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Abstract

An estimated 16 million people in the United States have coronary artery disease (CAD), and
approximately 325,000 people die annually from cardiac arrest. About two-thirds of unexpected
cardiac deaths occur without prior recognition of cardiac disease. A vast majority of these deaths
are attributable to the rupture of “Vulnerable atherosclerotic plaques’. Clinically, plaque
vulnerability is typically assessed through imaging techniques, and ruptured plaques leading to
acute myocardial infarction are treated through angioplasty or stenting. Despite significant
advances, it is clear that current imaging methods are insufficiently capable for elucidating plaque
composition—which is a key determinant of vulnerability. Further, the exciting improvement in
the treatment of CAD afforded by stenting procedures has been buffered by significant undesirable
host-implant effects, including restenosis and late thrombosis. Nanotechnology has led to some
potential solutions to these problems by yielding constructs that interface with plaque cellular
components at an unprecedented size scale. By leveraging the innate ability of macrophages to
phagocytose nanoparticles, contrast agents can now be targeted to plaque inflammatory activity.
Improvements in nano-patterning procedures have now led to increased ability to regenerate tissue
isotropy directly on stents, enabling gradual regeneration of normal, physiologic vascular
structures. Advancements in immunoassay technologies promise lower costs for biomarker
measurements, and in the near future, may enable the addition of routine blood testing to the
clinician’s toolbox—decreasing the costs of atherosclerosis-related medical care. These are merely
three examples among many stories of how nanotechnology continues to promise advances in the
diagnosis and treatment of vulnerable atherosclerotic plaques.

INTRODUCTION

Cardiovascular disease continues to be the leading cause of death in the United States,
accounting for 1 of every 2.9 deaths.! The development of atherosclerotic plaques is
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responsible for many of these events, and is characterized by a cascade of events including
the accumulation of lipids in arterial walls, oxidation of the lipids, and recruitment of
inflammatory cells into these lipid-rich regions.2 Under the influence of chronic lipid
deposition and oxidation, inflammatory activity, and resulting abnormal blood flow and
mechanical loading conditions in the region, these plaques may suddenly rupture and lead to
a potentially lethal acute event such as a stroke or a myocardial infarction. Therefore,
identifying and locating plaques at particular risk of rupture (vulnerable plaques) may
potentially provide the basis for therapeutic interventions in the prevention of sudden cardiac
death and myocardial infarction.

Despite advances in diagnostic tools, many patients at increased risk for acute coronary
events (vulnerable patients) are not identified, as they do not present with any symptoms
prior to an acute coronary event.3 At present, there is no consensus regarding the appropriate
treatment of a coronary plaque believed to be at high risk for rupture. Stent implantation,
currently used to treat symptomatic obstructive CAD and ruptured plaques in acute
myocardial infarctions, may represent a potential therapeutic option for treatment of
vulnerable plaques in the future. However, subjecting an asymptomatic patient to the
procedural and long-term risks of stenting, including a renarrowing or sudden thrombosis
within the stent, is not justified by scientific evidence at this time.* It is clear that novel
cellular and molecular imaging tools are required in order to better assess a patient’s risk of
potentially life-threatening acute plaque rupture. At the same time, for the mechanical
treatment of asymptomatic vulnerable plaques to become a feasible approach, improvements
in treatment technologies are required in order to reduce the likelihood of undesirable host
responses to implanted materials and unanticipated adverse events, as well as the restoration
of physiological vascular function.

CHARACTERISTICS OF VULNERABLE ATHEROSCLEROTIC PLAQUES:
MORPHOLOGICAL, MECHANICAL, AND MATERIAL PROPERTIES

From an engineering standpoint, an accurate morphological, mechanical, and material
description of vulnerable atherosclerotic plaques is necessary in order to better design
treatment tools for their management. It is important to note that each of these categories is
interconnected, as changes in morphology and composition of plaques will undoubtedly
affect changes in mechanical and material properties of plaques, and vice versa.5”

While the morphological determinants of plaque vulnerability remain difficult to pinpoint
conclusively, autopsy studies have suggested that vulnerable plaques are very likely to
exhibit some of the following five features: (1) active inflammatory activity, (2) thin fibrous
caps and large lipid cores, (3) endothelial erosion and thrombosis, (4) fissured or ruptured
caps, and (5) luminal stenosis (>90%).3:8

The multiple roles of inflammatory activity in influencing plaque vulnerability are
particularly important to note. Under normal conditions, low-density lipoprotein (LDL)
particles in the bloodstream and in the arterial wall may become oxidized, producing
oxidized LDL (oxLDL), which is rapidly cleared by macrophages in the liver.%10 Early in
lesion formation, however, the balance between the entry of LDL into the vascular wall and
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its efflux becomes disturbed, leading to increased retention of LDL at focal points in the
vascular wall. Combined with normal oxidation processes, elevated local levels of oxLDL
produces an environment that is chemoattractive to monocytes and T-cells, among others.10

The influx of macrophages into an atherosclerotic lesion leads to some major repercussions.
Macrophages within a lesion express various scavenger receptors that facilitate endocytosis
of lipids and other interstitial debris. This activity eventually results in transformation of
macrophages into foam cells, and their further activation leads to apoptosis—usually
triggered by high local concentrations of oxLDL, TNF-a, Fas ligand, intracellular
accumulation of free cholesterol, or hypoxia—contributing to the gradual expansion of the
necrotic core.11:12 The production of matrix metalloproteinase (MMP)-8 and -9 by
monocytes/macrophages in response to pathological stimuli leads to degradation and
destabilization of the local extracellular matrix, increasing the likelihood of plaque
rupture.13-17 For these reasons, atherosclerosis is commonly thought of as an inflammatory
disease, and this classification continues to guide burgeoning work in this area.1®

Mechanically, the formation of a plaque is characterized by intimal thickening, leading to a
dramatic increase in intimal stiffness and elastic modulus, relative to normal arteries.”19-24
(Figure 1(a)). Conversely, the media and adventitia of the diseased blood vessels become
abnormally softer than their corresponding layers in normal arteries. Therefore, changes in
the layer-by-layer modulus of pathological arteries show an opposite pattern to normal
arteries where the modulus gradually increases from intima to adventitia. This change in the
layer-by-layer modulus of arterial wall can be explained by a theory with respect to
progressive arterial remodeling from intimal thickening to outward expansion?° in response
to pathological stimuli (Figure 1(b)). In normal arteries, the intima provides an elastic layer
of path for blood flow, which is supported by the media, while the adventitia supports the
structural integrity of vessel wall. Therefore, the modulus increases gradually from intima to
adventitia. Under pathological situations, the formation of lesion with fibrous caps
contributes to a dramatic increase in the stiffness of the intima, resulting in a significant
increase in the modulus of intima. Then the artery expands outward to increase the lumen for
restoration of proper blood flow, which was decreased substantially by intimal thickening.
Expansion beyond the limits required for maintenance of tissue integrity often results in
rupture of the outer layer.

