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Introduction
Atherosclerosis example of a vascular disease is a major cause of 

coronary artery disease and a leading cause of mortality in the United 
States [1]. Currently, treatment for vascular diseases includes oral statins 
aimed at reducing high cholesterol levels and surgical interventions such 
as balloon angioplasty and stent placement. However acute incidence of 
vascular disease such as coronary events can still occur in individuals, 
who have undergone aggressive statin therapy and surgical intervention 
does not address the underlying cause of the disease and thus fail to 
prevent reoccurrence of stenosis [1,2]. Consequently, targeted imaging 
and drug delivery systems have gained interest as a means to improve 
current therapies. Only few publications have focused on the ability of 
targeted nanoparticles to interact with the vascular wall in disturbed 
flow – an important consideration for the design of effective vascular-
targeted therapy for vascular disease which preferentially affects arteries 
in areas with high disturbances in blood flow [2-4]. 

Reports indicate also that nanoparticles may improve the course 
and outcome of a vascular disease if the formulated nanoparticles have 
the capability for early detection of biomarkers associated with the 
disease [1,2,5]. 

In vascular therapy, direct administration of drugs has shown 
limited therapeutic benefits largely due to rapid drug washout, short 
plasma half-life of drugs from the target site and severe systemic side 
effects. Examples are: i) rapid clot dissolution of thrombooccluded 
vessels, intravenously or orally administered anticoagulants such 
as heparin have shown severe side effects of systemic coagulopathy 
and hemorrhage and ii) fibrinolytic drugs like various kinases such 
as streptokinase and tissue plasminogen activator (tPA), when 
administered directly via intravenous or intra-arterial routes, have 
undergone rapid plasma deactivation and also failed to reside at 
effective therapeutic levels for reasonable periods of time at the target 
clot site due to continuous systemic circulation in the hemodynamic 
environment [6-8]. 

These issues can be resolved by packaging optimum concentrations 

of therapeutic payload within drug delivery system that can be 
designed to: i) maintain circulation stability and enhance encapsulated 
drug half-life, ii) target/bind specific vascular disease components 
by virtue of specific Biomolecular interaction, and maintain binding 
stability/retention under hemodynamic blood flow environment, and 
iii) biodegradable resorbed or eliminate from the body within specific
time windows to ensure safety [5]. Among drug delivery systems (such
as polymeric nano-carriers, liposomal nano-carriers, dendrimers,
nano gels), only polymeric and liposomal nano-carriers have been
extensively studied for drug delivery in vascular disease they: 1) are
highly biocompatible and biodegradable, 2) have versatile possibilities
of surface-modifications and high drug encapsulation [5,9]. However
polymeric nano-carriers have shown to be more effective in delivering
drugs to vascular wall than liposomal nano-carriers due to liposome’s
inherent problems such as: i) thinner membrane compared with that
of polymeric nanoparticles (about 8 nm) which are more than twice
as thick as liposome membrane; making liposomal nanoparticles less
durable than polymeric nanoparticles, and ii) the addition of more than
15 mol% of polyethylene glycol (PEG) in liposomal phospholipids has
been reported to destabilize the bi-layer membrane, whereas amphiphilic
copolymers formed polymeric nanoparticles could contain PEG in every
polymer chain which allowed for complete surface coverage of the vesicle;
hence polymeric nanoparticles are fully stealthy when compared with
liposomes [1,10-12]. Additionally, more biocompatible polymers are in
clinical applications of vascular grafts, sutures and stents.
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Abstract
Current advances in nanotechnology have paved the way for the early detection, prevention and treatment 

of various diseases such as vascular disorders and cancer. These advances have provided novel approaches or 
modalities of incorporating or adsorbing therapeutic, biosensor and targeting agents into/on nanoparticles. With 
significant progress, nanomedicine for vascular therapy has shown significant advantages over traditional medicine 
because of its ability to selectively target the disease site and reduce adverse side effects. Targeted delivery of 
nanoparticles to vascular endothelial cells or the vascular wall provides an effective and more efficient way for early 
detection and/or treatment of vascular diseases such as atherosclerosis, thrombosis and Cerebrovascular Amyloid 
Angiopathy (CAA). Clinical applications of biocompatible and biodegradable polymers in areas such as vascular 
graft, implantable drug delivery, stent devices and tissue engineering scaffolds have advanced the candidature of 
polymers as potential nano-carriers for vascular-targeted delivery of diagnostic agents and drugs. This review focuses 
on the basic aspects of the vasculature and its associated diseases and relates them to polymeric nanoparticle-
based strategies for targeting therapeutic agents to diseased vascular site.
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Basic aspects of the vasculature

Vascular wall consists of endothelial cells, smooth muscle cells 
(SMCs) and adventitial cells arranged in a vessel wall to form highly 
ordered, concentric and functional layers which play a vital role in 
blood transport to the entire body [13]. Diagrammatically, the normal 
vascular wall is composed of three layers with distinct characteristics 
[14] : 1) Tunica intima – this layer contains the endothelium, a single-
cell lining the blood vessel, and represents the interface between blood 
and tissue. It acts as a selective permeability barrier [15], regulates 
coagulation and contributes to the behavior of cells both in systemic 
circulation and in the vessel wall [16], and regulates vascular tone [17]; 
2) Media – this is comprised of SMCs which mainly have contractile 
[18] and synthetic properties [19] and, 3) Outermost layer or adventitia 
– this consists of dense fibrous and adipose tissue with a mixture of 
small capillaries and amyelinated nerves known as “vasa” and “nerva 
vasorum” respectively [20]. Changes in the thickness of tunica intima, 
tunica media and tunica adventitia associated with aging have been 
reported to play a critical role in the development of vascular diseases 
especially in atherosclerosis [21]. 

Arteries: The arteries mainly direct blood to the organs in the body. 
Given the high pulse pressure in the arteries, the walls are thicker than 
in other vessels. Arteries are grouped into conducting arteries, conduit 
arteries and resistance arteries based on their positions in the arterial 
tree [22]. Conducting arteries are the largest arteries in the body and 
are composed of large elastic tissue that permits the vessels to dilate 
and constrict to dampen out the oscillatory changes in blood pressure 
as a result of intermittent ventricular contractions. Examples of 
conducting arteries are the aorta, the carotid artery and the pulmonary 
artery [22]. Conduit arteries are the subgroup of conducting arteries, 
examples are the femoral, radial and brachial arteries and their main 
function is to supply blood to specific parts of the body. Resistance 
arteries, smaller than conduit arteries, perfuse tissue with blood and are 
composed mainly of smooth muscle cells which are highly innervated 
by sympathetic nerves. This allows arterioles (smallest of the resistance 
arteries) to regulate and to further refine the blood flow to the target cell. 

Capillaries: Capillaries are the smallest functional units of the 
blood vascular system and are located between the arterial and venous 
limbs of the circulation. They branch extensively to form elaborate 
networks, the extent and type of which reflects the specific organ or 
tissue with which they are associated. Some capillaries associated with 
specific organs are considered tight and function as a barrier between 
the blood and the organ in question. Others exhibit variable degrees of 
“leakiness” and allow materials to pass from blood into surrounding 
interstitial tissues. Based on the appearance of the endothelium and 
the basal lamina, capillaries are classed as continuous, fenestrated, or 
as sinusoids [23]. 

Continuous capillaries are the common type of capillary found 
throughout the connective tissues, muscle, skin, and central nervous 
system with a luminal diameter ranging from 4 to 10 μm [24]. The 
smaller vessels may be encompassed by a single endothelial cell, while 
in larger capillaries three or four cells may enclose the lumen. The wall 
consists of a continuous endothelium and a thin tunica adventitia which 
rest on a continuous basal lamina and contain the usual organelles, 
caveolae and transcytotic vesicles, a proteoglycan layer covering a few 
short microvilli on the luminal surfaces, and a variable number of 
membrane-bound granules. 

Fenestrated capillaries have the same structure as the continuous 
type but differ in that the endothelial cells contain numerous fenestrae 

(pores) that appear as circular openings 70 to100 nm in diameter. 
Fenestrae may be distributed at random or in groups and usually are 
closed by thin diaphragms that show central, knob like thickenings. 
Each diaphragm is a single-layered structure thinner than a single-
unit membrane - so it would appear unlikely that it is formed by the 
apposition of two cell membranes. The basal lamina is continuous 
across the fenestrae on the basal side of the endothelium. While 
fenestrated capillaries of renal glomerulus differ in that the pores 
lack diaphragms and the basal lamina is much thicker than in other 
capillaries. Fenestrated capillaries are generally associated with the 
kidney, endocrine glands, and the gastrointestinal tract [22,24,25].

Sinusoids are thin-walled vessels that are much wider and have 
lumina that are more irregular in outline than those of capillaries. 
Sinusoids are abundant in the liver, spleen, and bone marrow [26]. Their 
endothelia cells are attenuated and may be continuous as in the bone 
marrow, or cells may be separated by gaps and rest on a discontinuous 
basal lamina. Sinusoids often are associated with phagocytes either as a 
component of the lining, as in the liver, or closely applied to the exterior 
of the wall, as in the spleen [22, 24, 25]. 

Veins: Capillaries merge to form venules that allow blood to flow 
into larger blood vessels called veins. Venules then drain into peripheral 
veins and eventually coalesce into the superior and inferior vena 
cavae, which are connected to the heart. In general, the diameter of 
veins increases with increased proximity to the heart. Given the lower 
blood pressure in the venous system compared to the arterial system, 
the vessel walls of veins are thinner and more compliant than arterial 
walls. This means that veins can accommodate large volumes of blood 
with only small increases in pressure. Mechanisms such as the skeletal 
muscle pump and respiratory pump as well as sympathetic nervous 
activation enable veins to return blood back to the heart. In addition, 
veins contain valves to prevent the backflow of blood while smooth 
muscle cells in the vascular wall allow veins to constrict and increase 
the blood pressure, both of which increase venous return. 

Endothelium
Endothelial cells in arteries and veins appear more continuous 

and thicker than those in capillaries which are fenestrated and thinner 
to allow for exchange of metabolites and gases. They can also display 
heterogeneous response to stimulation in different vascular beds, and 
even in different sections of the same vascular bed [27]. In the event 
of an injury, which can be triggered or caused by: i) oxidative stress 
through abnormal regulation of reactive oxygen species, ii) viral 
or bacterial infection, iii) turbulent blood flow and shear stress, iv) 
environmental irritants such as tobacco and v) hyperlipidemia; the 
endothelial cell response through inflammation is a required process 
for normal vascular healing. For successful endothelium regeneration 
and healing, an acute inflammatory response, which is characterized by 
tissue infiltration of neutrophils followed by monocytes/macrophages, 
needs to be actively shut down after few days. If the shut down process 
is unsuccessful, the inflammatory response may lead to excessive tissue 
damage and eventually result in chronic or pathological inflammation, 
leading to endothelial dysfunction. Chronic inflammation is likely to 
trigger a cascade of aberrant physiological events which may serve as 
underlying causes for diseases such as atherosclerosis, thrombosis, 
cerebral aneurysm and cerebral amyloid angiopathy [28,29]. Although 
these pathological conditions could be lethal to normal vasculature, if 
detected early and treated or managed in a timely manner, may reduce 
the high incidence of myocardial infarction, cerebral hemorrhage or 
stroke [30,31]. It is therefore crucial to bring into public domain recent 
research achievements in the field of vascular therapy with special 
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emphasis on the early detection of biomarkers associated with vascular 
diseases and the new strategy of targeting and treating them [32-36]. 

