
nanoparticle technology on the other hand is being developed
to yield ÒintelligentÓ contrast agents, which are injected
systemically or locally and selectively accumulate in vulnerable
plaques. Non-invasive imaging will detect the labeled nanopar-
ticles and could be performed in any hospital equipped with
single-photon-emission computed tomography (SPECT), CT,
or MR.

This article focuses on molecular imaging with MRI, but
brief mention shall be made regarding other very valuable
imaging technologies, including nuclear imaging and CT. Spe-
ciÞc strengths of nuclear imaging are the detection of metabolic
and (patho-)physiologic processes and the high sensitivity and
speciÞcity in the detection of sparse epitopes. Positron-emission
tomography (PET) and SPECT are capable of high resolution
sufÞcient to generate useful information of targets that are too
small to be detected or interpreted regarding their signiÞcance,
with MRI or CT. Conversely, MRI and CT provide high spatial
resolution and anatomical correlation. For these reasons many
applications are being developed that use nuclear imaging
in conjunction with either CT or MRI. Accordingly, many
nanoparticulate agents are being developed for dual-imaging
purposes. Several of the nuclear/MRI dual-agents are described
below. However, for further in-depth study regarding nuclear
imaging and developments in molecular nuclear imaging, the
reader is referred to two excellent review articles, which have
been recently published (9,10).

DIAGNOSTIC MR MOLECULAR IMAGING
OF ATHEROSCLEROSIS

Emphasizing its true character of a systemic inßammatory
disease, atherosclerotic lesions can be found throughout the ar-
terial tree. Yet, not all lesions are equal and location does matter.
Thus, carotid artery lesions are prone to form thrombi on the
surface and embolize into cranial arteries causing strokes (11Ð
16), while femoral and other peripheral arteries achieve clinical
signiÞcance largely through slow but continuous vascular oc-
clusion (17Ð19). Aortic lesions can cause embolic phenomena
(20Ð22). However, most clinically recognized events are related
to instrumentation (23). Coronary arteries can be diseased with
atherosclerotic lesions prone to all mechanisms of acute or slow
vascular occlusion (24). They are an important site for molecu-
lar imaging of vulnerable plaques since these have been shown
to be a signiÞcant source of acute myocardial infarctions (25Ð
27). While slowly occluding lesions eventually also cause heart
attacks, many of these are detected in time since they lead to
symptoms in more than half of cases, eventually may cause is-
chemic changes on various forms of stress testing and can be de-
tected with current angiography techniques. Vulnerable plaques
often occur in the proximal and middle parts of coronary arteries
making them more amenable to non-invasive imaging modalities
(28). Breath-hold maneuvers and ECG-gating techniques have
signiÞcantly diminished the impact of motion artifacts on obtain-
ing non-invasive images concerning lumenal patency. However,
the interrogation of small non-lumen compromising vulnera-

ble plaques requires either invasive imaging or the addition of
targeted contrast agents such as molecularly targeted nanopar-
ticles. For human applications, molecular imaging of carotid
and coronary arteries will be of greatest signiÞcance and sup-
plementing MRI techniques are improving at rapid pace. While
these efforts are ongoing, many of the animal trials to evalu-
ate and reÞne targeted nanoparticle technology are conducted
targeting and imaging plaque in carotid, aortic, and femoral ar-
teries to minimize motion artifacts and improve reproducibility
in experimental settings which also decreases animal usage.

Since there is overlap of different morphologies of atheroscle-
rotic plaques in the various arterial beds, strategies to target
speciÞc types of atherosclerotic plaque for molecular imaging
are described here. Other than angiography, which determines
lumenal obstruction by contrast deÞcits, molecularly targeted
nanoparticulate agents can interrogate the vessel from the lume-
nal side, detecting Þbrin, or cellular markers on the endothelial
or injured intimal surface, such as VCAM-1 (Figure 1). They
can reach molecular targets deep within the vascular intima and
media, such as integrins or by being shuttled into these lay-
ers following phagocytosis by macrophages or while linked to
lipids. Finally, they can approach through vasa vasorum in the
outer vascular wall to reach targets in angiogenic vessels which
are feeding the developing plaque. Thus, molecularly targeted
nanoparticles offer numerous opportunities to image atheroscle-
rotic plaque and non-invasively provide risk assessments re-
garding the vulnerability of individual atheroma. To accomplish
these numerous tasks, a wide variety of nanoparticles has been
developed for imaging purposes, including stem cell-labeling
and nanoparticles with dual (targeting & imaging) and triple
(targeting & imaging & drug delivery) functionality (Figure 2).

