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Abstract
Molecular imaging relies on the development of sensitive and specific probes coupled with
imaging hardware and software to provide information about the molecular status of a disease and
its response to therapy, which are important aspects of disease management. As genomic and
proteomic information from a variety of cardiovascular diseases becomes available, new cellular
and molecular targets will provide an imaging readout of fundamental disease processes. A review
of the development and application of several cardiovascular probes is presented here. Strategies
for labeling cells with superparamagnetic iron oxide nanoparticles enable monitoring of the
delivery of stem cell therapies. Small molecules and biologics (e.g., proteins and antibodies) with
high affinity and specificity for cell surface receptors or cellular proteins as well as enzyme
substrates or inhibitors may be labeled with single-photon–emitting or positron-emitting isotopes
for nuclear molecular imaging applications. Labeling of bispecific antibodies with single-photon–
emitting isotopes coupled with a pretargeting strategy may be used to enhance signal accumulation
in small lesions. Emerging nanomaterials will provide platforms that have various sizes and
structures and that may be used to develop multimeric, multimodal molecular imaging agents to
probe one or more targets simultaneously. These platforms may be chemically manipulated to
afford molecules with specific targeting and clearance properties. These examples of molecular
imaging probes are characteristic of the multidisciplinary nature of the extraction of advanced
biochemical information that will enhance diagnostic evaluation and drug development and
predict clinical outcomes, fulfilling the promise of personalized medicine and improved patient
care.
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The application of functional imaging for evaluating myocardial perfusion and left
ventricular function, initiated in the early 1970s, transformed coronary artery disease (CAD)
management by providing valuable diagnostic and prognostic information. Over the ensuing
4 decades, improvements in imaging device sensitivity and resolution, along with dual-
modality imaging (PET/CT and SPECT/CT), augmented by ultrasound (echocardiography)
and MRI techniques, have provided enhanced anatomic, metabolic, and physiologic
characterization of CAD and subsequent therapeutic monitoring. These tools have afforded a
means to characterize CAD, typically at later stages of disease progression, guiding
treatment decisions rather than informing preventive measures.

Today, another transformation looms. The availability of genomic and proteomic analysis of
disease has shed light on the underlying molecular and cellular processes involved in disease
initiation and progression. The ability to assess proteomic and metabolic changes early in
disease, coupled with genomic information, identifying at-risk patients, gives rise to the
possibility of personalized prevention and treatment strategies. One of the means by which
this information may be obtained is targeted molecular imaging. Molecular imaging is a
rapidly growing discipline aimed at the noninvasive visualization and characterization of
cellular and molecular functions in living systems. Although targeted nuclear imaging with
single-photon–radiolabeled and positron-radiolabeled probes has its roots in the pregenomic
era, the process for selecting targets has changed with the abundance of new biologic
information. New in vivo imaging modalities, including MRI/magnetic resonance
spectroscopy, optical (fluorescence and bioluminescence) imaging, and ultrasound imaging
with microbubble probes, have become available. In addition, molecular biology techniques
developed to distinguish gene expression or protein–protein interactions in vitro have been
translated into in vivo human imaging assays. These modalities and techniques have defined
new boundaries for diagnosis and disease management.

There remains a dearth of validated probes for many diseases, including CAD. Although
there is no shortage of potential molecular targets or ways to label cells for cell trafficking or
imaging of gene expression (Fig. 1), identifying the right target for discriminating a
particular pathway related to a specific disease is the challenge. This symposium proceeding
provides an overview of the development of selected targeted molecular imaging probes for
cellular and molecular assessment of cardiovascular diseases and promising therapies.

STRATEGIES AND METHODS FOR MRI LABELING OF CELLS
The clinical use of novel experimental immune and stem cell therapies requires suitable
methods for monitoring cellular biodistribution noninvasively after administration. Among
the different clinically used imaging techniques, MRI has superior spatial resolution, with
excellent soft-tissue contrast. For exogenous therapeutic cells to be detected, they need to
have contrast different from that of endogenous cells. There are several different approaches
for endowing cells with MRI-visible properties (1). At present, the most sensitive and
widely used MRI labels are superparamagnetic iron oxide nanoparticles (SPIOs). SPIOs are
clinically approved and create strong local magnetic field disturbances that spoil the MR
signal, leading to hypointense contrast. By 2009, at least 4 clinical MRI cell-tracking studies
had been performed; they are reviewed in detail elsewhere (2).

Cells can be labeled with SPIOs, notably, ferumoxides injectable solution (Feridex; Bayer
HealthCare Pharmaceuticals), by simple incubation (3,4) after coating with transfection
agents (5) or by magnetoelectroporation (6). The optimal labeling technique depends on the
cell type (i.e., whether the cell is phagocytic or difficult to transfect) and application.
Paramagnetic gadolinium chelates can also be used (7), although the induced contrast can be
ambiguous: positive contrast decreases at higher magnetic fields while negative,
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susceptibility-based contrast increases (8). Paramagnetic gadolinium chelates have not been
used clinically, and there are serious concerns about their safety for cell tracking: Free
gadolinium is toxic, and this scenario may occur after prolonged retention by cells in acidic
compartments (i.e., lysosomes). In addition, the issue of nephrogenic systemic fibrosis has
dampened enthusiasm for initiating preliminary clinical studies (9).

Conventional approaches require cells to be prelabeled with contrast agent before injection;
an alternative approach is based on in vivo labeling through cell–cell transfer (4). In that
study, irradiated tumor cells, used for vaccination, were prelabeled with SPIOs and injected
into the footpads of mice. Sentinel dendritic cells, which capture labeled cells followed by
presentation to T cells, simultaneously phagocytose the tumor cell–associated particles. This
technique has enabled MRI monitoring of in vivo antigen capture and the temporal
dynamics of trafficking of dendritic cells to lymph nodes (Fig. 2) (4).

