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Abstract

Vascular inflammation is a common, complex mechanism involved in pathogenesis of a plethora
of disease conditions including ischemia-reperfusion, atherosclerosis, restenosis and stroke.
Specific targeting of imaging probes and drugs to endothelial cells in inflammation sites holds
promise to improve management of these conditions. Nanocarriers of diverse compositions and
geometries, targeted with ligands to endothelial adhesion molecules exposed in inflammation foci
are devised for this goal. Imaging modalities that employ these nanoparticle probes include
radioisotope imaging, MRI and ultrasound that are translatable from animal to human studies, as
well as optical imaging modalities that at the present time are more confined to animal studies.
Therapeutic cargoes for these drug delivery systems include diverse anti-inflammatory agents,
anti-proliferative drugs for prevention of restenosis, and antioxidants. This article reviews recent
advances in the area of image-guided translation of targeted nanocarrier diagnostics and
therapeutics in nanomedicine.
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1. Introduction

The endothelium, a cellular monolayer lining the inner surface of blood vessels, is an
important therapeutic target for a variety of vascular inflammatory diseases including
atherosclerosis, ischemia-reperfusion injury, stroke, and hypertension. The non-invasive,
real-time imaging of molecular and functional changes in the endothelium at early stages in
vascular pathologies will help to identify diseased tissue, enhance and refine differential
diagnoses via identification of specific molecular markers, and guide individualized
therapies and disease monitoring. Molecular imaging can also play an important role in
studying the delivery and effects of novel therapeutics targeted to the vascular endothelium.
This latter goal, namely achieving high levels of control of spatiotemporal parameters of
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molecular interventions in endothelial components of vascular pathology, represent an
enormous challenge, yet holds the promise of improving management of many vascular,
pulmonary, cerebral, oncologic, and metabolic diseases [1-3].

2. Molecular markers of pathological endothelial activation

Vascular inflammation represents a cascade of events including the endothelial expression
of molecular determinants involved in recruitment of leukocytes, which propagate the
inflammatory process and, in many cases, may aggravate tissue injury (Figure 1A).
However, using endothelial molecules selectively exposed in sites of inflammation enables
targeting of diagnostic and therapeutic nanocarriers to pathologically activated vascular
endothelium (Figure 1B) [4]. In particular, endothelial cell adhesion molecules (CAMS) are
markers of inflammation that promote leukocyte adhesion to activated vascular endothelium
(Table 1). P- and E-selectins are normally absent on the endothelial surface and get exposed
at early stages of the inflammatory cascade. Selectins bind sialylated, fucosylated, and
sulfated carbohydrate ligands (e.g. sialyl-Lewis X (sLeX) on circulating leukocytes and thus
mediate their tethering and rolling. Vascular cell adhesion molecule-1 (VCAM-1) and
intercellular adhesion molecule-1 (ICAM-1) are transmembrane proteins supporting the firm
endothelial adhesion of leukocytes through their B1 and B2 integrins [5]. VCAM-1, like
selectins, is normally absent on the quiescent endothelium, while ICAM-1 is constitutively
expressed on endothelial surface, yet its expression is up-regulated several fold in sites of
inflammation [6]. Thus selectins and VCAM-1 can be used for detection of inflammation,
whereas ICAM-1 can be used both for prophylactic and relatively selective therapeutic drug
delivery [4]. In addition to these inducible adhesion molecules, platelet-endothelial adhesion
molecule-1 (PECAM-1) is constitutively present on the order of millions of copies on the
endothelium surface. It is unlikely that PECAM-1 could be used for selective delivery of
imaging probes and drugs to inflammatory foci, but it serves as an attractive target for pan-
endothelial prophylactic interventions [7].

This review focuses on the exploration of CAMs as targets for detection and treatment of
vascular inflammation. We will give an overview of molecular imaging techniques, and
describe nanocarrier platforms for targeting imaging agents and therapeutics. Finally, we
will further highlight animal studies exploring CAM-targeted nanoparticles for site-specific
diagnostic imaging and for therapeutic interventions in vascular inflammatory diseases and
other disorders associated with pathological endothelial activation.

3. Molecular imaging modalities

A targeted molecular imaging nanoparticle probe, consists of: (1) a label or probe (e.g.
radionuclide, iron oxide, gadolinium-chelate, gas- or liquid-filled bubble, fluorophore, etc.
or any combination thereof) stably bound to carrier, (2) a ligand that directs the nanoparticle
to the molecular target (e.g. monoclonal antibody (Ab), Ab fragment, peptide, small
molecule), and (3) a carrier or nanoparticle coupling these components to a single entity
(Figure 2). Depending on the requirements of longevity in circulation and intracellular
delivery of the probe, a nanocarrier may also contain masking (e.g. polyethylene glycol
(PEG)) and membrane-permeating moieties, respectively. Optimal imaging of vascular
inflammation can be achieved with nanoparticle probes whose pharmacokinetics favors
delivery and specific binding to the target, and fast blood clearance.

Modalities for detection of imaging probes differ in spatial and temporal resolution, depth of
signal penetration, detection threshold of imaging probes, and the availability of imaging
probes (Table 2). This section will briefly introduce the features of modalities available for
tracing nanoparticle imaging probes in vivo and have the most potential for clinical
translation as probes become available.
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3.1 Nuclear imaging: PET and SPECT