Pathological observations and experimental studies indicate that MMP expression is
increased in high stress sites of such arteries.2> At the same time, rupture of the vessel wall
with plaque destabilization occurs in arteries that have undergone outward remodeling,
suggesting that degradation of matrix by MMPs may eventually lead to weakening and
destabilization of the media and adventia, as indicated by decreases in modulus of middle
and outer layers. In addition, the development of these properties is partially influenced by
the luminal shear stresses. In particular, stenotic regions experience increased shear stresses,
resulting in changes in endothelial gene expression and integrin-ECM binding affinity.
Further, regions of lower shear stress may form downstream of stenotic regions, resulting in
upregulation of VCAM-1, C-reactive protein (CRP), and IL-6 by endothelial cells. The
expression of VCAM-1 and IL-6 increases the recruitment of inflammatory cells into the
local interstitium, and IL-6 can further regulate the production of MMPs.26
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From a materials standpoint, local porosity and compliance are the most important
parameters. Plaque endothelium is not fenestrated, but is generally known to exhibit higher
permeability to nanoparticles than healthy endothelium.2’ Further, endothelial cells are also
known to be capable of transcytosis, providing an alternative route for translocating
circulating nanoparticles to the interstitium.28 Local compliance is governed primarily by
the variations in mechanical properties across the different tissue layers in the vasculature,
including the pathologic structures such as the necrotic core, as well as the percentage
composition of each of these structures. Mechanical properties can be heterogeneous even
within the same plaque, leading to unpredictable stretch-relaxation behaviors under
dynamic, pulsatile blood flow conditions.2? It is well understood that when two adjacent
tissue components exhibit a significant level of compliance mismatch, such blood flow
conditions can rapidly develop fractures in the interface between these components can
escalate into deadly aneurysms.30

Taken altogether, vulnerable plaques can be identified by abnormal local inflammatory and
proteolytic activity, thrombaosis, heterogeneity of mechanical properties in the local vascular
wall, and an increase in interstitial perfusion.

A CLINICAL PERSPECTIVE: DIAGNOSIS AND IMAGING OF VULNERABLE
PLAQUES TODAY

With the recognition that clinically silent, nonobstructive (<70% luminal stenosis) CAD may
present a great risk of acute myocardial infarction and sudden cardiac death,31-34
cardiologists are increasingly interested in identifying vulnerable plaques. However, in
clinical practice, both noninvasive testing and invasive imaging are designed to identify
obstructive coronary artery disease, which can provide important prognostic information and
also guide decisions regarding coronary revascularization. The use of currently available
imaging modalities used in clinical practice to identify coronary plaques with morphologic
features consistent with a vulnerable plaque phenotype is thus somewhat limited. However,
as interest in the identification and treatment of vulnerable plaques increases, there have
been significant recent advances in intra-coronary imaging of inflammatory plaques, which
are summarized below.

The imaging modalities are divided into non-invasive and invasive techniques. While
noninvasive techniques are more applicable to the asymptomatic patient with nonobstructive
coronary disease, they are generally limited by cardiac movement and the tortuous nature of
coronary arteries. Because of direct visualization of the coronary arteries, invasive
techniques allow improved resolution but involve increased risk to the patient and are not
suitable for screening of asymptomatic patients.

Noninvasive Imaging

Cardiac applications of computed tomography (CT) have progressed rapidly with
technologic advances. Electron-beam CT was first used to predict the likelihood of coronary
events by identifying coronary calcification which correlates with calcific plaque burden.
With the development of fast multidetector CT (MDCT), the coronary artery lumen as well
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as the vessel wall can be assessed. MDCT has the capacity to examine plague composition
by using density measurements but is limited by blooming artifact and overlap of CT
attenuation values between lipid-rich and fibrous noncalcified plaque.3® The recent
introduction of dual source CT has improved temporal resolution and accurately identified
lipid plaques compared to intravascular ultrasound (IVUS) without excluding calcified
plaques.38 On the basis of these capabilities, CT can accurately determine overall plaque
burden and characterize arterial remodeling. CT still has significant limitations related to
radiation exposure, resolution, and soft tissue contrast; but it holds great promise as
techniques continue to improve.

Magnetic resonance imaging (MRI) provides excellent soft tissue contrast and does not
expose the patient to ionizing radiation. MRI has been extensively studied in the imaging of
inflammatory plaques in the carotid arteries and has shown strong correlations with
histology in the identification of the lipid core and fibrous cap.3” Unfortunately, low spatial
resolution has hindered its applicability to coronary artery imaging. Gadolinium-based
contrast agents have been used to extend MRI capabilities to include smaller blood vessels,
but because of concerns with renal toxicity, alternative materials such as superparamagnetic
iron oxides have received much interest.28:38-42 Additionally, nanoparticulate contrast
agents are advantageous because they are avidly recognized and uptaken by macrophages
regardless of surface chemistry, and vulnerable plaques tend to exhibit high macrophage
contents.28:43-51 Finally, another disadvantage of MRI is that many patients are not
compatible with this procedure because of metallic medical implants including pacemakers
and implantable cardiac defibrillators.

Positron emission tomography (PET) and single photon emission computed tomography
(SPECT) require radioactive tracers, allow less spatial resolution than MRI, and expose the
patient to ionizing radiation, but are more sensitive than MRI for detection of plaque
biomarkers.>? Because the disadvantages of MRI fall into the advantages of PET/SPECT,
and vice versa, multimodal contrast agents that can be detected through multiple imaging
platforms are of much interest. For example, Nahrendorf et al. synthesized an iron oxide
nanoparticle labeled with $4Cu PET tracer to enable bimodal imaging of the contrast agent
via PET/MRI.*8 Following /in vivo imaging studies, plaque material was digested and
analyzed by flow cytometry, and indicated that the nanoparticles were predominantly
uptaken by macrophages.

Imaging with transcutaneous ultrasound has several advantages, including its safety, cost,
and wide availability. With the use of contrast agents, ultrasound can detect the presence of
intraplaque neovascularization. As inflammatory plaques enlarge, they require their own
blood supply and develop a mature network of arterioles (vasa vasorum) on the adventitial
surface of the vessel.>3 Contrast-enhanced ultrasound has the ability to detect the presence
of vasa vasorum.>* Currently, this application is limited to superficial vessels such as carotid
arteries.

Molecular imaging using radionuclides has potential for adding functional information about
inflammatory coronary plaques to anatomical information obtained from other imaging
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modalities. While promising, thus far the data is still limited®>-57 and not ready for clinical
application.

Invasive Imaging Techniques

Coronary angiography is the most common invasive technique used, but only assesses the
vascular lumen, causing deficiencies in identifying mild plaques, evaluating vessel size, and
assessing plaque characteristics.