A radically different approach for cell labeling relies on chemical exchange saturation
transfer contrast. Nonwater protons in chemically distinct environments, such as amide
protons in peptides, exhibit a slight off-resonance frequency. Through the application of a
saturation pulse, the amide protons can be wiped out of plane and rendered unable to
generate a signal. Through exchange with water protons, the overall MRI signal then
decreases. Various peptides with exchangeable groups can be used to label cells;
furthermore, because each type of proton has its own specific off-resonance frequency,
“multiple colors” can be created after image postprocessing, enabling the simultaneous
detection of different cell types (10). An exciting new approach is the development of an
MRI reporter gene based on this concept. A prototype amide proton–rich reporter, lysine-
rich protein, has been developed and shown to be traceable in tumor cells; this strategy
enables permanent prolonged cell tracking without a dilution effect, which is a problem
inherent in the use of exogenous labels (11).

Another emerging application is 1H MRI performed only for anatomic information in
conjunction with 19F as a tracer molecule. Because there is no endogenous background
signal, “hot spot” images of the tracer can be obtained and superimposed on the anatomic 1H
images (12–14). An example is shown in Figure 3. The strategy for intracellular labeling is
similar to that used for labeling with SPIOs: In this case, 19F particles can be simply
phagocytized (15), mixed with transfection agents (12), or electroporated into cells. At the
high magnetic field strengths used in those preclinical studies (9.4 or 11.7 T), the sensitivity
of MRI was approximately 140 pmol of perfluoro-polyether per cell. Such particles are
stable in vivo for over 2 wk and do not affect cell viability or proliferation.

Finally, novel semipermeable microcapsules that immunoprotect cells and are visible with
multiple modalities have been developed. Initially, x-ray–visible alginate capsules that
contained barium or bismuth (“X caps”) were developed (16), but capsules containing
SPIOs (magnetocapsules) were more recently described (17). In principal, any type of
contrast agent can be coencapsulated, allowing multimodality tracking. Depending on the
specific cellular imaging application, a large set of tools exists for MRI cell tracking.

PET RADIOTRACERS
Molecular imaging agents labeled with an appropriate positron emitter can be used to
examine various diseases at the cellular, subcellular, or even molecular level. The use of
such molecular imaging probes as radiotracers offers the opportunity to noninvasively
monitor their path and fate in living subjects with PET. It is expected that PET, used as an in
vivo pharmacologic imaging tool, will play an increasingly important role in earlier disease
detection and improved therapeutic decision making. Cardiovascular PET will improve the
understanding of molecular mechanisms relevant to cardiac disease by allowing the
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visualization of specific targets and pathways that underlie changes in morphology,
physiology, and function. Although several PET radiotracers have been successfully
introduced into clinical trials, there is still a great demand for the development and
optimization of PET radiotracers for the imaging of various targets that are relevant to
cardiovascular diseases. It is anticipated that PET radiotracers will be vital elements in the
emerging paradigm of personalized cardiovascular medicine.

Several positron-emitting radionuclides that can be applied to the development of successful
PET radiotracers for research and clinical use are listed in Table 1. 11C is an attractive and
important positron-emitting isotope for labeling molecules of biologic interest, given
that 11C may replace 12C in a molecule without changing the structure or the biologic
properties. Although the half-life of 11C is short (20.4 min) and multistep syntheses are
generally not applicable for the radiosynthesis of 11C-containing molecules, a diverse array
of reactions that introduce 11C into target molecules have been investigated and developed.
Several nonconventional metallic isotopes with longer half-lives can be prepared at high
yields in small biomedical cyclotrons, thereby expediting delivery to facilities remote from a
cyclotron and allowing matching of the half-life to the lifetime of the biologic function
being measured. The availability of a 68Ga generator provides the opportunity to prepare
PET radiotracers in facilities without a cyclotron. Isotopes with longer half-lives, such
as 64Cu, 86Y, 89Zr, and 124I, are appropriate for labeling biomolecules such as peptides,
proteins, antibodies, antibody fragments, and oligonucleotides. However, some of the
metallic radionuclides have complex decay schemes. They usually decay with the emission
of low β+-percentage branching (86Y, 33%; 66Ga, 57%) and high β+-energy (86Y, 1.3
MeV; 66Ga, 1.7 MeV) as well as the coemission of a substantial amount of γ-radiation; all
of these properties result in increased radiation doses for patients. Therefore, it is important
to consider decay pathways and other properties, such as half-life and positron energy,
before selecting the appropriate isotope for labeling the desired tracer.

PET Radiotracers with 18F
18F appears to be an ideal radionuclide for routine PET because of its almost perfect
chemical and nuclear properties. Compared with other short-lived radionuclides, such
as 11C, 18F has a half-life of 109.8 min, which is long enough to allow time-consuming
multistep radiosyntheses as well as imaging procedures extended over several hours. In
addition, the low β+-energy of 18F, 0.64 MeV, promises a short positron linear range in
tissue, contributing to high-resolution PET images.

Depending on the production method, 18F is obtained in a particular chemical form,
either 18F-gas (18F-F2) or 18F-fluoride ion (18F-F−), which determines the possible reactions.
The principal 18F labeling strategies are restricted to a few and can be divided into
approximately 2 distinct groups: direct fluorination, in which the 18F radionuclide is
introduced “directly” into the target molecule in a single step, and indirect fluorination, in
which a prosthetic group is used and multistep synthesis is usually required. Prosthetic
groups typically bear reactive functional groups that are readily conjugated to biomolecules.
Direct fluorination strategies can be further subdivided into 2 major areas of fluorination:
electrophilic and nucleophilic. Of these 2 methods, electrophilic 18F fluorination methods,
with reagent 18F-F2 gas, are less favorable because of limited availability, nonspecific
labeling, and low specific activity of the labeled products.