3.2 MRI

Positron emission tomography (PET) and single photon emission computed tomography
(SPECT) are noninvasive 3-D tomographic imaging techniques that detect gamma (y-rays
emitted from radionuclide-labeled probes deep within living tissue, capable of detecting
radiotracers in nanomolar to picomolar (1072 M to 10~ M) concentration levels with fast
temporal resolution in real time [8]. PET is designed to indirectly detect positron (B*)-
emitting isotopes that emit B* particles, which encounter electrons in the tissue. The
consequent annihilation produces two coincident 511-keV photons that are detected by the
PET detector system. PET isotopes include fluorine-18 (18F, half-life (t,, ) = 110 min),
copper-64 (84Cu, ty, = 12.2 h), and iodine-124 (1241, t,, = 4.2 d). SPECT detects single low
energy -rays directly emitted from the decay of specific radioisotopes including
technetium-99m (°¥™Tc, t,, = 6 h), iodine-123 (1231, t,, = 13.2 h), and indium-111 (}11In, ty,
= 2.8 d). Planar -scintigraphy is another commonly used method to observe the distribution
of direct y-emitting isotopes. However, unlike SPECT, it produces 2-D images inadequate
for quantitatively measuring tracer distribution. PET has higher sensitivity and temporal
resolution relative to SPECT and MRI. PET has slightly higher spatial resolution than
SPECT, albeit lower than MRI, ultrasound, and fluorescence imaging. In addition to safety
issues associated with radiation exposure, one of the disadvantages of PET is the need for a
cyclotron to produce most PET isotopes. SPECT isotopes have relatively longer half-lives
and are more accessible. Another challenge of PET is that the chemical coupling of the PET
radionuclide to proteins and nanomaterials is often difficult. This problem has been recently
alleviated by the introduction of modular chemical approaches, such as “click” chemistry
and small molecule conjugates [9]. The technical advances in the production of longer-lived
PET radioisotopes, such as 1241, make these probes more readily available for clinical and
research use.

Magnetic resonance imaging (MRI) uses non-ionizing radiation generated from an electro-
magnetic field to acquire images with high spatial resolution (sub-millimeter), temporal
resolution, and excellent soft tissue contrast. It typically relies on the detection of the
relaxation properties (T1 and T5) of excited hydrogen (*H) nuclei in water and lipids of soft
tissue. The major disadvantage of MRI in molecular imaging is its relatively low sensitivity
(1073 to 1079 M). In addition, tissues with low water density, such as pulmonary tissue, are
poorly visible by IH-MRI. Targeted contrast agents are employed to allow accumulation of
sufficiently high concentrations (microgram to milligram quantities) of MRI probes in the
target tissue needed to achieve high signal-to-noise ratios. Nanoparticles with relatively high
payloads of paramagnetic materials like iron oxides (T, contrast agent) or gadolinium (Gd3*
Gd3*)-chelates (T; contrast agent) are often used as MRI contrast agents. Ultrasmall
gadolinium oxide (Gd,03) nanoparticles have been getting attention recently for having
approximately a 4-fold increase in water relaxivity compared to values for Gd3*-chelates
[10]. Clinical studies do not reveal overt toxicity of iron oxide particles [11], and while
gadolinium in its unbound (“free”) state is highly toxic, Gd3* is generally considered safe
when administered in chelated form [12]. An alternative platform for targeted MRI contrast
agents are biocompatible perfluorocarbon (PFC) nanoparticles enriched in fluorine-19 (19F)
for detection by 1%F-MRI. The paucity of endogenous 1°F in biological tissue allows for
highly specific and quantifiable detection of the fluorine signature of PFCs with no
interference from a background signal [13]. This concept has since been evaluated with
targeted PFC nanoparticles in vivo [14]. PFC nanoparticles can also be surface
functionalized with up to 10,000 Gd3*-chelates per particle allowing for sensitive THMR
imaging in vivo [15]. Recent studies have demonstrated that Gd3* enhanced the 1°F signal of
these particles nearly four-orders of magnitude, allowing for the potential detection of
nanomolar levels of the Gd3*-labeled PFC nanoparticles [16].
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3.3 Ultrasound Imaging

The great advantage of ultrasound (US) imaging is that it is widely available, inexpensive,
and portable, and it is currently the most widely used clinical diagnostic system for cardiac
imaging. Molecular imaging with US relies on targeted micron-sized particles or
nanoparticles as contrast agents that produce an ultrasound signal in response to ultrasonic
frequencies. Gas-filled microspheres (“microbubbles™) have particle sizes that typically
range from 2.5 to 5 um [17], and are most commonly composed of PFC or nitrogen gas
encapsulated by shells made of phospholipid, albumin, or biodegradable polymers [18].
Acoustically reflective particles also include those with gas- or liquid-filled cores, such as
echogenic liposomes (ELIPs) (micron- or nano-sized), and PFC nanoparticles. The
sensitivity of US systems has been reported as high as 1072 M [19]. This seemingly high
sensitivity is contrasted with the limited imaging depth of penetration of ultrasonic waves
(1-200 mm). Just as sensitivity decreases with imaging depth, so does the image resolution.
New and advanced US imaging platforms work to address issues of sensitivity and
resolution. One such system often used in preclinical animal imaging is intravital catheter-
based ultrasound microscopy (IVUS) that achieves highly resolved anatomical structures of
deeper vascular beds that can be merged with contrast distribution. Sensitivity of US
systems can also be improved by engineering contrast agents targeted to specific endothelial
targets so that the signal can persist and intensify in the target tissue. Seeing as both the
neovasculature and extravascular space can display inflammatory markers, the targeted-
microbubble approach is somewhat limited because their circulation and distribution is
restricted to the intravascular space. This would necessitate the need for nano-sized targeted
contrast agents that can exit large blood vessels by virtue of their size, and allow detection
and quantification of neovascular and extravascular targets in vivo [20]. However, nanoscale
targeting strategies in US molecular imaging are challenging. The frequencies used to detect
gaseous PFC nanobubbles can cause them to cavitate and rupture, although nongaseous PFC
nanoparticles are stable to heat, pressure and shear forces [17]. Nanoparticle contrast agents
(gas- and liquid-filled) can also have little inherent echogenicity in response to ultrasound,
and therefore provide poor signal relative to background when in circulation [21].
Interestingly, when PFC nanoparticles are bound on the surface of target tissue, they create a
focal sound impedance that produces a strong ultrasound signal without an accompanying
increase in background signal [22].