MOLECULAR IMAGING OF PLAQUE
EROSION OR RUPTURE

The interruption of the endothelial layer due to plaque erosion
or focal rupture causes Þbrin deposition (5, 29). The detection
of this event is appealing for two reasons. One, acute vascular
occlusion due to ongoing thrombus formation may ensue in the
short term, and second, hemorrhage into the plaque is known to
contribute to the growth of plaques, which often become vul-
nerable again in the long term (30, 31). Both these events may
be prevented as a result of treatment decisions derived from
molecular imaging of Þbrin deposition. Early work to develop
MR detectable nanoparticles that target Þbrin dates back to the
1990s when paramagnetic perßuorocarbon nanoparticles were
formulated with a ligand consisting of an antibody fragment
highly speciÞc for cross-linked Þbrin peptide domains (32, 33).
In those experiments, thrombi, formedin situ in canine carotid
arteries, were detectable within 30 minutes after exposure to
the Þbrin targeted nanoparticles. Perßuorocarbon nanoparticles
have a nominal diameter of 250 nm, consist of a liquid perßuoro-
carbon core and are encapsulated by a phospholipid monolayer
which can carry> 90,000 Gd atoms per particle, thus improv-
ing T1-weighted contrast enhancement. In experiments using
particles carrying>50,000 Gd atoms, dramatic T1-weighted
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Figure 1. Illustration of molecular targets for CMR imaging. Atherogenesis ranging from endothelial activation (left) through atheroma develop-
ment to thrombosis (right). Three different strategies are depicted. 1. Utilizing changes on the inner vascular surface throughout atherogenesis,
nanoparticles can be formulated to target adhesion molecules such as ICAM-1 and VCAM-1, which are expressed during endothelial activa-
tion (early) or Þbrin, which is expressed during endothelial injury (later). 2. Atherogenesis in the intima and media can be interrogated using
macrophages that are loaded with nanoparticles such as iron-containing particles in vitro or in vivo. Other strategies can be utilized, e.g. HDL-like
nanoparticles that migrate into the media (not depicted). 3. Angiogenesis supports advanced plaque growth. The angiogenic vessels sprout
through the adventitia and typically express the �v�3-integrin, which can be targeted with nanoparticles.

contrast enhancement in gradient-echo images was shownin
vivo for nanoparticle targeted thrombi in the external jugular
vein of dogs, andexvivo for human endarterectomy specimen
(34) (Figure 3).

Another approach to detect thrombi has utilized phage
display methods to produce Þbrin-targeted gadolinium-labeled
peptides. These peptides carry 4 Gd atoms each and, thus,
require accumulation of sufÞcient quantities at the target site for
imaging. One such peptide, EP-1873, allowed the MR detection
of Òhot spotsÓ in the subrenal aorta in a model of atherosclerotic
NZW rabbits with induced plaque rupture within 30 minutes
after systemic injection (35). Histological correlation conÞrmed
all thrombi seen on MRI and no thrombi were detected by
MRI or histology in control animals. The same Þbrin-binding
contrast agent was subsequently shown to facilitate MR imaging
of thrombosis in a porcine model of coronary thrombus and
in-stent thrombosis (36). A newer generation Þbrin-speciÞc
small peptide with 4 Gd-chelate moieties, EP-2104R, binds

selectively to Þbrin without binding to circulating Þbrinogen.
This compound allowed the selective visualization of left atrial
clots in a porcine model (37). This Þbrin-targeted peptide has
also been superior to non-contrast MRI and Gd-DTPA injection
in targeting carotid artery thrombusin vivo (38). In this model,
carotid artery thrombosis was induced by external injury and
stasis in rabbits and T1-weighted MRI performed with a 1.5T
system. Acute thrombi were as readily detected as chronic
thrombi (i.e.,>4weeks after induction) and contrast to noise ra-
tio was enhanced for both non-occlusive and occlusive thrombi.

