonics 2100).

Statistical Analysis:

Data are presented as mean + SEM (n>3). Each experiment was performed using
Student t test for paired data. Flow cytometry results were analyzed statistically with a
one-way ANOVA with Bonferroni post-tests to compare data obtained with

TNPs-PFOB and Fuco-TNPs-PFOB. Difference of P<0.05 was considered significant.

3. Results

3.1 Preparation and characterization of nanoparticles

3.1.1 Nanoparticles (NPs) and fucoidan-coated nanoparticles (Fuco-NPs)

The radical emulsion polymerization of isobutyl cyanoacrylate (IBCA) was
investigated to design fucoidan-coated PIBCA nanoparticles. To achieve this,
fucoidan was introduced at different proportions in a blend of polysaccharide
composed of dextran and fucoidan in the polymerization medium. As indicated in
Table 1, stable formulations of nanoparticles were obtained by both percentages of

fucoidan (5% and 10%) in the blend of polysaccharides. The size of nanoparticles
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slightly decreased from (from 210 + 3 nm to 197 + 6 nm) when the preparation
contained 5% and 10% fucoidan, respectively. Moreover, the fucoidan content in
Fuco-NPs increased from 2.07% to 4.92% (w/w) with fucoidan increased. While, the
zeta potential of the nanoparticles became more negative when the amount of

fucoidan was increased (from -21 £ 3 mV to -27 = 2 mV).

Table 1. Physical and chemical properties of NPs and Fuco-NPs.

No. NPs Fuco-NPs
5% Fuco 10% Fuco

Size (nm) 201+5 210+3 197+6

PI 0.09 0.10 0.18

Zeta potential (mV) -16+3 -2143 -27+2

Mass Concentration (g/L) 40 37 36
Global sulfur content (wt %) - 0.02% 0.05%
Global fucoidan content (wt %) - 1.61%-2.52% 3.83%-6.01%

3.1.2 NPs loaded with PFOB

To further encapsulate PFOB into NPs, Tween 80 was introduced as a surfactant to
form the PFOB emulsion before initiating the polymerization of nanoparticles. As
shown in Table 2, the size of Tween 80 induced nanoparticles (TNPs) declined
sharply (from 210 £ 3 nm to 115 £ 3 nm) compared to NPs, it would increase after
added PFOB (TNPs-PFOB). Moreover, in the same way as for PFOB, the size of
particles decreased as the amount of Tween 80 increased, whereas the mass of the
loaded PFOB reached the maximum when the amount of Tween 80 was 2 mg.
Meanwhile, the results showed the mass percent of PFOB was slightly increased with
the quantity of PFOB in the condition of same amount of Tween 80. Based on these
results, the 2.0 mg of Tween 80 and 120 puL of PFOB were the optimum condition for

the following experiments.
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Table 2. Physical and chemical properties of TNPs and Fuco-TNPs-PFOB.

No. TNPs TNPs-PFOB Fuco-TNPs-PFOB
5% Fuco  10% Fuco
TWEEN 80 (mg) 3 0.5 1 2 3 4 2 2 2
PFOB (uL) 0 30 30 30 30 30 120 120 120
Size (nm) 11543 231+6 243+8 203+10 18245 158+7 249+5 198+8 200+10
PI 0.12 0.12 0.17 0.06 0.08 0.05 0.19 0.12 0.15
Zeta potential (mV) -14+3 -14+5 -16+4 -16+2 -16+3 -15+2 -17+£3 -21£2 -26+3
Mass Concentration (g/L) 40 42 43 44 43 44 48 41 40
Nencaps (%o) - 45.13%  47.93%  69.46%  60.43%  55.74%  58.79% 20.15% 6.70%

The morphology of obtained TNPs and TNPs-PFOB was observed by SEM and TEM

Figure 1. Spherical objects with smooth surface are observed for both types of

nanoparticles. Surprisingly, SEM images showed that TNP and TNP-PFOB have

different sizes, and this is consistent with the hydrodynamic diameter measured by

dynamic light scattering, whereas TEM indicated that they have the similar sizes of

core€.
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TNPs-PFOB

N3S

W3l

Figure 1. Scanning and transmission electron microscopy images of TNPs and TNPs-PFOB. Top:
SEM images. Bottom: TEM images. Left: TNPs prepared with 2 mg Tween 80. Right:
TNPs-PFOB prepare with 2 mg Tween 80 and 120 pL. PFOB.

The content and distribution of PFOB in TNPs were analyzed by '’F NMR (Figure 2)
and energy-dispersive X-ray spectroscopy (EDX) experiment (Figure 3). The results
showed the absence of CF3 group in the control TNPs and the presence of CF3 group

in the TNPs-PFOB, meanwhile EDX indicated fluorine was located on TNPs surface.
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Figure 2. F HMR spectra of TNPs (top), TNPs-PFOB (bottom) in CDCl;.
Perfluoro-15-crown-5-ether (PFCE) as an internal standard ([PFCE]=0.76 mmol/L) and its peak at
-89.5 ppm, the amount of PFOB was determined after integration of the peak at -81 ppm
corresponding to the CF3 group.
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Figure 3. Determination of the chemical species present in the TNPs-PFOB by elemental analysis

using energy dispersion spectroscopy.

3.1.3 TNPs-PFOB functionalized with fucoidan

To targeted TNPs-PFOB, fucoidan was introduced to the polymerization medium. As
indicated in Table 2, stable TNPs-PFOB functionalized with fucoidan
(Fuco-TNPs-PFOB) were obtained and their size slightly decreased (198 + 8 nm for 5%
Fuco-TNPs-PFOB, 200 + 10 nm for 10% Fuco-TNPs-PFOB) compared to
TNPs-PFOB (249 + 5 nm). Meanwhile, the zeta potential of Fuco-TNPs-PFOB also
decreased (-21 =2 mV for 5% fucoidan and -26 =3 mV vs -17 £ 3 mV). These results
were consistent with the property of Fuco-NPs. However, the mass percentage of
PFOB decreased with increasing amount of fucoidan (20.15% for 5%

Fuco-TNPs-PFOB, 6.70% for 10% Fuco-TNPs-PFOB).
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3.2 Static binding on platelets

To evaluate the ability of TNPs-FPOB and Fuco-TNPs-PFOB to target P-selectin
expressed onto the surface of human activated platelets, flow cytometry experiments
were performed. Interactions were assessed between nanoparticles and two groups
from human Plasma-Rich Platelets (PRP) or activated platelets with TRAP
(PRP+TRAP). As shown in Figure 4, TNPs-PFOB barely or only minimally bound to
the two groups of platelets, as shown by low values of mean fluorescence intensity
(MFI). In contrast, Fuco-TNPs-PFOB exhibited higher MFI values with activated
platelets, as compared to resting platelets or activated platelets incubated with TNPs.
With the increased quantity of fucoidan, the interaction of nanoparticles with
activated platelets increase. Interaction with activated platelets was 2.45 times higher

with 10% Fuco-TNPs-PFOB as compared to TNPs-PFOB.

—_

- ]I D Reshng
60- — B Trap 20 .M

TNPs 5% Fuco-TNPs-PFOE  10% Fuco-TNPs-PFOB

Figure 4. Flow cytometry assessment of FITC-labeled TNPs, FITC-labeled 5% Fuco-TNPs-PFOB
and FITC-labeled 10% Fuco-TNPs-PFOB interaction with resting platelets and activated platelets,
separately. (n=4, ** p<0.01, *** p<0.001).
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3.3 Localization of Fuco-TNPs-PFOB within the abdominal aortic aneurysm

wall of rats

The ability of the 10% Fuco-TNPs-PFOB to target P-selectin expression in vivo was
evaluated in an abdominal aortic aneurysm (AAA) experimental model in rats with
echography. Figure 5 presents ultrasound images of AAA area before and after
carotid injection of Fuco-TNPs-PFOB (200 pl, 50 mg/mL). Before injection, the
abdominal aortic dilatation was clearly visible and the luminal blood appeared dark
(Figure 5A) whereas after injection, the passing of Fuco-TNPs-PFOB were detected
in the bloodstream immediately, and the present contrast enhancement of vascular
wall in AAA area indicated some Fuco-TNPs-PFOB were uptaken by activated
platelets and endothelial cells, which expressed P-selectin on their surface (Figure
5B). 20 min after injection the signals of Fuco-TNPs-PFOB were invisible in vessel
due to dilution and clearance by circulation, whereas the contrast enhancement of
vascular wall was still was observed (Figure SC). In contrast, no enhanced signal
intensity of arterial vascular wall was detected after the injection Fuco-TNPs-PFOB in

healthy rats (Date not shown).
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Pre-injection

Injection

20 min

Figure 5. In vivo ultrasound images of the aneurysm of an AAA before and after injection into the
rat carotid artery of Fuco-TNPs-PFOB (200 pL, 50 mg/mL). Passed Fuco-TNPs-PFOB and
contrast uptake are indicated with red arrows. 20 mins after injections of Fuco-TNPs-PFOB are

presented on the aneurysmal wall.
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4. Discussion

The aim of this study was to develop nanoparticles loaded with PFOB as an
ultrasound contrast agent. Subsequently they were functionalized with fucoidan, in

order to target P-selectin overexpressed in cardiovascular diseases.

In a previous research, nano-/microcapsules of PLGA with a PFOB core were
prepared by an emulsion-evaporation process.'> 2!l However, because of their rather
hydrophobic surface, these capsules are rapidly eliminated by the mononuclear
phagocyte system after intravenous administration, which obstruct their usage in vivo.
To avoid a rapid clearance from the systemic circulation, recent strategies focus on
PLGA-PEG diblock copolymer or PEGylated phospholipids instead of PLGA to

22 Here, PIBCA nanoparticle coated with

formulate PFOB capsules.!**
polysaccharides are selected to load PFOB due to their biodegradability and

biocompatibility.

Firstly, we demonstrated that addition of fucoidan resulted in a significant decrease of
the zeta potential. These results can be explained by the presence the anionic
polysaccharide at the surface of the nanoparticles. The zeta potential of nanoparticles
became more negative when the amount of fucoidan was increased, it also agreed

with the value of zeta potential found in previous studies.?’!

We then studied the relationship between quality of Tween 80 and mass percentage of
PFOB. Results indicated 2 mg of Tween 80 is optimal for capture PFOB under the
same conditions. Moreover, the mass percentage of PFOB in nanoparticles increases

when added more PFOB in polymerization system.

More interestingly, dynamic light scattering results and SEM images show
TNPs-PFOB have a larger diameter than TNPs. However, both of them show the
similar size of core in TEM images, that may be because only polymer core seems

darker and could be visible due to its higher electronic density than PFOB.??) These
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results indicated that different core-shell structure could be formed by
emulsion-evaporation method. Here PFOB seemingly embedded in the surface of
nanoparticles with the help of Tween 80. EDX analysis also revealed the fluorine

located near the surface of TNPs-PFOB.

Furthermore, the PFOB content decreased with the addition of fucoidan. This may be
interpreted with two scenarios. Firstly, fucoidan may modify the ionic strength of the
polymerization system and weaken the nanoparticles stability due to its negative

charge.’! Secondly, the fucoidan chains on the nanoparticles obstruct PFOB access.