3.4 Fluorescence imaging

Optical imaging using fluorescence detection systems is a powerful imaging method in
small animals due to their sensitivity and fast acquisition and image processing times, thus
allowing for high-throughput imaging in real-time. In vivo fluorescence imaging using
fluorophores emitting energy in the visible range (450-650 nm) remains limited due to the
significant absorption and scattering of emitted photons, and the autofluorescence of
background tissue, all reducing target-to-nontarget ratio. Fluorophores emitting in the near-
infrared (NIR) spectrum (650-900 nm) have greater sensitivity due to better transmission
and detection of the emitted light in picomolar to femtomolar concentrations (10712 to 10-15
M) [23]. Although quantitative optical depth-resolved NIR fluorescence systems are
routinely available for mice, the fundamental limitation of optical imaging in human will be
the limited depth of penetration of the photon signal. Fluorescence-mediated molecular 3D
tomography (FMT), and intravital microscopy (I\VM) are both being explored for studying
molecular processes in animal studies. IVM may only focus on small areas of interest, but it
is highly sensitive for imaging molecular and cellular processes in intact living tissues with
high resolution (1-10 um) [24]. Fluorescence-Assisted Resection and Exploration
(FLARE™) is a new NIR fluorescence imaging platform designed for real-time, non-contact
image-guided surgery that is going through the clinical translational process for new medical
imaging devices [25].
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3.5 Multimodality imaging

Multimodality imaging probes contain two or more complementary imaging components
that allow for their detection and localization by complimentary imaging technologies. In
combining the advantages of different imaging techniques, multimodal nanoparticles have
the potential to overcome the sensitivity or resolution limitations that a single imaging
approach may have. The advantages of such probes, as well as their limitations have been
recently reviewed [9].

The use of multiple imaging modalities is often required for molecular probes that are
typically seen as “hot spots.' With limited information about the precise anatomical location
and physiology of the organ, quantification of in vivo probe concentration, as defined by a
region- or volume-of-interest, is challenging. Hybrid modalities such as PET or SPECT
systems fused with computed tomography (CT) scanners offer the possibility to integrate
highly sensitive PET/SPECT images with high-resolution morphological images provided
by CT to obtain an anatomic distribution of the probe. It has also been demonstrated that the
integration of PET and MRI provides the high spatial resolution of MRI and the high
sensitivity and functional imaging of PET [26]. Three-dimensional scanning techniques are
also likely to help co-registration of ultrasound and optical imaging technologies.

In recent years, multiple groups have highlighted the potential of multimodal probes for
MRI and PET [27], MRI and fluorescence [28], and MRI, PET and fluorescence [29] in
imaging inflammation in vivo. In the subsequent sections, we will briefly describe various
types of nanoparticle platforms available and highlight how multifunctional nanoparticles
can be designed for both multimodal diagnostic imaging and drug delivery capabilities.

4. Nanocarriers for targeting imaging agents and drugs to activated
endothelium

Nanoparticles of diverse shape, materials and physical properties are designed to identify
sites of pathology and deliver therapeutics to these sites (Figure 3). Nanoparticles are
especially attractive for the molecular imaging of vascular inflammation, since markers of
activated endothelium are readily accessible for circulating nanomaterials. Advantages of
using nanocarriers include: (1) the ease of particle functionalization with antibodies or
affinity peptides binding to CAMs or another appropriate marker of inflammation; and (2)
the ability to deliver a higher concentration of contrast agent for every targeted binding
event to achieve higher detection sensitivity of otherwise prohibitively sparse antigens. The
enhanced selectivity and sensitivity of nanoparticle probes permit imaging of relatively
subtle inflammatory changes in the vasculature.

When desirable, nanocarriers can extend the circulation for encapsulated versus free drugs
and probes. First, stealth nanocarriers can elude clearance from the renal system and/or
reticuloendothelial system (RES; i.e. liver, spleen, and bone marrow), which in turn
enhances bioavailability. Second, agents encapsulated in carriers are protected from
biodegradation [30]. From another perspective, encapsulation in carriers protects the body
against toxic effects of drugs and imaging agents. Taken together, loading drugs or imaging
probes in nanocarriers enables higher payload delivery compared to single molecules with
reduced risk for off-target effects.

4.1 Nanoparticle properties

The biodistribution and clearance of nanocarriers is dictated by their size and shape,
chemical composition, surface charge, avidity, and the density of targeting moieties. These
parameters are discussed below.
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4.1.1 Size—Nanocarriers are generally defined as objects having at least one dimension in
the 1-100 nanometer scale, although some sources include dimensions less than 500 nm as
nano-sized.1 By virtue of their small size, nanoparticles have high surface area to volume
ratios. 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. The internal volume increases cubically as external surface area is squared,;
with non-spherical nanocarriers, this relationship changes. For example, changes in a
filamentous carrier's volume and surface area are more impacted by changes in radius than
length.

As an example of the effects of size on nanoparticle behavior in vivo, researchers
demonstrated the dependence of size on circulation retention, pharmacokinetics and
permeability using Gd-based MRI contrast agents of varied size ranges under 20 nm:
polyamidoamine (PAMAM) dendrimers with diameters less than 3 nm moved across
vascular walls via endothelial barrier, dendrimers from 3 to 6 nm showed rapid renal
clearance, those with 7-12 nm remained in circulation, whereas dendrimers larger than 12
nm underwent rapid liver and splenic uptake [31]. Frangioni's group has confirmed the
relationship of nanoparticle size and tissue distribution with 99™Tc-labeled fluorescent QDs
by intraoperative fluorescence imaging and -scintigraphy [32]. Using QDs with discrete
hydrodynamic diameters (HD) increasing from 4.36 nm to 8.65 nm, they found that QDs
with HD < 5.5 nm result in rapid renal clearance of the QDs 4 hour post-intravenous (iv)
administration. QDs larger than 5.5 nm had predominantly hepatic uptake. In general,
compared to micron-size carriers, nano-scale carriers have more prolonged circulation and
enhanced cellular uptake.