The most prevalent vascular diseases

Atherosclerosis: Atherosclerotic (cardiovascular) disease remains 
the leading single-disease cause of disability and mortality in the 
United States [37], although death from all forms of cancer combined 
is the leading cause of death worldwide. Atherosclerosis results from 
the progressive, long-term combination of atherogenesis, accumulation 
of modified lipoproteins within blood vessel wall, and the systemic 
inflammatory processes. It is characterized by the thickening of the 
innermost layer (tunica intima) of arteries or blood vessels as a result 
of fat deposition and also the hardening of fatty deposits which is 
believed to cause endothelial dysfunction by invasion of monocytes and 
accumulation of smooth muscle cells in the lumen of the affected vessel 
wall. Although the inflammatory response to endothelial or vascular 
injury is perceived as protective mechanism, prolonged and excessive 
response to the injury is reported to exacerbate the condition [38,39], 
leading to increased platelet adhesion and fibrin deposition with 
subsequent disruption of the endothelial layer [40]. The progression 
of the lesion is associated with arterial calcification, which changes the 
mechanical characteristics of artery wall and eventually progresses to 
atherosclerosis. 

Thrombosis: Thrombosis results from the formation of a blood clot 
within a blood vessel which obstructs the flow of blood in the systemic 
circulation. Conditions that predispose individuals to thrombosis, as 
explained by Virchow’s triad, are: i) blood state of hypercoagulability 
caused by hereditary thrombophilia, genetic deficiencies or 
autoimmune disorders, ii) endothelial cell injury such as head injury or 
trauma, intracranial infection, post-surgery complications or turbulent 
flow at bifurcations, and iii) slow or stagnation of blood flow past the 
point of injury [41, 42]. The combination of one or more of Virchow’s 
factors can expose platelets to collagen in the vessel wall and trigger a 
cascade of hemostatis-coagulation complex processes such as platelet 
aggregation and fibrin generation which in turn increase the risk 
factors for thrombosis. 

Cerebral amyloid angiopathy: Cerebral amyloid angiopathy 
(CAA) is a progressive accumulation of amyloid beta (Aβ) proteins 
within the walls of the meningeal as well as the intra cerebral vessels, 
in small and medium sized arteries, arterioles, and less frequently in 
capillaries and small veins [43], while Alzheimer’s disease (AD) is 
a specific form of neuronal degeneration and consequent dementia 
characterized by the accumulation by Aβ plaques in the neurons and 
brain extra vasculature [44]. Aβ deposition begins in the vessel wall 
in the tunica media around smooth muscle cells and later invades 
the whole vessel wall. Although CAA is recognized as one of the 
pathological hallmarks of AD, it is also found in individuals who are 
neurologically healthy [45,46]. Often asymptomatic, CAA may lead to 
intracerebral hemorrhagic or stroke, which is believed to be associated 
strongly with the rupture of Aβ-laden arteries in the cerebral arteries. 
CAA is known to become severe in hereditary cerebral hemorrhage 
with amyloidosis-Dutch type (HCHWA-D) due to a mutation within 
the Aβ sequence at position 22 where glutamine is substituted with 
glutamic acid (Glu22Gln) [47]. Evidence suggests that the distribution 
of Aβ deposits in the basement membranes of cerebral capillaries 
and arteries clog the perivascular drainage pathways resulting in the 
buildup of Aβ fibrils which ultimately disrupt the vascular wall [48,49]. 

Aneurysm: An abnormal local dilatation, ballooning or bulging in 
the wall of a cerebral vessel, which is due to weakness that develops 

in a portion of the artery wall, is termed as aneurysm. Important risk 
factors for aneurysm formation include inherited connective tissue 
disorders such as Marfan syndrome, Ehlers-Danlos syndrome [50], 
polycystic kidney disease [51] and atherosclerosis [52]. Other risk 
factors with their corresponding hazard ratios that may also be of 
interest are: i) infection, hypertension, 1.41(95% Confidence interval 
(CI), 0.96 – 2.07) [53], ii) hyperlipidemia, 0.54 (95% CI, 0.28-1.03) 
[49], iii) age ≥70, 1.21(95% CI, 0.99-2.42) [53], iv) family history, 1.9 
(95%CI, 1.6-2.2) [54], v) cigarette smoking, 2.44 (95% CI, 1.02-5.88) 
[55], vi) heavy alcohol consumption, 0.79 (95% CI,0.49-1.26) [56]; and 
vii) chronic use of medications such as anticoagulants, 2.3 (95%Cl, 1.6-
3.5) [57]. All these risk factors have been suggested to play a critical 
role in endothelial degeneration and disappearance of internal elastic 
lamina in arterial wall damage which may eventually lead to stroke or 
subarachnoid hemorrhage [58]. 

Restenosis: This condition arises as a result of re-narrowing 
or formation of new blockage in the blood vessel after a corrective 
procedure such as angioplasty, atherectomy or stenting. The main 
cause of restenosis is believed to be the vascular injury caused after an 
intervention to alleviate the blood vessel of an obstruction. Following 
vascular injury, reports indicate that a cascade of processes occurs 
including: i) elastic recoil, ii) smooth muscle cell migration and 
proliferation, iii) enhanced extracellular matrix synthesis, iv) vessel wall 
remodeling, and v) thrombus formation [59,60]. These processes are 
believed to play a critical role in promoting inflammation leading to 
restenosis [61,62]. 

The management of vascular diseases with conventional therapeutic 
agents such as free anticoagulants, free anti-inflammatory drugs, or free 
anti-platelet agents has been fairly successful in clinical trials as well as 
in animal models. The reason has been attributed largely to systemic 
toxicity or lack of sustained administration of the drug for a long period 
of time [33,34]. A new modality is now emerging which is founded on 
a multifocal, targeted therapy that seeks to reverse or ameliorate the 
inflammatory cascade in the vasculature [63].

Conventional Therapy
Many of the conventional therapeutic agents are sub-therapeutic at 

tolerated doses, while others display off target effects. A typical example 
is peroxisome proliferator-activated receptors gamma (PPARγ) agonist, 
which are believed to possess anti-inflammatory and antiatherogenic 
effects, have been reported to cause weight increase, fluid retention, 
increase risk of cardiac failure [64,65] and edema [66]. 

Of cholesterol lowering drugs, statins (3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase inhibitors) have been shown to be 
the most effective drugs for the treatment of atherosclerosis, however 
other studies have indicated that statins could elevate endothelial nitric 
oxide levels and stabilized atherosclerotic plaque [67,68]. Anticytokine 
antibodies and cytokine secretion inhibitors, developed to inhibit 
the inflammatory response that progresses atherogenesis, have been 
shown to be effective during clinical trials [69], while heparin, largely 
administered for rapid clot dissolution or treatment of thrombosis in 
either the oral or intravenous route, has been reported to have its own 
drawbacks such as i) a severe effect of coagulopathy and ii) a short half-
life due to rapid elimination from systemic circulation [32,70,71]. 

There is no diagnostic and therapeutic agent to detect or treat 
CAA. Attempts to reduce inflammation associated with CAA or AD 
have proven to be unsuccessful, as low doses of anti-inflammatory 
drugs such prednisone [72], hydroxyl chloroquine [73], celecoxib or 
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naproxen [74] were determined to be less effective, whereas a high dose 
was unbeneficial due to its associated toxicity in clinical trials. 

Based on the overall performance of conventional drugs and their 
adverse side effects and sub-therapeutic efficacy with respect to vascular 
therapy, researchers have begun to explore the possibility of utilizing 
modified nanoparticles to target biomarkers associated with the early 
detection of the disease and delivery of therapeutic agents to treat it.

Why Nanoparticles?
Nanoparticles are emerging as attractive and potential candidates 

for diagnostic and therapeutic applications for early detection of 
biomarkers and treatment of vascular diseases. Nanoparticles are 
generally defined as particles having at least one dimension in the 1–100 
nanometer scale, although other sources include dimensions less than 
500 nm as nano-sized [1]. By virtue of their small sizes, nanoparticles 
have high surface area to volume ratio, this provides both an abundant 
surface area for particle decoration for the purpose of targeting and 

drug/probe coupling, and an internal volume capable of encapsulating 
drugs or imaging agents. Manipulating nanoparticle’s surface charge, 
solubility and affinity through the addition of coating materials and 
reactive groups greatly modulates their targeting. Introduction of 
biocompatible hydrophilic polymer chains, such as PEG, creates a 
hydrated brush-like coating that enhances nanoparticle solubility, 
prolongs blood circulation times, and delays reticulo endothelial 
system (RES) clearance. 

Targeting drug delivery systems (DDS) to endothelial cell (EC) 
receptors are usually associated with specific endocytic pathways which 
often lead to internalization and intracellular trafficking of the delivery 
system [9]. Clathrin-mediated, phagocytosis and Macropinocytosis 
pathways generally deliver DDS via endosomes to lysosomes 
[75] whereas caveoli-related endocytosis transports DDS to more 
compartments including the cytosol, the endoplasmic reticulum, and 
the Golgi complex, in addition to lysosomes [76]. Endocytic vesicles 
internalized via clathrin-mediated and caveolar-mediated endocytosis 
can also transcytose the cytosol, thus transferring DDS across EC [77]. 

Figure 1: Confocal images exhibiting polymeric nanoparticles distribution or penetration in vessel wall of aorta abdominalis of New Zealand white rabbits. 
Polymeric nanoparticles are labeled yellow-green, (A) Control, (B) 514-nm polymeric nanoparticles accumulation on the luminal surface, (C) Distribution of 217-
nm polymeric nanoparticles in the inner media section, and (D) Distribution of 217-nm polymeric nanoparticles in adventitial region of vessel wall. L = lumen 
region, M = media section of the vessel, and A = adventitia section of the vessel. (Reprinted with permission 83).
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For example, polymeric nano-carriers targeted to E- or P-selectin - 
protein in EC as expected occurs via clathrin-mediated endocytosis 
[78,79] enter EC via clathrin-coated pits and traffic to lysosomes [80] 
where the polymeric nano-carrier material may be degraded upon 
lysosomal enzymatic action and the content released.

For elimination of nanoparticles, the major requirement for any 
nano-carrier material is biocompatibility, where it can be administered 
without adverse effects and toxicity [81]. However, clearance 
mechanisms for nano-materials through urine or bile excretion remain 
to be characterized; hence, all materials used for nanoparticles must be 
both biocompatible and biodegradable. At the very least, these materials 
should degrade into soluble components that are ≤ 50 kDa in size and 
are non-toxic. For example, PLGA degrades into lactic and glycolic acid 
residues under hydrolysis conditions, providing easily metabolized 
and excreted degradation products [9]. Chitosan polymer also breaks 
down after enzymatic degradation into simple amino-sugars which 
can easily be eliminated from the body [82]. Overall performance of 
vascular-targeted nanoparticles is also influenced by: i) the size of the 
nanoparticle, ii) blood flow type and, iii) vascular wall shear rate [2]. 