Because 18F-FDG was evaluated for the first time in 1978 (18), it has become the most
important radiopharmaceutical in clinical PET. 18F-FDG is predominantly used not only for
tumor imaging but also for myocardial viability assessment (19–21). More recently, 18F-
FDG was successfully used for the imaging of atherosclerotic plaque inflammation (22) and
the labeling of stem cells for tracking after transplantation (23).
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Direct labeling with nucleophilic 18F-F− generally requires reaction conditions, such as a
high temperature and a strong base, that may not be appropriate for the labeling of
biomolecules. To facilitate biomolecule labeling, researchers have developed 18F-containing
prosthetic groups (Fig. 4) for labeling under mild reaction conditions; these have been used
for 18F fluoroalkylation, 18F fluoroacylation, and 18F fluoroamidation of primary amino
groups at the N terminus or lysine residues and thiols on cysteine residues. An 18F-labeled
glycosylated αvβ3-integrin antagonist (18F-galacto-RGD), prepared through 18F-
fluoropropionic acid conjugation, specifically targets αvβ3-integrin expression (24–26).
Successful monitoring of αvβ3-integrin expression in tumors has already been reported in
animal and human clinical studies. A recent study demonstrated for the first time the
feasibility of measuring myocardial integrin expression in vivo noninvasively with 18F-
galacto-RGD PET (27). Focal 18F-galacto-RGD uptake was observed after a brief episode of
coronary occlusion and reperfusion (Fig. 5). In addition, successful synthesis of 18F-annexin
V with 18F-succinimidyl fluorobenzoate as a prosthetic group for apoptosis imaging has
been reported (28). In ischemic animals, the accumulation of 18F-annexin V in the infarcted
area was about 3-fold higher than that in the noninfarcted area. Apoptosis was widely
detected only in the infarcted area of the left ventricle with hematoxylin–eosin stain. The
accumulation of 18Fannexin V in the left ventricular infarcted area 24 h after ischemia
matched the infarcted area detected with 2,3,5-triphenyltetrazolium chloride stain (Fig. 6).

PET Radiotracers with 11C
Almost all 11C-labeled PET tracers are made from 2 major cyclotron-produced
precursors, 11C-carbon dioxide (11CO2) and 11C-methane (11CH4). 11C-methyl iodide (11C-
CH3I), the most versatile methylation agent, is prepared through reduction and iodination
of 11C-CO2. 11C-methyl triflate (11C-CH3OTf), produced from 11C-CH3I, has also been
used for methylation. Facile methylation of amines, thiols, and alcohols involves simple
trapping of 11C-CH3I or 11C-CH3OTf in a solution of the target precursor and subsequent
heating or interaction with a precursor coating the interior of a loop of small tubing.

Several 11C radiotracers (Fig. 7) used for cardiac PET have been synthesized through 11C
methylation: 11C-meta-hydroxyephedrine, 11C-epinephrine, and 11C-phenylephrine for the
imaging of sympathetic neuronal catecholamine uptake, storage, and turnover (29–31);
17-11C-heptadecanoic acid and 11C-palmitic acid for the imaging of fatty acid metabolism
(32–35); 11C-acetate to probe oxidative metabolism through the tricarboxylic acid cycle
(36,37); and 11C-GB67 for imaging of the α1-adrenergic receptor (38). Recent
developments in 11C radiochemistry are further stimulating the progress of PET as a
powerful imaging technique in research and clinical use.

PET Radiotracers with Nonconventional Radionuclides
64Cu can be effectively produced by both reactor-based and accelerator-based methods.
During the last decade, there has been considerable research interest in the development
of 64Cu-labeled PET tracers for targeting specific receptors or antigens. 64Cu is conjugated
to these targeting ligands by a chelator that is attached through a functional group. A
comprehensive review (39) summarized the potential application of various chelating agents
to the production of 64Cu-labeled PET tracers. Recently, a study of vascular endothelial
growth factor (VEGF) receptor expression kinetics in a rat myocardial infarction (MI) model
was undertaken with 64Cu-DOTA-VEGF121 as the PET tracer (40). VEGF is the most
prominent member of a family of growth factors that have been strongly associated with
angiogenic stimuli in various pathophysiologic situations and likely plays a role in left
ventricular remodeling after MI. 64Cu-DOTA-VEGF121 PET scans were performed before
MI induction (produced by ligation of the left anterior descending coronary artery and
confirmed by ultrasound) and at days 3, 10, 17, and 24 after MI induction. The results (Fig.
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8) showed that 64Cu-DOTA-VEGF121 myocardial uptake after MI was significantly higher
(up to 1.0 ± 0.1 percentage injected dose per gram [%ID/g]) than the baseline myocardial
uptake (0.3 ± 0.1 %ID/g).

The use of a generator is a less expensive and convenient alternative to an on-site cyclotron
for the production of short-lived radionuclides. 68Ga decays by 89% through positron
emission of 1.92 MeV (maximum energy), and it can be produced from an in-house
generator system consisting of an inorganic or organic matrix immobilizing the parent
radionuclide, 68Ge (half-life, 270.8 d). The well-established coordination chemistry of Ga3+

facilitates the development of a 68Ga-containing PET tracer. The Ga3+ ion is classified as a
hard Lewis acid, which is able to form thermodynamically stable complexes with ligands
that are hard Lewis bases. Ligands with carboxylate, phosphonate, amino groups, and thiol
groups are usually good chelating agents for Ga3+. A direct PET application of
a 68Gacontaining tracer, 68Ga-[bis(4,6-dimethoxysalicylaldimino)-N,N′-bis(3-
aminopropyl)ethylenediamine]+, was reported; after intravenous injection, this tracer
exhibited significant myocardial uptake and then prolonged myocardial retention (41). In
addition, 3 cyclic arginine–glycine–aspartic acid (RGD) peptides, c(RGDyK) (RGD1),
E[c(RGDyK)]2 (RGD2), and E{E[c(RGDyK)]2}2 (RGD4), were conjugated with a
macrocyclic chelator (1,4,7-triazacyclononane-1,4,7-triacetic acid [NOTA]), labeled
with 68Ga, and evaluated for the imaging of αvβ3-integrin expression in vivo (42). All
3 68Ga-NOTA–conjugated peptides showed a good affinity for αvβ3-integrin in a cell-based
binding assay. The dimeric RGD peptide tracer 68Ga-NOTA-RGD2 had the most favorable
pharmacokinetics, with good tumor uptake and retention, warranting further investigation
for potential clinical translation to the imaging of αvβ3-integrin (Fig. 9).

