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Quantitative “Magnetic Resonance
Immunohistochemistry” with Ligand-Targeted '°F

Nanoparticles

Anne M. Morawski," Patrick M. Winter," Xin Yu,' Ralph W. Fuhrhop,"
Michael J. Scott," Franklin Hockett," J. David Robertson,” Patrick J. Gaffney,®
Gregory M. Lanza,' and Samuel A. Wickline”

Unstable atherosclerotic plaques exhibit microdeposits of fibrin
that may indicate the potential for a future rupture. However,
current methods for evaluating the stage of an atherosclerotic
lesion only involve characterizing the level of vessel stenosis,
without delineating which lesions are beginning to rupture. Pre-
vious work has shown that fibrin-targeted, liquid perfluorocar-
bon nanoparticles, which carry a high payload of gadolinium,
have a high sensitivity and specificity for detecting fibrin with
clinical 'TH MRI. In this work, the perfluorocarbon content of the
targeted nanoparticles is exploited for the purposes of '°F im-
aging and spectroscopy to demonstrate a method for quantifi-
able molecular imaging of fibrin in vitro at 4.7 T. Additionally, the
quantity of bound nanoparticles formulated with different per-
fluorocarbon species was calculated using spectroscopy. Re-
sults indicate that the high degree of nanoparticle binding to
fibrin clots and the lack of background '°F signal allow accurate
quantification using spectroscopy at 4.7 T, as corroborated
with proton relaxation rate measurements at 1.5 T and trace
element (gadolinium) analysis. Finally, the extension of these
techniques to a clinically relevant application, the evaluation of
the fibrin burden within an ex vivo human carotid endarterec-
tomy sample, demonstrates the potential use of these particles
for uniquely identifying unstable atherosclerotic lesions in
vivo. Magn Reson Med 52:1255-1262, 2004. © 2004 Wiley-Liss,
Inc.
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Atherosclerotic plaque progresses in discrete stages, en-
tailing multiple episodes of rupture and healing that ulti-
mately culminate in a complete obstruction, leading to an
acute heart attack or stroke (1). Regardless of the cellular
and molecular mechanisms responsible for destabilization
of plaques, microdeposits of fibrin are the hallmark, or the
sine qua non, of the unstable lesion, as shown originally by
Constantinides, who documented microfissures in unsta-
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ble plaques in pathologic human arterial specimens (2).
Plaques populate the arterial system in a multiplicity of
stages, which complicates the task of defining those that
are most dangerous, much less identifying the elusive
“culprit lesion” (3,4). Unfortunately, traditional methods
of screening for such lesions (e.g., cardiac catheterization,
CT, ultrasound, magnetic resonance angiography) are in-
capable of characterizing microfissures that might presage
catastrophic plaque rupture.

Vascular endothelium that exhibits fibrin deposits is
pathologic, because such deposits are undeniable evi-
dence of either plaque rupture or endothelial erosion, ei-
ther of which may be a direct precursor of catastrophic
occlusion (5). Numerous cellular and molecular processes
may play a role in creating vulnerable and ultimately
unstable plaques including: (1) macrophages and other
inflammatory cells accumulating at the shoulders of
plaque caps, which secrete matrix metalloproteinases
(MMPs) that can dissolve fibrous components of the cap
(6,7); (2) large lipid cores that induce prothrombotic tissue
factor (8) and destabilize lesions by distributing stress to
rupture-prone shoulder regions (9); (3) apoptosis of
smooth muscle cells that destabilizes the structure of
plaque caps (10); and (4) lesion angiogenesis (11,12). A
substantial amount of research continues to be devoted to
the basic science and the clinical detection of these factors
involved in the evolution of vulnerable plaques. However,
we have chosen to focus on the unstable rather than the
vulnerable lesion because these microfissured lesions have
already declared themselves as harbingers of clinical
events, and sensitive detection of impending rupture
could directly and immediately impact therapeutic strate-
gies.