We then evidenced that the Fuco-TNPs-PFOB have a stronger affinity for human
activated platelets than TNPs-PFOB by flow cytometry. Similar results had been
reported by Bonnard T. et al. using fucoidan functionalized polysaccharide
microparticles to interact with activated platelets.**! Interestingly, with the increase of
fucoidan mass fraction in initial polysaccharide, the target ability of
Fuco-TNPs-PFOB to activated platelets increased significantly. This may be due to
more fucoidan was distributed on the TNPs-PFOB surface, which is consistent with

change of zeta potential of Fuco-NPs.

In vivo ultrasonic images analysis revealed that the contrast signals of
Fuco-TNPs-PFOB were observed in vessel after injection. Some of Fuco-TNPs-PFOB
accumulated in the thrombotic AAA wall and presented significant contrast
enhancement even after 20 min. This observation indicates that Fuco-TNPs-PFOB

efficiently are localized in the acute AAA where P-selectin is expressed.

5. Limitations

In this proof of concept study, we have developed polysaccharide coated PIBCA
nanoparticles loaded with PFOB as an ultrasound contrast agent. This structure offers
major advantage such as various functional chemical groups and long half-life in

plasma. However, because of rapid redox radical emulsion polymerization (RREP)
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process and high density of PFOB, it is very hard to form core-shell structure which
encapsulates PFOB. Here, the PFOB was trapped into nanoparticles by a new method,
but slightly changing the surface property of nanoparticles will directly affect PFOB
loading efficiency. Our results demonstrated PFOB content significantly decreased
with the increase of fucoidan dose. Actually, 10% Fuco-TNPs-PFOB contains only 6%
PFOB. It is the direct cause of poor contrast signal of nanoparticles and insufficiency
to identify or differentiate the contrast enhancement from tissue signal on ultrasonic

imaging.

6. Conclusions

Fucoidan functionalized PIBCA nanoparticles loaded with PFOB were developed for
the targeting of P-selectin expressed on the activated platelets in thrombotic
abdominal aorta aneurysm. In this work, firstly, we described their elaboration with a
new PFOB emulsion-RREP process, confirmed their hydrodynamic diameter
distribution, the zeta potential, the nanoparticles structure and the mass percentage of
fucoidan and PFOB. Subsequently, we demonstrated in vitro by flow cytometry that
these Fuco-TNPs-PFOB could bind to the P-selectin expressed by activated human
platelets. Finally, we showed in vivo on rats their specificity to bind to AAA and
evidence their presence in the AAA wall by ultrasonic image. However, echographic
signal enhancement was insufficient to clearly identify the AAA area, probably
because of a poor ultrasonic signal of Fuco-TNPs-PFOB due to low content of PFOB.
Results are encouraging and future work will focus on improve the signal of contrast
agent to assess its ability to detect cardiovascular pathologies overexpressing

P-selectins for ultrasonography.
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Development of fucoidan functionalized polymer microcapsules to

target P-selectin overexpressed in cardiovascular diseases
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ABSTRACT

New tools for molecular imaging and targeted therapy for cardiovascular diseases are
still required. Herein, biodegradable microcapsules (MCs) made of polycyanoacrylate
and polysaccharide and functionalized with fucoidan (Fuco-MCs) were designed as
new carriers to target arterial thrombi overexpressing P-selectin. Physico-chemical
characterizations demonstrated that the microcapsules have a core-shell structure and
that fucoidan was present onto the surface of Fuco-MCs. Furthermore, their size
ranged from 2 to 6 um and they were stable on storage over 30 days at 4°C in water.
Flow cytometry experiments evidenced the binding of Fuco-MCs for human activated
platelets as compared to MCs (mean fluorescence intensity: 12008 vs 9.00, P<0.001)
and its absence for non-activated platelets (432.4). An in vitro flow adhesion assay
showed high binding of Fuco-MCs to P-selectin and to activated platelet aggregates
under arterial shear stress conditions. Moreover, both types of microcapsules revealed
excellent compatibility with 3T3 cells in cytotoxicity assay. One hour after
intravenous injection of MCs or Fuco-MCs, histological analysis revealed that
Fuco-MCs were localized in the rat Abdominal Aortic Aneurysm thrombotic wall and
that the binding in the healthy aorta was low. In conclusion, these microcapsules
appear as promising carriers for targeting of tissues characterized by P-selectin

overexpression.

Graphical Abstract

Y P-selectin . Resting platelet = Activated endothelial cell
E-selectin * Activated platelet

@ Red blood cell

(%) Organic phase
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1. Introduction

P-selectin, an adhesion molecule, is expressed at the surface of activated platelets and
injured vascular endothelium. Therefore, P-selectin is a marker of biologically active
arterial thrombi and expansion of Abdominal Aortic Aneurysms (AAA).! In recent
studies, P-selectin was described as a molecular imaging target for AAA early
detection, dilatation and rupture risk assessment. Some authors have developed
nano/micro-contrast agents for imaging of P-selectin using ultrasound or magnetic
resonance.?! Limitations are related to the low binding efficiency in high blood shear
rate of nano/microspheres to P-selectin on the area of AAA leading to insufficient
detectable contrast signals for predicting AAA rupture risk. Moreover, microspheres
as compared to nanospheres showed higher margination efficiency in recirculating
blood flow and thus may be advantageous for treatment of arterial thrombi.! New
carrier systems with strong P-selectin binding are still needed for vascular-targeted

imaging or drug delivery.

Fucoidan, a seaweed-derived polysaccharide with sulfated chains, was proved to be
an efficient glycosidic ligand of P-selectin.'¥) Our group previously demonstrated its
ability to bind P-selectin and developed a radiotracer by combining Technetium (**™Tc)
to fucoidan to enable detection of activated endothelium and thrombosis.[*! Recently,
we developed fucoidan functionalized iron oxide nanoparticles and polysaccharide

microparticle and radiolabeled with *™Tc, for MRI or SPECT imaging respectively.[®!

The aim of the present study was to produce in an easy way injectable polymer
microcapsules able to target P-selectin. The first design of biodegradable poly(alkyl
cyanoacrylate) (PACA) nanoparticles prepared by emulsion polymerization as in vivo
drug delivery carrier was described in 1979.17 The classical approach for the
preparation of PACA nanoparticles is the emulsion polymerization by either anionic

[8-10] Different types of PACA nanosystems have been

or redox radical mechanisms.
developed in the past decades such as polymer nanoparticles,!'!! core-shell polymer
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[13

nanoparticles!'?! and polymer nanocapsules.['*! Moreover, a great variety of bioactive

compounds have been loaded on these different types of PACA nanosystems!!#

[15] [17]

compounds such as antioxidant agents, anticancer drugs,!'%! antibiotics,
proteins,!'¥! peptides!!”) and nucleic acids.!'> 2% However, issues still exist such as the
initiation of the polymerization reaction of alkyl cyanoacrylates by the chosen
reactive drug instead of by the hydroxyl ions for anionic mechanism or by free
radicals for redox radical mechanism. To overcome these limitations, Yordanov G. et
al. recently reported the preparation of poly (butyl cyanoacrylate) (PBCA)
homopolymer nanospheres by the nanoprecipitation method using a pre-synthesized

(211 Nevertheless, this method requires multiple steps

polymer and colloidal stabilizers.
for obtaining PACA nanospheres. We report here a new process to obtain
microcapsules that are assembled from polymerization of isobutyl cyanoacrylate
(IBCA) in presence of perfluorooctyl bromide (PFOB), coated by polysaccharides and
functionalized with fucoidan. The thickness of the microcapsules can be adjusted by
simply modifying the pH value of the water phase prior to emulsification. Flow
cytometry and flow chamber experiments were performed to evaluate the specificity
of the interaction between activated platelets and microcapsules functionalized with
fucoidan (Fuco-MCs). In addition, in vivo experiments performed in an
elastase-induced AAA rat model showed that Fuco-MCs were located in the
thrombotic abdominal aorta and not in healthy rats which confirms the ability of these
microcapsules to target specifically P-selectin. These microcapsules appear as new

tools for imaging at molecular level or for treating cardiovascular pathologies in

which P-selectin is overexpressed.
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2. Experimental Section

Materials:

Methylene chloride (CH2Clz) RPE-ACS 99.5% and Acetone 99.8% were
provided by Carlo Erba Reactifs (Peypin, France). 1-Bromoheptadecafluorooctane
(PFOB), CDCls (99.96 atom % D), isopropanol, MTT solution and Nile Red were
provided by Sigma Aldrich (Saint Quentin Fallavier, France). Dextran 20 and
FITC-Dextran 20 were obtained from TdB Consultancy (Uppsala, Sweden). Fucoidan
was a gift from Algues & Mer (Ouessant, France). Perfluoro-15-crown-5-ether (PFCE)
was purchased from Fluorochem (Hadfield, UK). Isobutyl cyanoacrylate (IBCA) was
provided by ORAPI  (Saint  Vulbas, France). @ TRAP  (thrombin
receptor-activating-peptide) was obtained from PolyPeptide laboratories (Strasbourg,
France). PE-Cy™5 mouse anti-human CD41a and PE-Cy™5 mouse IgG1,k Isotype
Control were provided by BD Pharmingen, (Le Pont-de-Claix, France), mouse
anti-human CD62P, mouse anti-human CD62P-FITC and mouse IgG1-FITC Isotype
Control were obtained from Beckman Coulter (Villepinte, France). Recombinant
human E-selectin, L-selectin and P-selectin were provided by R&D Systems (Lille,
France). Flow chambers (Vena8Fluoro+) were obtained from Cellix Ltd (Dublin,

Ireland).
Synthesis of core-shell microcapsules:

Dextran 20 coated poly (isobutyl cyanoacrylate) (PIBCA) microcapsules (MCs)
with 1-Bromoheptadecafluorooctane (PFOB) core as a reference loaded agent was
prepared by modification of the emulsion-evaporation process described by Pisani.*?!
Briefly, 100 pL of IBCA was dissolved into 4 mL of methylene chloride along with 60
uL of PFOB. The organic solution was mixed to ensure full miscibility of the PFOB.
Subsequently, the whole organic phase was slowly injected into 20 mL of a cold
aqueous solution containing 300 mg of dextran (1.5% (w/v)) adjusted to the desired
pH conditions (pH 3, 7 or 10), and dispersed at 30,000 rpm for 2 min with a
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homogenizer (Polytron PT 3100, dispersing aggregate PT-DA 07/2 EC-B101,
Kinematica, Luzern, Switzerland). To prepare fucoidan-functionalized microcapsules
(Fuco-MCs), 30 mg of fucoidan was blended into 270 mg of dextran. They were
dissolved into an aqueous solution at pH 10. Emulsification was performed in a 50
mL beaker placed in ice. Methylene chloride was then evaporated by magnetic stirring
for about 4 h at room temperature or 3 h in a thermostatic bath (30°C). After full
evaporation of the solvents, samples were centrifuged at 600 g for 30 min (5702RH
centrifuge Beckman Coulter, Villepinte, France), supernatants were discarded and
precipitates were washed by deionized water. The centrifugation and washing steps
were repeated three times. For fluorescent and confocal microscopy studies, 10 puL
(0.57 mg/ml) of Nile red were added to the organic solution and 3 mg of
FITC-dextran were added to the aqueous solution before emulsification. The
fluorescence intensity of microcapsules was analyzed by Image J software. Finally,
the precipitate was suspended again into 3 mL of deionized water for storage at 4°C

until use or for freeze-drying.