BISPECIFIC ANTIBODIES AND POLYLINKAGE METHODS FOR SPECT
In vivo imaging with radiolabeled antibodies has been somewhat successful in oncology and
cardiovascular diseases. The success is due to the availability of sufficient concentrations of
the targeted antigens. For the imaging of MI, there are ample targets for radiolabeled
antibody localization to enable visualization after a waiting period of hours. The ample
number of targets is due to the exposure of large amounts of the antigen, in this case, cardiac
myosin, to the extracellular milieu after cell membrane disruption because contiguous
masses of myocardium are affected in acute MI. However, coronary atherosclerotic lesions
are much smaller than acute MI. Atherosclerotic lesions are smaller than the diameter of
coronary vessels; therefore, the concentration of a potential target is minimal. In vivo
imaging of minimal target lesions may be enabled by substantially increasing the specific
activity of the targeting reagent while minimizing the nontarget background activity. A
marriage of bispecific antibody pretargeting technology (43) and nanopolymer signal
amplification technology has been used to achieve suitable in vivo imaging (44). The former
provides specificity for targeting, and the latter provides the potential to develop targeted
probes with high specific radioactivity. Such an approach may also be applicable for the
imaging of small metastatic lesions (45) and may enable the targeted delivery of therapeutic
drug formulations with high specific activity. The feasibility of this concept of targeting
with high-specific-activity probes pretargeted with bispecific antibodies has been
demonstrated in a model system, ApoE-deficient (ApoE-knockout) mice with experimental
atherosclerotic lesions (44). Similar imaging probes may well be applicable in cancer
imaging and therapy.

In acute MI, 1 g of myocardium provides about 60 mg of myosin (about 1.2 ×10−7 mol)
(45). This amount translates to the availability of 7.2 ×1016 molecules of myosin. Even if
only 1% of the available myosin were bound by antibodies, then 7.2 × 1014 molecules of
antimyosin would be bound to myosin. In a clinical study (46), 0.5 mg (10−8 mol) of
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antimyosin Fab was labeled with either about 740–925 MBq of 99mTc (44) or 74 MBq
of 111In (47). The specific radioactivity of the 99mTc-labeled antimyosin Fab was
approximately 1:5 (99mTc to antibody). The specific activity of the antimyosin antibody was
much higher than that of other radiopharmaceuticals, such as 99mTc-glucoheptonate (1:1.2 ×
106) or 99mTc-glucarate (1:1 × 105). Therefore, if a probe with a minimum molar ratio of 1:1
(99mTc to probe) can be obtained, then high-specific-activity probes will be available for in
vivo targeting.

A biodistribution study of 99mTc-labeled diethylenetria-minepentaacetic acid (DTPA)–
conjugated succinylated polylysine (15,000 kDa) in normal Sprague–Dawley rats showed
that at 24 h after intravenous injection, the only organs with significant radioactivity were
the kidneys (0.345 ± 0.054 %ID/g). Other activities were near the baseline. However, when
this 99mTc-labeled polymer was injected after pretargeting of the model antigen–coated
beads in vivo with a bispecific antibody, samples of 4 µg of surrogate antigen beads in 100
µL of phosphate-buffered saline were detectable and visualized in rats. Because the antigen
was injected intramuscularly, the imaging was not equivalent to the imaging of intravascular
atherosclerotic lesions. However, this model might be similar to extravascular tumor
models.

An ApoE knockout mouse that was on a hyperlipidemic diet and that had femoral
endothelial denudation was developed to demonstrate that small atherosclerotic lesions can
be detected by in vivo γ-imaging (44). In this model, femoral atherosclerotic lesions as
small as 1–5 mg were visualized in all mice with experimental lesions by 3 h after
intravenous administration of the 99mTc-polymer (Fig. 10). The in vivo target-to-nontarget
activity ratio determined from the images was 12:1. At 2–3 h after intravenous injection of
the 99mTc-polymer, there was still residual blood activity (2–3 %ID/g). Nevertheless, very
small lesions were visualized because of the high specific activity of the probe.

Because of the potential for the targeted delivery of high specific activity probes to image
small atherosclerotic lesions, it may also be possible to image very small tumors by
pretargeting with anticancer bispecific antibodies and then targeting with either radiotracers
(48) or therapeutic drug–loaded polymers (49). Furthermore, loading of toxic
chemotherapeutic drugs on various polymers has resulted in decreased nontarget toxicity
and increased tumor toxicity (50) because of the targeting of large tumors through the
enhanced permeability retention phenomenon (51). It has been proposed that if metastatic
lesions can be detected when they are still very small, then targeted therapy can also be more
efficient at this stage. Combining the less toxic prodrug-loaded polymers with bispecific
antibody complex pretargeting should enable the in vivo imaging of very small lesions and
provide the targeted delivery of prodrug-loaded polymers for highly efficient targeted cancer
therapy. Preliminary in vitro cancer cell culture (49) and in vivo imaging (48) studies
showed that prodrug-loaded polymers were less toxic to nontumor cells and that after
pretargeting with bispecific antibody complexes, tumor toxicity increased to 150% of that
obtained with free chemotherapeutic drug treatment. The visualization of tumor masses with
diameters of less than 1 mm was also achieved when technetium (48) or 111In radioactive
isotopes were substituted for the chemotherapeutic drugs on the polymers.

