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Abstract
Molecular imaging agents are extending the potential of noninvasive medical diagnosis from basic
gross anatomical descriptions to complicated phenotypic characterizations based upon the
recognition of unique cell-surface biochemical signatures. Although originally the purview of
nuclear medicine, “molecular imaging” is now studied in conjunction with all clinically relevant
imaging modalities. Of the myriad of particles that have emerged as prospective candidates for
clinical translation, perfluorocarbon nanoparticles offer great potential for combining targeted
imaging with drug delivery, much like the “magic bullet” envisioned by Paul Ehrlich 100 years
ago. Perfluorocarbon nanoparticles, once studied in Phase III clinical trials as blood substitutes,
have found new life for molecular imaging and drug delivery. The particles have been adapted for
use with all clinically relevant modalities and for targeted drug delivery. In particular, their
intravascular constraint due to particle size provides a distinct advantage for angiogenesis imaging
and antiangiogenesis therapy. As perfluorocarbon nanoparticles have recently entered Phase I
clinical study, this review provides a timely focus on the development of this platform technology
and its application for angiogenesis-related pathologies.
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Introduction
Folkman first seriously proffered the concept of angiogenesis as a keystone in the treatment
of cancer, and now many other diseases, in 1971 [1]. Since that time, this fundamental
premise has garnered experimental and clinical support leading to the subsequent approval
of bevacizumab, a humanized monoclonal antibody directed against vascular endothelial
growth factor (VEGF) in combination with chemotherapy [2–4]. Subsequently, two
additional antiangiogenic therapies have been approved for marketing by the Food and Drug
Administration (FDA), sorafenib [5] and sunitinib [6], which are oral small-molecule
tyrosine kinase inhibitors effective against multiple receptors of this class including VEGF
and platelet-derived growth factor (PDGF). These first-generation antiangiogenic
therapeutic approaches have demonstrated survival benefit in subsets of patients, but their
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high cost and notable adverse side-effect risk [7, 8] have fueled alternative research and
development efforts, including nanomedicine approaches to the problem.

Viable clinical solutions to antiangiogenesis therapy must minimally provide equivalent or
better efficacy with improved safety for a lower cost in order for this medical strategy to be
used across the spectrum of potential pathologies. Clinical evidence to date suggests that
some patients will benefit markedly, while many have little or no significant improvement,
indicating an unmet need to more effectively identify those candidates with the highest
treatment benefit potential. Moreover, rapid advances in cost-effective genomic profiling
and sensitive early detection of high-risk biomarkers for cancer and early atherosclerosis
will challenge the medical community to assess and treat asymptomatic patients early in the
natural history of the disease process. Current diagnostic imaging techniques are inadequate
for sensitive and specific detection and characterization of nascent pathology, and the
majority of medical therapies, particularly within the realm of oncology, are more severe
than the underlying disease at that stage of progression. Emergent noninvasive biomedical
imaging approaches that combine sensitive, specific, and quantitative microanatomic/
biochemical/functional characterization of pathology with the added capacity to deliver
effective therapy, particularly antiangiogenic treatment, with fewer adverse effects are in
development. This new class of agents has acquired the moniker “theragnostic” (i.e., therapy
and diagnostic).

Clinical techniques are available to help stage and monitor response to cancer treatments and
include dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI)
and 18fluorodeoxyglucose (18FDG) positron emission tomography (PET). However, these
techniques have not proved effective in stratifying patients into treatment regimens based on
tumor neovascularity. Radiolabeled arginine-glycine-aspartic acid (RGD) peptides and
antibodies, particularly directed to the αvβ3-integrin, have been used to target and
characterize tumor angiogenesis by microPET [9] and single photon emission computed
tomography (SPECT) [10]. However, these small molecules readily permeate into the tumor
and like 18FDG, bind many cell types, including activated macrophages and proliferating
tumor cells, which diminishes the signal specificity for angiogenesis per se. DCE-MRI can
detect changes in tumor microvasculature permeability to MR blood pool contrast agents
[11, 12], and some studies have correlated these kinetic estimates with traditional measures
like microvessel density (MVD), but initial clinical trials have yielded inconsistent results
due to either insufficient standardization of the endpoints or technique issues [13, 14].

Among a cadre of MR molecular imaging agents that have been invented and studied over
the last several years, lipid-based paramagnetic particles, such as perfluorocarbon (PFC)
emulsions [15–17], liposomes [18–21], or micelles [22] targeted to biomarkers by antibody,
small peptides or peptidomimetics, have shown particular effectiveness in monitoring αvβ3-
integrin endothelial expression before and after treatment. Of these, PFC nanoparticles have
proven to be a robust theragnostic technology for quantitative MR monitoring and
antiangiogenic treatment.

Perfluorocarbon (PFC) nanoparticles (NP) are a multi-functional theragnostic technology
with versatile potential demonstrated in a variety of preclinical animal cancer and
atherosclerotic models. These particles (250 nm) encapsulate a PFC core with a monolayer
of phospholipids. The biocompatibility of perfluorooctylbromide core is well documented,
even at large doses, with no toxicity, carcinogenicity, mutagenicity, or teratogenic effects,
and it is eliminated unmetabolized through exhalation with a 3-day biological half-life [23].
PFC NPs are constrained within the vasculature during the targeting phase, which makes
them ideal candidates for specific homing to intravascular biosignatures, such as integrins,
selectins, or adhesion molecules.
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PFC nanoparticle technology
Targeting angiogenesis with PFC nanoparticles

Neovessel formation, i.e., angiogenesis expansion, is an important signature of aggressive
cancers and progressive atherosclerosis. One molecular biosignature, αvβ3-integrin, has
garnered prominent attention for angiogenic targeting applications because it is expressed on
the luminal surface of activated endothelial cells but not on mature quiescent cells.
Unfortunately, the αvβ3-integrin, a heterodimeric transmembrane glycoprotein, is not only
presented by neovasculature endothelial cells but also expressed by numerous cell types
including macrophages [24], platelets [25], lymphocytes [25], smooth muscle cells [26], and
tumor cells [27, 28]. Fortunately, the constraint of PFC NPs to the vasculature precludes
significant interaction with these nonendothelial integrin-expressing cells, which greatly
enhances neovascular target specificity [29].