To investigate the effect of particle size on vascular permeability, 
Westedt and his group conducted a size dependent penetration of 
nanoparticles into intact vessel wall of mice. The study demonstrated 
that 514nm fluorescence-labeled polystyrene nanoparticle suspensions 
deposited primarily at the luminal surface of the aorta (Figure 1B), 
whereas 217 nm nanoparticles accumulated in the aorta abdominalis 
(Figure 1C and 1D) while 110 nm nanoparticles easily penetrated 
through the arterial wall to the adventitia layer (Figure 2A) but was 
trapped by the atherosclerotic plaque at the luminal surface (Figure 2B) 
[83]. This study confirms that smaller nanoparticles penetrate deeper 
in the arterial vessel wall than larger nanoparticles. A similar study 
conducted by Guzman and his group to determine the distribution 
pattern of 165 nm nanoparticles, observed that fluorescent-labeled 
particles which were initially deposited in the luminal, medial and then 
adventitial layers of the artery were all later converged in the adventitia 
region [84]. This supports the observation made by Westedt and his 

group that smaller nanoparticles (< 200 nm) could permeate deeper 
into vascular wall. 

Binding efficiency of particles in blood flow as a function of particle 
size and flow type has also been suggested to influence nanoparticles 
distribution. Charoenphol and his colleagues conducted study to 
investigate the efficiency of polymeric particle-labeled sialyl lewis 
A (sLeA), (a carbohydrate ligand that binds to selectins) binding 
in disturbed reconstituted blood flow to activated endothelial cell 
monolayer (a ECM). In the study, different sizes of sLeA polymeric 
particles (0.2 – 5 µm) suspended in reconstituted blood were pumped 
over a ECM in two pulsatile flow profiles. In profile I, blood was pulsed 
about 0 s−1 with a net flow in the forward direction with continuous 
loops of 14 s forward flow followed by 7 s backward flow for 15 min 
with maximum volumetric flow rate (Q) set at 6.45 mL/min (shear 
rate of 1000 s−1). While in profile II, flow was pulsed about 7.74 mL/
min (shear rate of 1200 s−1) for 2 s with no period of pause. The results 
obtained demonstrated that the number of sLeA polymeric spheres 
binding per unit area of a ECM in disturbed reconstituted blood flow 
increases as spherical diameter increases from 200 nm to 5 µm in 
profile I compared with profile II (Figure 3A). However, efficiency of 
binding in the disturbed reconstituted blood flow increases as spherical 
diameter increases from 500 nm to 5 µm in profile II compared with 
profile I (Figure 3B). No significant difference was observed between 
adhesion of 200 nm and 500 nm polymeric spheres [2]. 

To investigate the adhesion of polymeric spheres in vivo, 
Charoenphol and his colleagues injected fluorescent 0.5 µm and 2 µm 
polymeric spheres co-coated with sLeA and monoclonal mouse VCAM 
antibody (aVCAM-1) into mice. The images of interaction of sLeA/
aVCAM polymeric spheres with endothelium of mouse aorta showed 
that 2 µm polymeric spheres displayed higher adhesion to the aorta wall 
(Figure 4A and 4B) compared with 500 nm polymeric spheres (Figure 
4C and 4D). Putting together, the overall results showed that smaller 
polymeric spheres in pulsatile and recirculating blood flow displayed 
minimal adhesive interaction at vessel wall relative to larger polymeric 
spheres in both in vitro experiments with human blood and in mice. 

Figure 2: Confocal images showing distribution of 110-nm polymeric particles in: (A) a non-atherosclerotic vessel segment, and (B) in comparison to an 
atherosclerotic segment. L = lumen region of the vessel, P = atherosclerotic plaque. (Adapted with permission 83).
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This suggests that larger polymeric nanoparticles have much greater 
margination efficiency in disturbed human blood flow and may be 
optimum for use as drug carrier or imaging probe in the treatment of 
atherosclerosis.

Diagnostic and therapeutic applications 

The versatility of polymers as employed in clinical applications of 
vascular grafts, pacemaker lead coatings, orthopedic fixation devices, 
stents and intraocular implants have made polymeric nanoparticles 
potentially promising carriers for targeted delivery of diagnostic and 
therapeutic agents to the vasculature. In addition, targeted polymeric 
nanoparticles provide the possibility of reaching and retaining 
therapeutic agents in the vasculature. For diagnosis of vascular disease, 
conventional digital subtraction angiography has been considered the 
gold-standard technique [85]. However, its diagnostic value in many 
vascular regions has been challenged during the past decade with the 
rapid development of non-invasive imaging techniques such as: i) 
computed tomography angiography (CTA), ii) magnetic resonance 
angiography (MRA), and iii) duplex ultrasound. These imaging 
techniques have uniquely high resolutions in the investigation of 
vascular diseases [1]. But inherent disadvantages associated with these 
modalities such as: i) the tendency to overestimate stenosis [86], ii) 
detect largely advanced stages of vascular diseases [1] and, iii) inability to 
diagnosis extensively calcified arterial stenosis have limited their use. To 
augment the deficiencies associated with these non-invasive modalities, 

targeted-contrast polymeric nanoparticles have been bioengineered 
to offer increase sensitivity and high resolution in early detection of 
vascular disease [87,88]. One of such new developments is magnetically 
sensitive bioengineered nanoparticle which has significant applications 
in the diagnosis and treatment of vascular disease largely due to low 
toxicity and high contrast enhancement [88]. Studies conducted by 
researchers have shown that these contrast enhancement nanoparticles 
can be targeted to a pathological site by modulating the magnetic field 
and relaxivity properties of the paramagnetic components to acquire 
MRI-based spatio-temporal and anatomic information of disease 
[87-89]. Two such patronized paramagnetic elements are iron and 
gadolinium [90] which are adsorbed on nanoparticles as paramagnetic 
contrast agents for vascular imaging and also visualize the distribution 
of drug delivery systems. Examples of some of the contrast based 
formulations that currently exist for clinical applications are Omniscan, 
OptiMARK, Magnevist, Pro Hance and Multi Hance [91]. 

Researchers such as Flacke and his group have demonstrated that 
gadolinium-diethylenetriamine pentaacetic acid (Gd-DTPA) and fibrin 
monoclonal antibody surface-conjugated polymeric nanoparticles have 
the potential for early detection and targeting of fibrin, a fibrous and non-
globular protein implicated in the promotion of plaque formation and 
intra-plaque hemorrhage [92,93]. Similarly, Yu and colleagues, utilizing 
entrapped perfluorocarbon nanoparticles with surface-modified Gd-
DTPA complexes and fibrin-targeted antibodies, demonstrated the 
sensitivity of fibrin-targeted contrast nanoparticles for fibrin detection 
[94,95]. The results showed higher T1 relaxivity and selectivity for 
fibrin-targeted contrast nanoparticles binding to fibrin clots compared 
to that of unmodified perfluorocarbon nanoparticles in in-vitro human 
thrombus. Based on their studies, Yu and group suggested that fibrin-
targeted contrast nanoparticles have the ability to detect fibrins in as 
low as nano or picomolar concentration levels. In other stud, Winter 
et. al., and Lanza et al., developed targeted polymeric nanoparticles 
containing anti-proliferative agents such as paclitaxel or fumagillin 
with nano-carriers’ surfaces modified with Gd-DTPA and fibrin ligands 
to target atherosclerotic plaques [36,96]. The results exhibited higher 
contrast enhancement and was effective in prevention and regression 
of atherosclerotic plaques compared with plaques treated with only 
Gd-DTPA or fumagillin alone. Recent work published by Chorny and 
coworkers have also shown that iron oxide nanoparticles and paclitaxel 
entrapped within polylactide nanoparticles and directed by an induced 
magnetic field revealed a better diagnosis and sustained-release of anti-
proliferative to a pathological carotid artery site in animal model [97]. 

To date, the diagnosis and treatment of CAA or AD seem to be 
difficult, but published reports have indicated that studies conducted 
to target surface modified biodegradable butylcyanoacrylate-based 
nanoparticles with anti-amyloid protein ligand loaded-clioquinol to 
vascular amyloid protein deposits were successful. The results showed 
higher interaction of polymeric nanoparticles with CAA or AD post-
mortem brain tissue homogenates compared with the control [98,99]. 
To increase the chance of directing polymeric nanoparticles to a 
specific disease site, basic precautions have to be taken when ligands or 
antibodies are being attached to polymeric nanoparticles. These include: 
i) bondage or linkage between the ligands and nanoparticles should be 
stable and reproducible, ii) an adequate amount of ligands should be 
attached to the surfaces of polymeric nanoparticles, iii) the biological 
activity of ligands should be intact after the coupling process, iv) the 
morphology of the polymeric nanoparticles should not be changed by 
the coupling process, and v) the coupling of ligands should not cause a 
significant increase in particle size. 

Figure 3: (A) sLeA-spheres binding in pulsatile reconstituted blood flow 
(open bar = profile I at peak WSR = 1000 s−1 and shaded bar = profile II). 
(B) Ratio of sLeA-spheres adhesion in pulsatile flow to adhesion in laminar 
flow at peak shear rates (1000 s−1 for profile I and 1200 s−1for profile II) 
(Adapted with permission2).
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Figure 4: Images showing particles bound at the inner wall of mouse lumen. Images (A) and (B) show2 µm particles while images (C) and (D) represent 0.5 µm 
particles bound at the inner wall of mouse lumen. (A and C) fluorescent and (B and D) brightfield images of H&E stained images. (Adapted with permission2).

Figure 5: Kinase-insert domain receptor (KDR) immunofluorescence staining of pig aorta endothelial cells (PAE) or KDR-PAE cells grown on untreated poly 
L-lactic acid (PLLA) or surface-modified PLLA film. (a) PAE grown on untreated PLLA, (b) PAE grown on PLLAPVAA-(EDC)-FN-VEGF, (c) KDR-PAE grown on 
untreated PLLA, and (d) KDR-PAE grown on PLLAPVAA-(EDC)-FN-VEGF. (PVAA= poly(vinylacetic acid, EDC) = ethyl(dimethylaminopropyl) carbodiimide, FN 
= fibronection, VEGF = vascular endothelial growth factor). (Adapted with permission118)
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The following methods are employed in the attachment of antibodies 
or ligands to polymeric nanoparticles to recognize and target receptors 
expressed at a diseased vascular site, i) non covalent and, ii) covalent 
methods.

Non covalent method or adsorption method

This method involves the attachment of antibodies or ligands 
transiently to the surfaces of polymeric nanoparticles without the use of 
strong reagents. It is easy, simple and involves the physical interaction 
of the ligands and the polymeric nanoparticles. 

By using this method, Blackwell and colleagues were able to target 
E-and P-selectins expressed on endothelial cells lining the vasculature. 
This was achieved by attaching humanized mAb HuEP5C7.g2 antibodies 
to the surfaces of polystyrene nanoparticles through Protein A (spacer 
arm, obtained from the cell wall of Staphyloccocus aureus) which 
maintained the proper orientation of the humanized mAb HuEP5C7.
g2 antibodies. Through this process immunoglobulin G (IgG) was 
oriented in such a way that the antigen-binding fragments (Fabs) have 
access to the E-and P-selectins binding sites which are implicated in 
fibrin generation leading to thrombosis or atherosclerosis [100]. A 
similar technique was used by Agyare and his group to coat the surface 
of chitosan [101] nanoparticles with 125-I-labeled polyamine modified 
anti-amyloid monoclonal antibody Fab2 4.1 fragment (pFab24.1). 
The result demonstrated enhanced targeting of amyloid beta protein 
deposits in the cerebral vessels of CAA mice [82]. 