Intravascular ultrasound (IVVUS) has traditionally been utilized to assess the anatomical
characteristics of plaque and disease burden often underestimated by angiography because
of positive remodeling. Although the resolution of IVUS (100-250 pm) does not allow for
identification of the thin fibrous cap (estimated 23 + 19 um by histology of ruptured
plaques),®8 the presence of the necrotic core as identified by large echolucent areas or
attenuation of the echo signal in noncalcified areas may have clinical relevance.59-61
However, gray-scale IVUS is limited in its ability to characterize plague morphology. The
addition of integrated backscatter analysis to grayscale 1\VUS, called radiofrequency-1VUS
(RF-1VUS) can provide improved characterization of the individual components of
atherosclerotic plaque including fibrotic tissue, fibrofatty tissue, necrotic core, and dense
calcium.52-65 A prospective study of patients with high-risk coronary artery disease recently
demonstrated that RF-I\VVUS can identify coronary plaques with a morphologic phenotype
(TCFA) that are at increased risk for subsequent cardiovascular events.%6

Optical coherence tomography (OCT) measures back-reflected infrared light and provides
the highest resolution (5-20 um) of all the invasive imaging techniques.5”:68 Because of its
excellent resolution, histopathological correlations have demonstrated sensitivities of 87—
92% and specificities of 94-100% in identification of various plaques.5” Although imaging
acquisition procedures are improving, its clinical application is currently limited because of
signal attenuation by blood necessitating prolonged, proximal occlusions to screen long
arterial segments. Intracoronary optical frequency domain imaging (OFDI), a next-
generation OCT-derived imaging method, overcomes some of these limitations, with a
substantially increased speed of image acquisition when compared with first-generation
time-domain OCT.®9 However, both OCT and OFDI have a somewhat limited penetration
and are thus unable to adequately image beyond the inner fibrous cap and lipid core in larger
arteries.

Intravascular MRI depicts components of atherothrombotic plaque including lipid, fibrous
tissue, calcium, and thrombus formation.”71 There is potential for combination with
cellular and molecular targeting.”2 /n vivo MRI catheters have had limited human testing,”3
and real time endovascular MRI imaging continues to advance experimentally,’* but
intravascular MRI is not a clinical reality yet.

Optical imaging is commonly used in the lab to verify the reliability of plaque biomarkers
because of its widespread availability, ease of use, and the lack of ionizing radiation
exposure to the user. However, the application of this technique to /7 vivo imaging in
humans is difficult because of tissue autofluorescence and optical attenuation and scattering
—effects that are less marked in the near-infrared window of 650-900 nm.”®:76 Therefore,

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 7

the success of optical imaging approaches for human applications will require the design of
probes that exhibit absorbance or excitation and emission spectra that occur within this 300
nm window. Indeed, near-infrared spectroscopy (NIRS) analyzes the chemical composition
of plague components based on the amount of absorption at different wavelengths. Further,
near-infrared spectroscopy (NIRS) catheters enable assessment of intravascular chemical
composition, and have been successfully employed to identify lipid-core plagques in human
patients.””:"8 The ability of NIRS to identify the chemical composition of plaque
components has also been validated with histologic correlations’®-81 and is currently being
evaluated in multiple trials including as a combined imaging technique with 1\VUS. Because
NIRS is unable to elucidate tissue structures, the combination of NIRS with 1VUS enables
correlation of plague composition with tissue structure on one platform, and has been
recently demonstrated in humans.82

Angioscopy and thermography also deserve mention but have failed to show clinical utility
in the identification of vulnerable plaques despite initial promising results.

IMAGING VULNERABLE PLAQUES WITH NANOTECHNOLOGY

One of the main challenges in the prevention of myocardial infarctions and strokes involves
the identification of plaques at highest risk of rupture that are in most need of prophylactic
therapeutic intervention. As discussed earlier, plaque composition appears to be the primary
determinant of plaque instability.3:8 As a result, the primary molecular imaging targets for
the identification of vulnerable plaques includes markers of inflammation, thrombosis,
apoptosis, or angiogenesis.83:84 Advances in noninvasive imaging approaches are
revolutionizing the ability to spatially pinpoint the locations of these vulnerable plaques in
the clinic. Nanotechnology has led to the creation of several nanoparticle platforms that can
be applied as contrast agents for a range of noninvasive imaging modalities.

Recently, a library of nanoparticle platforms has been developed for molecular imaging of
plaque biomarkers (Table 1). This table is not meant to be an exhaustive list, but rather,
highlights key developments in this area that have been used to image vulnerable plaques /in
vivo or ex vivo. Below, we highlight novel approaches for imaging cell receptors and cell
types, as well as protease activity in vulnerable plaques. A word of caution must be added
when interpreting the vast collection of data in this area, as an ideal animal model that
exhibits intrinsic plaque destabilization and rupture remains undeveloped. The apoE™~
mouse—Ilikely the most widely used small animal model of atherosclerosis—is known to
develop atherosclerotic lesions spontaneously, but generally require extrinsic triggers or
exogenously administered means in order to trigger plaque rupture.8® The lack of a robust
animal model that develops atherosclerotic lesions closely mimicking plaque destabilization
and rupture in human patients remains one of the largest barriers in the translation of these
promising results from the bench to the bedside.

Imaging Cell Receptors in Atherosclerosis

As described above, atherosclerosis is generally classified as an inflammatory disease, and
as a result, a range of inflammatory biomarkers have been implicated in plaque
destabilization. These biomarkers include the adhesion molecules ICAM-1, VCAM-1, and
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E-selectin, as well as macrophage markers such as CD40, CD68, dextran receptors, Mac-3,
and scavenger receptors MSR-A/MSR-B.12:48.113-117 These hijomarkers have been targeted
in a variety of studies involving nanoparticle-mediated molecular imaging (Table 1).

Work in the Fayad and Tsimikas groups has produced a library of synthetic micelles and
lipoprotein mimics for imaging of some of these biomarkers, including oxidation-specific
epitopes?7:92-94,103,104,107.118 (Fjgyre 2). Imaging oxLDL is of particular interest because it
allows for the identification of oxidized epitopes in the vascular wall, and when used in
tandem with measurements of circulating oxLDL—a well-developed paradigm for assessing
the risk of coronary events—demonstrates a biomarker and an imaging application based on
the same epitope.103:104.119 For imaging applications, contrast agents are incorporated into
the nanoparticles in two ways. In the first method, phospholipids are covalently modified
with gadolinium chelates or fluorescent tags, and then used in preparation of antibody-
displaying micelles.92:193 As a result, contrast agents are displayed on the nanoparticle
surface. In a second method, contrast agents are incorporated into the core of the micelles.
This is possible because a variety of contrast agent nanocrystals, including quantum dots,
iron oxides, and gold nanoparticles are synthesized in large quantities and at high
monodispersity in organic solvents, but remain capped by hydrophobic surfactants,120-122
Therefore, inclusion of such nanocrystals in micellization processes encapsulates them with
phospholipids.93:95 After micellization, membrane proteins such as ApoA-1 can be
incorporated into the phospholipid monolayer in a single buffer change step, producing
mimics of high-density lipoprotein.%®