For freeze-drying, the purified suspensions were frozen at -18°C and freeze-dried
during 48-72 h without using any cryo-protecting agent (Lyovac, SRK Systemtechnik,

Riedstadt, Germany).

The mass yield (%) was calculated as follows:

m ﬁ?(s:ls'oc apsules
7 — 0
Yield feed feed feed x100% ( 1 )
Polysaccharides polymer PFOB

feed .
Where  myy g Mosine Mprop  are  the initial masses of the components

mass
Microcapsules

introduced in the reaction solution, m corresponds to the final mass of

microcapsules evaluated after the freeze-drying process.
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Size and zeta potential microcapsule determination:

The size distribution of microcapsules was quantitatively obtained using a laser
dynamic scattering granulometry at 25°C (Mastersizer 3000, Malvern Instruments,

Orsay, France).

Zeta potential ({) of the microcapsules was measured to evaluate their stability in
suspension and to identify the presence of the polysaccharides onto the surface.
Samples were diluted in 1 mM KCI. Measurements were performed at 25°C using
quasi-elastic light scattering apparatus (Nano ZS, Malvern Instruments, Orsay,

France).

All the measurements were performed in triplicate and the results were expressed as

mean =+ standard deviation.

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy

(TEM):

The surface morphology of microcapsules was imaged using a Scanning Electron
Microscopy apparatus (Philips XL 30 ESEM-FEG, Amsterdam, Netherlands) on dried
samples coated with a thin gold layer. Transmission Electron Microscopy was
performed using a Philips EM208 apparatus (Amsterdam, Netherlands) operating at
80 kV.

Determination of PFOB content:

Microcapsules were freeze-dried for 24-48 hours. Subsequently, freeze-dried
microcapsules were dissolved into CDCl3 along with PFCE as an internal standard
([PFCE] = 0.76 mmol/L). The ’F NMR (Nuclear Magnetic Resonance) spectra were
recorded on a Bruker (400 MHz) Spectrometer (Billerica, USA). The amount of
PFOB was obtained after integration of the peak at -80.7 ppm, corresponding to the

CF3 group and normalization by the area of the PFCE peak at -89.5 ppm. Mass
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fraction Crros was calculated as follows:

NMR
m
Crrop = —F98 (2)
My

. . . . NMR
Where m is the quantity of freeze-dried microcapsules, and m corresponds
MC b PFOB

to the mass of PFOB recovered after the freeze-drying process.
Sulfate and fucoidan quantification:

Sulfate quantification was conducted according to Gustaffson.!*’! Briefly, a
certain amount of fucoidan functionalized microcapsules was freeze-dried.
Subsequently, the sample was exposed to nitrogen (100 mL/min) while being boiled
in iodohydric acid for 20 min. Released hydrogen sulfur reacted with zinc acetate (0.2
M) to form zinc sulfur. Then 8 mL of ammonium iron sulfate at 16 mM and 2 mL of
3.7 mM diamine were added into the sample. Following 15 min of agitation,
absorbance at 675 nm and 745 nm was measured using a spectrophotometer
(PerkinElmer®). Sulfate content was calculated from a standard curve obtained with a
potassium sulfate reference solution. Finally, sulfate content was measured and

fucoidan content of the microcapsules was calculated.
Static binding on platelets:

The interaction between three groups of PE-Cy5 labeled platelets (non-activated
platelets (PRP), activated platelets (PRP + TRAP) and P-selectin blocked activated
platelets (PRP + TRAP + CD62P) and two groups of microcapsules with
FITC-dextran (MCs, Fuco-MCs) were measured by flow cytometry. 5 mL of blood
samples from healthy adult volunteers were collected in sodium citrate 3.8% (W/v).
Platelet-rich plasma (PRP) was obtained by centrifugation at 200 g for 15 min
(5702RH centrifuge Beckman Coulter, Villepinte, France) and platelet concentration
was adjusted to 2x10% ml! with autologous platelet-poor plasma (PPP). Activated

PRP was obtained by stimulation of PRP with 20 uM TRAP (thrombin
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receptor-activating-peptide). In some experiments, activated then P-selectin-blocked
PRP were obtained by incubation with a non-labeled anti-human CD62P at high
concentration (0.04 g.L!). Before assessing the interaction with microcapsules,
P-selectin expression level at the platelet surface was assessed using an anti-human
CDG62P-FITC. An additional tube of PRP was also incubated with a mouse IgG1/FITC
to verify that the FITC signal was not due to non-specific binding to the platelets. In
addition, MCs and Fuco-MCs were incubated with anti-human PE-CyS5 at a similar
concentration to prove that microcapsules could not be labeled by antibody. Thus, for
each test, we measured the FITC signal by flow cytometry and confirmed that
P-selectin was expressed by platelets from PRP + TRAP batches and that low level of
P-selectin was detected on PRP and PRP +TRAP + CD62P batches. To evaluate the
binding ability between microcapsules with P-selectin expressed onto platelets, 5 pulL
of non-activated PRP, of activated PRP with TRAP or of anti P-selectin-treated
activated PRP were incubated for 20 min with 5 pl of MCs and of Fuco-MCs (50
mg/ml), together with 5 uLL of PE-Cy5 mouse anti-human CD41a to label platelets. In
addition, each PRP sample was incubated with an isotype-matched control antibody.
Samples were analyzed on a LSRII flow cytometer (BD Biosciences, Le Pont de
Claix, France), 50,000 PE-Cy5 positive platelets collected per samples, and the mean

fluorescence intensity (MFI) was measured in these platelets.
Flow chamber experiments:

Channels were coated cither with a solution of P-selectin, L-selectin or E-selectin
at 100 pg/mL (PBS). Some channels were coated with different concentrations of
P-selectin (from 5 pg/mL to 100 pg/mL) to confirm that the affinity of Fuco-MCs for
P-selectin was dependent on the concentration of P-selectin. The selectin solutions
were left in the channels overnight at 4°C in a wet chamber. Channels were then
washed with NaCl 0.9%. A suspension of fluorescent MCs or Fuco-MCs at 50 mg/mL
was passed through the channels for 5 minutes at a shear rate of 1,500 s'. For

competitive binding experiment, fucoidan solution (10 mg/ml) was injected at the
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same rate, 5 min before microcapsules were injected. After microcapsules injection,
all the channels were washed with NaCl 0.9% for 1 minute at the same flow. Images
of the bottom surface were taken along each channel. Fluorescence microscopy
images were further analyzed with HistoLab software (Microvision, Evry, France) to

quantify the number of attached particles.

For platelet dynamic binding experiments, channels were coated with collagen at 50
pg/mL. The collagen solution was left in the channels overnight at 4°C in a wet
chamber. Channels were then washed with NaCl 0.9%. Collagen fibers covering the
channels wall were visualized by phase contrast microscopy. Human whole blood was
passed through the channels for 3.5 minutes on average at 1,500 s'. Platelets
aggregations through contact with collagen were visualized in real time with phase
contrast microscopy (Axio Observer, Carl Zeiss Microscopy, Oberkochen, Germany).
The channels were washed for 1 minute with NaCl 0.9%. On one channel FITC
anti-CD62P antibody was infused at 20 pg/mL in NaCl 0.9% for a few minutes to
confirm P-selectin expression on platelets membrane. One channel was used as a
control for a control isotype-matched FITC-IgG at the same concentration. In the
other channels, the platelets were labeled with Dioc6 (0.15 mM) before their injection.
After their aggregation, fluorescent microcapsules (MCs or Fuco-MCs) were injected
through the channels at 50 mg/mL for 5 minutes. Channels were finally washed for 1
minute with NaCl 0.9%. Images in phase contrast and in fluorescence microscopy
were taken along each channel. Quantitative analysis was performed on at least three
channels per type of microcapsules. The mean fluorescence intensity of the red
fluorescence channel of several aggregates was measured using Zen 2012 Software
(Carl Zeiss, Oberkochen, Germany). The red fluorescence background was measured

on aggregates only and was subtracted from the results.
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In vitro cytotoxicity:

To evaluate the cytotoxicity of the microcapsules and fucoidan functionalized
microcapsules, MTT colorimetric assay was used on mouse fibroblasts 3T3 line. The
cells were cultured in DMEM supplemented with 10% (v/v) fetal bovine serum (FBS),
4 mmol of L-glutamine, 100 units/mL of penicillin, and 100 pg/mL of streptomycin.
The cells were kept in an incubator at 37°C in a humidified atmosphere of 5% CO2,
95% air. 3T3 cells were seeded (at the density of 10* cells per well) in 96-well plates
(Costar) and incubated for 24 hours. After that, the cell culture medium was removed
and 200 pL of series of dilution (0.625, 1.25, 2.5 and 5 g/L) of microcapsules in the
medium were added to the plate. Culture media were used as the positive controls.
After 24 hour of incubation, the supernatant was removed and 10 pL (5 mg/mL) of
MTT solution was added to the medium in each well and the plates were incubated
for 4 hours at 37°C and 5% CO2. Then, the medium with MTT was removed and 100
pL per well of isopropanol solution was added to each well to dissolve the formazan
crystals. The plates were read immediately in Tecan (Infinite® M200 PRO) at 490 nm.
The relative cell viability was expressed as Abs microcapsules/Abs control x 100%,

where Abs control was obtained in the absence of the microcapsules.
In vivo arterial disease model:

Animal studies were done in accordance with principles of laboratory animal care
and with approval of the animal care and use committee of the Claude Bernard
Institute (N°2012-15/698-0100) (Paris, France). The ability of the functionalized
microcapsules to target P-selectin expression in vivo was assessed in an abdominal
aortic aneurysm (AAA) experimental model in rats. The elastase model was
performed on 8 male adult Wistar rats (7 weeks, Janvier Labs, Le Genest-Saint-Isle,
France). Animals were anesthetized with intra-peritoneal injection of pentobarbital (1
uL/g body weight, Ceva Santé¢ Animale SA, La Ballastiere, France). Porcine
pancreatic elastase (2.7 mg/mL, Sigma Aldrich, Saint Quentin Fallavier, France) was

perfused into the lumen of an isolated segment of the infrarenal abdominal aorta for
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15 minutes at a rate of 2.5 mL/h. Delbosc et al. reported that repeated intravenous
injection of Porphyromonas gingivalis (Pg) in a rat model of AAA led to enhanced
aortic dilation associated with neutrophil retention and persistence of a non-healing
luminal thrombus.*¥! In this study, Porphyromonas gingivalis suspension (107 CFU
in 500 puL 0.9% saline), a gift from La Pitié Salpétriere Hospital, was injected to the
rats once a week via the penis vein for 4 weeks. Two days after the fourth injection,
rats were anaesthetized by sodium pentobarbital intra-peritoneal injection (1 uL/g,)
and 200 ul of MCs or Fuco-MCs (50 mg/mL) were injected slowly via the carotid

artery. Healthy rats served as controls.
Histology:

Animals were sacrificed with pentobarbital overdose 60 minutes after injection of
MCs or Fuco-MCs. Abdominal aorta aneurysms of rats and healthy aorta of normal
control rats were removed, washed in 0.9 % saline, fixed in paraformaldehyde (PFA)
4% (w/v) and then frozen. The aorta samples were cryo-sectioned at 10 pm
thicknesses for standard histology evaluations. The cell nucleus of arterial vascular
wall were labeled with DAPI, microcapsules expressed red fluorescence. The
20x-magnified images of region of interest (ROI) were used for semi-quantitative
analysis. The red and blue fluorescence areas were measured using Image] image

analysis software.