Another binding site that is of interest to researchers and extensively 
studied is low-density lipoprotein (LDL) receptor which poses a risk for 
vascular diseases [102-104]. In a study to target LDL receptors, Kreuter 
and colleagues used non covalent technique to formulate poly(butyl-
cyanoacrylate) nanoparticles loaded-hexapeptide dalargin and coated 
it with the apolipoprotein E (ApoE). The results showed a remarkable 
antinociceptive effect in mice, indicative of successful LDL receptors 
targeting by the polymeric nanoparticles and subsequent delivery to 
mice brains via receptor-mediated endocytosis. 

In a similar approach, Klugherz and coworkers demonstrated that 
transcatheter local delivery of antibody surface modified poly (lactide-
co-glycolic acid) (PLGA) loaded pro-bucol nanoparticles to the iliac 
arteries of a rabbit significantly enhanced the treatment of restenosis 
through sustained release [105-108]. A study conducted by Yang and 
colleagues showed a significant inhibition of SMCs proliferation, a 
major cell phenotype in atherosclerosis and restenosis, through the 
release of anticoagulant heparin from the antibody surface modified 
PLGA nanoparticles loaded heparin [109]. 

To improve clinical benefits of plasminogen activators (PA) 
administration for thrombolytic therapy, many groups have developed 
new methods to promote clot lyses with reduced side effects. Mahmoodi 
and his group fabricated two types of recombinant human tissue-type 
PA (rtPA) loaded polymeric nanoparticles, PLGA-loaded rtPA and 
CS-coated PLGA-loaded rtPA nanoparticles. For PLGA-loaded rtPA 
nanoparticles preparation, solution of rtPA containing albumin as 
an emulsifier was sonicated with PLGA solution, the formed PLGA-
encapsulated rtPA nanoparticle suspensions were then stirred with 
1wt% of polyvinyl alcohol (PVA) [110]. For CS-coated PLGA-loaded 
rtPA nanoparticles formulation, formed PLGA-loaded rtPA was added 
to 0.1wt% CS solution and 0.5wt% PVA solution. CS was used to coat 
PLGA-loaded rtPA because of their cationic charge, biodegradability 
and muco-adhesive properties. The results showed that the CS-coated 
PLGA-loaded rtPA nanoparticles had the highest weight percentage of 
digested clot followed by PLGA-loaded rtPA nanoparticles. Compared 

with free tPA, the polymeric nanoparticles-loaded tPA significantly 
increased the weight of dissolved clots in the following order, CS-coated 
PLGA rtPA nanoparticles (21.6%) > PLGA-loaded rtPA nanoparticles 
(15.54%) > free tPA (8.05%) [110]. In another similar work, Chung 
and his group developed PLGA/CS-loaded tPA nanoparticles with 
surface-modified with arginine-glycine-aspartic acid (RGD)-peptides, 
(PLGA/CS-tPA-RGD). The results showed that PLGA/CS-tPA-RGD 
nanoparticles targeted and dissolved blood clots in a significantly 
shorter time period compared with free tPA in-vitro [111]. 

For in-vivo study, Deosarkar and coworkers utilized an ApoE−/− 
mouse (a murine model of atherosclerosis) to investigate the ability 
of polystyrene or biodegradable polymer poly (sebacic acid)-block-
polyethylene glycol (PSA-PEG) nanoparticles with surface-modified 
VCAM-1ligand (α-VCAM-1, antibody for VCAM-1) to target sites 
of atherosclerosis. The results revealed that polystyrene or PSA-PEG 
nanoparticles surface-modified α-VCAM-1 showed a significantly 
greater adhesion (32 ± 5 nanoparticles/mm2 for polystyrene; 31 ± 7 
nanoparticles/mm2 for PSA-PEG) to an ApoE−/− mouse aorta 
compared to the level of adhesion to wild type mouse aorta (18 ± 1 
nanoparticles/mm2 for polystyrene nanoparticles; 6 ± 1 nanoparticles/
mm2 for PSA-PEG nanoparticles) [112]. 

Covalent method: This is the most commonly used technique for 
attaching antibodies or ligands to the surfaces of polymeric nanoparticles 
[113-115]. The major coupling methods are Schiff ’s base formation, 
carbodiimide reaction and multistep technique. To date, only few 
studies involving targeted delivery of antibody-conjugated polymeric 
nanoparticles to diseased vascular sites have been reported. In a study to 
evaluate the effect of in-vivo parameters, such as static and physiological 
shear stress conditions, on the binding of anti-intercellular adhesion 
molecule-1 (ICAM-1) antibody, Muro and colleagues fabricated PLGA 
nano-carriers (PNCs) conjugated with anti-ICAM (anti-ICAM/PNCs) 
and determined their binding to endothelial cells [101] under static 
and flow conditions in cell cultures, to reflect endothelial targeting after 
intravenous injection in animals. The results showed that anti-ICAM/
PNCs exhibited markedly greater EC affinity compared with free anti-
ICAM. This suggests that grafting anti-ICAM-1 antibody into PNCs 
is more likely to withstand physiological hydrodynamics and enhance 
vascular immuno-targeting [116].

Toxicity Issues
Despite the extensive research effort in polymeric nanoparticles 

as drug delivery systems, relatively less information is known about 
the toxicity of the nanoparticles themselves to vascular endothelial 
cells. The lingering question in the minds of researchers is can these 
nanoparticles interfere with cellular machineries? To investigate this, 
Liu and group performed a tissue culture study on vascular endothelial 
cell attachment and growth on an FDA-approved biodegradable 
polymer poly(l-lactic acid) (PLLA) [117]. The results showed relatively 
slow vascular endothelial cells growth on the PLLA surfaces. The slow 
growth was attributed to the hydrophobic nature of PLLA which was 
relatively devoid of active functional groups and as a result impaired 
endothelial cell recovery on the luminal side of PLLA stents leading 
to an increased risk of induced thrombosis. However, study conducted 
by Xu and colleagues four years later, revealed significant endothelial 
cell growth on modified surface of PLLA [118]. Their data indicated 
that pig aorta endothelial (PAE) cells and kinase-insert domain-
containing receptor (KDR)-transfected PAE showed increased 
adhesion and proliferation on PLLA surfaces modified by pulsed 
plasma deposition of thin films of poly (vinyl-acetic acid) conjugated to 
fibronectin followed by the attachment of vascular endothelial growth 
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factor (PLLAPVAA-(EDC)-FN-VEGF) to fibronectin (Figure 5B and 
5D) compared with untreated PLLA (Figure 5a and 5c). To further 
evaluate potential toxicity of polymeric nanoparticles on luminal 
endothelial cells, Wischke and his group investigated the interaction 
of poly[acrylonitrile-co-(N-vinylpyrrolidone), (P(AN-co-NVP))], 
nanoparticles with human umbilical vein endothelial cells (HUVECs) 
[119]. The findings suggested that P (AN-co-NVP) nanoparticles could 
not affect the viability and functionality of the HUVECs. 

Besides these recent studies, further investigations into potential 
or relative toxicity of various polymeric nano-carriers on vascular 
endothelial cells in-vivo or in pathologic conditions will help in the 
selection of appropriate polymers, as drug delivery system for vascular 
therapy.

Conclusion
After years of research, utilization of polymeric nanoparticles as 

drug delivery system is still largely focused on clinical trials, though 
they seemed to have significant potential in delivering optimum 
amount of therapeutic agents to the diseased vasculature. This 
review focused on diseases associated with vasculature and evaluates 
polymeric nanoparticle-based strategies for targeting therapeutic 
agents to diseased vascular sites. Many published reports are based on 
in vitro or animal model investigations. However, clinical translation 
of these methods can be realized successfully through optimization of 
formulation strategies and design of appropriate particle sizes, and high 
drug entrapment. This can significantly improve the early detection and 
subsequent treatment of vascular diseases. 

Acknowledgment

This research was supported by grant from NIH National Institute on Minority 
Health and Health Disparities RCMI 8G12MD007582 and NIH P20 MD006738. 

References

1. Chacko AM, Hood ED, Zern BJ, Muzykantov VR (2011) Targeted Nanocarriers 
for Imaging and Therapy of Vascular Inflammation. CurrOpin Colloid Interface 
Sci 16:215-227.

2. Charoenphol P, Mocherla S, Bouis D, Namdee K, Pinsky DJ, et al.(2011) 
Targeting therapeutics to the vascular wall in atherosclerosis--carrier size 
matters. Atherosclerosis 217:364-370.

3. DecuzziP, Lee S, Bhushan B, Ferrari M (2005) A theoretical model for the 
margination of particles within blood vessels. Ann Biomed Eng 33:179-190.

4. Ku DN, Giddens DP, Zarins CK, Glagov S (1985) Pulsatile flow and 
atherosclerosis in the human carotid bifurcation. Positive correlation between 
plaque location and low oscillating shear stress. Arteriosclerosis5:293-302.

5. Gupta AS (2011) Nanomedicine approaches in vascular disease: a review. 
Nanomedicine 7:763-779.

6. Gurbel PA, Serebruany VL (2000) Oral platelet IIb/IIIa inhibitors: from attractive 
theory to clinical failures. J Thromb Thrombolysis 10:217-220.

7. Phillips DR, Conley PB, Sinha U, Andre P (2005) Therapeutic approaches in 
arterial thrombosis. J ThrombHaemost 3:1577-1589.

8. Rebeiz AG GC, Simoons ML (2005) Incidence and management of complications 
of fibrinolytic, antiplatelet, and anticoagulant therapy. Fundamental and Clinical 
Cardiology 52:375-395.

9. Ding BS, Dziubla T, Shuvaev VV, Muro S, Muzykantov VR (2006) Advanced 
drug delivery systems that target the vascular endothelium. MolInterv 6:98-112.

10. Kommareddy S, Tiwari SB, Amiji MM (2005) Long-circulating polymeric 
nanovectors for tumor-selective gene delivery. Technol Cancer Res 
Treat4:615-625.

11. Lee M, Kim SW (2005) Polyethylene glycol-conjugated copolymers for plasmid 
DNA delivery. Pharm Res 22:1-10.

12. Christian DA, Cai S, Bowen DM, Kim Y, Pajerowski JD, et al. (2009)

Polymersome carriers: from self-assembly to siRNA and protein therapeutics. 
Eur J Pharm Biopharm 71:463-474.

13. Pacilli A, Pasquinelli G (2009) Vascular wall resident progenitor cells: a review. 
Exp Cell Res 315:901-914.

14. Stylianopoulos T, Barocas VH (2007) Multiscale, structure-based modeling for 
the elastic mechanical behavior of arterial walls. J BiomechEng 129:611-618.

15. Feletou M (2011) Endothelium-Derived Vasoactive Mediators. Arch Mal Coeur 
Vaiss 4: 11-4.

16. Aird WC (2001) Vascular bed-specific hemostasis: role of endothelium in sepsis 
pathogenesis. Crit Care Med 29: S28-34.

17. Sandoo A, van Zanten JJ, Metsios GS, Carroll D, Kitas GD (2010) The 
endothelium and its role in regulating vascular tone. Open Cardiovasc Med J 
4:302-312.