While a variety of peptide-based homing ligands have evolved around the fundamental
arginine-aspartate-glycine (RGD) motif, first introduced by Ruoslahti [30], we have
primarily utilized a peptidomimetic small molecule with high specificity and affinity. The
αvβ3-integrin antagonist is a quinalone nonpeptide developed by Bristol-Myers Squibb
Medical Imaging (US patent 6,511,648 and related patents), which was initially reported and
characterized as the 111In-DOTA conjugate RP478 and cyan 5.5 homologue TA145 [31].
The specificity of the αvβ3-ligand mirrors that of LM609 as assessed by staining and flow
cytometry, and it has a 15-fold preference for the Mn2+-activated receptor (21 nM) [31]. The
IC50 for αvβ5, α5β1 and GP IIbIIIa was determined to be > 10 μM (BMSMI, Billerica, MA,
USA, unpublished data). The binding affinity of the PFC nanoparticle decorated with
approximately 500 homing ligands is 50 pM.

Multi-modal molecular imaging with PFC nanoparticles
Targeted ultrasound imaging—Targeted Ultrasound Imaging In contradistinction to
individual microbubbles that have short in vivo half-lives and produce remarkable acoustic
contrast, whether circulating, trapped, or targeted, ligand-targeted, nongaseous
perfluorocarbon emulsions have poor inherent acoustic reflectivity [32, 33] unless
concentrated upon the surfaces of tissues or membranes, which provides marked
improvement in contrast signal without increasing the background level. In the first report of
ultrasonic molecular imaging, marked acoustic enhancement of thrombi created by
perfluorocarbon nanoparticles targeted systemically in vivo in a canine model illustrated the
concept of contrast-based tissue characterization [34]. In that report, we demonstrated that
perfluorocarbon nanoparticles, although too small to be detected in circulation at the low
molecular imaging dosage employed, were able to persist in blood, specifically bind to pre-
targeted fibrin, and generate marked acoustical enhancement of acute vascular thrombi [34].

The acoustic reflectivity of bound perfluorocarbon nanoparticles was approximated by a
first-order mathematical model, i.e., an acoustic linear transmission model, which helped to
elucidate the major principles governing the magnitude of acoustic reflectivity [35]. In this
model, the key elements influencing spectral ultrasonic reflectivity were the effective
emulsion layer: density, speed of sound, and thickness. We extensively characterized the
acoustic properties of a wide variety of potential perfluorocarbons and subsequently
formulated a series of perfluorocarbon compounds of varying acoustic impedance [36, 37].
In synopsis, these studies revealed that all liquid perfluorocarbon emulsions significantly
increase target acoustic reflectivity when bound to a surface and the magnitude of
enhancement may be manipulated by formulating nanoparticles with perfluorocarbons of
different acoustic impedance. Moreover, we determined that introduction of exogenous
heating accentuated the acoustic contrast of nanoparticle-targeted tissues by lowering
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perfluorocarbon speed of sound, which augmented the acoustic impedance mismatch and
increased the surface spectral reflections [38]. Essentially, the echogenicity of nanoparticles
bound to a tissue surface was analogous to the reflectivity of light by a mirror, i.e., the more
complete the coating of silver grains over glass surface, the clearer the reflected image.

For thrombus where the concentration of fibrin epitopes is vast, the acoustic imaging of
targeted nanoparticles is readily accomplished with traditional fundamental ultrasound
approaches. However, when biomarker targets have sparse density distributions, such as in
angiogenesis, complementary acoustic receivers were required and developed that were
highly sensitive to the subtle changes in wave shape (i.e., the contours and ripple patterns).

Detection of molecular epitopes associated with neovasculature with integrin-targeted PFC
nanoparticles presents a unique challenge for ultrasonic clinical imaging systems. Whereas
subsequent investigators utilized microbubbles by virtue of their high inherent contrast, but
whether a microbubble is bound, entrapped, or circulating in the background is difficult to
discern directly. In contradistinction, targeted PFC nanoparticles, with much lower acoustic
contrast, must be detected due to their bound accumulation in the presence of other bright
echoes returned from the surrounding tissue. We approached the problem of detection of
site-specific contrast through the use of signal receivers i.e., mathematical operations that
reduce an entire radio frequency (RF) waveform or a portion of it to a single number based
on information-theoretic quantities, such as Shannon entropy (H), or its counterpart for
continuous signal (Hf) [39, 40]. These receivers appear to be sensitive to diffuse low
amplitude features of the signal that often are obscured by noise or else lost in large specular
echoes and, hence, not usually perceivable by a human observer.