4.1.2 Shape—Carrier shape also modulates its circulation, and cellular uptake kinetics.
Elongated filamentous polymer particles, as reported by Discher et. al. have extended
circulation times compared to spherical nanoparticles, probably due to increased capacity to
align with blood flow [33]. DeSimone's group have developed, by lithographic methods,
nano- and micron-sized particles of uniform size, shape, and surface chemistry, revealing
that non-spherical particles, rods in particular, as large as 3 um (a size restrictive in the
cellular uptake of spherical particles), are rapidly endocytosed by cultured epithelial cells
[34]. Particle shape influences binding and phagocytosis by macrophages independently.
The Mitragotri group compared binding and uptake of spheres, prolate ellipsoids, and oblate
ellipsoids to macrophages in culture. They reported that while the attachment of prolate
ellipsoids was greatest among the particle types and four times greater than spheres, a
greater percentage of oblate ellipsoids are internalized once bound. Although the spherical
particles bound in lesser numbers than either ellipsoid types, both the spheres and the oblate
ellipsoids were more highly internalized than the prolate ellipsoids. These relationships
existed for particles in a specific volume range (0.075-0.69 mm?3), and differences in
phagocytosis were not observed in larger volumes [35]. Decoration of carriers with affinity
ligands further modulates role of carrier geometry. For example, Muro et. al found that large
ICAM-targeted polymer discs (0.1 x 1.0 x 3.0) um had more specific targeting and less non-
specific tissue uptake but slower rates of endothelial endocytosis compared to 100 nm
spheres targeted to the same CAM molecule [36].

4.1.3 Surface functionalization—Manipulating the carrier's surface charge, solubility
and affinity through the inclusion of coating materials and reactive groups greatly modulates

INational Institutes of Health and the National Science Foundation define nanoparticles as having at least one dimension between
0.1-100 nm. The National Heart, Lung, and Blood Institute defines biomedical nanoparticles to be less than 300 nm, and European
institutes set a bar at 500 nm. A commonly held convention contends that a nano-size structure contains at least one dimension smaller

than 1 micron.
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their targeting. Nanoparticle surface charge can affect serum protein binding and non-
specific adhesion to cells. Generally, neutral and slightly negatively charged carriers have
longer circulation times and less non-specific binding. The 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 RES
clearance. For instance, PEG-coated liposomes have circulation times orders of magnitude
longer than uncoated liposomes [37]. This “stealth” approach has since been adapted to
improve biocompatibility and control pharmacokinetics of diverse carrier types [38]. A
comparison of linear- versus star-shaped polymer nanostructures with PEG chains of varied
lengths and radiolabeled with 84Cu for PET imaging of mice demonstrated clearly that star-
shaped nanostructures with longer PEG chains (MW 5 kDa vs 2 KDA) were retained in the
blood longer and had lower hepatic and splenic uptake. Linear-shaped nanocarriers of
equivalent chemical composition were rapidly cleared through renal excretion. The size (25
to 70 nm) and the core composition of the star-shaped structures were shown to have less
impact on circulation time than the length of the PEG chains [39].

The longer plasma half-life of PEGylated nanoparticles can lead to increased background
signal during image acquisition, which can be offset by exploiting the PEG-chains as sites
for introducing targeting moieties. The extension of flexible PEG or PEG-like molecules
distal to a nanoparticle surface provides optimal conjugation sites for targeting molecules.
Targeting moieties introduced at the flexible termini improve the accessibility of the ligand
to tissue antigens for enhancing nanoparticle affinity while preserving stealth features [37].
Particle functionalization can also be achieved by chemical modifications to the particle
surface material itself. These modifiable sites are important for accessorizing particles with:
(i) targeting vectors like antibodies and peptides; (ii) contrast agents such as radionuclides
[40], NIR-dyes [41], and MRI-active metal-chelates [42]; and (iii) therapeutic agents.
Introduction of amines, carboxylic acids, and azides are commonly used modular
approaches for nanocarrier coupling to ligands [43]. Activation of sulfhydryl and thiol
groups also creates linking capabilities with proteins, peptides, and small molecules [43].

4.2 Nanoparticle types for imaging and drug delivery

4.2.1 Liposomes and lipid-based nanoparticles—Liposomes are the earliest and
most extensively developed drug delivery carriers studied since the 1960s. Liposomes are
self-assembled bi-layer vesicles generated from the interaction of phospholipids with
aqueous media (Figure 3). Soluble drugs can be loaded in the aqueous core, and
hydrophobic drugs partitioned into the lipid bi-layer. Liposomes with sizes between 50-200
nm and with bi-layer membranes between 3-5 nm thick are suitable for targeted vascular
drug delivery and imaging purposes [44].

While most research related to liposomes is in the area of drug delivery as reviewed
elsewhere [45], there are many examples of their utility as imaging agents. Acoustic
liposomes or ELIPs for US imaging can be different from their drug delivery counterparts in
that only certain compositions of lipid dispersions become echogenic following
lyophilization. Although the detailed structure of ELIPs is unknown, it is generally
recognized that echogenicity of these particles is probably due to air trapped in the lipid
layers during rehydration of the lyophilized preparation [46]. There exist many recent
examples of immuno-targeted ELIPs for US imaging [47, 48]. Paramagnetic liposomes for
MRI were first introduced in the 1980s, and new generations are designed to enhance the
MRI signal by modulating the membrane fluidity by changing phospholipid chain length,
saturation and head group size [49]. Recent examples include Gd3*-loaded 111In-labeled
liposomes targeted to the low-density lipoprotein receptor (LDLR) that enabled both MRI
imaging and SPECT/CT imaging of atherosclerotic plaques in both LDLR deficient mice
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(Idlr—/-) and apoE—/— deficient mice [50]. Liposomes labeled with radioisotopes have been
used for PET [51] and SPECT imaging [52]. The most significant challenge to liposome
radiotracing has been finding ways to increase radiolabel stability in the liposomal
formulation. The most stable direct-labeling of pre-formed liposomes, referred to as
»afterloading," is accomplished by chelation methods that result in the radionuclide being
anchored to the lipid bilayer or within the aqueous core of the liposome. Long circulating
liposomes with the label incorporated in the lipid bilayer, using 18F-labeled diglycerides
such as 3-[18F]fluoro-1,2-dipalmitoyl glycerol ([18F]FDP), show steady circulation in rats
over 90 min by PET imaging. The liposomal formulations have decreased retention in liver,
spleen and lung when compared to free [8F]FDP [51].