Multimodal contrast agents can be constructed through the marriage of the two approaches
described above.% Alternatively, dextranated iron oxide nanoparticles can be surface-
modified with contrast agents such as the PET tracer $4Cu, in order to enable PET/MRI
imaging of plaque biomarkers.#8 Both of these platforms have been further functionalized
with antibodies and peptide mimics for molecular imaging.103.108,109,123

The Johnston group recently demonstrated a ‘nanorose’ platform for NIR fluorescence and
photothermal optical coherence tomography (OCT) imaging of macrophages in a rabbit
model of atherosclerosis.8”-124 To synthesize the contrast agent, 2 nm monolayers of Au
were grown on iron oxide nanoparticles with dextrose as a reducing agent, yielding dextran-
coated iron oxide/gold nanoclusters. The close proximity of the singlets in the cluster
enhances NIR absorbance of the system.87 Further, because of the thinness of the Au layers,
iron oxide particles are placed in close proximity to one another, leading to higher R,
relaxivities with clustered particles versus with dispersed particles.125 The dextran coating
facilitates uptake of the nanoroses by macrophages, enabling inflammatory cell-laden
plaques to be easily imaged.11”

Imaging Protease Activity in Atherosclerosis

Increased activity of extracellular proteases such as MMP-2, -8, and -9; and cathepsins B, K,
L, and S has been implicated in plaque destabilization and rupture.16:17.:21.126-130 A5 5
result, probes for imaging proteases activities are expected to improve the detection of
vulnerable plaques in the clinic.
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The Weissleder group pioneered NIR fluorescence beacons for imaging protease activity in
plaques, where polymers are modified with NIR fluorophores in such a way that the dyes
exhibit self-quenching in the absence of protease activity.127:131.132 Following protease
degradation of linkers holding the fluorophores in proximity to one another, release of the
fluorophores results in the disappearance of the self-quenching effect and an increase in NIR
emission, which has been used to specifically image active cathepsin B, D, and K and
MMP-2 and -9,127.131,133,134

However, it is worthwhile to note that a drawback behind these approaches involves the use
of organic fluorophores, which in general, exhibit much lower quantum yields and higher
photobleaching effects versus fluorescent nanoparticles such as quantum dots. While these
novel ‘smart’ probes have led to promising results from mouse models (Table 1), their
successful application in the clinic will necessitate highly sensitive fluorescence detectors
and brighter excitation sources, counteracting the significantly higher optical attenuation and
scattering effects expected.13%

As an alternative to using environmentally activatable organic dyes, Chang et al. presented a
protease-activatable fluorescence probe based on quantum dot-Au nanoparticle
complexes.136 In this scheme, Au colloid was attached to CdSe/CdS QDs via MMP-1-
degradable peptide linkers. At close proximity (<10nm), the gold colloid absorbs quantum
dot emission via a FRET mechanism. However, the presence of MMP-1 results in release of
the quenching Au colloid from the QD surface, and ‘activation” of QD emission. Recent
work by the same group has led to NIR-emitting quantum dots that are likely more suitable
for clinical applications because of their optical properties.13” Other approaches have also
been followed in order to obtain NIR-emitting QDs, but because of the presence of cadmium
in most of these structures, cytotoxicity remains a primary concern and roadblock to
potential applications of this technology in humans.135138-143

While a majority of approaches to actively image plaque biomarkers utilize one targeting
ligand (peptide, protein, or antibody) to target the biomarker directly, a promising new
approach developed in the Giorgio and Bhatia groups can potentially enable specific
imaging of plaques that exhibit two separate characteristics.101.144.145 QOriginally designed
for tumor imaging, this approach is termed ‘proximity-activated targeting’ (PAT), where
nanoparticle surfaces are functionalized with two distinct molecular ligands necessary for
pathologically specific targeting. Specifically, quantum dots were surface functionalized to
include a polyethylene glycol (PEG) chain interrupted by the peptide target of matrix
metalloprotease-7 (MMP-7) and a second, shorter structure that terminated in folic acid. The
construct was targeted to breast cancer metastases through the folate ligand that was initially
concealed by the peptide-bridged PEG (Figure 3(a)), which remained biologically inactive
until exposure to MMP-7 (Figure 3(b) and (c)). MMP-7 degradation of the peptide bridge
uncoupled the passivating PEG structure from the construct, revealing the folate ligand only
in the proximity of the tumor44.146 (Figure 3(d)). The modular approach used in the
construction of these contrast agents enables other nanoparticles to be used in the core, such
as iron oxide, for MRI.101 Other proteases and receptors can also be targeted using this
approach simply by changing the cleavable peptide unit and the peptide targeting unit used
in the final construct.
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Advantages of Nanoparticulate Contrast Agents in Vulnerable Plaque Imaging

Nanoparticles provide an array of advantages in plaque imaging versus their small molecular
probe counterparts, including circulation half-life, site selectivity, and modular design.

Because most nanoparticulate contrast agents for plaque imaging applications exhibit
diameters above 10 nm, they are generally too large to be filtered through the glomeruli in
the kidneys, where pores exhibit cutoff diameters of 8 nm or less.24” Small molecule
contrast agents are easily filtered through the kidneys, and are rarely reabsorbed, leading to
much smaller circulation half-lives than nanoparticles. Circulating nanoparticles tend to be
cleared through the reticuloendothelial system (RES), also known as the mononuclear
phagocyte system (MPS), which includes phagocytic cells residing in the spleen and the
liver, among other organs.148.149 The kinetics of nanoparticle clearance through this route
can be significantly slowed through the appropriate use of polymeric surface coatings such
as poly(ethylene glycol) (PEG) or poly(hydroxypropyl methacrylate) (HPMA), which
reduce opsonization of nanoparticles,190:151

Site selectivity can be mediated to some extent by the enhanced permeation and retention
(EPR) effect in a similar fashion as seen in cancer, as vulnerable plaques tend to exhibit
multiple fissures in the fibrous cap, as well as impaired endothelial function.3:152.153
Although the EPR effect has been conclusively demonstrated in induced tumors in animal
models, to our knowledge, only one observation of this effect has been reported in humans
to date.1®* Further, the larger size of nanoparticles versus small molecular probes provides a
platform for multivalent coupling of ligands for active cell targeting, such as antibodies and
peptides, which improves affinity of the nanoparticles for their molecular targets.1%°

Finally, nanoparticulate contrast agents are known for their modular design, in that the
contrast agents, targeting agents, stabilizing polymers, and other functionalities can be easily
tuned during synthesis. Several schemes have already been described earlier in this review.
The simplicity in generating functional nanoparticulate contrast agents has also led to the
facile synthesis of multimodal contrast agents.#8:86.87,95,124

Ongoing advances in nanoparticle synthesis and processing processes have led to materials
with novel properties appropriate for applications in this area, including iron oxide
nanoparticles with A, relaxation and biocompatible silicon-based quantum dots.156.157
‘Smart” environmentally sensitive dendrimer-based nanobeacons have been synthesized by
the Matrisian group, which emit NIR fluorescence only in the presence of proteases of
interest.158.159 Thjs platform can also be loaded with small molecule drugs, producing a
‘theranostic’ platform capable of site-specific therapy and imaging. For all of these reasons,
nanotechnology will continue to be a significant player in the imaging of vulnerable plaques.