Although entropy-based techniques have a long history in image processing for image
enhancement and postprocessing of reconstructed images, the approach employed was quite
different in that entropy was used directly as the quantity defining the pixel values in the
image. Specifically, images are reconstructed by computing the entropy (or a limiting form
of it: Hf, or If, ¥) of segments of the individual RF A-lines that comprise a typical medical
image by applying a “moving window”, or “box-car”, analysis. The computation of an
entropy value for each location within an image is therefore possible, and the results can be
superimposed over the conventional grayscale image as a parametric map. This approach
has been integrated into current commercial ultrasound scanner on a prototype basis
providing real-time direct molecular imaging [40] as opposed to inference from a
differential pattern obtained pre- and post-microbubble destruction and reflow.

1H T1-weighted MR molecular imaging with PFC nanoparticles—MRI offers
several advantages over other clinical modalities for molecular imaging, including high
resolution, noninvasiveness, high anatomical contrast, and lack of ionizing radiation. The
partial volume dilution effect, which is inherent in MR imaging, has often led to the failure
of targeted contrast agents in vivo. Initial attempts of targeted imaging with MRI focused on
coupling gadolinium atoms directly to antibodies or proteins, but these approaches delivered
insufficient paramagnetic material to effectively decrease local relaxation times and
provided inadequate MR signal enhancement on T1-weighted images at typical clinical field
strengths. Later, ligand-directed macromolecular constructs were used to increase
gadolinium ion payload delivered to each binding site, which amplified the MR contrast
enhancement to acceptable levels. The two principal features of successful targeted
paramagnetic contrast agents are the number of gadolinium ions delivered or accumulated at
each binding site, i.e. the paramagnetic payload, and the relaxivity influence provided by
each gadolinium atom.
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The first-generation paramagnetic PFC nanoparticles (250 nm) incorporated a lipophilic
chelate, i.e., gadolinium-diethylene-triamine-pentaacetic acid bis-oleate (Gd-DTPA-BOA,
metal oriented outward) into the surfactant layer. These relatively large paramagnetic
constructs have high relaxivity per gadolinium atom (ion-based relaxivity) due to the slower
tumbling rate of the particle in comparison with free gadolinium-diethylene-triamine-
pentaacetic acid (Gd-DTPA) and support high surface payloads of metal, typically 100,000
gadolinium ions per 250 nm particle, providing extremely high relaxivity per particle
(particle-based relaxivity). By varying the payload of Gd-DTPA-BOA chelate on the
nanoparticle surface, the particulate r1 relaxivity at 1.5 T was increased from 10 to 40 mol%
[15]. Subsequently, we demonstrated that repositioning the Gd-DTPA chelate slightly above
the lipid surface of the nanoparticle markedly enhanced the r1 and r2 relaxivities by up to
300% [41].

The requisite extended biological half-life of lipophilic gadolinium chelates demands a
complexation with minimal toxicity potential through transmetallation. This led to the
development of gadolinium-methoxy-tetraazacyclodode cane-tetraacetic acid (Gd-MeO-
DOTA)-phosphatidyletha-nolamine (PE)-based nanoparticles, which retained the improved
high relaxivity achieved Gd-DTPA-PE PFC nanoparticles [42]. Moreover, the
transmetallation of gadolinium was markedly diminished for the macrocyclic DOTA
constructs in the presence of excess ZnCl2, in comparison with the linear chemistry of the
DTPA chelate, which was further compromised of the loss of coordination bond(s) imparted
by the lipid modification [42]. In subsequent generations of paramagnetic particles, the
gadolinium chelate–lipid conjugates employed retained an above surface localization of the
DOTA chelate for maximum relaxivity (US Pat. No. 6,869,591).

19F imaging with PFC nanoparticles—19F presents an excellent probe for quantitative
MRI, which is highly enriched in perfluorocarbon nanoparticles. 19F has 100% natural
abundance, a spin of ½, and a gyromagnetic ratio of 40.08 MHz/T close to the that of 1H
(42.58 MHz/T), resulting in 83% of the sensitivity of 1H [43]. In addition, the chemical shift
of 19F, due to its seven outer-shell electrons, is sensitive to the molecular environment of the
nucleus, including oxygen tension. The 19F spectroscopic signature manifests a range of >
200 ppm, [44, 45] which permits unambiguous identification of distinctive 19F-containing
compounds even at low field strengths. Moreover, no background exists for the 19F signal in
vivo, providing a unique spectroscopic signature for quantitative MRI.

The unique capability of 19F MRI to directly determine the absolute quantity of 19F atoms
has been largely unexploited until the recent advent of PFC nanoparticle-based molecular
imaging beginning in 1996 [46]. Although these targeted nanoparticles were used initially to
deliver high payloads of surface gadolinium to enhance T1-weighted 1H MRI as discussed
above, they inherently resulted in regional deposition of 19F atoms adequate for quantitative
MRI. Using fibrin-targeted PFC nanoparticles, the bound particles on the surface of fibrin
clots provided enough 19F atoms for MRI at 4.7 T field strength [47, 48]; later the concept
was extended to a clinical scanner at 1.5 T [49]. The linear correlation between the quantity
of bound 19F atoms and the measured 19F MR signal from functionalized PFC nanoparticles
has been quantitatively mapped [48] in clot and tissue phantoms. PFOB and PFCE
(perfluoro-15-crown-5-ether) nanoparticles targeted to the same biological specimen were
simultaneously or selectively assessed with 19F MRI at 1.5 T, illustrating the unique spectral
opportunity for phenotypic characterization achievable by delineation of multiple
pathological biosignatures simultaneously [49]. Subsequently, Neubauer et al. further
demonstrated that paramagnetic Gd3+ closely bound to the surfactant of PFC NPs increased
the 19F r1 by fourfold, improving 19F signal intensity 125% at 1.5 T [50].
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Examples of 19F imaging of sparse epitopes as presented by biological tissues have included
detection of athero-sclerotic valve angiogenesis [51]. Angiogenic valve leaflets in
hyperlipidemic rabbits following αvβ3-integrin-targeted PFC nanoparticles exhibited ~3
times higher 19F signal ex vivo than similar valve leaflets in atherosclerotic animals treated
with untargeted nanoparticles [51]. Potentially in vivo quantitative 19F MRI using site-
targeted PFC nano-particles can be complicated by background signal from unbound
particles circulating in the blood pool depending on the dose, timing of imaging, and field
strength (particularly above 4.7 T); however, the use of diffusion weighted 19F MRI
techniques to selectively suppress the 19F signal from circulating nanoparticles versus the
targeted bound particles eliminates this background problem [52].