To sensitively diagnose unstable plaques in vivo, we
have developed a noninvasive molecular imaging ap-
proach that utilizes a highly potent and specific ligand-
targeted magnetic resonance (MR) contrast agent for detec-
tion of small concentrations of fibrin in unstable lesions
with the use of routine magnetic resonance imaging (MRI)
at 1.5 T. This unique paramagnetic contrast agent is com-
posed of lipid-encapsulated, liquid perfluorocarbon nano-
particles that can be formulated with a large number of
chelated gadolinium atoms (>50000) situated in the
bounding lipid, thereby dramatically enhancing local R,
relaxation rates (13,14). Particle targeting is accomplished
with the use of highly specific monoclonal antibody li-
gands and leads to localization of the MR signal amplifi-
cation to the area of pathology with little or no competing
blood pool signal. This nanosystem can be used for in vivo
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Table 1
Physical and chemical properties for the nanoparticle formulations used in this study
A B C D
Core component Perfluoro-15-crown-5 Safflower oil PFOB? PFOB®
Gadolinium chelate Gd-DTPA-BOAP N/A Gd-DPTA-BOAP Gd-DTPA-PE®
Particle diameter (nm) 193 192 206 261
Particle concentration (nM)* 106.7 98.5 87.7 78.7
9F concentration (M)* 11.7 0 13.1 13.1

2Perfluorooctylbromide (perflubron).
PGadolinium-diethylene-triamine-pentaacetic acid-bis-oleate.

°Gadolinium-diethylene-triamine-pentaacetic acid-phosphatidylethanolamine.

*Concentration given with respect to total emulsion volume.

targeting of a variety of epitopes, including fibrin, «,3,-
integrin, and tissue factor, and has demonstrated a high
degree of sensitivity and specificity for detection at clini-
cal field strengths (13-15).

We recently proposed and validated convenient meth-
ods for image-based computation of the concentration of
targeted molecular epitopes based on the measured T,
relaxation induced by the paramagnetic particles, which
corresponds directly to the local concentration of gadolin-
ium atoms, and hence the concentration of bound nano-
particles (16). However, first generation contrast agents
that depend on alterations in proton T, and T,/T," signals
could be susceptible to the physiologically heterogeneous
distribution of local proton density, signal strength, and
magnetic field inhomogeneities, which could vary enough
from voxel to voxel to complicate both the detection and
the quantification of molecular epitopes based solely on
such measurements. Fortunately, the perfluorocarbon core
of the nanoparticles serves as a unique tracer for delineat-
ing the presence and concentration of bound nanopar-
ticles, because living organisms contain practically no de-
tectable amounts of fluorine under in vivo imaging condi-
tions.

While MR techniques are almost as sensitive to fluorine
as they are to protons because of their high gyromagnetic
ratios, the relative lack of fluorine-containing compounds
in vivo has limited the clinical applicability of this tech-
nique. However, '°F MRI has been used for a variety of
research applications including studying tumor metabo-
lism (17-19), mapping physiologic pO, in various tissues
(20-23), quantifying albumin concentration (24), and
mapping liquid ventilation (25,26). To overcome the lim-
ited abundance of fluorine-containing compounds in vivo,
many of these studies were performed at high magnetic
fields, 4.7 T or greater (21-23,25,27), and/or they increased
the concentration of '°F via direct injection or physiologic
replacement (21,25,26). For targeted perfluorocarbon
nanoparticles, the binding of the agent to the tissue or
epitope of interest serves to increase the concentration of
fluorine in that area to a level that allows '°F spectroscopy
and imaging within a reasonable scan time.

Accordingly, we hypothesized that '°F spectroscopy
and/or imaging could yield highly specific and quantita-
tive information regarding the concentration of nanopar-
ticles bound to targeted pathologic molecules. In particu-
lar, we sought to determine whether '°F spectroscopy and
imaging could be utilized to quantify molecular binding of
fibrin-targeted nanoparticles to samples known to contain

fibrin, human plasma clots, and an ex vivo carotid endar-
terectomy specimen (28). Furthermore, we aimed to utilize
the unique spectral patterns of different perfluorocarbon
core materials to distinguish two species of targeted nano-
particles. Successful realization of these goals would es-
tablish an approach for robust quantification of one or
multiple pathologic molecular epitopes using MRI.