THE IN VITRO DIAGNOSTICS REVOLUTION: APPLICATIONS OF
NANOTECHNOLOGY IN BLOOD TESTING AND BIOMARKER DETECTION

Rapid, accurate, noninvasive measurement of circulating, plasma-based biomarkers
potentially provides powerful information for diagnosis and risk stratification of patients
with cardiovascular diseases. A few such biomarkers that are already being measured in the
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clinic for this purpose include C-reactive protein (CRP), lipoprotein (a), myeloperoxidase,
oxLDL, troponin I, and MMP-9, among others, as reviewed elsewhere.160.161 However, it is
clear that no single biomarker can lead to conclusive risk assessment. Rather, assessment of
a small library of biomarkers is necessary to accurately diagnose a patient’s susceptibility to
potentially lethal acute cardiac events.161

A challenge is that current methods to measure concentrations of circulating biomarkers in
the clinic generally require expensive and impractical equipment, long sample handling and
preparation times, significant reagent usage, and moreover, can only assay one analyte at a
time. Nanotechnology has led to the development of several platforms that hold promise in
tackling all of these challenges.

For example, nanomaterials functionalized with antibodies specific for a biomarker of
interest have been used in novel experimental immunoassays.162-168 These novel
immunoassays are sensitive enough to detect analytes at femtomolar concentrations,
primarily because of the significantly higher biosensing surface area offered by
immobilization of the sensing elements—the antibodies—to nanostructured surfaces.
Further, most of such nanoparticle-based biosensing platforms also possess physical
properties that change based on the aggregation state of the nanoparticles. Specifically in the
presence of analytes of interest, the nanoparticles aggregate, producing significant changes
in optical, magnetic, or fluorescent properties of the system. In some cases, detection is

possible even in unfractionated blood, thereby greatly reducing sample processing
time. 166,169,170

Microfluidics technology has also miniaturized immunoassays, in terms of sample and
reagent volumes as well as equipment, enabling multiplexed antigen detection in sub-
microliter volumes at unprecedentedly low costs.171-173 Smaller, microfluidics-sized
versions of the highly technical equipment usually required for nanoparticle-based
immunoassays in the laboratory have also been recently been constructed, including flow
cytometers, 174175 spectrophotometers,176 magnetic relaxometers,177:178 and dynamic light
scattering (DLS) analyzers, 179180 among others. Integrating nanotechnology-enabled
immunoassay schemes with microfluidics holds promise in revolutionizing clinical detection
of libraries of circulating biomarkers that collectively report the existence of vulnerable
plaques.

Soman et al. described a method for flow cytometric detection of blood-borne analytes based
on agglomeration of antibody-functionalized quantum dots.163.181 As nanoparticle
agglomerates scatter light more effectively than individual, dispersed nanoparticles,182 the
light scattering instrumentation equipped on standard flow cytometers are capable of
detecting the presence of analytes based on the appearance of high-scattering species
following as little as 60 min incubation time. By producing a library of quantum dots—each
population displaying antibodies for a different target—and identifiable by a different
emission wavelength range, analytes can be “bar-coded’, enabling multiplexed detection of a
library of analytes through fluorescent emission versus light scattering plots.181 The authors
detected vascular endothelial growth factor A and angiopoietin-2 in saline, down to a
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femtomolar sensitivity limit.181 However, detection capabilities in whole, unfractionated
blood were not investigated.

Hirsch et al. demonstrated detection of analytes in whole blood using antibody-
functionalized silica-gold core-shell nanoshells.162.166 These nano-shells absorb at
wavelengths in the near-infrared (NIR) window of 700-1000 nm—where optical attenuation
and scattering effects because of blood components are minimized’® (Figure 4). After rabbit
IgG was mixed into whole human blood, nanoshells agglomerated, resulting in a red-shift in
plasmon resonance of the system within 15-30 min. This effect is also accompanied by a
decrease in peak extinction of the system.166 A light, portable, single-wavelength LED-
based ‘spectrophotometer’ was constructed to enable translation of the nanoshell
immunoassay to low-resource, point-of-care applications.183

Ibraimi et al. developed a ~5 min immunoassay that works in a similar fashion as these
methods, involving the use of polyclonal anti-CRP-functionalized silica microparticles and
monoclonal anti-CRP-functionalized superparamagnetic iron oxide nanoparticles.1’ The
silica microparticles generally sediment within 5 min even in the absence of agglomeration
with CRP. However, when CRP is present, iron oxide nanoparticles become incorporated
into the precipitate, increasing its magnetic permeability. A portable magnetic permeability
detector was used to quantify concentration of CRP in as little as 4 uL of whole blood, and
the sensitivity and accuracy of the method was comparable to several commercially available
reference methods.170

Magnetic nanoparticle-based immunoassays can also be carried out with optical detectors, as
the general principle of analyte-mediated nanoparticle agglomeration results in increased
light scattering properties and extinction in the system.182 In such setups, the nanoparticle
surface simply provides a vehicle for analyte immobilization, while the magnetic properties
enable facile handling and isolation of the particle-analyte complexes.