PFC nanoparticles uniquely support both 1H and 19F imaging, which now may be performed
simultaneously, and which offers many benefits in image registration, motion correction,
and quantitative data calibration. Moreover, clinical dual-tuned MR systems offer unique
data acquisition, which, due to the isotropic coverage of k-space, allows for multi-resolution,
and therefore multi-sensitivity, reconstruction of the simultaneously acquired 19F/1H data.
Variable k-space weighting in the reconstruction of simultaneously acquired 19F/1H 3D
radial data allows optimizing the balance between SNR and resolution in the 19F image
retrospectively, while maintaining high resolution for the 1H image for anatomical co-
registration. This a posteriori approach for the choice of 19F image resolution is a powerful
tool because the degree of angiogenesis and corresponding signal levels are unknown a
priori. Moreover, achieving absolute quantification of the 19F signal requires various data
corrections including the coil-specific spatial inhomogeneity of the B1 field. To overcome
this inhomogeneous measurement, B1 correction approaches, called the “actual flip angle
imaging” technique, have been reported that provide an image-based measure of the actual
combined excitation and reception field map for the coil/anatomy combination. The
advances in dual 19F/1H will enable the quantitative need for angiogenesis assessments, e.g.,
an angiogenic index, to be developed to stratify patients and guide medical management.

High-sensitivity: high-resolution SPECT-CT/MR molecular imaging—While
numerous radiolabeled αvβ3-integrin or vitronectin antagonists, including antibodies,
peptides, peptidomimetics, and disintegrins, have been explored as tumor vasculature
targeting agents [9, 31, 53–60], their penetration beyond the circulation allows binding to a
cadre of non-endothelial sources. In contrast, PFC NPs are constrained by size (250 nm,
nominal diameter) to the vasculature, which is expected for agents greater than 120 kDa or
100 nm unless vascular integrity is significantly disrupted [29, 61].

The specific high-resolution MR molecular imaging of neovascular-rich pathology using
αvβ3-paramagnetic nanoparticles in a variety of in vivo studies [16, 17, 62–65] has been
discussed above, and the utility of 111In αvβ3-nanoparticles to provide a high sensitivity,
low-resolution signal from the tumor neovasculature has also been demonstrated [66].
However, the more clinically relevant and challenging opportunity involves the combination
of 99mTc imaging and MRI to provide high-sensitivity detection with high-resolution 3D
neovasculature mapping. While molecular imaging in cancer implies that tumor-related
pathognomonic biomarkers are detected with high sensitivity and characterized with high
resolution, the localization of occult tumors or metastases within large tissue volumes favors
high-sensitivity imaging techniques, such as nuclear imaging. Unfortunately, nuclear
imaging offers only low resolution (mm), which precludes pathologic characterization based
on microscopic anatomical detail of nascent lesions. Incorporation of 99mTc functionality
into the αvβ3-targeted gadolinium nanoparticles has been shown to provide a highly
detectable nuclear signal that can further direct focused MR examination and neovascular
characterization [67]. MR molecular imaging with 3D neovascular mapping using the dual
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modality approach demonstrated a coherent, asymmetric, patchy pattern of angiogenesis
along the outer aspects of the tumor mass, consistent with an angiogenic phenotype [63].

Drug delivery with PFC nanoparticles—The unfortunate toxicities associated with
anti-VEGF therapy reflect the pleiotropic physiological roles of VEGF and the unintended
consequences of disrupting the pro-angiogenesis pathway via VEGF adsorption or inhibition
[7]. Image-guided nanomedicine strategies directed specifically to proliferating neovascular
endothelial cells with antiproliferative/antiangiogenic drugs may provide equivalent
antiangiogenic effectiveness with less collateral morbidity. We have reported a novel
approach to targeted drug delivery and termed it “contact facilitated drug delivery” [68]
(Fig. 1a). Contact facilitated drug delivery refers to the (ATP independent) transfer of lipid
surfactant components into the outer leaflet of the target cell membrane through a
hemifusional complex [68–70] (Fig. 1b). It is a slow second-order process that depends upon
the persistent interaction of the lipid-encapsulated nanoparticle with the target cell
membrane surface. In effect, theragnostic PFC nanoparticles deliver a “kiss of death”
without the typical requisite cellular internalization and subsequent drug payload escape
from the endosomal compartment [69, 70]. Chemotherapeutics, such as paclitaxel [68],
doxorubicin [68], rapamycin [71], fumagillin [63–65, 72], as well as toxic peptides, such as
mellitin [73], and thrombolytic enzymes [74], have been effectively incorporated into the
surfactant of PFC nanoparticles.