Thus, signal amplification with polymers for the targeted delivery of either radiotracers or
prodrugs may result in the ability to image very small lesions in the cardiovascular or
oncology arena. It may also lead to the ability to deliver high concentrations of therapeutic
drugs in the prodrug form to achieve highly specific targeted chemotherapy of cancer or
adequate delivery of therapeutic agents to the myocardium.
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TARGETED NANOPARTICLES
There are great expectations for multifunctional nanoparticles (Fig. 11) to provide
noninvasive detection, diagnosis, treatment, and monitoring of disease progression,
regression, and recurrence. However, there remain great challenges for applying them while
achieving selective tissue targeting in vivo at increasing levels of imaging sensitivity.
Nanoscopic materials occupy a critical position between the macroscopic world and the
molecular level and can be designed to offer unique advantages over both macroscopic
materials and molecular systems. It is no wonder that biology builds complexity into
systems in a hierarchical fashion. Ions, small molecules, and macromolecules are combined
through supramolecular interactions and covalent linkages into functional systems (e.g.,
proteins, enzymes, genes, lipoproteins, and viruses); these systems have dimensions of 5–
100 nm, can perform sophisticated functions, and were recently labeled “nanomachines.” As
structures are built from their constituent parts, the ratio of the surface area to the volume
decreases. For instance, for a spheric object, the surface area increases by a factor of r2,
whereas the volume increases cubically; the surface area– to–volume ratio, therefore,
decreases with increasing sphere radius. Considered in the opposite sense, the volume–to–
surface area ratio increases with increasing diameter, so that during building from small
molecules or macromolecules to nanoscale structures, an internal volume is created. This
characteristic has generated significant interest in synthetic nanomaterials that can serve as
vessels for the transport and delivery of imaging and therapeutic agents. Nanoscopic objects
possess internal packaging capacity, as is possible for larger structures but not for small
molecules, and a sufficient surface area for the presentation of multiple types and numbers
of active elements; that is, they can be designed to have an optimal balance of internal
volume and external surface area.

Analogies have often been drawn between synthetic nanomaterials and biologic
nanomachines, and those biologic systems provide inspiration and design elements for
functional biologic mimics and routes toward their manufacture. Well-defined chemistries
are allowing for distinct control over the surface, shell, and core compositions and properties
throughout the nanoscopic frameworks. Overall, the physical characteristics (e.g., size and
shape) lead to unique in vivo trafficking, with further manipulation of tissue-selective
targeting being facilitated most commonly through molecular recognition events borrowed
from nature. Biologically active ligands are often conjugated to nanostructures so that they
are accessible to the surface and available for binding with biologic receptors, resulting in
synthetic–biologic hybrid materials. The large internal capacity of nanoscale structures can
then be used for the packaging of molecular imaging elements or pharmaceutical agents.
These features have led to an emerging field of nanomedicine and to the development of
new diagnostic and pharmacodiagnostic agents.

The promising attributes of nanomaterials for targeted imaging include their ability to
deliver large numbers of imaging agents per targeted molecular recognition event to achieve
high-sensitivity imaging and their ability to deliver several different types of imaging agents
to perform multimodality imaging (Fig. 12). In comparison with small-molecule systems,
which are capable of detecting molecular recognition events to identify disease or injury
through the use of one label for each targeting moiety, the conjugation of a targeting ligand
to a nanoscale platform carrying large quantities of labels is designed to enhance the
sensitivity of detection.

There are many types of nanoparticle platforms, with different compositions (organic vs.
inorganic), structures, shapes, and sizes that can be used to carry labels for different kinds of
imaging. Many different biologic tissues or disease sites can be targeted, creating a
substantial research and development space. Nanoparticle structures being evaluated for
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biomedical applications include dendrimers (52), polymeric micelles (53), liposomes (54),
nonviral nanoparticles (55), lipoprotein nanoparticles (56), metallic nanoparticles (57), and
carbon nanotubes (58). Moreover, there are many synthesis strategies by which any
particular labeled nanoparticle can be prepared for imaging applications; these can involve
various combinations and stages of nanoparticle production and introduction of labels,
targeting ligands, and other components. As building blocks are combined to establish
nanoscopic materials, it becomes increasingly challenging to determine composition and
structure accurately. Therefore, it is important to balance which functionalities are
incorporated at which stage: Some units, especially those that have a detectable signature,
can be attached after the nanoparticle is produced (postnanoparticle functionalization),
whereas others should be accounted for at earlier stages (prefunctionalization of nanoparticle
precursor components). For any nanoparticle material, rigorous physicochemical
characterization studies are essential to determine accurately the structure and properties of
the material, including the surface and subsurface chemistries and morphologies.

Organic polymer–derived nanoparticles are a promising nanoparticle platform because of
versatility in structure, composition, size, morphology, and flexibility; diverse, orthogonal
chemical reactions for the incorporation of multiple numbers and types of functionalities;
and potential for biodegradability. Even inorganic nanoparticles are often coated with
polyethylene glycol (PEG), an organic polymer, to inhibit protein adsorption and thereby
avoid rapid clearance by the mononuclear phagocytic system in vivo. Because the degree of
PEG coverage of nanoparticle surfaces can lead to dramatic changes in protein adsorption
(59,60), quantification of the extent of pegylation is important. However, PEG has no
chromophore, and its attachment to a preestablished nanoparticle makes the determination of
PEG coverage challenging. In contrast, its conjugation to the backbone of a polymer
precursor, followed by the assembly of nanostructures, has allowed for accurate variability
in pegylation, which has been shown to produce significant differences in blood circulation
times versus elimination in clearance organs for shell cross-linked knedel-like nanoparticles
with diameters of approximately 15–20 nm (Fig. 13) (61). Moreover, prefunctionalization of
polymer precursors with chelators for radiolabels has provided enhancements in labeling.
For instance, the conjugation of macrocyclic DOTA units at the polymer stage (Fig. 13)
produced hundreds of 64Cu labels per nanoparticle, whereas the conjugation of macrocyclic
DOTA units to a preestablished nanoparticle experienced limitations (62). Of course, there
are methods for accomplishing highly efficient radiolabeling of preestablished nanoparticles.
In an interesting recent example, “click chemistry” was used to attach large numbers of
fluorine atoms (63). It has been reported that, with this approach, doses of nanoparticles 2–4
orders of magnitude lower than those required for MRI can be used.