18. Gabella G (1984) Structural apparatus for force transmission in smooth 
muscles. Physiol Rev 64:455-477.

19. Hinz B, Phan SH, Thannickal VJ, Galli A, Bochaton-Piallat ML, et al. (2007) 
The myofibroblast: one function, multiple origins. Am J Pathol 170:1807-1816.

20. Ritman EL, Lerman A (2007) The dynamic vasa vasorum. Cardiovasc 
Res75:649-658.

21. Deopujari R, Dixit A (2010) The study of age related changes in coronary 
arteries and its relevance to the atherosclerosis. AnatSoc India 52:192-196.

22. Sarin H (2010) Physiologic upper limits of pore size of different blood 
capillary types and another perspective on the dual pore theory of 
microvascularpermeability. J Angiogenes Res 2:14.

23. Aird WC (2007) Phenotypic heterogeneity of the endothelium: II. Representative 
vascular beds.Circ Res 100:174-190.

24. Bennett HS, Luft JH, Hampton JC (1959) Morphological classifications of 
vertebrate blood capillaries. Am J Physiol 196:381-390.

25. Charonis AS, Wissig SL (1983) Anionic sites in basement membranes. 
Differences in their electrostatic properties in continuous and fenestrated 
capillaries.Microvasc Res 25:265-285.

26. Yokomori H, Oda M, Yoshimura K, Hibi T (2012) Recent advances in liver 
sinusoidal endothelial ultrastructure and fine structure immunocytochemistry. 
Micron 43:129-134.

27. Hill CE, Phillips JK, Sandow SL (2001) Heterogeneous control of blood flow 
amongst different vascular beds. Med Res Rev 21:1-60.

28. Davies PF (1997) Mechanisms involved in endothelial responses to 
hemodynamic forces. Atherosclerosis 131: S15-17.

29. Jin R, Yang G, Li G (2010) Molecular insights and therapeutic targets 
for blood-brain barrier disruption in ischemic stroke: critical role of matrix 
metalloproteinases and tissue-type plasminogen activator. Neurobiol 
Dis38:376-385.

30. Gimbrone MA, Jr (1999) Vascular endothelium, hemodynamic forces, and 
atherogenesis. Am J Pathol 155:1-5.

31. Pirchl M, Marksteiner J, Humpel C (2006) Effects of acidosis on brain capillary 
endothelial cells and cholinergic neurons: relevance to vascular dementia and 
Alzheimer’s disease. Neurol Res 28:657-664.

32. Chauvierre C, Marden MC, Vauthier C, Labarre D, Couvreur P, et al.(2004) 
Heparin coated poly(alkylcyanoacrylate) nanoparticles coupled to hemoglobin: 
a new oxygen carrier. Biomaterials 25:3081-3086.

33. McEwan J, Henney A, Humphries S (1994) Vascular disease: the next target for 
local molecular therapeutics. BMJ 308:995-996.

34. Riessen R, Isner JM (1994) Prospects for site-specific delivery of pharmacologic 
and molecular therapies. J Am CollCardiol 23:1234-1244.

35. Winter PM, Morawski AM, Caruthers SD, Fuhrhop RW, Zhang H, et al. (2003) 
Molecular imaging of angiogenesis in early-stage atherosclerosis with alpha(v)
beta3-integrin-targeted nanoparticles. Circulation 108:2270-2274. 

36. Winter PM, Neubauer AM, Caruthers SD, Harris TD, Robertson JD, et al. 
Endothelial alpha(v)beta3 integrin-targeted fumagillin nanoparticles inhibit 
angiogenesis in atherosclerosis.ArteriosclerThrombVascBiol 26:2103-2109.

37. Roger VL, Go AS, Lloyd-Jones DM, Adams RJ, Berry JD, et al. (2011) Heart 

http://www.sciencedirect.com/science/article/pii/S1359029411000240
http://www.sciencedirect.com/science/article/pii/S1359029411000240
http://www.sciencedirect.com/science/article/pii/S1359029411000240
http://www.ncbi.nlm.nih.gov/pubmed/21601207
http://www.ncbi.nlm.nih.gov/pubmed/21601207
http://www.ncbi.nlm.nih.gov/pubmed/21601207
http://www.ncbi.nlm.nih.gov/pubmed/15771271
http://www.ncbi.nlm.nih.gov/pubmed/15771271
http://www.ncbi.nlm.nih.gov/pubmed/3994585
http://www.ncbi.nlm.nih.gov/pubmed/3994585
http://www.ncbi.nlm.nih.gov/pubmed/3994585
http://www.ncbi.nlm.nih.gov/pubmed/21601009
http://www.ncbi.nlm.nih.gov/pubmed/21601009
http://www.ncbi.nlm.nih.gov/pubmed/11122540
http://www.ncbi.nlm.nih.gov/pubmed/11122540
http://www.ncbi.nlm.nih.gov/pubmed/16102022
http://www.ncbi.nlm.nih.gov/pubmed/16102022
http://www.crcnetbase.com/doi/abs/10.1201/b14151-24
http://www.crcnetbase.com/doi/abs/10.1201/b14151-24
http://www.crcnetbase.com/doi/abs/10.1201/b14151-24
http://www.ncbi.nlm.nih.gov/pubmed/16565472
http://www.ncbi.nlm.nih.gov/pubmed/16565472
http://www.ncbi.nlm.nih.gov/pubmed/16292881
http://www.ncbi.nlm.nih.gov/pubmed/16292881
http://www.ncbi.nlm.nih.gov/pubmed/16292881
http://www.ncbi.nlm.nih.gov/pubmed/15771224
http://www.ncbi.nlm.nih.gov/pubmed/15771224
http://www.ncbi.nlm.nih.gov/pubmed/18977437
http://www.ncbi.nlm.nih.gov/pubmed/18977437
http://www.ncbi.nlm.nih.gov/pubmed/18977437
http://www.ncbi.nlm.nih.gov/pubmed/19167379
http://www.ncbi.nlm.nih.gov/pubmed/19167379
http://www.ncbi.nlm.nih.gov/pubmed/17655483
http://www.ncbi.nlm.nih.gov/pubmed/17655483
http://www.ncbi.nlm.nih.gov/pubmed/2514650
http://www.ncbi.nlm.nih.gov/pubmed/2514650
http://www.ncbi.nlm.nih.gov/pubmed/11445731
http://www.ncbi.nlm.nih.gov/pubmed/11445731
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3040999/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3040999/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3040999/
http://www.ncbi.nlm.nih.gov/pubmed/6369351
http://www.ncbi.nlm.nih.gov/pubmed/6369351
http://www.ncbi.nlm.nih.gov/pubmed/17525249
http://www.ncbi.nlm.nih.gov/pubmed/17525249
http://www.ncbi.nlm.nih.gov/pubmed/17631284
http://www.ncbi.nlm.nih.gov/pubmed/17631284
http://medind.nic.in/jae/t10/i2/jaet10i2p192.pdf
http://medind.nic.in/jae/t10/i2/jaet10i2p192.pdf
http://www.ncbi.nlm.nih.gov/pubmed/20701757
http://www.ncbi.nlm.nih.gov/pubmed/20701757
http://www.ncbi.nlm.nih.gov/pubmed/20701757
http://www.ncbi.nlm.nih.gov/pubmed/17272819
http://www.ncbi.nlm.nih.gov/pubmed/17272819
http://www.ncbi.nlm.nih.gov/pubmed/13627187
http://www.ncbi.nlm.nih.gov/pubmed/13627187
http://www.ncbi.nlm.nih.gov/pubmed/6855630
http://www.ncbi.nlm.nih.gov/pubmed/6855630
http://www.ncbi.nlm.nih.gov/pubmed/6855630
http://www.ncbi.nlm.nih.gov/pubmed/21906955
http://www.ncbi.nlm.nih.gov/pubmed/21906955
http://www.ncbi.nlm.nih.gov/pubmed/21906955
http://www.ncbi.nlm.nih.gov/pubmed/11135298
http://www.ncbi.nlm.nih.gov/pubmed/11135298
http://www.ncbi.nlm.nih.gov/pubmed/9253470
http://www.ncbi.nlm.nih.gov/pubmed/9253470
http://www.ncbi.nlm.nih.gov/pubmed/20302940
http://www.ncbi.nlm.nih.gov/pubmed/20302940
http://www.ncbi.nlm.nih.gov/pubmed/20302940
http://www.ncbi.nlm.nih.gov/pubmed/20302940
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1866678/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1866678/
http://www.ncbi.nlm.nih.gov/pubmed/16945219
http://www.ncbi.nlm.nih.gov/pubmed/16945219
http://www.ncbi.nlm.nih.gov/pubmed/16945219
http://www.ncbi.nlm.nih.gov/pubmed/14967542
http://www.ncbi.nlm.nih.gov/pubmed/14967542
http://www.ncbi.nlm.nih.gov/pubmed/14967542
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2539884/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2539884/
http://www.ncbi.nlm.nih.gov/pubmed/8144794
http://www.ncbi.nlm.nih.gov/pubmed/8144794
http://www.ncbi.nlm.nih.gov/pubmed/14557370
http://www.ncbi.nlm.nih.gov/pubmed/14557370
http://www.ncbi.nlm.nih.gov/pubmed/14557370
http://www.ncbi.nlm.nih.gov/pubmed/16825592
http://www.ncbi.nlm.nih.gov/pubmed/16825592
http://www.ncbi.nlm.nih.gov/pubmed/16825592
http://www.ncbi.nlm.nih.gov/pubmed/21160056


Citation: Agyare E, K Kandimalla (2014) Delivery of Polymeric Nanoparticles to Target Vascular Diseases. J Biomol Res Ther S1: 001. doi: 10.4172/2167-7956.S1-001

Page 10 of 11

ISSN: 2167-7956 JBMRT, an open access journal J Biomol Res Ther  Nanotechnology based Targeted Delivery System

disease and stroke statistics--2011 update: a report from the American Heart 
Association. Circulation 123:e18-e209.

38. Ross R (1993) The pathogenesis of atherosclerosis: a perspective for the 
1990s. Nature 362:801-809.

39. Stary HC, Chandler AB, Glagov S, Guyton JR, Insull W Jr, et al. (1994) A definition 
of initial, fatty streak, and intermediate lesions of atherosclerosis.A report 
from the Committee on Vascular Lesions of the Council on Arteriosclerosis, 
American Heart Association.ArteriosclerThromb 14:840-856.

40. E Arbustini, B Dal, P Morbini, A Burke, M Bocciarelli, et al. (1999) Plaque 
erosion is a major substrate for coronary thrombosis in acute myocardial 
infarction. Heart 82:269-272.

41. Appenzeller S, Zeller CB, Annichino-Bizzachi JM, Costallat LT, Deus-Silva L, 
et al. (2005) Cerebral venous thrombosis: influence of risk factors and imaging 
findings on prognosis. ClinNeurolNeurosurg 107:371-378.

42. Terazzi E, Mittino D, Rudà R, Cerrato P, Monaco F, et al. (2005) Cerebral 
venous thrombosis: a retrospective multicentre study of 48 patients. NeurolSci 
25:311-315.