4.2.2 Polymer-based nanoparticles—Polymersomes (diameters 100-600 hm) are
vesicles analogous to liposomes self-assembled from block copolymers combining
hydrophilic and hydrophobic moieties. With a membrane thickness of about 8 nm, the
polymersome membrane is more than twice as thick as that of the liposome membrane;
hence polymersomes are more durable than liposomes. Furthermore, inclusion of more than
15 mol % of PEG in liposomal phospholipids destabilizes the bi-layer membrane, whereas
amphiphilic copolymers forming polymersomes can contain PEG in every polymer chain
thus allowing for complete surface coverage of the vesicle; hence polymersomes are fully
stealthy. Molecular self-assembly of polymers will also produce polymer micelles (i.e.
monolayered vesicles), appropriate for small hydrophobic cargoes, and long filaments of
micelles called worm micelles or filomicelles. Particle morphology and size, among other
properties, are dictated by the ratio of the hydrophobic polymer (e.g. polylactic acid, PLA;
polylactic-co-glycolic acid, PLGA,; polyethylimine, PEI) to the hydrophilic PEG [53].

While the previously discussed nanocarriers form by thermodynamically-driven self-
assembly mechanisms, other polymer nanoparticles form through processing. Polymer
nanoparticles (PNC), with size ranging from 50 to 600 nm, can be formed through
homogenization of emulsion phases, gas expansion, or solvent extraction techniques [7].
High-energy emulsions of phases allow for inclusion of hydrophobic and hydrophilic
domains in an amphiphilic polymer matrix, but encapsulation of proteins is more
challenging because of their inactivation. However, recent methods have been described to
load active antioxidant enzymes, like 250 kDa catalase, into PEG-PLGA PNCs, and protect
them from proteolysis. Using PEG-catalase instead of naked enzyme further facilitates
encapsulation and protection against external proteases [54]. Conjugation of antibodies to
PECAM provides targeting of such PNC to endothelial cells in vitro and in animals PNCs.
Filamentous PNC loaded with active catalase can be formed using the same technique when
the PEG fraction in the block copolymer is reduced to less than 20 % [30].

4.2.3 Magnetic nanoparticles—Long used for MRI, magnetic nanoparticles (MNPs) are
useful in numerous in vivo applications for molecular imaging. MNPs are typically
composed of a superparamagnetic core, often iron oxide, surrounded by a stabilizing,
biocompatible surface coating such as dextran, siloxane, oleic acid or other hydrophilic
molecules [55, 56]. The nomenclature for MNPs formulations are classified based in their
size as follows: (i) micrometer-sized paramagnetic iron oxide (MPIO; several microns), (ii)
super-paramagnetic iron oxide (SP10; hundreds of nm), and (iii) ultrasmall
superparamagnetic iron oxide (USPIO; less than 50 nm). USPIOs with a single core include
monocrystalline iron oxide particles (MION; core diameter 3 nm) and cross-linked iron
oxide particles (CLIO; core diameter 30 nm), and they have low relaxivities due to their
small cores [57]. However, an important development in making MNPs suitable for clinical
studies and other biomedical applications was the stabilization of the dextran coating
through cross-linking. As such, dextran-stabilized CL10Os, with pendant amine groups, are
non-immunogenic, biodegradable and easily functionalized, and thus has emerged as a
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platform for clinical molecular imaging applications [58]. Approaches for functionalization
of MNP surfaces through PEG, and PEG-like polymers, phospholipids and copolymers have
been recently comprehensively reviewed [56]. Many groups have studied the use of
heterobifunctional PEG which can be covalently bound to the SP10 surface and also bind a
targeting or imaging moiety to the distal end of the PEG [56, 59]. Magnetite-based MNPs
containing catalase and SOD, potent anti-oxidant enzymes, have been synthesized using a
controlled precipitation reaction of calcium oleate in the presence of a ferrofluid stabilized
by a surfactant copolymer Pluronic F127. These magnetically responsive larger carriers
(~300-400 nm) successfully loaded active enzyme (20-33 % efficiency) and shielded the
enzymes from degradation by proteolytic enzymes. Magnetically directed MNPs containing
catalase protected cultured endothelial cells from cell death from oxidative damage resulting
from high concentration hydrogen peroxide exposure [60].

4.2.4 Perfluorocarbon (PFC) nanoparticles—PFC nanoparticles have found
applications in US, MRI, and SPECT molecular imaging, in addition to demonstrating drug
delivery capabilities. Nanoscale PFC particles are typically lipid- or surfactant-stabilized
nanodroplets of PFC created by self-assembly and emulsion techniques [61]. Sizes for PFC
nanoparticles generally range from 200 nm to 250 nm [17, 20]. As with other nanocarriers,
the particle surface can be functionalized to accommodate targeting moieties, imaging
agents, or therapeutics payloads (Figure 3). As with liposomes, materials can be
noncovalenty associated with the surface, and dissolved in the coating layer. For example,
Soman et. al. incorporated melittin, a membrane penetrating amphipathic peptide, into the
outer lipid layer of PFC nanoparticles to demonstrate the potential of PFC particles as
nanocarriers of cytolytic peptides [62]. Different PFCs can be used in the liquid core,
including perfluorodichlorooctane, perfluoro 15-crown-5-ether, and most commonly,
perfluorooctyl bromide (PFOB). In the PFOB nanoparticle systems described by Lanza,
Wickline and colleagues, the liquid PFC core represents 98% of the total particle volume,
affording a substantial 1%F concentration (~100 M) [61, 63] for sensitive detection by MRI
techniques.