With respect to angiogenesis, fumagillin, a mycotoxin produced by Aspergillus fumigatus,
suppresses endothelial proliferation by inhibition of methionine aminopeptidase 2 (MetAP2)
[75, 76]. The antiangiogenic effectiveness of TNP-470, a water-soluble functional analogue
of fumagillin, was widely demonstrated in rodents [77–80] and later studied in human
clinical trials [81–85]. Anecdotal cases of complete remission of cervical cancer, regression
of breast cancer, and stabilization of disease in patients with sarcoma, melanoma, and
adenocarcinoma were reported. Unfortunately, TNP-470 has significant liabilities including
a brief systemic half-life for itself (2 min.) and its primary metabolite AGM-1883 (6 min)
[81], and the dosage required to elicit therapeutic effects also induces sudden moderately
severe symptoms of neurotoxicity, including weakness, nystagmus, diplopia, and ataxia [81,
82, 85]. As shown below in preclinical models of cancer and atherosclerosis, fumagillin
incorporated into αvβ3-targeted PFC nanoparticle surfactant and delivered at less than a
10,000th of the dose applied clinically suppressed neovascular proliferation with no
significant adverse effects in rabbits and rodents [63–65, 72].

Studies: angiogenesis theragnostic in cancer and atherosclerosis
αvβ3-targeted fumagillin PFC nanoparticles in cancer

αvβ3-integrin-targeted paramagnetic nanoparticles were demonstrated to sensitively detect
histologically corroborated angiogenic endothelium at 1.5 T in New Zealand White rabbits
bearing Vx-2 tumors (<1.0 cm) implanted into the hind-limb 12 days previously [16], which
confirmed and significantly extended the previous report of Sipkins et al. in the same model
[18]. An in vivo competition group demonstrated markedly diminished signal relative to
animals receiving the αvβ3-targeted nanoparticles. In a more challenging follow-on study,
MR signal enhancement from the targeted angiogenic vasculature was apparent 0.5 h
following IV administration of αvβ3-integrin-targeted PFC nanoparticles to athymic mice
implanted with human melanoma xenografts (C-32, ATCC, <40 mm3); the signal became
progressively more prominent over 2 h (177%) [86] (Fig. 2). In this model as well, in vivo
competition studies markedly diminished the signal from αvβ3-targeted nanoparticles,
confirming homing specificity; the molecular imaging results were corroborated
microscopically.
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Later, αvβ3-targeted nanoparticles incorporating minute dosages of fumagillin were shown
to diminish the development of neovasculature and to reduce Vx-2 tumor growth in rabbits
[63] (Fig. 3). Neither nontargeted fumagillin nano-particles nor αvβ3-targeted nanoparticles
without drug reduced angiogenesis or diminished tumor growth. Quantitative MR molecular
imaging with αvβ3-targeted paramagnetic nanoparticles further revealed that the
neovasculature was distributed predominately in the peripheral aspects of the tumor
accounting for seven percent of that volume. These measures were microscopically
corroborated by the co-localization of αvβ3-targeted rhodamine nanoparticles with FITC-
lectin exclusively in or adjacent to the tumor capsule.

High-resolution three-dimensional neovascular maps illustrated the coherent asymmetric
expression of angiogenesis as a few confluent regions of high-density neovascularity with an
interspersed reticular network of enhancing voxels (Fig. 3). Large regions of the tumor
surface and the interior were devoid of αvβ3-targeted paramagnetic nanoparticle signal
enhancement. Both the islands of dense neovasculature and the intervening network of
neovessel formation were diminished by treatment with αvβ3-targeted fumagillin
nanoparticles. Interestingly, non-necrotic regions of the tumor parenchyma were associated
with increased accumulation of intratumoral cytotoxic lymphocytes following αvβ3-targeted
fumagillin nanoparticle treatment versus controls.

In follow-up, the utility of α5β1-integrin as a biomarker for angiogenesis in cancer was
studied in the MDA-MB-435 xenograft mouse model [65]. α5β1-integrin, like αvβ3 integrin,
is an important adhesion molecule, which regulates endothelial cell migration and survival
during neovascularization [87]. α5β1-integrin is poorly expressed on normal quiescent blood
vessels, but its expression is induced on tumor blood vessels and in response to angiogenic
factors [88] including basic fibroblast growth factor, interleukin-8, tumor necrosis factor-
alpha, and the angiomatrix protein Del-1. While the role of αvβ3-integrin is well documented
in aggressive melanoma and breast cancer metastasis, α5β1-integrin is frequently associated
with tumors of lower malignant potential in addition to aggressive carcinomas.