Recently, chemical exchange saturation transfer (CEST)
agents have received increased attention due to their ability to
create stronger signal than conventional MR contrast agents.
These agents contain exchangeable protons, which transfer mag-
netization to the strong signal of bulk water when they are irradi-
ated at their resonance frequency. Thus, they can be switched on
and off. This technology was initially explored in the 1990s (39Ð
41) and has recently been employed for targeted nanoparticles
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less VCAM-1 expression on histological examination. In addi-
tion, human carotid endarterectomy specimen were incubated
with VINP-28 exvivo. After 24 hours, samples incubated with
VINP-28 demonstrated a T2 reduction compared to saline in-
cubated samples. The colocalization of VINP-28 with VCAM-
1-expressing cells was conÞrmed with immunohistochemistry.
The utility of dual-imaging is nicely illustrated in a study by the
same group evaluating VCAM-1 expression via ßuorescence
and MRI. For this task, a corresponding peptide to VCAM-1
(VP) was coupled multivalently to a superparamagnetic ßuo-
rescent nanoparticle termed VNP (56). Twenty-four hours after
administration of the VNP a decrease of signal intensity in the
atherosclerotic aorta of apoEŠ/Š mice was detected with MRI
and further corroborated by epißuorescence imaging of Cy 5.5
in VNP (Figure 5).

MOLECULAR IMAGING OF THE INTIMA
AND MEDIA

Inßammatory mechanisms couple dyslipidemia to formation
of atherosclerotic lesions (48). Early events in atherogenesis are

Figure 5. Dual MR and epißuorescence imaging of aortic
atherosclerosis in cholesterol-fed apoEŠ/Š mice. MR imaging of
the descending aorta before (A) and 24 hours after (B) administra-
tion of superparamagnetic Cy 5.5 ßuorescent-labeled and VCAM-
1-targeted nanoparticles. (B) Decrease in signal intensity of the
eccentrically thickened aortic wall (arrows) conÞrms successful tar-
geting. (C) Ex vivo MRI depicts the extend of nanoparticle uptake.
(D) Macroscopic epißuorescence imaging of Cy 5.5 in the nanopar-
ticles. ModiÞed reprint with permission (56).

the expression of pro-inßammatory cytokines and lymphocyte
and monocyte recruitment into the vascular wall. The accumu-
lation of these cellular elements and of lipids is the single most
important contributor to growing atheroma burden but also pro-
vides targets for molecular imaging. First, cells migrating into
the atheroma can be labeledin vivowith nanoparticulate contrast
agents, such as iron containing particles. Second, cells within the
atheroma can be targeted, e.g., integrins on smooth cells. Third,
cells that migrate into the atherosclerotic plaque can be labeled
ex vivo and injected. This approach is particularly useful for
stem cell labeling. Fourth, lipids such as modiÞed LDL and HDL
can be labeled and tracked into the atheroma. Fifth, apoptosis
within atherosclerotic lesions offers a target for nanoparticle fa-
cilitated detection. Finally, a non-targeted gadolinium-based mi-
celle forming nanoparticle Gadoßuorine passively accumulates
in atherosclerotic lesions secondary to the enhanced permeabil-
ity effect.

Gadoßuorine is a macrocyclic gadolinium contrast agent,
which forms small micelles (� 5 nm) in dilution secondary to
their hydrophobic ßuorinated side chain (57). In contrast to most
molecular imaging agents, it is not speciÞcally targeted. How-
ever, it has been shown to successfully detect atherosclerotic
plaques in heritable hyperlipidemic rabbits (58, 59). This effect
is thought to be due to the enhanced permeability effect, which
is observed in atherosclerotic lesions (60).

In vivo cell labeling/targeting
Experimental animal studies have shown that USPIOs accu-