4.2.5 Dendrimers—A dendrimer is a 3D macromolecule composed of branched
monomers that radiate outwards from a central core (Figure 3). Dendrimers are typically
synthesized step-wise from the core layer upon layer. The resulting branched polymeric
structures have layered architectures that enable regional functionalization and provide
versatility in design for biomedical applications. Dendrimers are formed from a variety of
polymers, most commonly polyamidoamine, polyesters, polyethers, and polypeptides [64].
The end-group density of the outermost region of a dendrimer is dictated by the number of
branch points or generations of the dendrimers. At the fourth generation, dendrimers may
become globular or spherical; typically the largest most complex dendrimers are possible at
the tenth generation producing a maximum diameter of about 10 nm. Highly branched
dendrimers provide densely associated, multivalent terminal units useful to concentrate drug
payloads or imaging agents. Dendrimers built from aliphatic polyester dendrons have been
recently reported for dynamic SPECT imaging using rats. Parrott et. al. labeled the
dendrimers with 99™MTc at generations 5-7 by metalation, using amidation chemistry with a
tridentate bis(pyridyl)amine ligand creating region-specific labeling of the dendrimers.
SPECT images correlated well with biodistribution data, and the dendrimers were rapidly
cleared from the bloodstream with no evidence of toxicity [65].

4.2.6 Quantum dots—Made from semiconductor materials (e.g. CdSe, CdS, CdTe. ZnS,
PbS, and alloys) overlaid with a coating of ZnS (Figure 3), QDs are stable (unless exposed
to UV irradiation), and bright light-emitting particles with core diameters ranging from 2 to
10 nm. QDs provide a more sharp fluorescent signal in comparison to other probes, and they
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resist photobleaching. Their emission spectra are tunable by particle size and composition
and are available in ranges from 500-800 nm. Although issues with biocompatibility have
prevented clinical imaging applications of QD research to date, there are promising
developments in QD core coating, surface chemistry, and functionality. Colloidal synthesis
of QDs creates more biocompatible products and lends itself best to translational biomedical
applications. PEG coating enhances biocompatibility of QDs and enables vascular targeting
through ligand-functionalized PEG [66]. In addition to PEG, amphiphilic polymers, proteins
and polyethyleneimine have been used to coat QDs in order to improve biocompatibility and
convert the immiscible, hydrophobic surface of QDs to hydrophilic particles without
affecting the fluorescence quantum yield [67].

elial-targeted nanocarriers for imaging of vascular inflammation

As alluded to in section 1.1, cell adhesion molecules (CAMs) are attractive candidates for
targeted delivery of nanocarriers to activated endothelium in vascular pathology. In this
section, we will specifically highlight the potential of VCAM-1-, ICAM-1-, and selectin-
targeted nanocarriers as diagnostic probes for imaging of vascular inflammation in animal
studies.

The potential of VCAM-1-targeted nanoparticles as diagnostic agents for vascular
inflammation was first described by Weissleder et. al. using 35 nm CLIO magneto-optical
particles targeted with anti-VCAM Ab. Focal inflammation in a mouse ear was induced with
a subcutaneous injection of tumor necrosis factor (TNF) cytokine. Intravital microscopy of
VCAM-targeted CL10s administered iv 24 h post-insult, revealed their accumulation at the
site of inflammation. Probe accumulation was maximal at 6 h post-injection (p.i.) [68]. As
an alternative to Ab-targeting, several generations of VCAM-1 targeting peptides with
homology to VLA4, a natural ligand of VCAM-1, have been identified by phage display and
coupled to the magneto-optical CLIO particles [69, 70]. The first peptide identified, termed
VP, has 12-fold higher binding to VCAM-1 relative to anti-VCAM-1 Ab in vitro [69]. IVM
of VP bound to CL10s (VNP) in the TNF-induced ear inflammation mouse model
confirmed targeting and specificity to VCAM-1 in the inflamed tissue relative to control
particles and non-inflamed tissue. These results were further confirmed by in vivo MRI
studies with apolipoprotein E-deficient mice (apoE—/—) predisposed to atherosclerosis under
a high-cholesterol diet (HCD). In this model, VNP could identify aortic atherosclerotic
plaques using MRI, as evidenced by the significant increase in contrast-to-noise ratio after
VNP injection. To enhance targeting to VCAM-1, the same group identified another linear
peptide affinity ligand homologous to VLAA4, that when bound to magneto-optical CLI1Os
(VINP-28) exhibited 20-fold higher binding to VCAM-1 in vitro than VNP [70]. In vivo
IVM and MRI confirmed specific binding of VINP-28 particles to inflamed tissue (in both
the TNF-induced ear inflammation model and in the aortic arch of apoE—/— mice + HCD).
MRI signal contrast due to VINP-28 uptake was reduced to pre-contrast baseline levels
when mice were given 8 weeks of therapeutic chlolesterol-lowering statin treatment [70].