Biodistribution of microcapsules were studies in a similar way. Briefly, liver, spleen,
lungs and kidneys were excised and washed at 1 hour or 24 hours after injection of
MCs or Fuco-MCs. The samples were cryo-sectioned and the cell nuclei were labeled
with DAPI, the whole area of tissue slice of samples was used for semi-quantitative

analysis.
Statistical Analysis:

Data are presented as mean = SEM (n>3). Each experiment was performed using

Student t test for paired data. Flow cytometry results were analyzed statistically with a
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one-way ANOVA with Bonferroni post-tests to compare data obtained with MCs and

Fuco-MCs. A difference of P < 0.05 was considered significant.
3. Results

3.1 Preparation and characterization of microcapsules

New polymer microcapsules coated with polysaccharides and loaded with PFOB were
prepared by modification of the commonly used emulsion-evaporation polymerization

process (Figure 1).

-

Organic solution
(IBCA)

LHd

Aqueous solution |
(Dextran +/- Fucoidan)
(pH 7.0 or 10.0)

Emulsification on ice
then evaporation

Figure 1. Overall scheme of one-step protocol for microcapsules.

According to previous studies,* % 23261 PACA nanoparticles are synthesized at low pH
values to avoid anionic homopolymerization occurring spontaneously due to the rapid
initiation by the hydroxyl groups of water. However, it was impossible to form
microcapsules at a pH value lower than 3 (Table 1). In contrast, when the pH value
was either set to 7 or 10 at 30°C, the microcapsule mass yield reached 9% or 30%
respectively, whereas the weight percent fraction of PFOB (the loaded agent)
represented 69% or 43% of the total microcapsule weight. The mean sizes were 41.50
+ 0.68 um and 6.41 + 0.02 um respectively. The Doo value (90% of the particles are
smaller than this diameter) was significantly lower for the microcapsules synthesized
at basic pH than for the ones synthesized at neutral pH, indicating a narrower

distribution of the microcapsule size. Additionally, the yield of microcapsules
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decreased when reducing the temperature from 30°C to 20°C.

Table 1. Characteristics of non-functionalized microcapsules.

pH T(C) Polysaccharide Stability in water Size distributions Zeta potential Yield Loaded agent
Dio(um)  Dso (pm) Dso (pm) ¢ (mV) (%, Wiw) (%, Wiw)
3 30 Dextran No product
7 30 Dextran Stable 1.57+0.01 5.68+0.04 41.50+0.68 -16.83+0.31 9.00+£2.15 69.02+3.44
10 30 Dextran Stable 2.40+0.01 4.07+0.01 6.41+0.02 -12.10+£0.59 30.03+£1.98 42.5442.16
10 20 Dextran Stable 2.31+0.04 4.03+0.05 6.50+0.10 -16.25+0.42 25.88+2.70 42.50+1.68

To further visualize the polysaccharide presence in microcapsules, a portion of
dextran (1% w/w) was substituted during the emulsion process by FITC-dextran, and
Nile red was added in the organic phase to stain red the hydrophobic poly (isobutyl
cyanoacrylate) (PIBCA). Microcapsule suspensions were observed by confocal
microscopy (Figure 2 Left). The core—shell structure of the microcapsules was
perfectly visible; the core composed of liquid appeared in dark and the fluorescent
shell was well defined. Surprisingly, polysaccharides were not preferentially localized
at the polymer/water interface. In fact, the green fluorescence was homogeneously
distributed in the whole shell thickness, the polysaccharides being therefore mixed

with the polymer shell.

The scanning of focused equatorial slice of Nile red-labeled microcapsule shells was
performed and the fluorescence intensity profiles were measured (Figure 2 Right).
Confocal images showed that microcapsules had a thickness of 0.33 + 0.08 pm and

0.77 £ 0.13 pm for reaction medium pH of 7 and 10 respectively.
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Figure 2. Confocal microscopy images of microcapsules (Left). Polymers appeared in color and
the liquid content appeared in dark. Red fluorescence channel: PIBCA (left), green fluorescence
channel: FITC-Dextran (center) and merging of both channels (right), pH 7 (top), pH 10 (bottom)
(Scale bar = 5 um). Fluorescence Intensity graph profile (X: distance measurement) (Right).
Determination of the shell thickness, pH 7 (top) and pH 10 (bottom). (n=3)

To obtain functionalized particles, fucoidan was introduced into the polymerization
medium, as 10% w/w of the total polysaccharide mass. As indicated in Table 2, stable
microcapsules functionalized with fucoidan (Fuco-MCs) had a mean size of 7.09 +
0.14 um. The zeta potential of Fuco-MCs decreased compared to MCs (-50.88 + 0.52
mV vs -12.10 £ 0.59 mV for MCs). This result indicated that at least a part of the
anionic fucoidan was present at the surface of the microcapsules, a property already
observed with fucoidan coated nanoparticles?’). To further evidence/corroborate the
presence of fucoidan in Fuco-MCs, FITC-fucoidan (1% w/w of the total fucoidan
mass) was incorporated during their synthesis. The colocalization of FITC-fucoidan
and the microcapsules was evaluated by flow cytometry. Non-fluorescent Fuco-MCs
were used as a control to adjust their auto fluorescence level. A noticeable difference
in the fluorescent signal was detected between FITC-Fuco-MCs and Fuco-MCs,
indicating that almost all microcapsules in contact with FITC-fucoidan were

functionalized by FITC-fucoidan (Figure 3).
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Figure 3. The flow cytometry evaluation of the efficiency with FITC-Fucoidan with
microcapsules. Green fluorescence signal associated to the fucoidan functionalized microcapsules
in presence or not of FITC-fucoidan.

After purification, both MCs and Fuco-MCs have similar size distribution (from 2.2
um to 5.9 um for MCs and from 2.2 um to 5.8 um for Fuco-MCs) and the mass of

loaded agent was similar (42% and 41% respectively) (Table 2).

Table 2. Characteristics of non-functionalized and functionalized microcapsules.

Microcapsules Stability in water Size distributions Zeta potential Yield Loaded agent

Dio (pm) Dso (pm) Doo (nm)

£ (mV) (%, w/w) (%, wiw)
Non-functionalized Stable After preparation 2.40+0.01 4.07+0.01 6.41+0.02 -12.10+0.59 30.03+2.12 42.54+3.05
After purification ~ 2.24+0.02 3.7940.03 5.90+0.10 -8.86+0.88 29.25+3.48 42.05+2.56
(MCs)
Functionalized with Stable After preparation 2.30+0.01 4.19+0.05 7.09+0.14 -50.88+0.52 28.51+2.61 45.86+1.98
fucoidan After purification ~ 2.19+0.02  3.69+0.02+  5.84+0.05 -51.76+1.33 24.56+3.11 41.15+2.87
(Fuco-MCs)

The morphology of obtained microcapsules was analyzed by Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM) (Figure 4). Both

MCs and Fuco-MCs showed a typical well-defined spherical capsule structure.
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Figure 4. Scanning and Transmission Electron Microscopy images of microcapsules. Top: MCs.
Bottom: Fuco-MCs. Left: SEM images with zooms. Right: TEM images.

Quantitative analysis showed that Fuco-MCs contained 0.10 pmol/g of sulfur. Since
the fucoidan used in this study was determined to contain 1,550 pmol/g of sulfur, we
calculated the fucoidan content of Fuco-MCs to be 0.008 % (w/w). Long-term
stability in distilled water was assessed upon storage of the suspensions at 4°C. Size
and zeta potential remained stable at least for one month for both types (Figure 5).
Moreover, the content of fucoidan in Fuco-MCs did not change greatly with time

(0.006 % (w/w)).
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Figure 5. Stability at 4 °C in distilled water of MCs and Fuco-MCs suspensions according to size

and zeta potential measurements.

3.2 Static binding on platelets

To evaluate the affinity of MCs and Fuco-MCs for P-selectin expressed onto the
surface of human activated platelets, flow cytometry experiments were performed.
Interactions were assessed between microcapsules and the three groups respectively
composed of: human Plasma-Rich Platelets (PRP), human Plasma-Rich Platelets
where platelets were activated with TRAP (PRP+TRAP), and human Plasma-Rich
Platelets where platelets were activated with TRAP and P-selectin blocked by a
specific blocking antibody (PRP + TRAP + anti-CD62P). As shown on Figure 6,
non-functionalized microcapsules (MCs) barely or only minimally bound to the three
groups of platelets, as shown by low values of the mean fluorescence intensity (MFI)
(9.75 £ 2.11; 9.00 + 0.87; 6.50 £ 1.77, respectively). In contrast, Fuco-MCs exhibited
an enhanced binding to activated platelets (MFI = 12 008 = 2 359) compared to PRP
(MFI =432.4 £212.8) or to PRP + TRAP + CD62P (MFI = 1093 + 419.2).
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Figure 6. Flow cytometry assessment of interactions of FITC-labeled MCs and FITC-labeled
Fuco-MCs with either inactivated platelet-rich plasma (PRP), platelet-rich plasma activated with
TRAP (PRP + TRAP) and platelet-rich plasma activated plus P-selectin antibody. The mean
fluorescence intensity (MFI) on the FITC channel was measured for 50,000 events of PE-Cy5

labeled platelets, and at a microcapsule concentration of 50 g/L (n=8; ***p<0.001).

3.3 Flow chamber experiments

To evaluate the ability of MCs and Fuco-MCs to target selectins under arterial blood
flow conditions, flow chamber experiments with selectins coating were performed.
Under arterial blood flow, FITC-Fuco-MCs showed a significantly higher adhesion to
P-selectin than FITC-MCs (5565 + 662 adhered Fuco-MCs versus 482 + 113 adhered
MCs, p<0.001) (Figures 7 A&D). Fuco-MCs adhered to the chamber immediately
after their injection and remained attached for the whole duration of the experiment.
On the contrary, only few MCs were seen to adhere. Washing with NaCl 0.9% at the
end of the experiment did not significantly affect the adhesion of both types of

microcapsules. The number of adhered Fuco-MCs after 5 min was significantly lower
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to E-selectin (854 + 502) or L-selectin (10 + 8) than to P-selectin (5565 + 662)
(Figure 7A). Adhesion of Fuco-MCs was comparable to that of MCs on E-selectin or

L-selectin.

The Fuco-MCs adhesion dependence on P-selectin concentration was investigated
(Figure 7B). The number of attached Fuco-MCs was normalized over the mean
number of attached microcapsules for a P-selectin concentration of 100 pg/mL.
Results indicated a dose-dependent relation between the concentration of P-selectin
and Fuco-MCs (r2 = 0.965) (Figure 7B). The competitive inhibition experiments
showed that the injection of a free fucoidan solution (10 mg/ml) before the injection
of Fuco-MCs suspension inhibited the binding of Fuco-MCs to P-selectin (486 + 75
versus 3048 + 565, respectively, p<0.05) (Figure 7C).