Advances toward the development of multimodality agents, for which a single nanoparticle
can be used for combinations of PET, MRI, optical imaging, or other modalities, have been
described (57). For instance, PET and optical probes were attached to inorganic particles for
both CT and MRI. In another example, targeting ligands were attached to a magnetic
nanoparticle platform, allowing both PET and MRI (64). The ability to administer a small
mass of particles likely will allow the more rapid translation of agents to clinics.

As nanotechnology continues to be developed for medical applications, including in vivo
imaging, 2 primary challenges that require significant attention are improving tissue-
selective targeting and providing mechanisms for the ultimate clearance of the materials
once their task is complete. Each of these will be addressed through collaborative efforts by
chemists who can design and construct the nanomaterials with exquisite control over all
aspects of the structures and properties; physical scientists who can probe the compositions,
structures, and properties with high degrees of accuracy throughout the nanoscale
frameworks; biologists who can investigate the interactions between the synthetic materials
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and their biologic targets; and clinicians who can define the directions the materials should
take while evaluating their performance in reaching, detecting, and affecting their intended
targets.

IMAGING OF ISCHEMIC TISSUE WITH INTEGRIN-TARGETED
NANOPARTICLES

Advances in nanoparticle design and synthesis have led to the development of targeted
delivery of agents. Specific targeting mechanisms, such as target moiety conjugation to the
carrier, allow for selective direction and increased drug accumulation at target sites and
thereby lead to greater diagnostic or therapeutic efficacy. Receptor targeting strategies are
particularly valuable because a variety of cell surface receptors are upregulated in cancerous
cells and other disease states, providing clear markers for drug delivery or imaging systems.
One of the targets widely studied for imaging and drug delivery systems is αvβ3-integrin, a
well-known cell surface disease biomarker that is upregulated in the angiogenic vessels
associated with diseases such as cancer, cardiomyopathy, atherosclerosis, and peripheral
arterial disease (65). In the cardiovascular setting, angiogenesis is triggered by hypoxia and
ischemia, and its major consequence in tissues is the restoration of perfusion and
oxygenation. Proangiogenic therapies are aimed at stimulating the growth of new blood
vessels to improve tissue function. Consequently, there has been active clinical interest in
the evaluation of angiogenic factors such as αvβ3-integrin.

As part of a multidisciplinary collaboration among scientists and physicians from several
academic institutions, nanoparticle constructs targeting αvβ3-integrin are being evaluated as
biomarkers for cardiovascular diseases. In vitro isolated integrin-binding assays have been
optimized to compare the heterologous competitive binding of biotinylated vitronectin and
RGD (targeting) peptide–nanoparticle constructs to αvβ3-integrin as well as to determine the
specificity of monomeric peptides and peptide–nanoparticle conjugates for αvβ3-integrin,
αvβ5-integrin, and αIIbβ3-integrin. Because binding affinity alone does not predict whether
an agent will succeed as an in vivo imaging agent, compounds with higher affinities are
evaluated for their internalization in αvβ3-integrin–positive tumor cell lines before in vivo
imaging. Thus far, over 70 different peptides and peptide–nanoparticle constructs have been
evaluated in heterologous binding assays with αvβ3-integrin, and a majority of these have
been assayed for their specificity for αvβ5-integrin or αIIbβ3-integrin. Of these agents, about
15 have been investigated for cell-associated activity in U87 glioblastoma or M21/M21L
melanoma cells. Approximately 10 compounds have been investigated in a mouse model of
hind limb ischemia (52).

At present, the agent with the most optimal specific uptake in the hind limb ischemia model
is an RGD dendrimer that has been labeled with the positron emitter 76Br (half-life, 17 h)
and the γ-emitter 125I (half-life, 60 d) (52). The RGD dendrimer nanoprobe was designed to
be biodegradable, with a modular multivalent core–shell architecture consisting of a
biodegradable heterobifunctional dendritic core chemoselectively functionalized with
heterobifunctional polyethylene oxide (PEO) chains that formed a protective shell. The PEO
chains imparted biologic stealth and dictated the pharmacokinetics (Fig. 14). Each of the 8
branches of the dendritic core was functionalized for labeling with radiohalogens. The
placement of radioactive moieties at the core was designed to prevent in vivo
dehalogenation, a potential problem for imaging and therapy. Targeting peptides of cyclic
RGD motifs were installed at the terminal ends of the PEO chains to enhance their
accessibiliy to αvβ3-integrin receptors. This nanoscale design enabled a 50-fold
enhancement of the binding affinity to αvβ3-integrin receptors with respect to the
monovalent RGD peptide alone, from 10.40 nM to 0.18 nM IC50. Cell-based assays of
the 125I-labeled dendritic nanoprobe with αvβ3-integrin–positive cells revealed a 6-fold
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increase in αvβ3-integrin receptor–mediated endocytosis of the targeted nanoprobe over that
of the nontargeted nanoprobe, whereas αvβ3-integrin–negative cells showed no
enhancement of cell uptake over time (Fig. 15). In vivo biodistribution studies of the 76Br-
labeled dendritic nanoprobe revealed excellent bioavailability for the targeted and
nontargeted nanoprobes. In vivo studies with a murine hind limb ischemia model for
angiogenesis revealed a high level of specific accumulation of the 76Br-labeled dendritic
nanoprobe targeted to αvβ3-integrin in angiogenic muscles, allowing highly selective
imaging of this critically important process (Fig. 16).