mulate in sufÞcient quantities for MR detection in atheroscle-
rotic plaques with high macrophage content (61Ð63). Subse-
quently, USPIOs were administered to humans prior to carotid
endarterectomy (64,65). In some of these studies, the USPIOs
(2.6 mg Fe/kg) were injected systemically, and MR imaging was
performed prior to and 24 and 72 hours after injection (65). Sig-
nal decreases were observed in the vessel wall in 54% and 35% of
the quadrants of the T2*-weighted MR images acquired after 24
and 72 hours, respectively. For those quadrants with changes,
there was a signiÞcant signal decrease of 24% in regions of
interest at 24 hours, but not after 72 hours. Histological and
SEM analysis showed USPIOs to be localized predominantly
within macrophages. Importantly, these USPIOs were detected
in 75% of the ruptured and rupture-prone atheroma, but in 7% of
the stable lesions, only. In addition to imaging atherosclerosis,
magnetic nanoparticles have recently also been shown useful in
the imaging of infarcted myocardiumin vivo (66). In these ex-
periments, magnetoßuorescent CLIO-Cy5.5 nanoparticles were
systemically injected into mice 48 hours after left coronary artery
occlusion. An increase in contrast-to-noise ratio was observed
in the anterolateral walls of the infarcted mice, and the ßuores-
cence intensity was also signiÞcantly higher than in the sham
operated controls.

A traditional disadvantage of using iron particles, which is the
creation of dark or negative contrast on MR imaging, has been
addressed with the development of off resonance methods for
imaging the iron particles while suppressing background signal
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(67Ð69). Lately, this approach was combined with conventional
T2� -weighted gradient-echo sequences to image iron deposition
with positive contrast (70). In these experiments, this GRASP
sequence identiÞed ferritin deposition bothin vitro thrombi and
in vivocrush-injured carotid arteries in rabbits. As a result of this
positive contrast enhancement, this new technology may be of
advantage to targeted nanoparticle applications delivering iron
particles to the cells of interest.

Macrophages have also been speciÞcally targeted taking
advantage of the macrophage scavenger receptor (SR). Gd-
carrying micelles were prepared by coupling biotinylated mon-
oclonal rat anti-mouse antibody to murine SR-A types I and II
and injected into 12 month old apoEŠ/Š mice on a high fat diet
for 6 months (71).In vivoMRI was performed with a 9.4T MRI
and showed macrophage speciÞc contrast uptake after 24 hours.
The targeted immunomicelles yielded a 79% increase in signal
intensity of atherosclerotic aortas in the apoEŠ/Š mice compared
with 34% using non-targeted micelles and no enhancement us-
ing Gd-DTPA.

Vascular smooth muscle cells (VSMC) are critical to the
development of vascular stenosis following angioplasty proce-
dures. Thus, inhibition of proliferation and migration of VSMC
has long been a therapeutic goal. Initially, tissue factor was ex-
plored for imaging and potentially therapeutic nanoparticle ap-
plications. Tissue factor is available in the vascular media, and
the inhibition of this factor had already been shown to inhibit
restenosis (72). Perßuorocarbon nanoparticles were formulated
with an anti-tissue factor antibody and binding to VSMC
in vitro was imaged by ultrasound (73) and MRI (74, 75). Al-
though tissue factor is present in the vascular wall, a time interval
elapses until it becomes expressed on the cellular surface in re-
sponse to vascular injury. To avoid this delay between the balloon
overstretch injury and the incubation with molecularly targeted
nanoparticles and thus decreasing the time of the interventional
procedure, other potential molecular targets were investigated.
Among those, collagen III and the�v�3-integrin gained fur-
ther interest. Collagen III is abundantly and immediately avail-
able in the medial and adventitial matrix, while�v�3-integrin
is constitutively expressed on VSMC, additionally upregulated
in response to overstretch injury, and involved in smooth mus-
cle cell migration and proliferation (76, 77). Paramagnetic per-
ßuorocarbon nanoparticles were formulated with antibody to
collagen III and a peptidomimetic against the�v�3-integrin, re-
spectively. These nanoparticle formulations were successfully
testedin vivo in a pig-model of carotid artery balloon injury
(78). Both nanoparticle emulsions bound to their targets and al-
lowed the determination of localization and delineation of vas-
cular injury morphology. However, the contrast to noise ratio
was 4-fold higher for the�v�3-integrin targeted nanoparticles
as compared with the collagen III targeted particles as deter-
mined with T1-weighted MRI at 1.5T. This difference in con-
trast, which might have been due to relative density of avail-
able epitopes or differential probe avidity, led to the further
pursuit of�v�3-integrin targeted nanoparticles for therapeutic
purposes.

Ex vivo cell labeling
Cross-linked iron oxide nanoparticles (CLIO) have been used

to label T-lymphocytesex vivo (79). Upon systemic injection,
high-resolution MRI with a detection threshold of� 3cells/voxel
allowed the tracking of these cells in a mouse melanoma tumor
modelin vivo. Other protocols were developed using SPIO and
polycationic transfection agents to label T-cells forin vivotrack-
ing by MRI (80, 81).