Recently, this scheme was combined with a total internal reflection (TIR) detector to enable
quantitative detection of troponin I in human serum and plasma down to sub-picomolar
concentrations.184 In this work, Bruls et al. preloaded a microfluidic chip with anti-troponin
I-functionalized magnetic nanoparticles, and used a magnetic field to capture the
nanoparticles during sample loading. Magnetic actuation of the nanoparticles in the presence
of the sample enables quick mixing and formation of nanoparticle-analyte complexes within
4 min. The TIR sensor surface is also pre-functionalized with anti-troponin antibodies,
enabling high-affinity interactions between the complexes and the surfaces. Application of a
magnetic field removes excess nanoparticles prior to optical detection of analyte.184

The McDevitt group developed microfabricated chips consisting of arrays of singly confined
microparticles, each functionalized with a different antibody for an analyte of
interest.172:185.186 The design of the immunoassay is not very different from that of a
sandwich ELISA, except in this case, porous agarose microparticles serve as a scaffold for
attachment of capture antibodies. After flowing sample through the beads, application of
fluorophore-conjugated detection antibodies and rinsing resulted in quantitative readout of
analyte concentrations.1’2 This approach has been used to screen human patients for
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biomarkers of acute myocardial infarction through measurements of CRP, myoglobin, and
myeloperoxidase in salivary samples.185

Buch and Rishpon coated screen-printed carbon electrodes with a film of multiwalled carbon
nanotubes (MWCNTS), forming a surface for quantification of CRP in human serum by
electrochemical immunoassay.187 Like the immunoassay above, this immunoassay was not
very different from a sandwich ELISA in idea. The difference is that quantification of CRP
concentration is achieved by monitoring the electrochemical potential at the electrodes,
which varies based on the oxidation of the HRP substrate TMB. Therefore, the MWCNT
film was further modified with anti-CRP as a capture antibody, while an HRP-conjugate
anti-CRP was used as a detection antibody. Application of human serum, followed by wash
steps, then the detection antibody and then TMB substrate, quantified CRP down to 0.5
ngmL~1, compared to 10 ng mL~1 when the MWCNT film is not present.187 This difference
in detection limit is attributed to the enhanced electrochemical reactivity of peroxides at
CNT-modified electrodes, as reviewed elsewhere.188 The authors reported assay time to be
around 10 min.

Given the predominance of costly, time-consuming ELISAs for measuring circulating bio-
marker levels in the clinic today, the advantages offered by these novel nanotechnology-
based immunoassays will make biomarker-based blood diagnostics much more accessible to
the public. Further, the rapid assay times offered by these new approaches will enable their
routine use, multiple times daily, to track the prognosis of the highest risk patients and
enable strategic therapeutic intervention.

A CLINICAL PERSPECTIVE: FUTURE DIRECTIONS FOR THE TREATMENT
OF VULNERABLE ATHEROSCLEROTIC PLAQUES

The development of drug eluting stents has revolutionized the treatment of obstructive CAD
(Table 2). The initial alternative to open heart surgery for mechanical revascularization was
percutaneous transluminal coronary angioplasty with balloon expansion. However, because
of problems with acute vessel closure and restenosis,189-191 the coronary stent was
developed with bare metal providing scaffold to prevent closure and recoil.192 There was
rapid adoption of percutaneous coronary interventions (PCI) using bare metal stents (BMS),
and target-lesion revascularizations (TLR) were reduced from 25-35% with balloon
angioplasty to 10-15% with BMS.193 Drug eluting stents (DES), developed to prevent the
in-stent neointimal hyperplasia leading to restenosis in BMS,194-196 resulted in a further
reduction in TLR to 4-6%.197-199 However, initial enthusiasm for DES was dampened in
2006 with evidence of a small, but significant, increase in stent thrombosis.200-202

The basic components of a DES are the stent platform, a polymer that elutes the drug from
the stent surface, and the drug. CYPHER and TAXUS, the first generation drug eluting
stents, have stainless steel platforms and elute the antiproliferative agents sirolimus (an
immunosuppressant) and paclitaxel (an antineoplastic agent), respectively. The drugs are
released by diffusion from nonbiodegradable polymers. Although similar in many respects,
sirolimus-eluting stents have superior restenosis rates compared to the paclitaxel-eluting
stents because of multiple differences including underlying stent design, polymeric coating,
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mechanism of drug action, drug-release kinetics, and drug distribution across the vessel
wall 203

As concerns of stent thrombosis in first generation DES were raised, one of the major
considerations was the impaired endothelization by antiproliferative drugs resulting in blood
exposure to a thrombogenic stent strut. Stent thrombosis can also be precipitated by patient-
related factors (including diabetes, malignancy, renal failure, poor response to antiplatelet
therapy), inadequate duration of antiplatelet therapy, lesion characteristics, and procedural
factors (inadequate stent expansion, incomplete stent apposition). Also although greatly
reduced, in-stent restenosis (ISR) still occurs in DES albeit with a different mechanism from
ISR in BMS.204

In order to address some of these concerns, second generation DES (Endeavor, XIENCE)
were developed. The cobalt chromium stent platform of the second generation DES allows
thinner struts which may enhance endothelial coverage, reduce restenosis and improve
deliverability.205-207 Drugs from the limus family similar to sirolimus are used as the
antiproliferative agents. Also because of mounting evidence of the negative role of the
polymers used in first generation DES, manufacturers utilized alternative biocompatible
polymers which cause less inflammation. Although the new polymers are different from the
first-generation DES polymers, second-generation DES in the United States do not employ
bioabsorbable polymers. Early comparisons of first and second generation DES have been
conflicting, but suggest that second-generation DES are at least as effective, and in the
SPIRIT IV trial, the XIENCE stent was demonstrated to be superior to the TAXUS stent.208

Given the continued shortcomings of currently available DES, there are multiple other stent
innovations currently under investigation. Some technologies have focused on addressing the
negative effects of polymers with the development of biodegradable polymeric DES or
nonpolymeric DES. Early results comparing these technologies, available commercially in
Europe, are most promising for the nonpolymeric DES.209.210 Because of inherent
limitations of DES, biodegradable and bioabsorbable stents are also under development and
undergoing preclinical and clinical trials.211-215 These stents have the potential advantage of
degrading or eroding completely over time, allowing for short-term drug delivery to the
vascular wall, while avoiding long-term exposure of the stent to pro-inflammatory
components in the bloodstream.?15 While preliminary results appear promising, some of the
polymeric materials used in these stents, including poly-L-lactic acid and poly-D,L-lactide,
may be degraded and eroded into small particles that can be phagocytosed.?14:215 The
phagocytosis of these particles have been previously shown to trigger superoxide production
by the phagocytes.?16 Despite this possibility, the investigators of the ABSORB stent have
not reported any significant inflammatory responses to the implant within 2 years of
implantation, and only time will tell if these responses will arise later on in the lifetime of
the stent.?15

Currently, these stent technologies are only applicable to the treatment of obstructive CAD,
and they have not been rigorously evaluated for the treatment of nonobstructive vulnerable
plaque. As little is known about the lesion-specific risk of future cardiovascular events in
high-risk plaques, implantation of a coronary stent in a clinically silent lesion—in order to
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prevent a future event—is not justified at this time. The recently completed PROSPECT
study (Providing Regional Observations to Study Predictors of Events in the Coronary Tree)
demonstrated that the majority of initially asymptomatic, unstented plaques that led to major
coronary events within three years featured thin fibrous caps, minimal luminal areas of
<4mm?,and =70% plaque burden.5¢ There are now ongoing pilot studies utilizing stents
specially designed for use in nonobstructive coronary plaques which may provide insight
into the feasibility of such an approach.21 Perhaps with continued advancement of stent
technology, stents to safely and effectively treat vulnerable plaques will become a reality.