More recently, the hypothesis of improved cell binding, internalization, and selectivity of
multivalent nanoparticles over their monovalent counterparts was tested against αvβ3-
integrin using comb nanoparticles with various RGD loadings. Nontargeted comb
nanoparticles were initially designed and optimized for achieving an ideal pharmacokinetic
imaging profile (66). The basic comb structures represent a new class of core–shell
nanoparticles synthesized through the controlled collapse of well-defined comb copolymers
containing a hydrophobic polymethyl methacrylate backbone, water-soluble PEG chains,
and active ester groups that allow the attachment of functional moieties. For the evaluation
of targeting, the optimized comb structure was functionalized with αvβ3-integrin–targeting
groups and a DOTA chelator for radiolabeling with 64Cu. Synthetic flexibility led to the
tunable production of nanoparticle constructs with 4 different RGD loadings, referred to
here as 5%, 10%, 20%, and 50%targeted nanoparticles with 7, 14, 28, and 70 RGD peptides
per comb nanoparticle, respectively.

One of the important goals of the study was to understand the effects of the structure–
activity relationship and multivalency on integrin binding, specificity, and cellular
internalization at molecular levels. Surface proteins and receptors are relatively easier
targets for such systems because the targeting ligand does not have to gain access to the
inside of the diseased cell. The isolated integrin assay results demonstrated improved
binding affinity for αvβ3-integrin resulting from the increase in RGD units on the
nanoparticles, with 50% RGD nanoparticles having 78- fold-higher affinity (1.1 nM) than
their 5% RGD counterparts (78 nM). There was no significant binding (>1,000 nM) to αvβ5-
integrin (found on macrophages) or αllbβ3-integrin (found on blood platelets). Cell-based
assays of the 64Cu-labeled nanoparticles revealed receptor-mediated endocytosis in U87MG
cells, with up to 35% cellular uptake per milligram of protein at 30 min after injection.
Confocal microscopy of U87MG cells incubated with targeted nanoparticles further
validated cellular internalization. Currently, this class of agents is being investigated in the
hind limb ischemia and U87MG tumor mouse models.