Stem cell labeling
Early work included the labeling of pluripotent stem cells

with iron-oxide particles. Successful incorporation of the imag-
ing agent often proved difÞcult and required signiÞcant modiÞ-
cation of the respective nanoparticle. In an early study, liposomes
containing dextran-coated iron oxide particles were used for la-
beling human peripheral blood mononuclear cellsin vitro (82).
Liposome ingestion into the mononuclear cells was conÞrmed
with electron microscopy and loss of signal in MR imaging
was described. Another example is the targeting of transferrin
receptors on stem cells with magnetically labeled nanoparti-
cles (83). In these experiments, oligodendrocyte progenitor cells
were incubated with nanoparticles, which had anti-transferrin-
antibodies conjugated to the dextran cover of their iron-oxide
cores. The tagged cells were transplanted into the spinal cord of
myelin-deÞcient rats and cell migration followed using three-
dimensional MR microscopy. In another study, an HIV-Tat pep-
tide derivative was conjugated with iron-oxide particles to fa-
cilitate their ingestion into the progenitor cells (84). Labeling
stem cells with iron oxide particles makes it possible to track
them with MRIin vivo, but high intracellular levels of iron may
cause radical formation and increase cytotoxicity. Thus, cationic
liposomes were investigated for increased labeling efÞciency in
the absence of cytotoxic effects. In these experiments, sufÞcient
intracellular uptake for detection and tracking of the stem cells
by MRI in vivo was achieved at 100-fold lower concentrations
of iron oxide (85).

Stem cell therapy has been demonstrated to restore injured
myocardium and holds promise for the treatment of ischemic
cardiomyopathy (86). This concept has subsequently been suc-
cessful and proven safe in phase 1 clinical trials (87Ð89). How-
ever, a main limitation of this technology is given with the difÞ-
culty to non-invasively assess the engraftment and longitudinally
follow survival of the cardiac stem cells. Typically, assessment
of the left-ventricular ejection fraction has been used as a surro-
gate to determine the outcome. In one study, the left-ventricular
ejection fraction was measured with CMR in 30 patients that
received an intra-coronary injection of autologous bone marrow
stem cells after an acute ST-segment elevation myocardial in-
farction and percutaneous coronary intervention (4.8 days prior
to stem cell therapy) (89). The left-ventricular ejection fraction
increased on average by 6.7% in the treatment group (0.7% in
the control group; p= 0.0026) after 6 months. Interestingly, in a
follow-up study on the same patients, no signiÞcant difference in
left-ventricular ejection fraction was observed after 18 months
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(90). While many factors may account for these Þndings, ability
to non-invasively and longitudinally image stem-cell survival
could lead to improvements in therapeutic strategies, i.e., ini-
tial injection of more stem cells, injection into more areas, or
repeat injection. Another rationale for non-invasive imaging of
stem cell engraftment and survival is given by the need to deÞne
their actual involvement in improved cardiac function. In many
cases patients undergo percutaneous coronary interventions or
coronary artery bypass surgery, which makes assessment of the
speciÞc contribution of the respective treatment difÞcult in the
absence of stem cell imaging (91, 92). Several imaging strategies
have been developed using radionuclide labeling (93), optical bi-
oluminescence and positron emission tomography imaging (94Ð
96). Using MRI, the engraftment of mesenchymal stem cells into
the myocardium has been studied in a swine model of myocar-
dial infarction (97). Magnetically labeled mesenchymal stem
cells were injected into the myocardium, and contrast enhanced
MRI at 1.5T demonstrated engraftment and allowed tracking
of the labeled stem cells. In another study magnetically labeled
mouse embryonic stem cells in a murine model of myocardial
infarction were serially imaged over a 4week period (98). CMR
concomitantly allowed the assessment of left-ventricular func-
tion showing the dual capability of this technology to track stem
cell survival and assess the therapeutic effect. While it has been
shown that magnetically labeled stem cells maintain their abil-
ity to proliferate and differentiate (99,100), a limitation of this
technology is the short-term persistence of the iron particles
within the tissue even when the injected cells have undergone
apoptosis. Thus, serial imaging may not adequately allow for
the quantitation of surviving stem cells versus free iron particles
or those that have been ingested by macrophages.