To mimic the interaction of microcapsules and P-selectin under physiological
conditions, human platelets from whole blood were activated and aggregated on
collagen at high shear stress (67.5 dyn/cm2). Aggregating platelets were visualized in
real time under phase contrast microscopy and expression of P-selectin was evidenced
by the green fluorescence uptake after injection of a FITC anti-CD62P antibody
through the channel (Figure 8A). No signal was detected after injection of the
FITC-IgG control (Data not shown). When passed at arterial flow on the platelets
aggregates, Fuco-MCs bound to the aggregates and remained attached, whereas MCs
showed almost no binding (Figure 8A). Quantitative analysis after 5 minutes
confirmed that the mean fluorescence intensity of fluorescent microcapsules was
significantly higher for Fuco-MCs than for MCs (2275 + 188 MFI versus 305 + 69
MFTI, respectively, P<0.001) (Figure 8B).
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Figure 7. Evaluation of microcapsule interactions with recombinant selectins in an in vitro arterial
flow assay. A) Adhesion of microcapsules on selectins. Channels were coated at an E, L,
P-selectin concentration of 100 pg/mL. MCs and Fuco-MCs were injected over 5 minutes under
arterial flow conditions (shear rate: 1,500 s-1). After 5 minutes, channels were washed with 0.9%
NaCl. The number of fluorescent microcapsules attached along each channel was quantified with
Histolab (Microvision) (n>3, **p<0.01, ***p<0.001). B) Number of attached microcapsules as a
function of the P-selectin concentration from 5 pg/mL to 100 pg/mL. The number of
microcapsules was normalized over the average number of microcapsules attached for a P-selectin
concentration of 100 pg/mL. C) Fucoidan pre-injection inhibits Fuco-MCs binding. Channels
were coated at a P-selectin concentration of 100 pg/mL. After washing with 0.9% NacCl, fucoidan
solution (10 mg/ml) was injected or not over 5 min, then microcapsules were injected during 5
minutes. Channels were washed and the number of microcapsules was quantified (*p<0.05). D)
Macroscopic view of MCs or Fuco-MCs adhesion over a P-selectin coating of 100 pg/mL. (n=10
for MCs and n=11 for Fuco-MCs; Scale bar = 50 pm).

97



Chapter I1

Platelets Merged

Platelets Fuco-MCs Merged

50 pm

5000+
%%k
4000+ .
= a2
P El
s
B 30004
=% . -
- o
= 20004
ra
g LT T L
1000+ L]
.
0 . T
MCs Fuco-MCs

Figure 8. Microcapsule adhesion over platelet aggregates. A) Whole blood labeled with Dioc6
was injected onto channels coated with collagen at 50 pg/mL. Under arterial flow conditions,
platelets adhered onto the channel wall forming aggregates expressing P-selectin (Left) and
FITC-MCs or FITC-Fuco-MCs were then injected for 5 minutes (Middle panel). Channels were
washed with 0.9% NaCl. Microcapsules and aggregates co-localization was assessed by merged
fluorescence microscopy (Right). B) Quantitative analysis of the mean fluorescence intensity of
platelet aggregates (n=15 for MCs and n=17 for Fuco-MCs; ***p<0.001).

3.4 Cell viability

The cytotoxicity of microcapsules was evaluated by MTT assay. As shown in Figure
9, the results demonstrated that MCs and Fuco-MCs did not significantly affect the
mean viability of mouse fibroblasts 3T3 cells at concentrations of 0.625, 1.25, 2.5 and

5 g/L, there were no obvious difference between MCs and Fuco-MCs.
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Figure 9. MTT assay performed on 3T3 cells after 24 h of incubation in the presence of MCs and

Fuco-MC:s at different concentrations. (n=6).

3.5 Localization of microcapsules within the thrombotic Abdominal Aortic

Aneurysm wall of rats and biodistribution

To assess whether Fuco-MCs accumulated in vivo within an AAA, histological
staining of both AAA and healthy aorta samples were performed 1 hour after the
injection of FITC-MCs and FITC-Fuco-MCs. On histological stained sections,
smooth muscle cells from connective tissues and several layers of the aneurysmal wall
were distinguished (Figure 10A). Many Fuco-MCs (red spheres) were localized in the
arterial wall, between the thrombus and the media layer compared to MCs (Figure
10A). On the other hand, only few Fuco-MCs were found in arterial wall of healthy
rats (Figure 10A). Semi-quantitative analysis confirmed that the fluorescence in the
AAA wall was higher for Fuco-MCs than for MCs, and the binding of Fuco-MCs or

MCs in healthy aorta was low (Figure 10B).

Biodistribution of MCs and Fuco-MCs in four organs (liver, spleen, lungs and kidneys)
was performed at 1 hour and 24 hours after injection. Both types of microcapsules
were present in the four organs at the same range at 1 hour, while they were

eliminated during 24 hours.
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Figure 10. Histological analysis of abdominal aorta sections (A). Healthy rats (left) and rat
Abdominal Aorta Aneurysms (right). Inserts are magnification of Regions of Interest. Muscle cells
appear in blue fluorescence and MCs or Fuco-MCs appear in red. Semi-quantitative analysis of
histological sections (B). Data are expressed as the proportion of red fluorescent area to blue
fluorescent area (x20) on healthy rats or rats with AAA injected with MCs or Fuco-MCs.
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4. Discussion

In this study, injectable core-shell polymer microcapsules functionalized with
fucoidan were developed as a carrier tool to target P-selectin overexpressed in

cardiovascular diseases.

Nanoparticle made of PACA and coated with polysaccharides are promising
substrates because of their biodegradability and biocompatibility.['> 271 We developed
here microcapsules composed of a lipophilic liquid core and a PIBCA-polysaccharide
mixed membrane. This microcapsule structure was prepared by a new
emulsion-evaporation polymerization process performed either in neutral or alkaline
conditions. Using this method, the rate of polymerization was controlled by the
evaporation rate. This technique allowed for the first time the polymerization of IBCA
in emulsion under neutral and alkaline conditions leading to reproducible polymer

microcapsules that can be functionalized with polysaccharides such as fucoidan.

Two key conditions must be fulfilled to form stable core-shell microcapsules. First,
the water phase should contain water-soluble colloidal stabilizers, such as
polysaccharides, that make microcapsules more hydrophilic and helps in avoiding
particle aggregation. Second, the pH of the polymerization medium should be well
controlled. Acidic condition reduced the initial polymerization rate resulting in
insufficient polymer film thickness which did not provide enough surface tension to
make droplets. Under neutral or alkaline conditions, the hydroxyl ions in the solution
could accelerate the polymerization reaction to form stable shell encapsulating an

hydrophobic agent.

For the use as drug carriers, the shell thickness-to-radius ratio (T/R) strongly
influenced the embedded drug release behavior. Jiao et al. showed that the amount
and rate of doxorubicin released in hollow mesoporous silica nanoparticles exhibited
28]

shell thickness dependence, decreasing with the increase of the shell thickness.!

Furthermore, comparing this to undesired burst effect, drug controlled release
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(29) Interestingly, we found that the polymer thickness

prolongs the time of drug action.
could be easily modified from 330 nm to 770 nm depending on the pH of the
polymerization medium. This property could be optimized for controlled drug release.

In this study, PFOB was used as a reference agent. The theranostic potential of these

microcapsules will be investigated in the near future.

As previous studies, we found that Fuco-MCs shown low value of zeta potential
compare to MCs. Flow cytometry experiments demonstrated that microcapsules were
functionalized by fucoidan. Although the weight content of fucoidan in microcapsules
was very low, it was stable at least for one month without obvious release. SEM and
TEM analysis along with size measurements showed that the functionalization of
microcapsules with fucoidan did not affect the spherical shape or the diameter
distribution. Charoenphol ef al. indicated that spheres exhibiting a diameter of 2.5 um
are optimal for targeting purposes in medium to large vessel walls, which are affected
in numerous cardiovascular diseases.* %! The size of our microcapsules from 2.2 pm

to 5.8 um appeared therefore adapted for vascular targeting purposes.

Cell viability assay is a powerful toll in providing valuable information regarding the
safety of biomaterials. In this study, the in vitro cytotoxicity of microcapsules was
evaluated by a colorimetric MTT assay on reference 3T3 cells. Results indicated that
both types of microcapsules did not present obvious detrimental effects on 3T3 cells
proliferation even at high concentration. Moreover, there was no significant difference
between MCs and Fuco-MCs, as both of them had no cytotoxicity and good

biocompatibility.

Using flow cytometry, we evidenced that the Fuco-MCs exhibited a stronger affinity
for human activated platelets than MCs and that this binding could be inhibited by a
P-selectin antibody. Similar results had been published by Bonnard T. et al. using

fucoidan functionalized polysaccharide microparticles.3!!

Up to now, the design of carrier systems targeting specific molecules and able to bind
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them under high velocity blood flow conditions remains a challenge. In this study, an
in vitro flow adhesion assay onto recombinant selectins confirmed that fucoidan
functionalized microcapsules/Fuco-MCs rapidly and specifically bound to P-selectin
compared to MCs even under high shear rate conditions (1,500 s). Moreover, the
number of attached Fuco-MCs was dependent on P-selectin concentration and free
fucoidan in solution inhibited the binding of Fuco-MCs to P-selectin. Previous reports
indicated that the sulfate ester groups of fucoidan could be recognized by P-selectin
and L-selectin,*?! but not by E-selectin.[**) Our results indicated that Fuco-MCs could
bind P-selectin but not L-/E-selectins. Moreover, Fuco-MCs revealed a higher ability
as compared to MCs to adhere to the surface of activated platelet aggregates under
arterial flow conditions. The interaction between the fucoidan coated onto
microcapsules and the P-selectin was strong enough to overcome kinetic energy of
microcapsules even with their high density (close to 1.3 g/mL) that comes from the

presence of liquid PFOB into their core.