METHODS
Nanoparticle Formulations

Four biotinylated nanoparticle emulsions (Table 1) were
formulated as described previously (13). Briefly, they were
composed of 20% (v/v) of a core component, 2% (w/v)
safflower oil, 2% (w/v) of a surfactant comixture, and 1.7 %
(w/v) glycerin, with water comprising the balance. The
core component was: (1) perfluorooctylbromide (PFOB;
Minnesota Manufacturing and Mining, St. Paul, MN), also
known as perflubron, (2) perfluoro-15-crown-5 (Exfluor
Research Corp., Round Rock, TX), or (3) safflower oil. The
nonparamagnetic safflower oil particles were formulated
with a surfactant comixture containing 70 mol% lecithin
(Avanti Polar Lipids, Inc., Alabaster, AL), 28 mol% choles-
terol (Sigma Chemical Co., St. Louis, MO), and 2 mol%
biotinylated dipalmitoyl-phosphatidylethanolamine (Avanti
Polar Lipids, Inc.). The paramagnetic agents were formulated
with 30 mol% of a lipophilic gadolinium chelate in the
surfactant comixture accompanied by equivalent decreases
in lecithin (60 mol%) and cholesterol (8 mol%). The crown
ether and one of the PFOB emulsions were produced with
gadolinium-diethylene-triamine-pentaacetic acid-bis-oleate
(Gd-DTPA-BOA; Gateway Chemical Technologies, St. Louis,
MO) (29). The other PFOB emulsion was formulated with
Gd-DTPA-phosphatidylethanolamine (Gd-DTPA-PE; Gate-
way Chemical Technologies), which provides higher intrin-
sic relaxivity (14).

Particle sizes were determined at 25°C with a laser light
scattering submicrometer particle sizer (Malvern Instru-
ments, Malvern, Worcestershire, UK). The concentration
of nanoparticles was derived from the nominal particle
size (i.e., volume of a sphere) and the amount of core
perfluorocarbon component formulated into the prepara-
tion according to the formula

VNP

[NP] = Vnp'VE'Nav’
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where Vyp is the total volume of the components used to
create the nanoparticles (safflower oil, perfluorocarbon,
and surfactant layer), v, is the volume of each nanopar-
ticle, assumed to be a sphere, using the measured particle
size, Vg is the total volume of the final emulsion, and N,
is Avogadro’s number.

Nanoparticle Phantom '°F Spectroscopy

Two PFOB emulsions which incorporated gadolinium
chelates with vastly different relaxivities, Gd-DTPA-BOA
or Gd-DTPA-PE (14), were diluted to 10, 15, 20, 25, and
30% (v/v) with distilled deionized water. Fluorine free
induction decays were measured for each sample with a
Bruker Minispec at 0.47 T (4096 points, 20-kHz sweep
width, 5-sec pre-delay, 128 averages) and Fourier trans-
formed using the associated ExpSpel software to obtain '°F
NMR spectra. The signal intensity was integrated and nor-
malized with respect to a standard composed of reagent
grade PFOB. The 'H r, relaxivities measured for the Gd-
DTPA-BOA and Gd-DTPA-PE emulsions at 0.47 T were
21.3 and 36.9 (sec:mM) ", respectively (14).

Fibrin-Targeted Clots and Ex Vivo Human Carotid Arteries

Fresh-frozen human plasma anticoagulated with sodium
citrate was used to form fibrin clots by combining plasma,
100 mM calcium chloride (3:1 v/v), and 5 U thrombin
(Dade Behring, Germany) in the bottom of plastic sample
vials. A human carotid endarterectomy sample was ob-
tained postsurgically from a symptomatic patient and fro-
zen until treatment. After being thawed, the carotid artery
was rinsed with sterile saline to remove residual blood.
The artery and in vitro clots were serially incubated with
125 pg biotinylated anti-fibrin monoclonal antibody (30)
(NIB 1H10) overnight at 4°C, followed by 125 pg avidin for
1 hr at 37°C, and then 100 pL of the selected biotinylated
nanoparticles for 1 hr at 37°C to complete the binding. All
samples were rinsed three times with sterile saline after
each incubation step to remove any unbound reactants.
Following the last incubation step, the fibrin clots were
covered in agarose.

In vitro competition experiments were performed to
vary the concentrations of signal-generating nanoparticles
bound to the clots (and hence MR signal) by combining
admixed volumes of paramagnetic fluorinated agent (col-
umn A from Table 1) with the nonfluorinated nonparamag-
netic safflower oil agent (column B) in ratios of 0:1, 1:3,
1:1, 3:1, and 1:0. The oil nanoparticles were designed to
compete for fibrin binding but not exhibit a '°F MR signal
or 'H signal enhancement. A second set of mixtures was
created to generate two different fluorine signals from the
same clot. These were produced by combining different
volumes of paramagnetic PFOB (column C) and crown
ether nanoparticles (column A), also in ratios of 0:1, 1:3,
1:1, 3:1, and 1:0 respectively. Each of the 10 formulations
was applied to three separate clots. The carotid artery was
treated with paramagnetic crown ether nanoparticles (col-
umn A) only.