Other approaches to label stem cells utilized paramagnetic
agents, such as cationic liposomes labeled with gadolinium
(101). In fact, these particles were dual labeled with gadolinium
and rhodamine forin vivo tracking with MRI and correlation
by ßuorescent microscopy. Blood derived endothelial progen-
itor cells (EPCs) hold a potential for increasing the neovascu-
larization of ischemic sites. In order to determine their fatein
vivo, EPCs have been labeled with a gadolinium-/europium-
chelate as a dual (MRI and ßuorescence) agentin vitro before
injection under the mice kidney capsule or grafting on a subcuta-
neous Matrigel plug (102). Neovascular formation was observed
in vitro experiments, and the labeled cells injected into mice were
visualizedin vivo for up to 14 days using 7T MRI.

The recent introduction of ßuorine imaging allows the imag-
ing of nanoparticulate agents containing ßuorine (103-105).
Since there is no signiÞcant amount of endogenous ßuorine
atoms present in the body, detection of the ßuorine signal from
these nanoparticles allows so-called hot-spot imaging without
any background effects (Figure 6). This is especially important
for stem cell tracking as the small number of these labeled cells
causes only small changes in image contrast. Given its high
speciÞcity,19F imaging allows the quantiÞcation of particles
delivered, and the images can be overlaid with those obtained
with 1H imaging to facilitate anatomical correlation. Perßuo-
ropolyether (PFPE) containing nanoparticles were used to la-

Figure 6. (A) Anatomical cross section of a human carotid en-
darterectomy specimen showing asymmetrical atherosclerosis. (B)
19Fluorine image acquired at 4.7T depicts high signal intensity from
Þbrin-targeted crown ether nanoparticles that have bound along
the luminal surface. (C) Nanoparticle concentration map allows
the quantiÞcation of nanoparticles. ModiÞed reprint with permis-
sion (105).

bel phenotypically deÞned dendritic cellsex vivo and shown
to enhance uptake by to 26-fold compared to free PFPE (106).
These cationic nanoparticle transfected stem cells were then in-
jected subcutaneously or intravenously into mice. At 6 hr post-
injection, 19F/1H composite images showed the cells migrat-
ing and accumulating in local lymphnodes. Other investigators
have labeled human umbilical cord blood derived mononuclear
stem/progenitor cells with PFC nanoparticles containing PFOB
for 1H imaging or perßuoro-15-crown-5 ether for19F imaging,
respectively (107). Importantly, the stem/progenitor cells readily
internalized these PFC nanoparticles without aid of adjunctive
labeling techniques (Figure 7). The cells remained functional,
and19F signals were detectedin vivoafter both intravenous and
intramuscular injection.

Lipid-labeling
HDL-like nanoparticles have been developed to take advan-

tage of the role of HDL as a key player in reverse choles-
terol transport by removing excess cholesterol from tissues,
including atherosclerotic plaque (108, 109). HDL routinely
crosses through the endothelial layer to enter and exit atheroscle-
rotic plaque, making it an attractive ÔshuttleÕ for very small
nanoparticles. One of the Þrst developed HDL-like nanopar-
ticles (7Ð12 nm diameter) included isolated human HDL and a
phospholipid-based GdDTPA contrast agent that becomes in-
corporated into the reconstituted HDL particle (110). These
particles were injected intravenously into apoEŠ/Š mice and
imaged by MRIin vivo. Sequential MRI showed that the HDL-
like nanoparticles localized predominantly at the atheroscle-
rotic plaque by 24 hours after injection (Figure 8). After
48 hours, the intensity of the signal from the plaque de-
creased to a value similar to that obtained immediately after
the injection. Importantly, the enhancement was also related