Choudury et. al. have assessed the potential of larger 1 um MPIO particles targeting to
VCAM-1 in mouse models of cerebral inflammation. MRI detected enhanced uptake of anti-
VCAM-1 Ab-coated MPIO in a mouse model of acute TNF-induced inflammation in the
brain, blocked by pre-injection with anti-VCAM-1 Ab, validating probe specificity [71].
These same MPIO-Ab particles were injected iv in a mouse 3 h post cerebral ischemia/
reperfusion model and localized to the damaged brain significantly higher than untargeted
particles, differentiating normal tissue from damaged tissue [72].
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Using the PFC 19F NMR nanoparticle imaging platform, 250 nm VCAM-1-targeted PFC
nanoparticles were used to detect renal inflammation in apoE—/— mice, and provided a 4-
fold increase of MR signal in the kidneys relative to untargeted particles. This targeting
correlated with the increase in VCAM-1 expression in the organ [73]. In addition to MRI-
based detection methods, VCAM-1 targeted microbubbles [74] and liposomes [47] are also
available for plaque imaging using US.

ICAM-1 is another endothelial cell adhesion molecule that is up-regulated during vascular
inflammation. Recently, $4Cu-labeled latex nanoparticles (NPs) coated with anti-ICAM
have been used for PET imaging of pulmonary inflammation caused in mice by systemic
(i.p.) injection of bacterial lipopolysaccharide (LPS). 4Cu-DOTA-labeled 1gG tracing
showed that approximately 200 anti-ICAM molecules are coupled per one particle with
diameter of 100 nm. After iv injection of anti-ICAM/NPs, a 3—4-fold increase in
radioactivity was observed in the lungs of LPS-challenged mice compared to control mice
[75] (Figure 4). Due to the privileged perfusion and extended endothelial surface area in the
alveolar capillaries, the lung is the preferential target of ICAM-targeted probes [76, 77]. ZnS
QDs have been conjugated to anti-ICAM-1 Ab or anti-VCAM-1 Ab via bifuctionalized PEG
to create ~100 nm QDs. One hour after iv administration of these targeted QD in diabetes-
induced rats provided a 5-fold increase in vascular retinal fluorescence compared to control
IgG-coated nanoparticles [66]. ELIPs have been used for ultrasound detection of ICAM-1 or
VCAM-1 in atheromas in an atherosclerosis swine model. Ab-targeted ELIPs (500-800 nm)
enhanced contrast in injured endothelium by nearly 40 % compared to untargeted particles
and in control animals [47].

5.3 Selectins

E- and P-selectins are good targeting candidates due to low basal expression, which affords
a low background signal. Imaging of selectin expression in vivo has been studied mostly
with MRI and USP10O nanoparticles. MRI of TNF-induced inflammation of the mouse ear,
with 30-50 nm USPIOs targeted with anti-E-selectin Ab, had contrast enhancement up to 18
h p.i. of USPIOs, and this contrast was sustained over 18 d. No changes in contrast were
observed in control groups [78]. In a recent study, 25 nm USPIO MNPs were targeted to E-
selectin in a rat model of traumatic brain injury. These targeted MRI agents carried a high-
affinity heptapeptide binding to E-selectin, and they demonstrated a maximal signal
enhancement over the uninjured hemisphere 70 min p.i., while non-targeted particles
showed no difference. Interestingly, this difference in targeting was achieved with only 10
% coverage of the accessible particle surface with targeting ligand [79]. MRI-active
GlycoNanoParticles (GNPs) formulated from 35 nm CLIO have been designed for the
detection of E- and P-selectin in a multiple sclerosis rat model involving an acute brain
inflammatory insult induced by interleukin-1p administration. These GNPs were designed to
display 108 copies of the natural sLe* glycan ligand directed to selectins. When injected 3 h
post-insult, GNP-sLeX accumulated in the inflamed lesions of the brain, with insignificant
accumulation in the control animals. Compared to untargeted particles, selectin-directed
GNP-sLeX achieved nearly a 4-fold increase in localization [80]. MRI of post-stroke
neuroinflammation was investigated with 50 nm iron oxide MNPs coated with P-selectin
binding peptides (MNP-PBP) [81]. MNP-PBP were injected 24 h after ischemia/reperfusion
brain surgery and allowed to circulate for 2 h before animals were imaged for particle
localization. Targeted particles attenuated the MRI signal 35 % in infarcted tissue as
compared to non-ischemic tissue, and at least 3-fold relative to untargeted particles.
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6. Targeted nanocarriers for interventions in vascular inflammation

6.1 VCAM-1

6.2 ICAM-1

Delivering targeted anti-inflammatory drugs to reduce vascular inflammation may boost
therapeutic effect while reducing adverse effects. For example, glucocorticoids are potent
anti-inflammatory drugs, but adverse effects in non-targeted tissues include osteoporosis,
obesity, and glaucoma [82]. Endothelial CAMSs, molecules expressed in the inflamed vessels
(which is verified and can be diagnosed using imaging probes as described above) have been
explored to target therapeutics to the activated endothelium in a manner that will localize
effects to the site of inflammation. This section will briefly outline targeting of anti-
inflammatory agents, whereas more comprehensive reviews on targeting antioxidants can be
found elsewhere [4, 83, 84].

VCAM-1 is a promising determinant for targeting therapeutic nanoparticles specifically to
activated endothelium. Liposomes targeted to VCAM-1 were investigated in Idlr—/— mice
fed a hyperlipemic diet, a conventional animal model for atherosclerosis. Liposomes
targeted using anti-VCAM Abs and formulated with an anti-inflammatory prostaglandin,
PGEZ2, were administered daily for 2 weeks, and this was sufficient to rescue mice from
outward signs of cardiovascular stress. The authors postulated that this formulation can also
be protective in myocardial infarction or stroke, although this claim remains to be proven in
appropriate animal models. However, targeted liposomal treatment reversed atherosclerotic
lesions, and mice survived to old age despite being fed a high-fat diet. Untargeted liposomal
formulations resulted in a 47 % decrease of accumulation within sites of inflammation, and
drug alone did not reverse atherosclerotic lesions [85].