The molecular imaging and antiangiogenic effects of fumagillin nanoparticles targeted by a
dual α5β1(αvβ3)-peptidomimetic versus the αvβ3-peptidomimetic alone were investigated
using 3D MR neovascular mapping. Like the αvβ3-peptidomimetic described above, the
α5β1(αvβ3)-integrin antagonist was a quinalone nonpeptide (PCT/US1998/012010) with an
IC50 of 390 pM for α5β1 and 87 nM for αvβ3 and no effective cross-reactivity with αvβ5 or
GPIIbIIIa. Three-dimensional reconstructions of the MR signal enhancement revealed the
sparse spatial organization of neovessels, which predominantly were confined to the tumor
periphery. α5β1(αvβ3)-targeted nanoparticles containing fumagillin further decreased the
already small amount of neovessel enhancement to an almost negligible level, but in
contradistinction to the marked decrease in tumor volume in the Vx2 model, fumagillin
antiangio-genesis did not affect tumor volume in the MDA 435 animals. The effectiveness
of targeted antiangiogenic therapy logically depends on the adequate expression of the
neovascular biomarker and the dependence of tumor growth on the neovasculature. The
MDA-MB-435 tumor model had a very sparse neovasculature, was relatively slow growing,
and did not display a marked “angiogenic switch” phenotype as opposed to the Vx2. From
the clinical perspective, MR angiogenic characterization of small tumors, particularly breast,
lung, or colon, may better stratify patients into medical strategies involving anti-VEGF
treatment dependent on the prominence of neovasculature. Perhaps, such a patient
enrichment approach would yield more cost-effective benefits with less unnecessary
exposure to off-target risk.
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32αvβ3-targeted fumagillin PFC nanoparticles in atherosclerosis
Atherosclerotic plaque progresses from an early atheroma-tous lesion to a thin-capped
vulnerable plaque through aggressive inflammatory and immune responses, comprising
macrophage infiltration with necrotic core enlargement, neovascular expansion of the vasa
vasorum, and intraplaque hemorrhage [89–91]. Increased plaque angiogenesis, driven by
hypoxia [92], proangiogenic growth factors [93], and oxidative stress [94], portends unstable
vascular disease [89, 90]. Angiogenesis is correlated with plaque rupture and is associated
with the morphological features of vulnerable atheroma including macrophage infiltrated
fibrous caps [89], lipid-rich cores [95], and thin-cap shoulders [89]. The preponderance of
data from experimental models and human pathological samples indicates that plaque
neovasculature could serve as a molecular imaging biomarker of atherosclerotic severity and
cardiovascular disease risk.

The potential role of antiangiogenic therapy in the treatment of atherosclerosis has garnered
increasing scientific discussion both pro [96] and con [90, 97]. While there is general
agreement that angiogenesis is a prominent feature of vulnerable and ruptured plaques
versus more stable fibrocalcific lesions, questions regarding the causative relationship and
clinical relevance of antiangiogenic therapeutic strategies in cardiovascular disease have
been raised. Many have postulated that antiangiogenesis therapy may normalize
atherosclerotic plaque vasculature through neovascular pruning, which could diminish
intraplaque hemorrhage frequency and promote plaque stabilization [98].

Molecular imaging of angiogenesis with αvβ3-targeted paramagnetic
nanoparticles in fat-fed rabbits—In the first experiment to demonstrate molecular
imaging of angiogenesis in early atherosclerosis with αvβ3-integrin-targeted paramagnetic
PFC nanoparticles, male New Zealand White (NZW) rabbits were fed either 1% cholesterol
or standard rabbit chow for ~80 days [62]. Cholesterol-fed rabbits received either (1) αvβ3-
targeted paramagnetic nanoparticles, (2) nontargeted paramagnetic nanoparticles, or (3) pre-
treatment with αvβ3-targeted nonparamagnetic nanoparticles 2 h prior to αvβ3-targeted
paramagnetic nanoparticles (in vivo competitive blockade). All control-diet animals
received αvβ3-targeted paramagnetic nanoparticles.

MR signal in the abdominal aorta integrated from the diaphragm to renal arteries increased
after contrast injection, indicating the presence of targeted nanoparticles bound to αvβ3-
integrin epitopes on the neovasculature. Aortic wall contrast enhancement was variable
along the circumference and length of the aorta. However, greater signal enhancement was
observed in the cholesterol-fed/targeted rabbits in practically every aortic segment.
Quantification of the aortic signal enhancement among cholesterol-fed rabbits receiving
αvβ3-targeted paramagnetic nanoparticles showed a 47 ±5% increase over baseline at 120
min., which was twice the enhancement appreciated in rabbits receiving the nontargeted
nanoparticles. Competitive blockade of angiogenic αvβ3-integrins with targeted
nonparamagnetic nanoparticles reduced the signal enhancement of αvβ3-targeted
paramagnetic nanoparticles by at least 50%. The signal enhancement observed in the
adjacent skeletal muscle due to nanoparticles in all treatment groups was negligible relative
to that exhibited by the aortic wall.

Antiangiogenic treatment with αvβ3-targeted fumagillin nanoparticles in early
atherosclerosis—The second study focused on demonstrating the effectiveness of αvβ3-
targeted paramagnetic fumagillin nanoparticles in early atherosclerosis in this
hyperlipidemic rabbit model. In that experiment [72], three paramagnetic nanoparticle
formulations (i.e., αvβ3-targeted fumagillin nanoparticles, αvβ3-targeted nanoparticles
without fumagillin, and nontargeted fumagillin nanoparticles) were studied (Fig. 4).
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During baseline scanning, T1-weighted black blood images showed no gross evidence of
significant plaque development within the wall of the abdominal aorta in terms of lumenal
narrowing or wall thickening compared to previous experiments utilizing age-matched,
nonatherosclerotic rabbits. As noted in the previous study, MRI signal enhancement from
the aortic walls of atherosclerotic rabbits injected with αvβ3-targeted nanoparticles, both
with and without fumagillin, displayed a patchy distribution, with generally higher levels of
angiogenesis near the diaphragm. MRI signal enhancement averaged over all imaged slices
was identical for αvβ3-targeted nanoparticles with and without fumagillin.

One week after nanoparticle treatment, the residual angiogenic activity within the aortic wall
was reassessed. The aortic wall signal intensity at baseline was identical for all groups at the
time of treatment and at the 1-week follow-up, confirming that the paramagnetic
nanoparticles administered 1-week prior were undetectable. MRI enhancement from
angiogenic vasculature 1 week following αvβ3-targeted fumagillin nanoparticle treatment
was markedly reduced in both spatial distribution and signal intensity. By comparison, the
MR signal enhancement 1 week after treatment with αvβ3-targeted nanoparticles lacking
fumagillin was undiminished. Treatment with nontargeted fumagillin nanoparticles did not
significantly inhibit angiogenesis compared to αvβ3-targeted nanoparticles without
fumagillin.