Histological and semi-quantitative analysis revealed that Fuco-MCs were localized
inside the media layer of the thrombotic AAA wall in rats, whereas very low binding
was observed on AAA injected with MCs or on the artery wall of healthy rats injected
with Fuco-MCs. Biodistribution studies showed that both types of microcapsules were
present in the Mononuclear Phagocyte System (MPS), which is consistent with what
is described in the literature, that they were rapidly eliminated during 24 hours and that
had no adverse effect on the health of rats. In fact, the rats used in experiment were
still alive after a few months. Since microcapsules functionalized with fucoidan
accumulated in the inner wall of the AAA, a promising strategy to treat AAA could be
to inhibit the proteolytic activity which occurs within the medial layer and leads to the
arterial wall degradation.**] The ability of Fuco-MCs to target the AAA could be
associated with the loading of a proteolytic inhibitor in this microcarrier. In vitro
experiments also indicated that the loading of microcapsules with PFOB allowed
ultrasound imaging. Such microcapsules loaded with drugs and functionalized with

fucoidan appear therefore as promising molecular theranostic systems.
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5. Conclusions

Microcapsules functionalized with fucoidan were developed here for the targeting
activated platelets in thrombotic abdominal aorta aneurysm using biodegradable and
biocompatible polymer membrane composed of poly(isobutyl cyanoacrylate) and
polysaccharides. In this work, we described their elaboration with a new alkaline
solvent emulsion-evaporation polymerization process and we confirmed their
hydrodynamic diameter distribution, the microcapsule structure and the presence of
the targeting agent, fucoidan, at the surface. This work gave the first evidence that
functionalized microcapsules can be obtained according to an easy one-step
polymerization process of isobutyl cyanoacrylate in neutral and alkaline conditions. /n
vitro cytotoxicity assay showed that the microcapsules exhibited excellent
compatibility with cells in vitro. Subsequently, we demonstrated in vitro by flow
cytometry that these fucoidan functionalized microcapsules could specifically bind to
the P-selectin expressed by human activated platelets. Flow chamber experiments
further confirmed that Fuco-MCs bind to P-selectin and to activated platelet
aggregates even at high shear rate. Finally, we showed in vivo on rats the ability of
Fuco-MCs to bind to thrombotic AAA and evidenced their presence in the AAA wall
by histology. We also evidenced that both types of microcapsules were eliminated
through liver metabolism function. Future works are required to study the loading of
contrast agents or therapeutics to achieve molecular diagnosis and/or treatment of

cardiovascular pathologies overexpressing P-selectin.
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Polysaccharide decorated Poly (isobutyl cyanoacrylate) microbubbles as

potential targeted ultrasound contrast agents
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ABSTRACT

Targeted ultrasound contrast agents offer new opportunities to enhance the capabilities
of diagnostic ultrasound imaging to detect cardiovascular pathological changes. In
this work, a variety of polysaccharide decorated microbubbles consisting of poly
(isobutyl cyanoacrylate) shells and air core were fabricated by anionic polymerization
method. Several investigations were carried out to determine morphology, size
distribution and zeta potential of microbubbles. In addition, the presence of dextran
and fucoidan in the microbubbles shell were observed by fluorescence microscopy,
and the content of fucoidan in microbubbles were analyzed by methylene blue
methods. These microbubbles revealed strong echogenicity in flow conditions and
could be destroyed by high ultrasound energies. Furthermore, the fucoidan conjugated
microbubbles (Fuco-MBs) showed strong affinity to the surface of white thrombi in
vitro. The results demonstrated the properties of Fuco-MBs as a molecular ultrasound

diagnostic tool for the characterization of arterial diseases expressing P-selectin.
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1. Introduction

Ultrasound molecular imaging has been a powerful tool for non-invasive visualization

for the expression of vascular markers during inflammation and physiological
process.[!l Air-filled microbubbles (MBs), as one of the most important contrast
agents for ultrasound imaging, can help to display diseased locations by specifically
binding to activation of functional biomolecules.”?! However, the application of the
traditional microbubbles has bound by their inherent defects: instability. To address
this problem, many authors have shown interest in development nano-/microcapsules
with a single core of liquid perfluorocarbons within a polymer shell.l’! But, as a
counterbalance, they exhibit low inherent echogenicity and poor blood contrast under
conditions of conventional echocardiography or harmonic imaging.!¥! Recently,
polymer-based hard-shell microbubbles have become a research hotspot due to their
higher stability and enhanced acoustic properties. They succeed the advantages of

these two above-mentioned contrast agents and overcome their disadvantages.

Poly (alkyl cyanoacrylate) (PACA) is considered to build contrast agents since it is
biomedical materials and widely used for skin adhesives, surgical glues and embolitic
materials.”! Poly (butyl cyanoacrylate) (PBCA)-based microbubbles (PBCA-MBs)
have been developed and they exhibit prolonged circulation by reducing the gas-core
shrinkage.!® 7! The potential application of PBCA-MBs is limited by their rather
hydrophobic surface and insufficient functional chemical groups in the polymer
backbone. Only Few targeting ligands, e.g. short peptide, antibody are combined with
PBCA-MBs by hydrolyzing PBCA to produce -COOH group and this approach was

quite inefficient and time-consuming.[- !

In this work, poly (isobutyl cyanoacrylate) PIBCA replaced PBCA to formulate
microbubbles using the similar method. Moreover, we present here an easy method to
modify the surface of PIBCA-MBs by various polysaccharides to prevents

opsonization by steric repulsion of blood proteins and to increase the half-life of
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microbubbles in plasma.l'Yy Microbubbles obtained with polysaccharides were
incorporated directly in the aqueous phase before forming the microbubbles. Several
polysaccharides were reviewed: dextran, CM-dextran, DEAE-dextran and fucoidan.
Among them, fucoidan, a type of sulfate and fucosylated polysaccharide, exhibiting in
vitro a high affinity for immobilized P-selectin and the low nonspecific binding,!'!) are
considered in detail. We demonstrated that fucoidan was successfully immobilized on
the shell of microbubbles. These microbubbles could have clinical uses as an
echography diagnostic tool for arterial diseases characterized by the expression of

P-selectin.

2. Materials and methods

Materials

Nile Red was provided by Sigma Aldrich (Saint Quantin Fallavier, France).
Dextran 20, Dextran 40, FITC-Dextran 40, CM-Dextran 40 and DEAE-Dextran 70
were obtained from TdB Consultancy (Uppsala, Sweden). Fucoidan was a gift from
Algues & Mer (Ouessant, France). Isobutyl cyanoacrylate (IBCA) was provided by
ORAPI (Saint Vulbas, France).

PIBCA microbubbles functionalized with various polysaccharides

PIBCA air-filled MB were synthesized by a modification of the previously described
methods. [ ® In brief, 1 mL of IBCA was added to a 60-mL aqueous solution
containing 1% triton X-100 and 10% desired polysaccharide at pH 2.5 and stirred
vigorously (20,000 rpm) using an Ultra-Turrax for 60 minutes. For fluorescent
microscopy studies, 1 mL (1 mg/ml) of Rhodamine B, 1% FTIC-Dextran 20 or 1%

FITC-Fucoidan were added to aqueous phase before emulsification, respectively.
Size and zeta potential microbubbles determination

The size distribution of microbubbles was quantitatively obtained using a laser
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dynamic scattering particle size-measuring instrument (Mastersizer 3000, Malvern

Instruments, Orsay, France).

Zeta potential ({) of the microbubbles was measured at 25°C using quasi-elastic light
scattering apparatus (Nano ZS, Malvern Instruments, Orsay, France). Samples were

diluted in 1 mM KCl.

All the measurements were performed in triplicate and the results were expressed as

mean + standard deviation.
Scanning Electron Microscopy (SEM)

The surface morphology of microbubbles was imaged using a Scanning Electron
Microscopy apparatus (Philips XL 30 ESEM-FEG, Amsterdam, Netherlands) on dried

samples coated with a thin gold layer.

Determination of fucoidan in microbubbles by methylene blue

The content of fucoidan in microbubbles was prepared by modifying with dye
extraction from stained spot methylene blue-fucoidan complex.!'”) Briefly, MBs are
hydrolyzed by NaOH, which dropwise and cautiously added on the center of 1x1 cm
square chromatography papers, 4 uL of each drop, the next portions were dropped on
the same point after drying off the last drop by fan. Finally, the paper with loaded
fucoidan drops was dried using the fan, then was treated in mixture of methanol and
acetone (6:4) for 3 min. Fucoidan spots on filter paper were visualized after 10 min at
room temperature in staining solution containing 50 mM HCI in mixture of
methanol/acetone/water (6:4:15). The excess of MB was removed by repeated
washing of filter paper with mixed solution containing 5 % acetic acid, 6 % methanol,
and 4 % acetone until an appropriate detained background appeared. Filter paper
squares were put into 1.5 ml Eppendorf centrifuge tubes with 0.5 ml of 70% methanol
containing 2% SDS during 15 min at 50°C. Of this extract, 0.2 ml was transferred into

96-wells plate and absorbance was determined at 663 nm by means of infinite® 200
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PRO (TECAN, Switzerland), standard curve was obtained by fucoidan standard

solution.

Acoustical characterization of microbubbles

Echocardiographic properties of contrast agent were measured using a
high-resolution echocardiography system (Vevo 2100, VisualSonics, Toronto, ON,
Canada) equipped with a non-linear probe (MS-200S, 18 MHz). Briefly, 1 ml of 10’
MBs or MBs-FUCO were injected into flexible plastic tubes, 1.7 mm in diameter,
which is similar in size to rat’s artery, the peristaltic pump allows the microbubble
suspension to circulate throughout the tubes. B-mode movies were acquired for each
sample. Destruction of microbubbles were performed in a linear contrast model with a
high frequency probe (MS-550D, 40 MHz), 100 ul of 10° MB was injected into a gel
or under skin of rat, a frame obtained from before and after undergoing the high

mechanical index (mechanical index, 1.0; duration, 1 second).
In vitro white thrombus preparation

Whole blood samples (5 mL) from healthy adult volunteers were collected in
sodium citrate 3.8% (w/v). White thrombi were prepared using platelet-rich plasma
(PRP, 1 mL), which was obtained from centrifuged blood, and mixed with 2 pL of
Trap (10 mM), 2 uL of CaCl2 (80 mmol/L) and these solution were incubated at 37°C

for 30 min to form thrombi.

Molecular imaging of thrombus in vitro

White thrombi were washed by saline flushing and then incubated in vifro in a 1
mL suspension of 10° MBs and a washing step in saline was performed as described
previously. Afterwards, thrombi were then imaged in saline at room temperature with
contrast imaging mode using a linear transducer (MS-550D, 40 MHz). The thrombi
were then insonated with the high MI (Mechanical Index) of ultrasound beam for 1
second to destroy all attached MBs. Another image was taken of the thrombi directly

after bubble destruction.
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3. Results and Discussion

The aim of this study was to modify the surface of PIBCA microbubbles with various
polysaccharides leading to obtaining potential targeting microbubbles. We combined
the preparation method of plain PIBCA microbubbles and the surface modification
method tested for PIBCA nanoparticles. The size and surface charge were investigated.
Particularly, the morphology, echogenicity and targeting efficiency were studied in

order to assess its application potential as a targeting contrast agent for echography.

3.1 Preparation and characterization of microbubbles

The MBs size distribution was measured as a function of the various polysaccharide
added in the aqueous phase (Table 1). After preparation, the size distribution of MBs
slightly changed with diverse polysaccharides. Results indicated that the mean size of

MBs also increased with increasing of the molecular weight of polysaccharide.

Table 1. Size distribution of microbubbles by modification surface with polysaccharide.

D,, (um) D, (nm) Dy, (nm)
Non-functionalized (MBs) 1.98+0.01 2.86+0.01 4.00+0.03
Functionalized with Dextran 20 1.78+0.01 2.69+0.01 3.98+0.06
(Dex 20-MBs)
Functionalized with Dextran 40 2.14+0.01 3.04+0.02 4.33+0.08
(Dex 40-MBs)
Functionalized with DEAE-Dextran 70 2.41+0.01 3.53+0.01 5.16+0.02
(DEAE-Dex 70-MBs)
Functionalized with CM-Dextran 40 2.23+0.02 3.30+0.01 4.97+0.03
(CM-Dex 40-MBs)
Functionalized with Fucoidan 2.23+0.01 3.25+0.03 4.87+0.16

(Fuco-MBs)
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Zeta potential of the MBs are given in Figure 1. Negatively charged polysaccharides
(CM-dextran and fucoidan) lead to MBs with a highly negative zeta potential (— 28
mV and — 34 mV, respectively), the fucoidan seemly induce more negative zeta
potential, the reason may be the negatively charged group of fucoidan largely extend
on the MBs’ surface due to fucoidan’s high molecular weight compared to
CM-dextran (around 110 KDa and 40 KDa, respectively). In contrast, MBs prepared
with positively charged polysaccharides, DEAE-dextran, showed a highly positive
zeta potential (+ 45 mV). Moreover, MBs prepared with dextran (neutral
polysaccharide) 20 kDa or 40 kDa showed the similar zeta potential to MBs without
polysaccharide (—13 mV, —17 mV and —15 mV, respectively). These results showed
that the zeta potential of MBs prepared with different polysaccharides clearly
depended on the charge of the polysaccharide used. The results confirm that the

polysaccharide was more likely to be located at the nanoparticle surface.