43. Pezzini A, Del Zotto E, Volonghi I, Giossi A, Costa P, et al. (2009) Cerebral 
amyloid angiopathy: a common cause of cerebral hemorrhage. Curr Med Chem 
16:2498-2513.

44. Yamada M, Naiki H (2012) Cerebral amyloid angiopathy. 
ProgMolBiolTranslSci107:41-78.

45. Chung YA, O JH, Kim JY, Kim KJ, AhnKJ (2009) Hypoperfusion and ischemia 
in cerebral amyloid angiopathy documented by 99mTc-ECD brain perfusion 
SPECT. J Nucl Med 50:1969-1974.

46. Weller RO, Preston SD, Subash M, Carare RO (2009) Cerebral amyloid 
angiopathy in the aetiology and immunotherapy of Alzheimer disease. 
Alzheimers Res Ther 1:6.

47. Levy E, Carman MD, Fernandez-Madrid IJ, Power MD, Lieberburg I, et al. 
(1990) Mutation of the Alzheimer’s disease amyloid gene in hereditary cerebral 
hemorrhage, Dutch type. Science 248:1124-1126.

48. Weller RO, Subash M, Preston SD, Mazanti I, Carare RO (2008) Perivascular 
drainage of amyloid-beta peptides from the brain and its failure in cerebral 
amyloid angiopathy and Alzheimer’s disease. Brain Pathol 18:253-266.

49. Roney C, Kulkarni P, Arora V, Antich P, Bonte F, et al. (2005) Targeted 
nanoparticles for drug delivery through the blood-brain barrier for Alzheimer’s 
disease. J Control Release 108:193-214.

50. Zoppi N, Ritelli M, Colombi M (2012) Type III and V collagens modulate the 
expression and assembly of EDA(+) fibronectin in the extracellular matrix 
of defective Ehlers-Danlos syndrome fibroblasts. BiochimBiophysActa 
1820:1576-1587.

51. Yanaka K, Nagase S, Asakawa H, Matsumaru Y, Koyama A, et al. (2004) 
Management of unruptured cerebral aneurysms in patients with polycystic 
kidney disease. SurgNeurol 62: 538-545.

52. Trollope AF, Golledge J (2011) Angiopoietins, abdominal aortic aneurysm and 
atherosclerosis. Atherosclerosis 214:237-243.

53. Morita A, Kirino T, Hashi K (2012) The natural course of unruptured cerebral 
aneurysms in a Japanese cohort. N Engl J Med 366:2474-2482.

54. Larsson E, Granath F, Swedenborg J, Hultgren R (2009) A population-based 
case-control study of the familial risk of abdominal aortic aneurysm. J VascSurg 
49: 47-50.

55. JuvelaS, Poussa K, Lehto H, Porras M (2013) Natural history of unruptured 
intracranial aneurysms: a long-term follow-up study. Stroke 44:2414-2421.

56. Chalouhi N, Ali MS, Starke RM, Jabbour PM, Tjoumakaris SI, et al. (2012) 
Cigarette smoke and inflammation: role in cerebral aneurysm formation and 
rupture. Mediators Inflamm2012:271582.

57. Gross B, Lampl Y (2006) Anticoagulation for stroke prevention. Isr Med Assoc 
J 8:779-783.

58. Hazama F, Kataoka H, Yamada E,Kayembe K, Hashimoto N, et al. (1986) 
Early changes of experimentally induced cerebral aneurysms in rats. Light-
microscopic study. Am J Pathol 124:399-404.

59. Haudenschild CC (1993) Pathobiology of restenosis after angioplasty. Am J 
Med 94:40S-44S.

60. Wilcox JN (1993) Molecular biology: insight into the causes and prevention of 
restenosis after arterial intervention. Am J Cardiol 72:88E-95E.

61. Drachman DE, Simon DI (2005) Inflammation as a mechanism and therapeutic 
target for in-stent restenosis. CurrAtheroscler Rep 7:44-49.

62. Rogers C, Edelman ER, Simon DI (1998) AmAb to the beta2-leukocyte integrin 
Mac-1 (CD11b/CD18) reduces intimal thickening after angioplasty or stent 
implantation in rabbits. ProcNatlAcadSci U S A 95:10134-10139.

63. Lewis DR, Kamisoglu K, York AW, Moghe PV (2011) Polymer-based 
therapeutics: nanoassemblies and nanoparticles for management of 
atherosclerosis. Wiley Interdiscip Rev NanomedNanobiotechnol 3: 400-420.

64. Rubenstrunk A, Hanf R, Hum DW, Fruchart JC, Staels B (2007) Safety issues 
and prospects for future generations of PPAR modulators. BiochimBiophysActa 
1771:1065-1081.

65. Zinn A, Felson S, Fisher E, Schwartzbard A (2008) Reassessing the 
cardiovascular risks and benefits of thiazolidinediones. ClinCardiol 31:397-403.

66. Staels B (2005) Fluid retention mediated by renal PPARgamma. Cell 
Metab2:77-78.

67. Laufs U, La Fata V, Plutzky J, Liao JK (1998) Upregulation of endothelial nitric 
oxide synthase by HMG CoA reductase inhibitors. Circulation.97:1129-1135.

68. Sukhova GK, Williams JK, Libby P (2002) Statins reduce inflammation in 
atheroma of nonhuman primates independent of effects on serum cholesterol.
ArteriosclerThrombVascBiol 22:1452-1458.

69. Klingenberg R, Hansson GK (2009) Treating inflammation in atherosclerotic 
cardiovascular disease: emerging therapies. Eur Heart J 30:2838-2844.

70. Guenther G, Arauz A (2011) Cerebral venous thrombosis: a diagnostic and 
treatment update. Neurologia 26:488-498.

71. Ropposch T, Nemetz U, Braun EM, Lackner A, Walch C (2012) Low molecular 
weight heparin therapy in pediatric otogenic sigmoid sinus thrombosis: A safe 
treatment option? Int J PediatrOtorhinolaryngol. 76:1023-1026.

72. Aisen PS (2000) Anti-inflammatory therapy for Alzheimer’s disease: implications 
of the prednisone trial. ActaNeurolScand Suppl. 2000: 176:85-89.

73. Van Gool WA, Weinstein HC, Scheltens P, Walstra GJ (2001) Effect of 
hydroxychloroquine on progression of dementia in early Alzheimer’s disease: 
an 18-month randomised, double-blind, placebo-controlled study. Lancet 
358:455-460.

74. Stewart WF,Kawas C, Corrada M, Metter EJ (1997) Risk of Alzheimer’s disease 
and duration of NSAID use. Neurology 48:626-632.

75. Pillay CS, Elliott E, Dennison C (2002) Endolysosomal proteolysis and its 
regulation. Biochem J 363:417-429.

76. Predescu D, Vogel SM, Malik AB (2004) Functional and morphological studies 
of protein transcytosis in continuous endothelia. Am JPhysiol Lung Cell 
MolPhysiol 287:L895-901.

77. Carver LA, Schnitzer JE (2003) Caveolae: mining little caves for new cancer 
targets. Nat Rev Cancer 3:571-581.

78. Straley KS, Green SA (2000) Rapid transport of internalized P-selectin to 
late endosomes and the TGN: roles in regulating cell surface expression and 
recycling to secretory granules. J Cell Biol 151:107-116.

79. von Asmuth EJ, Smeets EF, Ginsel LA, Onderwater JJ, Leeuwenberg JF, et al. 
(1992) Evidence for endocytosis of E-selectin in human endothelial cells. Eur J 
Immunol 22:2519-2526.

80. Everts M, Kok RJ, Asgeirsdóttir SA, Melgert BN, Moolenaar TJ, et al. (2002) 
Selective intracellular delivery of dexamethasone into activated endothelial 
cells using an E-selectin-directed immunoconjugate. J Immunol168:883-889.

81. Anderson JM, Langone JJ (1999) Issues and perspectives on the 
biocompatibility and immunotoxicity evaluation of implanted controlled release 
systems. J Control Release 57:107-113.

82. Agyare EK, Curran GL, Ramakrishnan M, Yu CC, Poduslo JF et al. (2008) 
Development of a smart nano-vehicle to target cerebrovascular amyloid 
deposits and brain parenchymal plaques observed in Alzheimer’s disease and 
cerebral amyloid angiopathy. Pharm Res 25:2674-2684.

83. Westedt U, Barbu-Tudoran L, Schaper AK, Kalinowski M, Alfke H, et al. (2002) 
Deposition of nanoparticles in the arterial vessel by porous balloon catheters: 

