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How to Look Closely to Vulnerable Atherosclerotic
Plaques Using Nanoparticles
Mini Review

Abstract
The cardiovascular diseases (CVD) have been for several years the worldwide
leading cause of death, including acute coronary syndromes (ACS) and stroke. In
most cases, ACS result from erosion or rupture of a non-stenotic atherosclerotic
plaques, the so called vulnerable atherosclerotic plaques. Although our
knowledge about plaque vulnerability has increased over the last few years, our
ability to predict the time of a future event is still highly insufficient. Different
imaging technologies have been evolving to visualize various features of
vulnerable plaques, though there is yet no single technique that has unequivocally
demonstrated the capability to accurately predict plaque rupture in patients.
Despite the great approaches for morphological imaging of atherosclerotic
plaques, the need for a molecular profile of an atheroma clearly emerges. In this
short review we pretend to discuss the most commonly used diagnostic tools in
CHD and how the combination with nanoparticles can bring these approaches to
the molecular imaging level. We highlight the approaches with higher technology
readiness level from invasive and non-invasive imaging approaches.
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Introduction

Coronary heart disease (CHD) continues to be a major cause
of morbidity and mortality throughout the world [1]. Nearly
two thirds of myocardial infarctions occur due to rupture and
thrombosis of non-flow-limiting plaques in lesions that showed
only moderate stenosis. The risk of rupture in nonstenotic plaques
seems to depend more on plaque composition rather than plaque
size or fibrous cap thickness solely. The vulnerable plaques are
morphologically characterized by outward remodeling, increased
plaque neovascularity, intraplaque hemorrhage, smooth muscle
cell depletion and microcalcification. It is also descried that
namely intimal and adventitial inflammation play a key role
in plaque vulnerability, rupture and subsequent thrombosis,
exposing that the plaque instability is intrinsically related to
the atherosclerotic inflammatory process [2,3]. Detection of
a vulnerable plaque and subsequent rupture prevention is a
remaining challenge in cardiology. Mostly because the available
diagnostic tools lack the molecular information and it is now clear
that based in purely anatomic imaging it is difficult to predict an
ACS [4]. Among the available diagnostic tools the intravascular
imaging and molecular imaging probes are emerging as possible
methods for this purpose, though none is available for accurately
predict plaque rupture. In this mini-review we will focus on
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the most promising imaging tools combinations that can finally
deliver a complete diagnose of plaque vulnerability.