To further visualize the dextran or fucoidan in MBs, a portion of dextran or fucoidan
(1% w/w) was substituted during the emulsion process by FITC-dextran or
FITC-fucoidan, respectively. Fluorescent MBs suspensions were observed by
microscopy (Figure 2). The core—shell structure of the microbubbles was perfectly
visible; the core composed of air appeared in dark and the shell was well defined and
appeared in green color. Similar to the polysaccharide coated PIBCA microcapsules
(see Experiment PART II), the fluorescence seems to be homogenous across the shell
thickness. The surface morphology of these MBs could be examined by scanning
electron microscopy (SEM). Both of them showed rounded and rough bubble surface,
a few collapsed of cavities within the spherical particles (Figure 3, white rectangle).

No obvious difference is found between the Dex-MBs and Fuco-MBs.

118



Chapter 111

50.00 45

40.00

20.00

10.00

0.00
MBs Dextran 20 Dextran 40 CM Dextran 40 Fucoidan DEAF Dextran 70
-10.00

-20.00 -15

-30.00 i

-40.00

Figure 1. Zeta potentials of PIBCA microbubbles coated with different polysaccharides. Bars

represent mean + SD (n>3).

FITC-Dex-MBs FITC-Fuco-MBs

Figure 2. FITC-Dextran and FITC-Fucoidan presence fluorescein on the shell of microbubbles.
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Fuco-MBs

Figure 3. Scanning electron microscopy (SEM) images of MBs.

According to the fucoidan standard solution, the amount of fucoidan per Fuco-MBs
was established 197 (Figure 4).

Fucoidan
f 1
| - . . .
Blank 10 ug 25ug 1.25pug 0.625ug 0.3125pug

Bs CM-MBs Fuco-MBs

Figure 4. Upper insertion is the fucoidan spot stained with methylene blue. The graph represents
the quantity dependents in linear curve.

3.2 In vitro ultrasound imaging

For investigating the contrast-intensified ultrasound imaging of microbubbles in flow
condition, the same concentration of Dex-MBs and Fuco-MBs in physiological buffer
(NaCl 0.9%) were injected into the tube and their echogenicity was detected using a

commercial ultrasound imaging system (MS-200D, 18 MHz transducer, VisualSonics
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2100), results obtained at the same parameters (Figure 5). The images of the 1.7 mm
tube show strong contrast enhancements after injection MBs suspensions compared to
the 0.9% NaCl-filled tube under the B-mode and non-linear contrast mode. The
contrast enhancement arising from both types of microbubbles is not significantly

different. In addition, the signal is quite stable with time.

This ability to destroy bubbles with a high MI has been demonstrated in previous
studies.!'3! Ultrasound-targeted microbubble destruction (UTMD) is also considered a
promising technique for non-invasive, targeted drug and gene delivery, and its

(141 To assess our microbubbles,

applications have attracted growing interest.
Fuco-MBs was injected into gel or under the skin of rat. Results showed that almost
all of the microbubbles could be destroyed with higher ultrasound energies in either

case (Figure 6). This indicated its potential as a noninvasive delivery tool in future.

l ~— Transducer - Control

Microbubbles
B-Mode Contrast-Mode

Dex-MBs

Figure 5. Ultrasound images obtained in vitro in B-mode and non-linear Contrast mode. 0.9%
NaCl used as a control. Diagram of flow chamber setup used for measurement ultrasonic signals
(A). Images of acoustic signal enhancement in the flowing process were recorded (bottom).
(transducers: MS-200, frequency: 18 MHz, VisualSonics 2100), microcapsules concentration:
5x10%/ uL.
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Figure 6. Video showing contrast signal before and after a high mechanical index destructive
pulse under skin. Quantitative analysis of signal intensity (Bottom). (transducers: MS-550D,

frequency: 40 MHz, VisualSonics 2100), microcapsules concentration: 5x10*/ uL.

3.3 Molecular imaging of human clots in vivo

The highly sensitive contrast agent imaging mode clearly depicted Fuco-MBs
attached to the thrombi surface (Figure 7A). After bubble destruction for 1 second at
a high MI, the contrast enhancement was no longer visible (Figure 7B). However, as
a control, Dex-MBs showed the same behavior with Fuco-MBs no matter before or
after treating with high destructive pluses that may be due to microbubbles absorbed
on the surface of thrombi. Thrombi incubated with Fuco-MBs were slightly brighter
than control, whereas there were no significant differences. It is difficult to determine
enhancement of contrast signals coming from specific binding between Fuco-MBs or
from nonspecific absorption. The affinity of Fuco-MBs and P-selectin would be

evaluated by new experiment in future.
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Before After

Dex-MBs + Trombe

Fuco-MBs + Trombe

Figure 7. MBs absorption and destruction. Human clot pre-incubated with Dex-MBs (top) and
Fuco-MBs (down). Microbubbles attachment to clot surface (left), clot after MBs destruction with
a high MI (right). Clot now keeps the position before and after destruction.

4. Conclusion

In this paper, the polysaccharide-coated MBs were fabricated by emulsion
polymerization. The method was shown to be very flexible and could be applied with
different polysaccharides, which allowed modulating the surface properties of the
MBs by choosing the type of polysaccharide. Additionally, these MBs revealed strong
echogenicity in the flow conditions and Fuco-MBs showed strong bond on the surface
of thrombi. These MBs open very interesting feature for the design of ultrasound
contrast agents with surface properties combining the characteristics of several

polysaccharides.
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GENERAL DISCUSSION AND PERSPECTIVES

In this work, we have designed and synthesized three kinds of ultrasound contrast
agents with different structures; all of them can be easily functionalized by fucoidan.
Their echogenic properties and binding abilities with P-selectin were also investigated
in vitro and in vivo. This work is the bold trial in the domain of ultrasound molecular
imaging of cardiovascular diseases and it provides use for reference experiences for

similar projects in future studies.

Since the end of 1970s, liquid perfluorocarbons, such as PFOB, have been tested as
contrast agents for ultrasonography and MRI due to its greater stability and low
solubility in blood."! The challenge of PFOB encapsulation is their low miscibility
with organic solvents and high density (1.93 g/mL). Nowadays, the most frequently
used method of loading PFOB is an emulsion-evaporation process, which may form
nano-/microcapsules. PLGA is used as a polymer shell in this method. However, its
application potential is limited by its hydrophobic surface. To address this problem,
various hydrophilic matters are considered for surface modification. In this study,
polysaccharide modified PIBCA is employed due to its excellent biodegradability and

biocompatibility.
- “Aborted”, fucoidan-functionalized PFOB nanoparticles

In the experimental work, we try to encapsulate PFOB within PIBCA nanoparticles.
The nanoparticles were prepared by redox radical emulsion polymerization (RREP) of
IBCA using polysaccharide as coating material.?! Firstly, we attempted to obtain
nanocapsules, Zandanel C. ef al. described hydrophobic fluorescent probe mixed with
acetonitrile could be delivered into the core of nanoparticles. Following their work
and emulsion-evaporation method, firstly we put PFOB into the acetone and then
added them into aqueous phase during polymerization process. We hope the rapid
polymerization could capture the PFOB droplets before they escape from acetone.
However, due to their high hydrophobic and density, results indicated all of PFOB

would be released from acetone before polymerization completed.
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Next step, we developed the new method to capture PFOB and it will produce
nanoparticles consisting of polysaccharide-PIBCA diblock copolymer core inlaid with
PFOB based on RREP process in PFOB emulsion. These nanoparticles could be
easily functionalized with fucoidan, but we also found the PFOB content decreased
with the increase of fucoidan. This may be due to the negative charge of fucoidan may
undermine the nanoparticles stability or the longer fucoidan chains on the
nanoparticles obstruct PFOB access and compare to dextran. The intensity of contrast

signal is very weak.

This fucoidan functionalized nano contrast agent has a strong affinity for human
activated platelets in vitro. It is consistent with the results that had been reported by
Bonnard T. et al. using fucoidan functionalized polysaccharide microparticles to

interact with activated platelets.

In vivo ultrasonic images analysis revealed that a fraction of them accumulated in the
thrombotic AAA wall where P-selectin is expressed and presented contrast
enhancement even after 20 min, but the intensity of contrast signal is very weak. After
repeated trials of the same condition in vivo, we realized it is difficult to clearly

segment signal of contrast agent from vessel wall on ultrasonic imaging.

- Microcapsules bring us closer to the goal

Reviewing the previous part’s work, we assumed that the poor echogenicity was due
to its low content of PFOB. To address this problem, the structures of core-shell
microcapsules are considered to instead of former nanoparticles. We developed
microcapsules composed of a core of liquid and a PIBCA-polysaccharide mixed
membrane based on modified emulsion-evaporation polymerization process. This was
also the first successful synthesis of polysaccharide coated PIBCA microcapsules, and

it is also easily functionalized with fucoidan.

We evidenced that these microcapsules specifically bound to P-selectin which is

expressed on the human activated platelets, irrespective of being in static conditions
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or under high velocity blood flow condition. Histological analysis revealed that
fucoidan functionalized microcapsules were localized inside the media layer of the
thrombotic AAA wall in rats. Unfortunately, the echogenicity of microcapsules is still
insufficient to observe the contrast enhancement from vessel wall signals even when

the mass percentage of PFOB is close to 50%.

Previous research identified the shell thickness-to-radius ratio of microcapsules
strongly influences their echogenicity and their compressibility.’! As the absolute
shell thickness decreases, microcapsules become more compressible and therefore
backscatter ultrasonic waves more efficiently.[*l Here we found the thickness of shell
could be easily adjusted by pH condition, but the yield declined rapidly and the size
distribution became uneven, which prevents its further development as a commercial
contrast agent. Another possible approach for reducing the thickness of the shell is
decreasing masses of IBCA during the synthesis process. Mousnier L. et al. have
demonstrated the decline in polymer proportion would result in microcapsules with a
decreasing thickness to PLGA/PLGA-COOH microcapsules.®! This idea would be
tested in the future experiments. Although these microcapsules could not be used as
an ultrasound contrast agents at current stage, the specific ability of them to target the
P-selectin also could be associated to the loading of antithrombotic drugs in this

microcarrier.
- Are the liquid PFCs good contrast agents for ultrasound molecular imaging?