834 T. Cyrus et al.



Stenosis prevention

VSMC proliferate and migrate in response to vascular in-
jury such as balloon-overstretch injury during angioplasty pro-
cedures to open occluded arteries. To prevent this restenosis
response, nanoparticles have been targeted against epitopes in
the vascular wall. Initially, tissue factor was targeted with per-
ßuorocarbon nanoparticles formulated with an anti-tissue factor
antibody. In addition to this targeting ligand, these nanoparticles
contained doxorubicin or paclitaxel at 0, 0.2, or 2.0 mol% of the
outer lipid layer (74). Upon a single 30 minute incubation of
these nanoparticles with the VSMC in culture, the proliferation
of VSMC was signiÞcantly inhibited for the next 3 days. High
resolution T1-weighted MRI at 4.7T demonstrated the adher-
ence of nanoparticles to the VSMC. Moreover, the perßuorocar-
bon core of the nanoparticles allowed the particle detection with
19F MR spectroscopy. This technology provides an approach
to quantify the amount of nanoparticles and thus drug payload
delivered to the target. The MRI detection limit of sparse molec-
ular epitopes when targeted with these nanoparticles has recently
been modeled and validatedin vitro (75,105).

For in vivo experiments exploring therapeutic effects
of local drug delivery, nanoparticles were targeted against

the �v�3-integrin since this integrin is readily available for
targeting immediately during the balloon overstretch injury
and additionally upregulated in response to vascular injury. In
a hypercholesteremic rabbit model of stenosis development
following balloon overstretch injury,�v�3-integrin targeted
PFC nanoparticles that contained 0.4 mol% rapamycin as
payload were incubated in the femoral artery segment imme-
diately after injury for 5 minutes (141). Two weeks after this
one-time treatment, the stenosis development was reduced 42%
compared to control segments. These experiments have recently
been extended to include dual-modality-imaging nanoparticles.
�v�3-integrin-targeted PFC-nanoparticles were labeled with
99mTechnetium as nuclear tracer and gadolinium-chelates for
MR imaging. Immediately upon incubation of the nanoparticu-
late emulsion in the balloon-overstretch-injured femoral artery
of cholesterol-fed NZW rabbits, SPECT/CT imaging allowed
the conÞrmation of nanoparticle delivery as well as anatomical
localization (Figure 9). Importantly, the quantiÞcation of
the SPECT signal allows the calculation of the amount of
nanoparticles delivered to the tissue and, thus, quantiÞcation
of drug delivered. In these experiments, CMR served as a
secondary imaging modality to image the nanoparticle delivery
and anatomy. Hence, the dual-imaging modality employed was

Figure 9. Dual-modality imaging and drug-delivery with PFC nanoparticles. (A) Balloon-overstretch-injury (arrow) of the right femoral artery prior
to incubation with the �v�3-integrin-targeted PFC nanoparticles (X-ray ßuoroscopy). (B) The 99mTc-labeled nanoparticles emit strong signal as
detected with SPECT. �v�3-integrin-bound nanoparticles cause the hot spot in the right femoral artery while washed-out particles accumulate in
the liver, and 99mTc is collected in the bladder for excretion. Importantly, systemically circulating nanoparticles do not accumulate in the left femoral
artery, which was subjected to balloon overstretch-injury as well. (C) SPECT/CT image providing anatomical correlation of the nuclear signals
and conÞrming the99mTc-labeled nanoparticle delivery into the area of the injured right femoral artery. (D) CMR imaging with a conventional 1.5T
MR system allows the detection and anatomical correlation of the �v�3-integrin-bound nanoparticles in the right femoral artery due to labeling of
these particles with gadolinium chelates. Again, the left femoral artery is void of any signiÞcant nanoparticle accumulation. (E and F) Scanning
electron microscopy images of non-injured femoral artery endothelium (E), and histological proof of nanoparticle accumulation (small white dots)
in the Þssure of injured intima stretching through injured endothelium (F).
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SPECT/MRI while CT was used purely for anatomical informa-
tion. However, these PFC-nanoparticles can also be loaded with
iodine making them amenable for direct SPECT/CT imaging
showing the versatility of these nanoparticulate imaging
agents.

Angiogenesis inhibition
Antagonists of the�v�3-integrin have been shown to induce