Abdominal aorta sections obtained 1-week after nanoparticle treatment revealed mild,
heterogeneously distributed intimal thickening consistent with very early atherosclerotic
neointimal development in all rabbits. The vast majority of neovessels within the aortic wall
were located in the adventitia opposite regions of thickening intimal plaque. The total
number of PECAM-positive microvessels per section when averaged across all aortic slices
was greater (P < 0.05) in control rabbits than in those given αvβ3-targeted fumagillin
nanoparticles, particularly in the proximal half of the abdominal aorta, which displayed
more prominent disease.

Duration of antiangiogenic effect after treatment with αvβ3-integrin-targeted
fumagillin nanoparticles—In the next study, the duration of a single dose of αvβ3-
targeted fumagillin nanoparticles was examined as a function of fumagillin dose (30 vs. 90
μg/kg) in animals continued and withdrawn from cholesterol diets following the start of
treatment (Fig. 5). At baseline, the average percent signal enhancement from αvβ3-targeted
paramagnetic nanoparticles did not differ between treatment groups and was similar to
earlier studies [64]. Again, αvβ3-targeted paramagnetic contrast was diffusely distributed
across and within slices, and the enhancement calculated represented the average of all
aortic voxels rather than a threshold subset. MR neovascular signal did not differ between
fat-fed animals switched to standard chow and those continuing on the cholesterol-enriched
diet over the 4-week study, which reflected the marked and persistent serum cholesterol
elevation and fatty liver disease observed in all animals continuing throughout the study.

As noted previously, angiogenesis contrast among animals receiving αvβ3-targeted
fumagillin nanoparticles was decreased by approximately 50–75% relative to the control
animals (P < 0.05). The decreased neovascular signal persisted through week 2. On week 3,
aortic angiogenesis remained less than the control (P < 0.05) in both dietary groups, but the
difference was smaller, indicating that the effect of the single dose of fumagillin was
waning. By week 4, there was no difference in the MR neovasculature signal between
control and fumagillin-treated rabbits regardless of diet or fumagillin dose from 30 to 90 μg/
kg.

Antiangiogenic synergism of αvβ3-integrin-targeted fumagillin nanoparticles
and atorvastatin—HMG-CoA reductase inhibitors have been proven to reduce
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cardiovascular risk [99], but their benefits may exceed the primary lipid-lowering effects.
The pleiotropic benefits of statins have been attributed to antioxidant effects [100]
diminished leukocyte-endothelial cell adhesion [101], attenuated macrophage activation and
cytokine release [102], increased endothelial nitric oxide activity [103], and atherosclerotic
plaque stabilization [104]. Pathological data from excised carotid arteries of patients treated
for 3 months with statins have revealed a reduction in microvascular density, which was
proposed as an explanation for the additional benefit of statins [105].

The three previous studies in hyperlipidemic rabbits demonstrated that αvβ3-targeted
paramagnetic nanoparticles specifically home to angiogenic neovasculature in
atherosclerotic aorta and deliver effective fumagillin therapy persisting for 3 weeks before
recrudescing. The next but critical issue to be addressed was how to utilize and maintain the
acute antiangiogenic benefits of fumagillin chronically in a clinically relevant care plan. The
objective of this study was to determine whether the weak antian-giogenic response of
statins would be adequate to sustain the acute antineovascular response of targeted
fumagillin.

In a complicated 8-week experiment, the initial 4-week angiogenic response profile at
baseline and following αvβ3-targeted fumagillin or control PFC nanoparticles did not differ
from the previous 4-week experiment (Fig. 6). The neovascular integrated aortic signal of
rabbits given atorvastatin alone did not differ from the nonstatin control counterparts.
Animals receiving targeted fumagillin alone or in conjunction with oral statin had the same
acute decrease in neovasculature at week 1, which returned to baseline levels at week 4.

However, following reinjection of targeted fumagillin in combination with continued dietary
atorvastatin, the recrudescence of angiogenesis 4-week post-treatment was not observed, and
a synergistic persistent antiangiogenesis effect, equivalent in magnitude to the 2-week
response level, was observed. Dietary statin alone had no effect on angiogenesis in the
second 4-week period (weeks 4–8 of study) nor did repeat treatment with fumagillin
nanoparticles gain carry-over benefit from the prior treatment cycle. While atorvastatin
alone exerted no significant effect on plaque angiogenesis in this short study, it is clear that
dietary statin therapy synergistically extended the acute antineovascular benefits of αvβ3-
targeted fumagillin PFC nanoparticles.