http://www.ncbi.nlm.nih.gov/pubmed/21160056
http://www.ncbi.nlm.nih.gov/pubmed/21160056
http://www.ncbi.nlm.nih.gov/pubmed/8479518
http://www.ncbi.nlm.nih.gov/pubmed/8479518
http://www.ncbi.nlm.nih.gov/pubmed/8181179
http://www.ncbi.nlm.nih.gov/pubmed/8181179
http://www.ncbi.nlm.nih.gov/pubmed/8181179
http://www.ncbi.nlm.nih.gov/pubmed/8181179
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1729173/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1729173/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1729173/
http://www.ncbi.nlm.nih.gov/pubmed/16023530
http://www.ncbi.nlm.nih.gov/pubmed/16023530
http://www.ncbi.nlm.nih.gov/pubmed/16023530
http://www.ncbi.nlm.nih.gov/pubmed/15729493
http://www.ncbi.nlm.nih.gov/pubmed/15729493
http://www.ncbi.nlm.nih.gov/pubmed/15729493
http://www.ncbi.nlm.nih.gov/pubmed/19601795
http://www.ncbi.nlm.nih.gov/pubmed/19601795
http://www.ncbi.nlm.nih.gov/pubmed/19601795
http://www.ncbi.nlm.nih.gov/pubmed/22482447
http://www.ncbi.nlm.nih.gov/pubmed/22482447
http://www.ncbi.nlm.nih.gov/pubmed/19910418
http://www.ncbi.nlm.nih.gov/pubmed/19910418
http://www.ncbi.nlm.nih.gov/pubmed/19910418
http://www.ncbi.nlm.nih.gov/pubmed/19822028
http://www.ncbi.nlm.nih.gov/pubmed/19822028
http://www.ncbi.nlm.nih.gov/pubmed/19822028
http://www.ncbi.nlm.nih.gov/pubmed/2111584
http://www.ncbi.nlm.nih.gov/pubmed/2111584
http://www.ncbi.nlm.nih.gov/pubmed/2111584
http://www.ncbi.nlm.nih.gov/pubmed/18363936
http://www.ncbi.nlm.nih.gov/pubmed/18363936
http://www.ncbi.nlm.nih.gov/pubmed/18363936
http://www.ncbi.nlm.nih.gov/pubmed/16246446
http://www.ncbi.nlm.nih.gov/pubmed/16246446
http://www.ncbi.nlm.nih.gov/pubmed/16246446
http://www.ncbi.nlm.nih.gov/pubmed/22705941
http://www.ncbi.nlm.nih.gov/pubmed/22705941
http://www.ncbi.nlm.nih.gov/pubmed/22705941
http://www.ncbi.nlm.nih.gov/pubmed/22705941
http://www.ncbi.nlm.nih.gov/pubmed/15576125
http://www.ncbi.nlm.nih.gov/pubmed/15576125
http://www.ncbi.nlm.nih.gov/pubmed/15576125
http://www.ncbi.nlm.nih.gov/pubmed/20832800
http://www.ncbi.nlm.nih.gov/pubmed/20832800
http://www.nejm.org/doi/full/10.1056/NEJMoa1113260
http://www.nejm.org/doi/full/10.1056/NEJMoa1113260
http://www.ncbi.nlm.nih.gov/pubmed/19028058
http://www.ncbi.nlm.nih.gov/pubmed/19028058
http://www.ncbi.nlm.nih.gov/pubmed/19028058
http://stroke.ahajournals.org/content/early/2013/07/18/STROKEAHA.113.001838
http://stroke.ahajournals.org/content/early/2013/07/18/STROKEAHA.113.001838
http://www.ncbi.nlm.nih.gov/pubmed/23316103
http://www.ncbi.nlm.nih.gov/pubmed/23316103
http://www.ncbi.nlm.nih.gov/pubmed/23316103
http://www.researchgate.net/publication/6619108_Anticoagulation_for_stroke_prevention
http://www.researchgate.net/publication/6619108_Anticoagulation_for_stroke_prevention
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1888351/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1888351/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1888351/
http://www.ncbi.nlm.nih.gov/pubmed/8488856
http://www.ncbi.nlm.nih.gov/pubmed/8488856
http://www.ncbi.nlm.nih.gov/pubmed/8213576
http://www.ncbi.nlm.nih.gov/pubmed/8213576
http://www.ncbi.nlm.nih.gov/pubmed/15683602
http://www.ncbi.nlm.nih.gov/pubmed/15683602
http://www.ncbi.nlm.nih.gov/pubmed/9707613
http://www.ncbi.nlm.nih.gov/pubmed/9707613
http://www.ncbi.nlm.nih.gov/pubmed/9707613
http://www.ncbi.nlm.nih.gov/pubmed/21523920
http://www.ncbi.nlm.nih.gov/pubmed/21523920
http://www.ncbi.nlm.nih.gov/pubmed/21523920
http://www.ncbi.nlm.nih.gov/pubmed/17428730
http://www.ncbi.nlm.nih.gov/pubmed/17428730
http://www.ncbi.nlm.nih.gov/pubmed/17428730
http://www.ncbi.nlm.nih.gov/pubmed/18781598
http://www.ncbi.nlm.nih.gov/pubmed/18781598
http://www.ncbi.nlm.nih.gov/pubmed/16098822
http://www.ncbi.nlm.nih.gov/pubmed/16098822
http://www.ncbi.nlm.nih.gov/pubmed/9537338
http://www.ncbi.nlm.nih.gov/pubmed/9537338
http://www.ncbi.nlm.nih.gov/pubmed/12231565
http://www.ncbi.nlm.nih.gov/pubmed/12231565
http://www.ncbi.nlm.nih.gov/pubmed/12231565
http://www.ncbi.nlm.nih.gov/pubmed/19880848
http://www.ncbi.nlm.nih.gov/pubmed/19880848
http://www.ncbi.nlm.nih.gov/pubmed/21163216
http://www.ncbi.nlm.nih.gov/pubmed/21163216
http://www.ncbi.nlm.nih.gov/pubmed/22521337
http://www.ncbi.nlm.nih.gov/pubmed/22521337
http://www.ncbi.nlm.nih.gov/pubmed/22521337
http://www.ncbi.nlm.nih.gov/pubmed/11261810
http://www.ncbi.nlm.nih.gov/pubmed/11261810
http://www.ncbi.nlm.nih.gov/pubmed/11513909
http://www.ncbi.nlm.nih.gov/pubmed/11513909
http://www.ncbi.nlm.nih.gov/pubmed/11513909
http://www.ncbi.nlm.nih.gov/pubmed/11513909
http://www.ncbi.nlm.nih.gov/pubmed/9065537
http://www.ncbi.nlm.nih.gov/pubmed/9065537
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1222494/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1222494/
http://www.ncbi.nlm.nih.gov/pubmed/15475492
http://www.ncbi.nlm.nih.gov/pubmed/15475492
http://www.ncbi.nlm.nih.gov/pubmed/15475492
http://www.ncbi.nlm.nih.gov/pubmed/12894245
http://www.ncbi.nlm.nih.gov/pubmed/12894245
http://www.ncbi.nlm.nih.gov/pubmed/11018057
http://www.ncbi.nlm.nih.gov/pubmed/11018057
http://www.ncbi.nlm.nih.gov/pubmed/11018057
http://www.ncbi.nlm.nih.gov/pubmed/1382989
http://www.ncbi.nlm.nih.gov/pubmed/1382989
http://www.ncbi.nlm.nih.gov/pubmed/1382989
http://www.ncbi.nlm.nih.gov/pubmed/11777986
http://www.ncbi.nlm.nih.gov/pubmed/11777986
http://www.ncbi.nlm.nih.gov/pubmed/11777986
http://www.ncbi.nlm.nih.gov/pubmed/9971889
http://www.ncbi.nlm.nih.gov/pubmed/9971889
http://www.ncbi.nlm.nih.gov/pubmed/9971889
http://www.ncbi.nlm.nih.gov/pubmed/18712585
http://www.ncbi.nlm.nih.gov/pubmed/18712585
http://www.ncbi.nlm.nih.gov/pubmed/18712585
http://www.ncbi.nlm.nih.gov/pubmed/18712585
http://www.ncbi.nlm.nih.gov/pubmed/12646012
http://www.ncbi.nlm.nih.gov/pubmed/12646012


Citation: Agyare E, K Kandimalla (2014) Delivery of Polymeric Nanoparticles to Target Vascular Diseases. J Biomol Res Ther S1: 001. doi: 10.4172/2167-7956.S1-001

Page 11 of 11

ISSN: 2167-7956 JBMRT, an open access journal J Biomol Res Ther  Nanotechnology based Targeted Delivery System

localization by confocal laser scanning microscopy and transmission electron 
microscopy. AAPS PharmSci 4:E41.

84. Guzman LA, Labhasetwar V, Song C, Jang Y, Lincoff AM, et al. (1996) Local 
intraluminal infusion of biodegradable polymeric nanoparticles. A novel
approach for prolonged drug delivery after balloon angioplasty Circulation
94:1441-1448.

85. Vavrik J, Rohrmoser GM, Madani B, Ersek M, Tscholakoff D, et al. (2004) 
Comparison of MR angiography versus digital subtraction angiography as a
basis for planning treatment of lower limb occlusive disease. J EndovascTher
11:294-301.

86. Nederkoorn PJ, Elgersma OE, Mali WP, Eikelboom BC, Kappelle LJ, et al. (2002) 
Overestimation of carotid artery stenosis with magnetic resonance angiography 
compared with digital subtraction angiography. J VascSurg36:806-813.

87. Choudhury RP, Fisher EA (2009) Molecular imaging in atherosclerosis, thrombosis, 
and vascular inflammation. ArteriosclerThrombVasc Biol. 29:983-991.

88. Wickline SA, Neubauer AM, Winter PM, Caruthers SD, Lanza GM (2007) 
Molecular imaging and therapy of atherosclerosis with targeted nanoparticles.
J MagnReson Imaging 25:667-680.

89. Jaffer FA, Libby P, Weissleder R (2006) Molecular and cellular imaging of
atherosclerosis: emerging applications. J Am CollCardiol 47:1328-1338.

90. Mann DM, McDonagh AM, Pickering-Brown SM, Kowa H, Iwatsubo T 
(2001) Amyloid beta protein deposition in patients with frontotemporal lobar
degeneration: relationship to age and apolipoprotein E genotype. NeurosciLett 
304:161-164.

91. Runge VM (2009) Gadolinium and nephrogenic systemic fibrosis. AJR Am J 
Roentgenol 192: W195-196.

92. Eliceiri BP, Cheresh DA (2006) Role of alpha v integrins during angiogenesis.
Cancer J 6 Suppl 3:S245-249.

93. Kerr JS, Mousa SA, Slee AM (2001) Alpha(v)beta(3) integrin in angiogenesis
and restenosis. Drug News Perspect 14:143-150.

94. Flacke S, Fischer S, Scott MJ, Fuhrhop RJ, Allen JS, et al. (2001) Novel 
MRI contrast agent for molecular imaging of fibrin: implications for detecting 
vulnerable plaques. Circulation 104:1280-1285.

95. Yu X, Song SK, Chen J, Scott MJ, Fuhrhop RJ, et al. (2000) High-resolution MRI 
characterization of human thrombus using a novel fibrin-targeted paramagnetic 
nanoparticle contrast agent. MagnReson Med 44:867-872.

96. Lanza GM, Yu X, Winter PM, Abendschein DR, Karukstis KK, et al. Targeted 
antiproliferative drug delivery to vascular smooth muscle cells with a magnetic
resonance imaging nanoparticle contrast agent: implications for rational
therapy of restenosis. Circulation 106:2842-2847.

97. Chorny M, Fishbein I, Yellen BB, Alferiev IS, Bakay M, et al. (2010) Targeting 
stents with local delivery of paclitaxel-loaded magnetic nanoparticles using
uniform fields. ProcNatlAcadSci U S A 107:8346-8351.

98. Jaruszewski KM, Ramakrishnan S, Poduslo JF, Kandimalla KK 2012) Chitosan 
enhances the stability and targeting of immuno-nanovehicles to cerebro-
vascular deposits of Alzheimer’s disease amyloid protein. Nanomedicine 
8:250-260.

99. Kulkarni PV, Roney CA, Antich PP, Bonte FJ, Raghu AV, et al. (2010) Quinoline-
n-butylcyanoacrylate-based nanoparticles for brain targeting for the diagnosis 
of Alzheimer’s disease. Wiley Interdiscip Rev NanomedNanobiotechnol 2:35-
47.

100. Blackwell JE, Dagia NM, Dickerson JB, Berg EL, Goetz DJ (2001) Ligand 
coated nanosphere adhesion to E- and P-selectin under static and flow 
conditions. Ann Biomed Eng 29:523-533.

101. Jancsó G, Domoki F, Sántha P, Varga J, Fischer J, et al. (1998) Beta-amyloid 
(1-42) peptide impairs blood-brain barrier function after intracarotid infusion in 
rats. NeurosciLett 253:139-141.

102. Alyautdin RN, Tezikov EB, Ramge P, Kharkevich DA, Begley DJ, et al. 
(1998) Significant entry of tubocurarine into the brain of rats by adsorption to 
polysorbate 80-coated polybutylcyanoacrylate nanoparticles: an in situ brain
perfusion study. J Microencapsul 15:67-74.

103. Kreuter J (1996) Nanoparticles and microparticles for drug and vaccine
delivery. J Anat 189: 503-505.

104. Kreuter J, Alyautdin RN, Kharkevich DA, Ivanov AA (1995) Passage of peptides 

through the blood-brain barrier with colloidal polymer particles (nanoparticles). 
Brain Res 674:171-174.

105. Banai S, Chorny M, Gertz SD, Fishbein I, Gao J, et al. (2005) Locally delivered 
nanoencapsulatedtyrphostin (AGL-2043) reduces neointima formation in 
balloon-injured rat carotid and stented porcine coronary arteries. Biomaterials 
26:451-461.