Based on the above results, we found that irrespective of the injection
Fuco-TNPs-PFOB or Fuco-MCs, the artery only presented significant contrast for a
few seconds, and then the signals disappeared due to reduction of concentration.
These results force us to reconsider if PFOB is a good blood poll contrast agent.
Moreover, we observed both vessel tissues and PFOB exhibit the similar reflected
ultrasound signal in B-mode ultrasound, it is difficult to clearly identify or
differentiate the contrast enhancement by accumulated PFOB contrast agents from

signal of vessel wall on ultrasonic imaging. Motion artifacts caused by respiratory and
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cardiac activities that always can obscure images.

Actually, PFOB is considered to be used as a contrast agents instead of microbubbles
mainly because they can withstand pressure changes and mechanical stresses.)
However, they tend to be less echogenic than gaseous bubbles, in particular when
particle size reduce to nano-scale, because they are incompressible and do not

oscillate strongly with the passing acoustic wave.

Until now, there have been only few scientific studies to understand the contrast
effects of PFOB in vivo and the results are not as good as the researchers expected.
Pisani E. et al. found the contrast enhancement only lasted a few seconds in vessels
after PFOB nanocapsules intravenous injection.'* Diaz-Lépez R. et al. also proved
echogenic signal in tumor was observed after the intra-tumoral injection PFOB
nanocapsules. However, no contrast was observed neither directly after intravenous
injection or later, although they confirmed the presence and the accumulation of
nanoparticles in tumor tissue.[) These conclusions reveal the in vivo enhancement
effects of PFOB ultrasound contrast agent depend mainly on their concentration,

which was also confirmed by our experimental results.

Ultrasound molecular imaging techniques require contrast probe which could detect
the pathological processes at the molecular level, which means contrast agent should
have high signal-to-noise ratio and enable detection at low concentration. However,
these features are not present in the PFOB, so it is not reasonable to continue along

this path.
- Microbubbles for Future...

In order to solve the low echogenicity totally, we abandoned PFOB, choosing to
design functionalized microbubbles. Microbubble has been widely used in human as
functional acoustic contrast agent for ultrasonography. They can be visualized due to
their high echogenicity in standard B-Mode imaging. Like PFOB, the challenge is that

the microbubbles and tissue are comparably bright, resulting in poor contrast between
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them. But fortunately, due to their high compressibility, microbubbles will oscillate
nonlinearly in an ultrasound field, resulting in the scattered ultrasound echo
containing non-linear energy. Non-linear contrast mode imaging techniques could
detect this energy from bubbles and segment their signals from the surrounding tissue.
The application of the traditional microbubbles was ounded by their inherent defects:

instability.

Recently, polymer-based microbubbles have attracted the attention of researchers
since their higher stability and enhanced acoustic properties. Particularly, PBCA-MBs
have been developed and exhibit prolonged circulation by reducing the gas-core
shrinkage.l”) However, the application potential of PBCA-MBs is limited by their
rather hydrophobic surface and insufficient functional chemical groups on the surface.
Until now, only few targeting ligands, e.g. short peptide, antibody are combined with
PBCA-MBs by hydrolyzing PBCA to produce -COOH group and this approach was

relatively inefficient and time-consuming.!®!

Here we design a polysaccharide coated PIBCA microbubbles, it had stable structure
and exhibited prolonged circulation. Diverse polysaccharides could be fixed on the
microbubbles surface and provide lots of reaction groups for further modifications:
for example, DEAE-MBs have high positive charge and they could deliver some
negative charge particles, like RNA or protein; CM-MBs offer sufficient -COOH
group, which could be used to link ligand through EDC/NHS reaction. Meanwhile,
fucoidan, as a type of polysaccharide, was successfully immobilized on the shell of

microbubbles.

In vitro experiments show strong contrast enhancements after injection MBs
suspensions compared to the 0.9% NaCl under the B-mode and non-linear contrast
mode, and they could be destroyed by high ultrasound energies. Adding fucoidan
didn’t change the echogenic signal of MBs. In addition, the signal is quite stable with

time.
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We also proved fucoidan functionalized MBs could accumulate on the surface of
platelets-rich thrombus, although we haven’t established yet, a good method to prove
whether these accumulations come from specific binding between fucoidan and
P-selectin or from non-specific adsorption. But these results are encouraging and
future work will focus on improving experiments to assess their ability to bind on

thrombus expressed P-selectin under flow conditions and also detect cardiovascular

pathologies in future.
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Cardiovascular diseases, particularly artery diseases such as atherosclerosis,
aneurysm, and thrombosis remain major public health problems. Despite tremendous
advances in diagnosis and treatment of vascular diseases made recently, currently
vasculopathy can only be diagnosed at advanced stages, either by directly revealing
the narrowing of the arterial lumen or by evaluating the effect of arterial stenosis on
organ perfusion. Non-invasive diagnosis techniques rely on molecular imaging
enabling early detection and evaluation of the vascular pathological changes are
perceived to have excellent growth prospects. Ultrasonography is widely used as a
screening tool in clinic to detect cardiovascular disease based on its several obvious
advantages: ease of procedure, low cost and no radiation exposure. Ultrasound

molecular technology plays an important part in today’s molecular imaging.

The aim of this doctoral project was to develop injectable, low-cost and simple
contrast agents, functionalized with fucoidan as efficient acoustic tracers of P-selectin

for molecular imaging of arterial pathologies.

Perfluorooctyl bromide (PFOB) was firstly chosen as contrast agent due to its
stability and echogenic properties. In the 1% experiment study, we synthesized
nanoparticles functionalized with fucoidan and combined with PFOB. They could
bind to P-selectin expressed by human activated platelets and we also have observed
contrast enhancement in P-selectin expressed area in animal models of arterial disease.
However, signal enhancement was insufficient to clearly identify the abdominal aortic
aneurysm area, probably because of poor ultrasound signal of nanoparticles due to

low content of PFOB and their very small size.

To address the encapsulation efficiency problem, in the next work we developed
bigger systems such as fucoidan functionalized microcapsules with PFOB core. These
microcapsules exhibited excellent compatibility with cells and they could specifically
bind to the P-selectin in static and arterial flow conditions. In addition, we showed in

vivo on rats the ability of fucoidan functionalized microcapsules to bind to thrombotic
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AAA and evidenced their presence in the AAA wall by histology. We also put to
evidence that both types of microcapsules were eliminated through liver metabolism
function. Unfortunately, the contrast enhancement was still insufficient to be observed.
Future works are required to study the loading of contrast agents or therapeutics to
achieve molecular diagnosis and/or treatment of cardiovascular pathologies

overexpressing P-selectin.

In the 3™ chapter, to improve echogenicity, polysaccharide-coated microbubbles
were synthesized by an original emulsion polymerization reaction. These
microbubbles revealed strong enhancement contrast signals in flow conditions and
fucoidan functionalized microbubbles showed strong binding property to the surface
of thrombi. These functionalized microbubbles appear to be very promising molecular
ultrasound imaging tools for the diagnosis and the treatment of cardiovascular

diseases.
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ABSTRACT

Cardiovascular diseases due to atherosclerosis remain a major morbidity in developed
countries. Their treatment could be substantially improved with early detection of the
vascular  pathological changes by non-invasive diagnostic  techniques.
Ultrasonography is widely used as a screening tool in clinic to detect cardiovascular
diseases. However, its low resolution requires the development of targeted acoustic
tracers to improve the contrast degree. Fucoidan is a sulfated polysaccharide ligand
with a high affinity for P-selectin, which was found to be expressed on the activated
platelets and endothelial cells and involved in the early pathogenesis of cardiovascular
diseases. The aim of this doctoral project was to develop injectable, low-cost and
simple contrast agents, functionalized with fucoidan as efficient acoustic tracers of
P-selectin for ultrasound molecular imaging of arterial pathologies. Three types of
contrast agents have been developed: 1) Fucoidan functionalized nanoparticles loaded
with perfluorooctyl bromide (PFOB). They could bind to P-selectin and exhibit
contrast enhancement in animal models of arterial disease. However, these products
showed poor echogenicity in blood stream due probably to low content of PFOB and
their very small size. 2) Fucoidan functionalized microcapsules with PFOB core were
developed to improve the PFOB encapsulation efficiency. They could bind to
P-selectin in arterial flow conditions, and in vivo results revealed that these
microcapsules were located in the regional expression of P-selectin. Unfortunately,
the contrast enhancement was still insufficient to be observed. 3) To address
echogenicity problems, fucoidan functionalized polymer microbubbles were designed
to replace PFOB. They showed strong signal enhancement under flow conditions and
could accumulate on the surface of platelets-rich thrombus. These results indicated
that these microbubbles, as ultrasound molecular imaging tools, could be very
interesting for the future study of arterial diseases.

Keywords: Fucoidan, P-selectin, Ultrasonography, Contrast agent, Cardiovascular
diseases
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RESUME

Les maladies cardio-vasculaires liées a l'athérosclérose sont pourvoyeuses d’une
importante morbi-mortalité¢ dans les pays développés. Une détection plus précoce des
modifications des parois vasculaires, via des techniques de diagnostic non invasives,
pourrait sensiblement améliorer leur prise en charge. L'échographie est largement
utilisée comme outil de dépistage des maladies cardiovasculaires. Cependant, sa faible
sensibilité limite son utilisation. Le développement d’agent de contraste spécifique
permettant de résoudre ce probléme semble donc primordial. Le fucoidane est un
ligand polysaccharidique sulfaté ayant une forte affinité pour la P-sélectine. Exprimée
au niveau de la surface des plaquettes activées et des cellules endothéliales, cette
derniere est impliquée dans la pathogénese précoce des maladies cardiovasculaires.
Le but de ce projet de thése a été de développer un agent de contraste injectable
ciblant la P-sélectine via le fucoidane dans le but de réaliser une modalité d’imagerie
moléculaire de faible colt, simple et spécifique des pathologies artérielles. Trois types
d'agents de contraste ont été développés : 1) Des nanoparticules associées a du
bromure de perfluorooctyle (PFOB), fonctionnalisées par du fucoidane. Elles ont été
capables de se fixer a la P-selectine et une amélioration du contraste a été observée in
vivo dans un mode¢le animal de maladie artérielle. Cependant, ces produits
présentaient une mauvaise échogénicité dans la circulation sanguine, probablement en
raison de leur faible teneur en PFOB et de leur tres petite taille. 2) Afin d’améliorer
I’échogénicité, des microcapsules contentant du PFOB dans leur coeur ont été
développées. Celles-ci se sont également lices a la P-sélectine méme en condition de
flux sanguin. Des résultats in vivo ont montré que ces microcapsules étaient présentes
dans les zones ou la P-sélectine était exprimée. Malheureusement, 1'augmentation du
contraste était toujours insuffisante pour étre suffisamment discriminante. 3) Des
microbulles (structure polymére contenant un coeur gazeux), ¢également
fonctionnalisées par du fucoidane, ont été congues pour surmonter ce probleme
d’échogénicité. Elles ont montré une augmentation significative du signal acoustique
en condition de flux sanguin. De plus, ces microbulles se sont accumulées a la surface
des parois artérielles riches en thrombus. Ces derniers résultats indiquent que ces
microbulles, en tant qu'outil d'imagerie moléculaire ultrasonore, pourraient étre tres
intéressantes pour les futures études des maladies artérielles.

Mots-clés: Fucoidane, P-sélectine, Ultrasonographie, Agent de contraste, Maladies
cardiovasculaires.
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