CONCLUSION
The potential of molecular imaging to aid in early diagnosis and development of curative
and preventive therapies for cardiovascular diseases relies on the successful development of
imaging probes and the continued evolution of imaging hardware. This review focused on
the development of an array of probes already being evaluated or with promise for future
applications in cardiovascular disease imaging. A variety of strategies have been identified
for tagging cells to monitor stem cell therapy, imaging gene expression to monitor gene
therapy, labeling small-molecules and biomolecule probes with sensitive positron-emitting
isotopes, using bispecific antibodies to increase probe sensitivity and specificity, and
developing nanomolecular platforms for imaging and therapy. Successful application of
these imaging probes will increase the understanding of disease processes and identify ways
to improve therapeutic interventions.
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It takes a multidisciplinary team of scientists, including chemical biologists and molecular
biologists to identify appropriate targets and develop tests to assess probe specificity,
chemists from multiple disciplines to synthesize targeting molecular platforms and
conjugate imaging reporters, physicists to develop imaging hardware and reconstruction
algorithms, medical physicists to assist with probe validation, and physician scientists to
translate probes into clinical use. Just as imaging transformed the diagnosis and treatment of
CAD nearly 4 decades ago, the field is again at a transformative precipice that will further
enable the management of a variety of cardiovascular diseases through the characterization
of molecular signatures.
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FIGURE 1.
Examples of cellular targets for molecular imaging agents. AAT = amino acid transporter;
ENZ = enzyme; GLUT = glucose transporter; HK = hexokinase; 6P = 6-phosphate.
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FIGURE 2.
In vivo MRI monitoring of trafficking of dendritic cells that have taken up SPIOs in vivo
after intradermal injection of labeled granulocyte–macrophage colony-stimulating (GM
CSF) tumor cell vaccine into footpads of mice. For each day, magnifications of insets in A,
B, C, and D are shown at right. Open arrows represent draining popliteal lymph nodes (LNs)
for footpads receiving unlabeled GM CSF vaccine. Closed arrows represent draining
popliteal LNs for footpads receiving SPIO-labeled GM CSF vaccine. On multigradient-echo
images, SPIO-containing LNs have decreased signal intensity. (A) On day 1, popliteal LNs
show no evidence of hypointensity. (B) On day 3, decreased signal intensity becomes
apparent in LN corresponding to popliteal LN for SPIO-labeled vaccine. (C and D) On day 4
(C) and day 8 (D), respectively, signal decrease persists and then actually increases in
popliteal LNs. Images are representative of 3 independent experiments with 5 mice each.
(Reprinted with permission of (4).
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FIGURE 3.
In vivo MRI of transplanted C17.2 neural stem cells, with 19F signal superimposed on 1H
MR images. (A–C) MR images at 1 h (A), 3 d (B), and 7 d (C) after injection of 4 × 104 (left
hemisphere, arrowhead in A) or 3 × 105 (right hemisphere, arrow in A) cationic perfluoro
crown ether (PFCE)–labeled cells. (E and F) Corresponding histopathology determined with
phase-contrast microscopy (E) and anti–β-galactosidase immunohistochemistry (F) at day 7
shows that implanted cells remain viable and continue to produce marker enzyme. Arrow in
F indicates cells migrating from injection site into brain parenchyma. (D) MR image of
different animal at 14 d after injection of 4 × 105 C17.2 cells into both hemispheres shows
persistence of 19F signal for 2 wk. (G) Corresponding histopathology shows rhodamine
fluorescence from PFCE-labeled cells colocalizing with 19F signal. Bars = 500 µm.
(Reprinted with permission of (15).
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FIGURE 4.
Prosthetic groups for 18F labeling of peptides and proteins. FBA = fluorobenzaldehyde;
FBEM = fluorobenzamido–ethylmaleimide; FBzA = fluorobenzoic acid; FPA =
fluoropropionic acid; FpyME = fluoropyridinyloxy–propylmaleimide; SFB = succinimidyl
fluorobenzoate.
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FIGURE 5.
In vivo PET images of 18F-galacto-RGD uptake (top), 13N-NH3 perfusion (bottom), and
their fusion (middle) in transverse views of rat heart without coronary occlusion (sham
operation, left) and rat heart with 20 min of coronary occlusion 1 wk after reperfusion
(right). Tracer accumulation is visible in chest wall at surgical incision area in both rats
(arrowheads), but focal 18F-galacto-RGD uptake in myocardium is observed only after
coronary occlusion (arrows). LCA = left anterior descending coronary artery. (Reprinted
with permission of (27).
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FIGURE 6.
(A–C) Typical results of hematoxylin and eosin staining of left ventricle at 24 h after
ischemia (A) and detection of apoptosis in regions shown in boxes B and C (B and C). (D)
Typical infarction in left ventricle at 24 h after ischemia (2,3,5-triphenyltetrazolium chloride
[TTC] stain) and accumulation of 18F-annexin V. (Reprinted with permission of (28).
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FIGURE 7.
Selected 11C PET radiotracers for cardiac imaging.
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FIGURE 8.
(A) Myocardial origin of 64Cu-DOTA-VEGF121 PET signal after MI. (Top) Representative
coregistered images from micro-CT (left), PET (right), and fused PET/CT (middle) of
animal with MI. (Bottom) Representative 64Cu-DOTA-VEGF121 image (left), 18F-FDG
image (right), and 64Cu-DOTA-VEGF121–18F-FDG fused image (middle). (B) Time-
dependent uptake of 64Cu-DOTA-VEGF121. Arrowhead = area of surgical wound; red arrow
= anterolateral myocardium; white arrow = intercostal muscle layer; yellow arrow = ligated
coronary artery. *P < 0.05 compared with baseline. ¶P < 0.05 compared with VEGFmutant
and 64Cu-DOTA-VEGF121. ¥P < 0.05 compared with sham and 64Cu-DOTA-VEGF121.
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FIGURE 9.
Decay-corrected whole-body coronal small-animal PET images of athymic female nude
mice bearing U87MG tumors from 1-h dynamic scan and static scan at 2 h after injection
of 68Ga-NOTA-RGD1, 68Ga-NOTA-RGD2, and 68Ga-NOTA-RGD4 (3.7 MBq/mouse).
Tumors are indicated by arrowheads.
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FIGURE 10.
Anteroposterior γ-image of mouse with experimental atherosclerotic lesion in left femoral
artery (red arrow) and contralateral sham-treated right femoral region (yellow arrow) at 3 h
after injection of 99mTc-labeled DTPA-conjugated succinylated polylysine polymer. Inject
ion of polymer followed pretargeting with bispecific antibody Z2D3 F(ab′)2– anti-DTPA
F(ab′)2 (44). Lesion in left femoral artery was about 2.5 mg, as determined by
immunohistochemical staining.
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FIGURE 11.
Schematic illustration of general core–shell morphology of multifunctional spheric
nanoparticle.
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FIGURE 12.
Nanomaterials offering potential for high-sensitivity imaging and multimodality imaging
relative to singly labeled (☆,Δ,□) targeting ligands (T).
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FIGURE 13.
Pegylated DOTA–shell cross-linked knedel-like nanoparticles (SCKs) originate from
amphiphilic block copolymers to which are coupled desired numbers of PEG and DOTA
units, so that final assembled nanoparticle has well-defined structure and quantifiable PEG
and DOTA levels. Surface coverage by PEG (parameters described in table) alters
biodistribution significantly. PEGylated DOTA-SCK# label under nanoparticle structure
corresponds to compounds listed in table, and color code in table links nanoparticles to
biodistribution bar graphs at right.
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FIGURE 14.
Preparation of PET nanoprobes targeted to αvβ3-integrin.
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FIGURE 15.
Cell uptake studies. (A) Percentages of total cell-associated fraction, cell-internalized
fraction, and surface-bound fraction for targeted nanoprobe in αvβ3-integrin–positive M21
cells. (B) Percentages of cell-internalized fraction for targeted nanoprobe in absence and
presence of block and nontargeted nanoprobe in αvβ3-integrin– positive M21 cells. All
values were normalized to protein content per well. Total cell-associated fraction represents
sum of cell-internalized fraction and surface-bound fraction. %ID/mg protein = percentage
injected or administered dose per milligram of protein.
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FIGURE 16.
Noninvasive PET/CT images of angiogenesis induced by hind limb ischemia in murine
model. (A) Nontargeted dendritic nanoprobes (bottom, middle). (B) Uptake of αvβ3-
integrin–targeted dendritic nanoprobes was higher in ischemic hind limb (left) than in
control hind limb (right).
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TABLE 1

Positron-Emitting Radionuclides for PET

Radionuclide Reaction Half-life

Conventional

15O 14N(d,n)15O 2.04 min

13N 16O(p,n)13N 9.97 min

11C 14N(p,n)11C 20.4 min

18F 18O(p,n)18F 109.8 min

Nonconventional

60Cu 60Ni(p,n)60Cu 23.7 min

94mTc 94Mo(p,n)94mTc 52 min

66Ga 66Zn(p,n)66Ga 9.5 h

64Cu 64Ni(p,n)64Cu 12.8 h

86Y 86Sr(p,n)86Y 14.7 h

76Br 76Se(p,n)76Br 16.2 h

89Zr 89Y(p,n)89Zr 78 h

124I 124Te(p,n)124I 4.2 d

68Ga 68Ge/68Ga 68 min

62Cu 62Zn/62Cu 9.74 min
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