106. Klugherz BD, Meneveau N, Chen W, Wade-Whittaker F, Papandreou G, 
et al. (1999) Sustained Intramural Retention and Regional Redistribution 
Following Local Vascular Delivery of Polylactic-Coglycolic Acid and
Liposomal Nanoparticulate Formulations Containing Probucol. J
CardiovascPharmacolTher 4:167-174.

107. Kolodgie FD, John M, Khurana C, Farb A, Wilson PS, et al. (2002) Sustained
reduction of in-stent neointimal growth with the use of a novel systemic
nanoparticle paclitaxel. Circulation 106:1195-1198.

108. Du X, Yang Y, Le Visage C, Chen HH, DeJong R, et al. (2003) In vivo US 
monitoring of catheter-based vascular delivery of gene microspheres in pigs:
feasibility. Radiology 228:555-559.

109. ZhihongYanga, Peter Birkenhauerb, FriedgardJulmyc, Donald Chickering, 
John P Ranieri, et al. (1999) Sustained release of heparin from polymeric
particles for inhibition of human vascular smooth muscle cell proliferation. J
Control Release 60:269-277.

110. Mahmoodi M, Khosroshahi EM, Atyabi F (2010) Laser Thrombolysis and
In Vitro Study of tPA Release Encapsulated byChitosan Coated PLGA 
Nanoparticles for AMI 262-267.

111. Chung TW, Wang SS, Tsai WJ (2008) Accelerating thrombolysis with chitosan-
coated plasminogen activators encapsulated in poly-(lactide-co-glycolide)
(PLGA) nanoparticles. Biomaterials 29:228-237.

112. Deosarkar SP, Malgor R, Fu J, Kohn LD, Hanes J, et al. (2008) Polymeric 
particles conjugated with a ligand to VCAM-1 exhibit selective, avid, and focal 
adhesion to sites of atherosclerosis. BiotechnolBioeng 101:400-407.

113. Le UM TH, Pathak Y (2012) Methods for Polymeric Nanoparticle Conjugation 
to Monoclonal Antibodies. Antibody-Mediated Drug Delivery Systems 351-363.

114. Sun B, Ranganathan B, Feng SS (2008) Multifunctional poly(D,L-
lactide-co-glycolide)/montmorillonite (PLGA/MMT) nanoparticles 
decorated by Trastuzumab for targeted chemotherapy of breast cancer. 
Biomaterials.29:475-486.

115. Sun B RH, Liu Y , Zhao J , Feng SS (2011) Antibody-Conjugated Nanoparticles 
of Biodegradable Polymers for Targeted Drug Delivery.

116. Muro S, Dziubla T, Qiu W, Leferovich J, Cui X, et al. (2006) Endothelial targeting 
of high-affinity multivalent polymer nanocarriers directed to intercellular 
adhesion molecule 1. J PharmacolExpTher 317:1161-1169.

117. Liu X, Ma PX (2010) The nanofibrous architecture of poly(L-lactic acid)-based 
functional copolymers. Biomaterials 31:259-269.

118. Xu H, Deshmukh R, Timmons R, Nguyen KT (2011) Enhanced 
endothelialization on surface modified poly(L-lactic acid) substrates. Tissue 
Eng Part A 17:865-876.

119. Wischke C, Krüger A, Roch T, Pierce BF, Li W, et al. (2013) Endothelial 
cell response to (co)polymer nanoparticles depending on the inflammatory 
environment and comonomer ratio. EurJ Pharm Biopharm 84:288-296.

http://www.ncbi.nlm.nih.gov/pubmed/12646012
http://www.ncbi.nlm.nih.gov/pubmed/12646012
http://www.ncbi.nlm.nih.gov/pubmed/8823004
http://www.ncbi.nlm.nih.gov/pubmed/8823004
http://www.ncbi.nlm.nih.gov/pubmed/8823004
http://www.ncbi.nlm.nih.gov/pubmed/8823004
http://www.ncbi.nlm.nih.gov/pubmed/15174919
http://www.ncbi.nlm.nih.gov/pubmed/15174919
http://www.ncbi.nlm.nih.gov/pubmed/15174919
http://www.ncbi.nlm.nih.gov/pubmed/15174919
http://www.ncbi.nlm.nih.gov/pubmed/12368742
http://www.ncbi.nlm.nih.gov/pubmed/12368742
http://www.ncbi.nlm.nih.gov/pubmed/12368742
http://www.ncbi.nlm.nih.gov/pubmed/19213945
http://www.ncbi.nlm.nih.gov/pubmed/19213945
http://www.ncbi.nlm.nih.gov/pubmed/17347992
http://www.ncbi.nlm.nih.gov/pubmed/17347992
http://www.ncbi.nlm.nih.gov/pubmed/17347992
http://www.ncbi.nlm.nih.gov/pubmed/16580517
http://www.ncbi.nlm.nih.gov/pubmed/16580517
http://www.ncbi.nlm.nih.gov/pubmed/11343827
http://www.ncbi.nlm.nih.gov/pubmed/11343827
http://www.ncbi.nlm.nih.gov/pubmed/11343827
http://www.ncbi.nlm.nih.gov/pubmed/11343827
http://www.ajronline.org/doi/full/10.2214/AJR.08.1949
http://www.ajronline.org/doi/full/10.2214/AJR.08.1949
http://www.ncbi.nlm.nih.gov/pubmed/12819820
http://www.ncbi.nlm.nih.gov/pubmed/12819820
http://www.ncbi.nlm.nih.gov/pubmed/11551880
http://www.ncbi.nlm.nih.gov/pubmed/11551880
http://www.ncbi.nlm.nih.gov/pubmed/11551880
http://www.ncbi.nlm.nih.gov/pubmed/11108623
http://www.ncbi.nlm.nih.gov/pubmed/11108623
http://www.ncbi.nlm.nih.gov/pubmed/11108623
http://www.ncbi.nlm.nih.gov/pubmed/12451012
http://www.ncbi.nlm.nih.gov/pubmed/12451012
http://www.ncbi.nlm.nih.gov/pubmed/12451012
http://www.ncbi.nlm.nih.gov/pubmed/12451012
http://www.ncbi.nlm.nih.gov/pubmed/20404175
http://www.ncbi.nlm.nih.gov/pubmed/20404175
http://www.ncbi.nlm.nih.gov/pubmed/20404175
http://www.ncbi.nlm.nih.gov/pubmed/21704598
http://www.ncbi.nlm.nih.gov/pubmed/21704598
http://www.ncbi.nlm.nih.gov/pubmed/21704598
http://www.ncbi.nlm.nih.gov/pubmed/21704598
http://www.ncbi.nlm.nih.gov/pubmed/20049829
http://www.ncbi.nlm.nih.gov/pubmed/20049829
http://www.ncbi.nlm.nih.gov/pubmed/20049829
http://www.ncbi.nlm.nih.gov/pubmed/20049829
http://www.ncbi.nlm.nih.gov/pubmed/11459346
http://www.ncbi.nlm.nih.gov/pubmed/11459346
http://www.ncbi.nlm.nih.gov/pubmed/11459346
http://www.ncbi.nlm.nih.gov/pubmed/9774169
http://www.ncbi.nlm.nih.gov/pubmed/9774169
http://www.ncbi.nlm.nih.gov/pubmed/9774169
http://www.ncbi.nlm.nih.gov/pubmed/9463808
http://www.ncbi.nlm.nih.gov/pubmed/9463808
http://www.ncbi.nlm.nih.gov/pubmed/9463808
http://www.ncbi.nlm.nih.gov/pubmed/9463808
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1167690/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1167690/
http://www.ncbi.nlm.nih.gov/pubmed/7773690
http://www.ncbi.nlm.nih.gov/pubmed/7773690
http://www.ncbi.nlm.nih.gov/pubmed/7773690
http://www.ncbi.nlm.nih.gov/pubmed/15275819
http://www.ncbi.nlm.nih.gov/pubmed/15275819
http://www.ncbi.nlm.nih.gov/pubmed/15275819
http://www.ncbi.nlm.nih.gov/pubmed/15275819
http://www.ncbi.nlm.nih.gov/pubmed/10684538
http://www.ncbi.nlm.nih.gov/pubmed/10684538
http://www.ncbi.nlm.nih.gov/pubmed/10684538
http://www.ncbi.nlm.nih.gov/pubmed/10684538
http://www.ncbi.nlm.nih.gov/pubmed/10684538
http://www.ncbi.nlm.nih.gov/pubmed/12208792
http://www.ncbi.nlm.nih.gov/pubmed/12208792
http://www.ncbi.nlm.nih.gov/pubmed/12208792
http://www.ncbi.nlm.nih.gov/pubmed/12893906
http://www.ncbi.nlm.nih.gov/pubmed/12893906
http://www.ncbi.nlm.nih.gov/pubmed/12893906
http://www.sciencedirect.com/science/article/pii/S0168365999000784
http://www.sciencedirect.com/science/article/pii/S0168365999000784
http://www.sciencedirect.com/science/article/pii/S0168365999000784
http://www.sciencedirect.com/science/article/pii/S0168365999000784
http://www.wseas.us/e-library/conferences/2010/Malta/MEDICAL/MEDICAL-34.pdf
http://www.wseas.us/e-library/conferences/2010/Malta/MEDICAL/MEDICAL-34.pdf
http://www.wseas.us/e-library/conferences/2010/Malta/MEDICAL/MEDICAL-34.pdf
http://www.ncbi.nlm.nih.gov/pubmed/17953984
http://www.ncbi.nlm.nih.gov/pubmed/17953984
http://www.ncbi.nlm.nih.gov/pubmed/17953984
http://www.ncbi.nlm.nih.gov/pubmed/18428114
http://www.ncbi.nlm.nih.gov/pubmed/18428114
http://www.ncbi.nlm.nih.gov/pubmed/18428114
http://onlinelibrary.wiley.com/doi/10.1002/9781118229019.ch16/summary
http://onlinelibrary.wiley.com/doi/10.1002/9781118229019.ch16/summary
http://www.ncbi.nlm.nih.gov/pubmed/17953985
http://www.ncbi.nlm.nih.gov/pubmed/17953985
http://www.ncbi.nlm.nih.gov/pubmed/17953985
http://www.ncbi.nlm.nih.gov/pubmed/17953985
http://www.sciencedev.net/Docs/book_chapter_final.pdf
http://www.sciencedev.net/Docs/book_chapter_final.pdf
http://www.ncbi.nlm.nih.gov/pubmed/16505161
http://www.ncbi.nlm.nih.gov/pubmed/16505161
http://www.ncbi.nlm.nih.gov/pubmed/16505161
http://www.ncbi.nlm.nih.gov/pubmed/19783035
http://www.ncbi.nlm.nih.gov/pubmed/19783035
http://www.ncbi.nlm.nih.gov/pubmed/20973746
http://www.ncbi.nlm.nih.gov/pubmed/20973746
http://www.ncbi.nlm.nih.gov/pubmed/20973746
http://www.ncbi.nlm.nih.gov/pubmed/23429231
http://www.ncbi.nlm.nih.gov/pubmed/23429231
http://www.ncbi.nlm.nih.gov/pubmed/23429231

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Basic aspects of the vasculature

	Endothelium
	The most prevalent vascular diseases

	Conventional Therapy
	Why Nanoparticles?
	Diagnostic and therapeutic applications 
	Non covalent method or adsorption method

	Toxicity Issues
	Conclusion
	Acknowledgment
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	References