NANO APPROACHES IN THE DESIGN OF NEXT-GENERATION STENTS

Avrterial stenting has been one of the most rapidly adopted treatments for coronary and
peripheral artery disease.?18 However, unforeseen problems with DES have necessitated
further investigation and advancement of stent technology. One of the primary concerns is
the significant increase in the occurrence of late stent thrombosis months, even years after
implantation of DES as compared to BMS. It is believed that the degradation products of
DES, primarily large, poorly biocompatible polymer fragments, are the main contributor to
thrombosis and undesired inflammatory events.?19:220 Furthermore, the antiproliferative
agents used in DES, when delivered through the current mechanism, can be too effective and
prevent the necessary long-term formation of new endothelium.22

Drug-Bearing Nanofilms and Nanoparticles

There are many techniques and materials in nanotechnology that may be utilized to address
the current problems with DES. The implementation of these nanoscale tools has given rise
to the next generation of DES that possesses a larger degree of material complexity and
leverage stent coatings with nanoscale modifications designed to enhance biocompatibility.
Nanoscale components made from biodegradable polymers for the next generation of DES
improve biocompatibility by releasing degradable products that are more biocompatible and
less inflammatory than the first-generation DES.222

One novel approach utilizes a chitosan film, containing drug loaded poly(D,L-lactic-co-
glycolic acid) (PLGA) nanoparticles, as a metal stent coating material.222 These materials
have multiple advantageous properties not present in the first generation of DES. First,
PLGA nanoparticles can be made easily, rapidly, and in a scalable fashion using oil-in-water
emulsification, which can be done in a single stage synthesis.?23 Also, nanoparticles are
tunable to control the time period and kinetics of local drug release.224225 The presence of
two drug loadable vehicles (the nanoparticles and the film itself) provides the opportunity to
utilize two drugs that may exhibit different hydrophobicity (which might normally be
incompatible in a single device) and tailor the release kinetics of both of these drugs,
primarily by altering the degradation rate of chitosan film. The use of a biomolecule-based
drug delivery vehicle—a chitosan film—reduces the likelihood of release of large polymer
fragments as the film degrades. The nanometer dimensions of the polymeric particles is
specifically advantageous for reducing immune responses that can be often triggered by
large polymer fragments.222
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Another next-generation stent design utilizes an inorganic drug eluting coating material
comprised of carbon nanoparticles embedded in a thin film of glassy, polymeric carbon.226
The nanoparticles and carbon matrix create a bioinert, porous coating with favorable elasto-
mechanical properties. The porosity of the surface increases the surface area for adsorption
of drugs into the construct. The drug release from the carbon matrix can then be specifically
tailored by altering the pore size in the coating. This particular study found that paclitaxel
loaded carbon—carbon nanoparticle coated stents shows lower mean injury, better
endothelialization, and less restenosis than paclitaxel loaded PLGA coated stents, indicating
improved biocompatibility for the inorganic coating.226

Other stent modification approaches rely on the mechanical and geometric properties of the
surface coating to improve re-endothelialization. Using an extracellular matrix-mimicking
nanofibrous matrix of nitric oxide-releasing peptide amphiphiles, selective recruitment of
endothelial cells was demonstrated, in competition with smooth muscle cells.227 By utilizing
nanofibers 8-10 nm in width and several microns in length, the coating was also capable of
significantly decreasing platelet adhesion as compared to a collagen or stainless steel
surface.227.228

New stent designs have also incorporated complex arrangements of multiple types of
nanoparticles to impart increased functionality and biocompatibility. One method of DES
fabrication under investigation is the formation of a multifunctional stent coating created by
the layer-by-layer assembly of bioinert biomolecule-based nanoparticles. The nanoparticle
layers are formed by spontaneous self-assembly because of alternating electrostatic
charges.22% Using the scalable layer-by-layer assembly method, it is possible to achieve
more than 80% stent surface coverage with nanoparticles. A previous study has shown that it
is possible to coat a metal stent surface with many different populations of nanoparticles,
each of which can be loaded with a different drug. This multifunctional coat can then
provide simultaneous, sustained release kinetics of several drugs and can be controlled by
altering nanoparticle composition, density, and size, as well as encapsulated drug
concentration.239 The same study also has demonstrated that image contrast agents can be
packaged in the same fashion as drugs on a stent surface, resulting in enhancing the quality
of imaging by micro computed tomography (using gold nanoparticles) and X-ray (using
barium sulfate).

Other studies have produced radio-opaque polymer stents by incorporating poly(ethylene
glycol) (PEG) and iodine into the stent, producing X-ray scattering stents capable of
decreasing fibrinogen adsorption levels and reducing platelet adhesion to the stent.231
Furthermore, it has been shown that this technique produces stent images without producing
blooming artifacts observed with metal stents.232

These complex, multifunctional designs represent a significant advancement in the
utilization of nanotechnology for drug eluting stents.

Nanopatterned Surfaces on Bare Metal Stents (BMS)

Many of the negative effects caused by drug eluting stents, such as late stent thrombaosis, are
because of by-products of stent coating degradation and poor in-stent
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endothelialization.233:234 Occurrence of late stent thrombosis is significantly increased by
the use of DES compared to BMS.200-202 Therefore, as an alternative to DES, advanced
BMS attempt to improve stent endothelialization by nanostructuring the stent surface.
Introduction of nanoscale surface alterations through patterning or roughening have been
shown to improve endothelial cell proliferation and morphology on polymeric and metal
materials,235-238

Nanopatterned BMS are designed to prevent late stent thrombosis while improving
endothelial cell proliferation and retarding smooth muscle cell migration and proliferation.
This strategy promotes stent endothelialization and is a promising strategy for preventing
restenosis and thrombosis.239 One group modified a titanium stent surface, creating
nanostructured posts with the minimum feature size of 40 x 40 x 10 nm?3 (/x wx £).240
They performed a co-culture of rat aorta endothelial cells (RAECSs) and rat aorta smooth
muscle cells (RASMCs) on the fabricated submicron scale and nanoscale roughed surfaces,
with a flat Ti surface serving as a control. RAEC proliferation is increased on roughed Ti
surfaces relative to a flat surface even after 1 day and RASMC proliferation is depressed
after 5 days. The roughed surfaces exhibited more hydrophilicity as compared to the flat
surfaces, improving adsorption of important extracellular matrix proteins such as fibronectin
and vitronectin, 24 in addition to increasing RAEC elastin and collagen synthesis after 1 and
2 weeks. Mechanical spreading of RAECs is presumed to increase on roughened surfaces
and these morphological changes may account for increased extracellular matrix protein
production.240

Another group modified the surface of a MP35N alloy (35% Co, 35% Ni, 20% Cr, 10% Mo)
stent surface with nanopillars ranging 100-300 nm in diameter and 0.5-5 pm in length.242
After 2 and 7 days, the textured surfaces showed 50-60% improved bovine aortic
endothelial cell adhesion versus a flat stent surface. More importantly, the morphology of
the cells on the textured stent surface was comparable to the control cultures and showed the
presence of peri-junctional cortical bands of actin filaments indicating physiologically
normal arrangement of endothelium. The flat stent surface resulted in poorly organized
cellular aggregates exhibiting poorly pronounced cellular junctions and a large amount of
poorly organized extracellular matrix protein, indicating the possibility of restenosis242
(Figure 5).