Conclusion
Clearly, perfluorocarbon nanoparticles are a versatile multimodal and theragnostic
nanomedicine technology with anticipated clinical impact in the field of atherosclerosis and
cancer. Homed to the αvβ3-integrin, this novel technology can detect and quantify nascent
angiogenic expansion associated with minute tumors or early vascular disease. Although
much work has been conducted with MRI, the diagnostic capability extends to ultrasound
and nuclear imaging as well as hybrid applications. The drug delivery with these particles
has been repeatedly shown for antiangiogenesis therapy, but also delivery of mellitin (i.e.,
NanoBees) in cancer, thrombolytics in acute ischemic stroke, and rapamycin following
percutaneous angioplasty. This platform technology has advanced from the bench and to the
clinic, where the first imaging results in man are highly anticipated.
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Fig. 1.
Left Contact facilitated drug delivery illustrated with rhodamine PFOB nanoparticle bound
to C32 melanoma cell (transfected with Rab5 and Rab 7 GFP endocytic markers). Right
Scanning electron micrograph of PFC nanoparticle forming a hemifusional complex with
surface of endothelial cell. Lipids transfer to the target cell outer leaflet without ATP and
require ATP to flip to the inner membrane. Reproduced with permission [68–70]
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Fig. 2.
T1-weighted MR image (axial view, 1.5 T) of an athymic nude mouse before injection of
αvβ3-targeted paramagnetic nanoparticles. a Baseline image of a C32 tumor that is difficult
to detect. b 30-min post-injection. c 120-min post-injection. White arrows point to tumor in
panels a, b, and c. Tumor diameter 2.5 mm. d Time course of MRI signal enhancement in
tumor-bearing mice treated with αvβ3-targeted paramagnetic nanoparticles (blue),
nontargeted contrast agent (green), or a competition procedure (yellow). T1-weighted signal
enhancement in the targeted group was nearly twice that in the control animals given the
untargeted agent (P < 0.05). Competitive blockage of αvβ3-integrin sites greatly diminished
contrast (P < 0.05). e–h Immunohistochemistry revealing endothelial cell location and
angiogenic vessel αvβ3-integrin expression along the periphery of C32 tumors and
associated with infiltrating connective tissue. e H&E (×4). f β3-integrin (×20). g β3-integrin
(×60) h PECAM-1 (×20, nuclear counterstained). Reproduced with permission [86]
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Fig. 3.
Diminished αvβ3 integrin contrast enhancement in T1-weighted, fat-suppressed, 3D gradient
echo MR single slice images (250 ×250 μm, 500 μm slices, TR/TE = 40/5.6 ms, 65° flip
angle, 1.5 T) in rabbits administered αvβ3-targeted fumagillin nanoparticles (top) versus
those given αvβ3-targeted nanoparticles without drug (bottom). Left: Enhancing pixels, color
coded in yellow (arrows), demonstrate sparse areas of angiogenesis in fumagillin-treated
animal (top). Right: 3D neovascular maps of example Vx-2 tumors on day 16 following
αvβ3-targeted fumagillin nanoparticles (top) versus αvβ3-nanoparticles without drug
(bottom). Note the asymmetric distribution of angiogenic signal (color coded in blue) over
the tumor surface in both the control and treated animals. Neovessel dense islands and the
interspersed fine network of angiogenic proliferation over the tumor surface are diminished
in rabbits receiving the targeted fumagillin treatment. Reproduced with permission [63]
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Fig. 4.
a MRI of abdominal aorta showing false-colored overlay of percent signal enhancement at
time of treatment (top) and 1-week post-treatment (bottom). b Aortic MRI signal
enhancement averaged over all imaged slices at the time of treatment (filled bars) and 1
week after treatment (open bars). Rabbits treated with αvβ3-targeted fumagillin
nanoparticles had lower angiogenesis at 1 week compared with nanoparticles without
fumagillin (* P < 0.05). The solid lines indicate individual animal response to treatment over
the 7-day period. c PECAM-stained section (×4) of abdominal aorta from a hyperlipidemic
rabbit displaying very early atherosclerotic changes in the adventitia, media, and plaque
showing advential vasa vasorum expansion exclusively in region of plaque. Higher
magnification inset (×20) shows microvessels were predominantly located in the adventitia
associated with thickening neointima. Arrowheads illustrate the type of PECAM
microvessels counted within each section to assess fumagillin antiangiogenic effects. d The
number of neovascular vessels within the adventitia was reduced (* P < 0.05) in fumagillin-
treated rabbits over the proximal half of the aorta (i.e., renal artery to diaphragm), which
correlated with the region of greatest MR signal and fumagillin response in the imaging
studies. Reproduced with permission [72]
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Fig. 5.
Left. (Top) Black blood image of the thoracic aorta (arrow) and segmentation of the vessel
wall (outlined in yellow) is shown for the week 0 image. The color-coded overlay of signal
enhancement (%) shows patchy areas of high angiogenesis. On the week 1 image, the signal
enhancement has clearly decreased due to the antiangiogenic effect of targeted fumagillin
treatment. (bottom) The level of signal enhancement gradually increases at weeks 2 and 3
after fumagillin treatment, until week 4, when the level of enhancement is practically
identical to the week 0 image. Right. Aortic signal enhancement up to 4-week post-treatment
with targeted fumagillin nanoparticles. Top: Fumagillin treatment at week 0 reduced
angiogenesis compared to untreated controls, but withdrawing the high-cholesterol feed had
no effect. Bottom: Fumagillin treatment at 30 versus 90 mg/kg produced identical responses
(* P < 0.05). Reproduced with permission [64]
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Fig. 6.
MR signal enhancement up to 8-week post-treatment with targeted fumagillin nanoparticles
and/or oral atorvastatin. Top: Untreated and statin treated animals showed a constant level of
angiogenesis in the aortic wall. Animals treated with targeted fumagillin nanoparticles at
weeks 0 and 4 showed decreased angiogenesis (* P < 0.05) following each dose, which
returned to baseline levels within 4 weeks. Bottom: The combination of two fumagillin
doses and statin produced a sustained decrease in angiogenesis (* P < 0.05). Green arrow
points to synergistic suppression of angiogenesis not achieved with statin or fumagillin
alone (see top panel). Reproduced with permission [64]
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