ICAM-1 is normally expressed in the vasculature, yet its surface density enhances several
fold in sites of inflammation [4]. Thus, ICAM-1-targeted nanocarriers can be used for both
diagnostic and therapeutic applications [1, 77]. Even in naive mice, 200 nm PNCs targeted
to ICAM-1 with anti-ICAM Ab showed nearly a 30-fold increase in endothelial uptake
relative to control IgG control particles [77]. This delivery system was further investigated
to treat lysosomal storage diseases that are associated with vascular inflammation. ICAM-1-
targeted PNCs were used to deliver a lysosomal replacement enzyme acid sphingomylinase
in vivo and indicated over a 20-fold increase in targeting to the endothelium versus
untargeted free enzyme alone [86]. Interestingly, ICAM-1 molecules recycle back to the
endothelial plasmalemma after internalization of ICAM-targeted nanocarriers, thereby
providing sustained intracellular delivery [87]. Muro et. al. highlight that targeting of
nanocarriers to the endothelium via ICAM in vitro and in vivo can be modulated by
controlling Ab surface density [88].

An alternative to delivering a therapeutic drug is to deliver stem cells to the site of injury
with hope they can attenuate the progression of inflammatory diseases like atherosclerosis.
A recent report demonstrated that ELIPs targeted to ICAM-1 can be used as both a US
contrast agent for imaging and as a US-triggered controlled release delivery vehicle for
vascular stem cells [89]. ELIPs loaded with vascular stem cells were studied ex vivo, in an
atherosclerotic porcine model. Although ICAM-targeted ELIPs target specifically to the
aortic endothelium, there was no difference in stem cell accumulation to the aorta relative to
IgG-modified particles. However, US-triggered sonoporation of the liposome resulted in
over a 2-fold increase in stem cell accumulation. This would suggest that sonoporation is
required to enhance stem cell release and binding to the endothelium.
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6.3 Selectins

Selectins are specific vascular targets soon after the onset of inflammation. In a glomerular
endothelial inflammation model, anti-E-selectin Ab was used to target dexamethasone(Dex)-
loaded liposomes (120 nm) to the renal endothelium. Targeting of liposomes resulted in 3.6-
fold greater localization in inflamed kidneys compared to non-targeted 1gG-coated
liposomes. Furthermore, the targeted delivery of Dex lowered inflammatory markers by 60—
70 % relative to controls, and side effects typically associated with bolus Dex were
negligible for the targeted liposome formulation [90]. Another selectin-targeted liposomal
intervention was used in a mouse auto-immune uveoretinitis model that is translatable to
vascular inflammation diseases of the retina. Targeting of 100 nm liposomes to selectins was
achieved with sLe*-liposome conjugation (sLeXL). The sLeXL formulated with Dex,
displayed selective accumulation at the inflamed eye within 5 minutes of iv injection versus
a negligible accumulation of untargeted liposomes [91]. Gene expression profiling would
suggest that genes are getting down-regulated with low dose Dex-loaded sLeXL as compared
to high dose Dex treatment alone. However, more extensive studies need to confirm that
pro-inflammatory responses are decreasing in response to nanoparticle treatment.

7. Conclusions and future directions

Studies of the past decade highlight the potential of CAM-targeted nanocarriers as
diagnostic agents and drug delivery vehicles for numerous inflammation-driven diseases.
With advancements in imaging technology, including hybrid scanners, and the development
of refined nanocarrier platforms that take advantage of favorable chemistry, we foresee a
new generation of multifunctional nanoparticles. Furthermore, with the discovery of new
affinity ligands to molecular signatures of inflammation, there will undoubtedly be new
imaging targets to exploit for both diagnosis and therapy. Work is also underway in dual
nanoparticle-targeting of different CAM combinations to increase adhesion strength to the
target compared to single-epitope targeted particles [92, 93].

In summary, endothelial targeted probes and therapeutics hold much promise in the
management of disease conditions involving vascular inflammation. However, the field is
still in its adolescence. Considerable challenges remain on optimizing nanocarrier geometry
and surface properties to promote the most effective targeting and drug delivery strategies
while minimizing non-specific tissue residence times. Translation of these novel
nanomedicine devices to the clinic will be exciting and challenging, due to their inherent
complexity. Meanwhile, using these targeted nanodevices in animal models as precise
diagnostic tools and as specific interventions for inflamed endothelium holds promise in
extending our knowledge of pathological mechanisms of inflammatory disease.
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Cell adhesion molecule (CAM)-mediated approach to the delivery of diagnostic and/or

therapeutic nanoparticles to injured vascular endothelium in early inflammation. (A)

Leukocyte adhesion and transmigration mediated by CAMSs resulting in propagation of
inflammation; (B) Imaging or therapy of vascular sites of early inflammation via delivery of

CAM-targeted nanoparticles.
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Schematic representation of targeted nanoparticles engineered for biomedical imaging and
therapeutic drug delivery applications. The components of a multifunctional nanocarrier can

include a ligand for cellular targeting, and an encapsulated payload for delivery of the

therapeutic agents. The imaging components (e.g. radioisotope, NIR dye) can be
incorporated in the interior payload, on the targeting ligand or associated with the
nanoparticle shell, for example.
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Figure 3.
Classes of nanoparticles for imaging and drug delivery, including their size and
composition.
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Figure 4.

(A) Preparation of 200 nm Ab-coated polymeric latex NPs for 4Cu PET imaging. $4Cu was
chelated to 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) preconjugated
to 1gG, and then mixed with unlabeled anti-ICAM or 1gG Ab (1:9) for adsorption onto NP
surface (~250 Ab/NP). (B) MicroCT (coronal slice) and (C) microPET (coronal slice)
images of 2 naive mice (—LPS) injected with ICAM-targeted NPs or control 1gG-coated NPs
1 h p.i. (D) Representative decay-corrected transverse micro-PET images of naive mice
(-LPS) and LPS-challenged mice (+LPS) at 1, 4, and 24 h after NP administration. Uptake
intensity map is normalized to the highest pixels in the LPS-challenged mice. Figure
modified from [75]. © 2008 Society of Nuclear Medicine.
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