In addition to the stimulatory mechanical cues presented by the nanopatterned stent surface,
the spaces between the nanopillars can potentially be used as depots for drug storage and
controlled release as shown with other systems.243 Drug release kinetics can be controlled
by altering the geometric properties of the pillars. BMS modification schemes have also
been applied to other stent alloy surfaces such as Ni:Ti alloys and nanoporation of stent
surfaces has also been investigated as mechanism of producing surface roughness and drug
storage.244.245

Nanotechnology based improvements are currently trending toward complex combinatorial
approaches designed to inhibit immune response to the implant and prevent restenosis while
simultaneously promoting controlled endothelialization using highly biocompatible or
bioinert components. To that end, a strong candidate for the next generation of vascular
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stents may use a surface modified, nanoroughed BMS surface which in turn contains
multiple types of drug eluting and/or contrast enhancing nanoparticles made from
biomolecules. This approach would leverage the strengths of the patterned BMS surface
while also allowing for localized, sustained drug delivery with highly controllable release
kinetics. The implementation of a biomolecular NP drug delivery system would also
mitigate the inflammatory and prothrombotic effects of large polymer fragments.

CONCLUSION

Nanotechnology is expected to trigger a revolution in the diagnosis and management of
vulnerable plaques. By providing large surface areas for ligand attachment, nanoparticle-
based immunoassays and contrast agents are extending the boundaries of sensitivity and
detection possible in today’s clinic. Further, improvements in nanoparticle design and
synthesis continue to produce novel multifunctional platforms, enabling next-generation
medical technologies such as multimodal imaging with the same contrast agent, thera-nostic
platforms capable of site-specific imaging and therapeutic delivery, multiplexed
immunoassays for detecting multiple analytes at once in a single sample, as well as
environmentally sensitive ‘smart’ biosensing. Rapid, low-reagent volume, simple
immunoassay setups suggested by the most recent marriages between nanotechnology and
microfluidics indicate that routine blood biomarker testing may soon take a more central role
in the diagnosis and risk stratification of atherosclerotic patients.

In the cardiac catheterization lab, stenting will continue to be a major means for CAD, and
nanotechnology provides a number of unique potential solutions to the most common
reasons for stent failure. A long-term goal of the stenting industry is to encourage
regeneration of functional endothelium over the stent. Nanopatterning and nanostructuring
of stent surfaces creates structures that interact directly with cells on a very relevant size
scale, and early studies show promise for this approach to encourage re-endothelialization.
Improvements in DES controlled release technologies have also been facilitated through
advances in nanoparticle and nanofilm research.

Given the body of promising /n vivo data in animal models, clinical studies will soon come
for these new nanoparticulate diagnostics, contrast agents, controlled-release devices, and
stent designs. Next-generation approaches to diagnose and manage vulnerable
atherosclerotic plaques are likely to feature nano-based design elements. It is clear that such
advances require the concerted efforts of researchers in biomaterials, vascular biology,
chemistry, micro-fabrication, and more. These novel approaches are injecting new life into a
field, and suggest that a future is coming when vulnerable plaques are detected early and
treated accordingly with host-“friendly’ stents.
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Changes in mechanical properties of the vascular wall as a result of pathological vascular
remodeling. (a) £x vivo stress—strain curves of porcine plaque-laden versus healthy
vascular tissue. All samples were taken from the left anterior descending coronary artery in
juvenile pigs, with atherosclerosis induced via standard balloon angioplasty injury. Control
samples were obtained from pigs without induced injury. (Reprinted with permission from
Ref 24. Copyright 2003 ASME Publications.) (b) Schematic of changes in layer-by-layer
stiffness during progression of pathological vascular remodeling. Pathological changes that
decrease the lumen of a remodeling artery include intimal thickening and constrictive
geometric remodeling of the wall, leading to a significant increase in the stiffness of inner
layer, while vessel wall rupture that is resulted from artery expansion to increase the lumen
for restoration of proper blood flow leads to decreased stiffness of middle and outer layers.
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FIGURE 2.
Multimodality imaging of atherosclerosis using nanocrystals encapsulated in high density

lipoprotein. T1-weighted MR images of the aorta of apoE KO mice pre- (a and b) and 24 h
postinjection (d and e) with Au-HDL or QD-HDL. Arrows indicate areas enhanced in the
post images. (¢ and f) T2*-weighted images of an apoE KO mouse pre- and 24 h
postinjection with FeO-HDL. (g—i) Confocal microscopy images of aortic sections of mice
injected with nanocrystal HDL. Red is nanocrystal HDL, macrophages are green, and nuclei
are blue. Yellow indicates colocalization of nanocrystal HDL with macrophages and is
indicated by arrowheads. (j) Fluorescence image of aortas of mice injected with QD-HDL,
QDPEG, and saline. (k) £x vivosagittal CT images of the aortas of mice injected with Au-
HDL, Au-PEG, and saline. (Reprinted with permission from Ref 95. Copyright 2008
American Chemical Society)
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(@) (b)

FIGURE 3.
Dual-ligand, protease-activatable quantum dots for imaging applications. In ‘Proximity

Activated Targeting’ (PAT) the targeting ligand (blue) is initially concealed (a) until
proteolytic activity through tumor-secreted MMPs (purple) cleaves a peptide bridge (green)
within long chain PEGs. Subsequent diffusion of the MMP and cleavage fragments (c)
reveals the ligand-targeted construct only in the proximity of the tumor (d).
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Nanoshell immunoassay. (a) In concept, the nanoshell immunoassay is designed to enable
rapid and accurate analyte concentration measurements in whole blood, while minimizing
dependency on long sample handling and instrumentation typified by standard
immunoassays.166 (b) Absorbance spectra of nanoshells prior to versus 30 min after analyte
addition. Peak absorbance is estimated at 725 nm. A decrease in material extinction
coefficient is observed as a result of clustering of the nanoshells.
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Control dish

Non-textured

FIGURE 5.
Bovine aortic endothelial cell adhesion and function on nanotextured versus conventional

MP35N surfaces. Actin staining on a control dish (plastic), non-nanotextured and
nanotextured MP35N surfaces. The presence of peri-junctional cortical bands of filamentous
actin are clearly visible (arrows) on both the control and textured surfaces, but are not as
pronounced on the nontextured surface, showing multiple layers of possibly aggregated
cells. (Reprinted with permission from Ref 242. Copyright 2008 Elsevier)
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