apoptosis of angiogenic blood vessels without affecting preex-
isting quiescent blood vessels (125). Perßuorocarbon nanoparti-
cles targeted against the�v�3-integrin in angiogenic vessels in a
rabbit model of atherosclerosis have recently been successfully
employed to deliver drugs into the angiogenic vessels, result-
ing in an anti-angiogenic effect (142). In these experiments,
the intent was not to inhibit the�v�3-integrin but rather use
it as an available epitope for targeting of the nanoparticles to
facilitate local drug delivery. As therapeutic agent fumagillin
was integrated into the�v�3-integrin targeted perßuorocarbon
nanoparticles. Fumagillin is a naturally secreted antibiotic of
the fungusAspergillus fumigatus fresenius(143). Fumagillin
and its synthetic analogues have been shown to inhibit angio-
genesis (144) and entered clinical trials based on this Þnding
long before the exact mechanism of action was established. The
inhibition of angiogenesis entails endothelial cell cycle arrest in
the late G1 phase (145) and is mediated by the binding of fumag-
illin to a metalloprotease (methionine aminopeptidase; MetAP-
2) (146). The fumagillin-mediated MetAP-2 inhibition has re-
cently been shown to block noncanonical Wnt signaling, which
plays a critical role in cell differentiation (147). Fumagillin ini-
tially was investigated for its potential therapeutic effects on
tumor angiogenesis but, with the recognition of angiogenesis as
contributor of atherosclerotic plaque growth, triggered interest
for applications in cardiovascular therapies. The anti-angiogenic
effects of the water-soluble fumagillin analogue TNP-470 (en-
dostatin) was Þrst reported in a model using apoEŠ/Š mice
(148). In these experiments, inhibition of atheroma progres-
sion was observed after 4 months. However, the drug had to
be given every other day. To avoid frequent dosing and cumula-
tive toxic effects (149), this drug has recently been evaluated for
locally-targeted nanoparticle-facilitated delivery. A formulation
of fumagillin-containing�v�3-integrin targeted nanoparticles as
well as non-drug containing�v�3-integrin targeted control par-
ticles produced similar MRI signal enhancement at 1.5T (142).
However, when�v�3-integrin targeted nanoparticles were ad-
ministered seven days later, signiÞcantly decreased MRI en-
hancement was observed among fumagillin treated rabbits as
compared to control (Figure 10). This study illustrates the po-
tential of combined molecular imaging and drug delivery with
nanoparticles to non-invasively determine atherosclerotic bur-
den, locally deliver drugs at a fraction of a systemic dose, and
non-invasively quantify the treatment response at a later time-
point.

Nanoparticle technology has also been used to deliver genes
to inhibit angiogenesis. In these experiments, a cationic polymer-
ized liposomal nanoparticle was covalently coupled to a small

Figure 10. MRI at 1.5T of the abdominal aorta in cholesterol-fed
rabbits showing outline of segmented areas of interest (left) and
false-colored overlay of percent signal enhancement at time of
treatment (middle) and one week after treatment. (Panel A) �v�3-
targeted nanoparticles with fumagillin. (Panel B) �v�3-targeted
nanoparticles without drug. ModiÞed reprint with permission (142).

organic�v�3 ligand as well as the mutantRaf geneATPµ-Raf
(150).ATPµ-Rafblocks endothelial signaling and angiogenesis.
Indeed, upon systemic injection into mice, sustained regression
of the tumors was observed.

CONCLUSION

Atherosclerotic disease is not only a chronic condition with
phases of acceleration but also potentially regression. The in-
creasing prevalence of childhood obesity and other factors will
likely cause atherosclerotic disease to become overt at younger
ages, while improvement in treatment will cause patients to live
longer. Thus, the life span during which imaging studies will
need to be performed is increasing. At the same time, serial
imaging to determine the need for, ideally prophylactic, inter-
ventions and to follow up on the outcome is paramount. Overall,
this implies the requirement for more imaging studies per pa-
tient per life time than in the past. Among the currently available
imaging modalities, MRI appears advantageous due to lack of
both ionizing radiation and iodinated contrast agents. MRI de-
picts soft tissue with high spatial resolution, but has relatively
low sensitivity. Targeted nanoparticulate MRI contrast agents
effectively help to overcome this technical limitation. In the
case of ßuorine imaging, even single cells labeled with targeted
contrast agents may be non-invasively imagedin vivo. More-
over, in the case of labeled stem cells, their movement may be
non-invasively tracked, which may yield important information
regarding successful engraftment.

Molecular imaging has the potential to non-invasively iden-
tify vulnerable plaque and, thus, may provide a timely risk
assessment and guide further therapy to prevent acute coro-
nary syndromes and the progression of vascular narrowing and
thrombosis. Importantly, several molecularly targeted nanopar-
ticle agents are currently being developed to locally provide
treatments.

838 T. Cyrus et al.
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