Discussion

Among the non-invasive techniques, the coronary angiography
is the commonly first approach for medical doctor for Coronary
Heart Disease (CHD) diagnosis. It allows the detection of lumen
stenosis and thrombus with a high spatial resolution. However, it
does not have enough resolution to evaluate the artery wall and,
thus it may not identify the presence of a vulnerable plaque [5].
Another non-invasive imaging approach is the MRI (Magnetic
Resonance Imaging), widely explored in different medical areas
as a powerful diagnostic tool. Regarding the cardiovascular area,
the MRI is known to deliver temporal and spatial resolution
adequate for studies on larger arteries as aorta and carotid
arteries, although even the cutting-edge devices, do not own
enough resolution to distinguish the coronary atherosclerotic
stenosis and composition [5,6]. In this scenario, intravascular
modalities, with their ability to go beyond the detection of lumen
stenosis and assess to visual features of vulnerable plaques, can
add significant information about the disease. Intravascular
ultrasonography (IVUS) is widely available and safe. It has the
capacity of real-time cross-sectional assessment of lumen
dimension and plaque morphology with a depth penetration
superior to 5 mm with robust measurements [7]. However
conventional IVUS does not possess enough sensibility for
accurate detection of the lipid pool, a hallmark of vulnerability. To
overcome this lack of resolution of conventional IVUS, the Virtual
Histology-IVUS (VH-IVUS) was developed using advanced
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radiofrequency analyses of reflected echo signals to generate
multiple spectral analyses. VH-IVUS has a high sensitivity on
identification of lipid-rich plaque, a key feature of a vulnerable
plaque [7]. Ex vivo studies demonstrated that VH-IVUS provides
accurate details on coronary plaque composition with high
agreement with the histology. Moreover this approach was
performed in the PROSPECT study, as imaging technique to assess
vulnerable plaques [8]. The PROSPECT trial - a prospective
multicenter study of the natural history of coronary atherosclerosis
- showed that events unrelated to non-culprit lesions were
associated with thin-cap fibroatheromas based on VH-IVUS
assessment, which is consistent with the concept of the vulnerable
plaque. Though these findings are promising, the criteria used in
VH-IVUS in the PROSPECT to identify these plaques lack specificity
and only predicted 18% of coronary events after three years [8].
Another widely used intravascular imaging approach is the NearInfrared Spectroscopy (NIRS), which has been applied in the
coronary circulation mainly for accurate lipid content and necrotic
core detection [9]. In order to overcome the lack of structural
information with NIRS, researchers have combined two
techniques - NIRS with IVUS - and delivered a high potential new
tool that allows the identification and morphometric assessment
of lipid-rich plaques together with the synergistic value of plaque
volumetric and compositional imaging. This combination is,
nowadays, one of the most accurate diagnostic tool for unstable
plaques [10]. The Optical Coherence Tomography (OCT), a
widespread technology in medicine, commonly used in
ophthalmology for a long time and more recently in cardiology,
where it immediately became an advantageous alternative to the
other conventional technology. The results from this imaging tool
resembles IVUS, although its principle is based on near-infrared
broad band light sources to scan tissues instead of ultrasound
[11]. OCT has 10-fold higher spatial resolution than IVUS which
permits the assessment to different parameters for plaque
vulnerability classification: fibrous cap length, limited
identification of macrophage distribution through the plaque and
neovascularization. Some authors state that OCT is an ideal
method for vulnerable plaque detection, mostly because OCT
showed a better performance on the identification of fibrous cap
disruption and erosion, intracoronary thrombus and thin-cap
fibroatheroma than IVUS [12,13]. In addition, a study in which the
ability of in vivo lipid pool assessment was evaluated, demonstrated
the superiority of OCT when compared to IVUS, since IVUS showed
only 24.1% of OCT sensitivity for this purpose. Importantly, it is
also proven that there is a concordance between OCT and
histological measurements regarding the fibrous cap length in
human cadavers, which is a great feature of plaque vulnerability
[14]. Still, due to its limited penetration (1-2mm), it may not
detect larger plaques as well as the total plaque burden. Though it
can provide morphological information regarding the lesion, OCT
alone does not provides molecular and biochemical specific
information of the atherosclerotic plaques without the
administration of a contrast agent [15]. Different labs in the world
are now working on development of a contrast agent that can
signal molecular mechanisms [15]. The introduction of exogenous
contrast agent will provide to OCT subcellular imaging information
and, consequently, it will allow to distinguish different states of
plaque progression. Along with the optimization of the imaging
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techniques, the imaging diagnosis approach has evolved by adding
new exogenous contrast agents. Early on micro and nanoparticles
have become very interesting candidates to enhance inflammation
signals, because it was showed that particles, as USPIO, are
eliminated by phagocytosis by the monocyte-macrophage cell
system [16,17]. Atherosclerosis is known to have high
inflammation activity, thus USPIO could be used to enhance MRI
imaging of atherosclerotic plaques. With this in mind, in 2001
Ruehm and colleagues have presented a complete study proving
that USPIO can outline the inflammatory changes along the
atherosclerotic disease process in hyperlipidemic rabbits due to
the accumulation of these particles in the macrophages inside
atherosclerotic plaques [18]. Different studies have been done in
humans using USPIO [19,20]. Clinical studies using USPIO have
already been performed and confirmed USPIO accumulation in
macrophages of ruptured and rupture-prone human carotid
atherosclerotic lesions in MRI images [21-23]. Though USPIOenhanced MRI of atherosclerotic plaques demonstrate potential
as a noninvasive technique for imaging inflammatory activity in
plaques as the aorta or even carotid, it cannot be use for coronary
arteries imaging due to the MRI resolution limitation [6]. Gold
Nanoparticles (AuNPs), on the other hand, present unique optical
features that make this a viable contrast agent for OCT. Their
detection relies on the local surface plasmon resonance effect,
caused by the incident OCT light and it depends on the relative
change in the backscattering coefficient between the NP and the
medium (as in highly scattering media NP with low scattering
cross section lead to a maximum OCT contrast) [24]. Recently, a
study of dynamic single gold nanoparticle visualization by
intracoronary OCT clearly demonstrated that AuNPs presence
induced a relevant enhancement in the OCT contrast. This study
showed that OCT signal has a linear increase with the backscattering cross section given by each AuNPs, which is highly
dependent on the particular type of AuNPs used [25]. Hu and
colleagues clearly demonstrated that, for the same concentration,
gold nanoshells (multipolar plasmonic excitations in the 10001500 nm spectral range) present a higher contrast when compared
to gold nanorods, showed by their extinction cross section values
at OCT operating wavelength more than two orders of magnitude
larger than gold nanorods, together with a reduced absorption
efficiencies [25]. With this study, it is now proved the potential
ability of intravascular OCT for the detection on individual AuNPs
in both static and non-static conditions and it opened new
applications of this combination as real time evaluation of
intravascular obstruction or pressure gradients. Regarding
concerns with toxic effects of nanoparticles, different toxicological
studies reported excellent biocompatibility and low cytotoxicity
of AuNPs [26,27]. Additionally, other studies demonstrated that
the surface of AuNPs can be easily functionalized to contain
molecular and organelle-targeting ligands and peptides [28].
Therefore, functionalized AuNPs may be used for imaging
applications of a single cell (for instances to differentiate between
an abnormal cell, as a neoplasic cell, and normal cell), to molecular
imaging strategies and to targeted delivery of specific molecules
as drugs [29,30]. Taken together all the mentioned works, it is
clear that AuNPs can be functionalized with antibodies for
targeted recognition of biomarkers for plaque vulnerability, and
this way enhancing OCT ability to characterize vulnerable plaques.
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Conclusion
There is a close relationship between plaque vulnerability
and patient outcome which pushes researchers to unveiled new
approaches to image the different atheroma features. From all
the available imaging techniques, the invasive modalities offer
the highest spatial resolution. OCT is a well clinical established
technique for atherosclerotic heart disease’s evaluation. The
addition of contrast agents, namely nano-probes that specifically
recognize vulnerability biomarkers in atheromas, will improve
the current diagnostic capabilities, resulting in early recognition
and prognosis of artery diseases with high-risk features, a crucial
step to identify those patients who will likely develop acute events
in the near future. Although, nanosized particles had already
showed the ability to act as efficient contrast agents for OCT,
selective molecular identification of inflammation processes using
OCT imaging mediated by nanoparticles still must be unraveled.
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