MR Spectroscopy and Imaging of Clot and Carotid
Samples

All "°F spectra and images were collected on a 4.7-T Var-
ian Inova with a 3.5-cm-long by 2-cm-diameter loop—gap
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resonator tunable to 200 MHz for 'H or 188 MHz for '°F.
An external standard of NMR-grade trichlorofluorometh-
ane (CFC-11; Sigma Chemical Co.) was affixed to the coil
during all spectroscopic experiments. Fluorine spectra
(50-kHz sweep width; 32768 points; ~12-min scan time;
90° flip angle; 128 acquisitions; 5-sec pre-delay) were ac-
quired from selected volumes of undiluted crown ether (0,
1.5, 2, 4, and 10 pL) and PFOB nanoparticles (0, 1.5, 2, and
4 pL) to generate a calibration curve for fluorine quantifi-
cation. After applying 30 Hz line broadening, the largest
PFOB peak and the single crown ether peak were inte-
grated with respect to the CFC-11 peak using Nuts NMR
(Acorn NMR, Inc., Livermore, CA). The integrated values
were plotted against the amount of perfluorocarbon in
each sample and fit using linear regression. Since the
longitudinal relaxation times at 4.7 T for the PFOB and
crown ether nanoparticles are estimated to be 1.65 and
0.93 sec, respectively, no corrections were applied to the
integrated values to compensate for partial-saturation ef-
fects (31,23). Fluorine spectra from each clot and the ca-
rotid artery were acquired and integrated in an identical
fashion. The integrated '°F signal and the calibration
curves were used to calculate the number of particles
bound to each sample.

A clot treated with the paramagnetic crown ether agent
was also imaged at 4.7 T with a multislice spin echo
sequence (256 X 256 matrix; 1.0 sec TR; 7.3 msec TE; 7
slices; 3 X 5 mm field of view; 2 mm slice thickness; 1
acquisition; ~5 min acquisition time) with the same coil
used to acquire the spectra. Both proton density weighted
"H and "°F images were collected to colocalize the fluorine
signal with the "H signal. All clots treated with the crown
ether and oil formulations were imaged at 1.5 T (NT Intera
CV, Philips Medical Systems, Best, Netherlands) to obtain
proton T, maps using a quadrature birdcage receiver coil
and a mixed spin echo and inversion recovery sequence
(0.23 X 0.23 X 2 mm resolution; 19 msec TE; 760 msec
spin echo TR; 2.3 sec inversion recovery TR; 370 msec
inversion recovery delay; ~4 hr acquisition time) (32).

The carotid endarterectomy sample was imaged at 4.7 T
using both "H and '°F MRI for detection of fibrin-targeted
nanoparticles. Multislice spin echo 'H images were ac-
quired for localization prior to obtaining a spin echo pro-
jection '°F image (64 X 32 matrix; 1.0 sec TR; 4.5 msec TE;
1 slice; 3 X 3 mm field of view; 26 mm slice thickness; 2
signal averages).

Neutron Activation Analysis for Gd®" Content

The gadolinium content of the fibrin clot samples was
analyzed by standard neutron activation techniques con-
ducted at the Research Reactor facility at the University of
Missouri (MURR) (33). After lyophilization, the mass of
gadolinium was calculated from the beta decay of '°'Gd
produced through neutron capture on '*°Gd. Individual
samples and standards were irradiated in a thermal neu-
tron flux of about 5 X 10" n-cm™*sec™ " for 7 sec, allowed
to decay for 30 sec, and counted on a high-resolution y-ray
spectrometer for 300 sec.
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RESULTS
Nanoparticle Characteristics

All four nanoparticle emulsions had nominal particle di-
ameters around 200-300 nm, regardless of the core com-
ponent or the incorporation of a paramagnetic chelate
(Table 1). Other physical properties, such as particle and
fluorine concentrations, were also very similar for each
formulation (Table 1).

Effect of Gadolinium Chelates on '°F Spectroscopy

The *°F signal acquired at 0.47 T from PFOB nanoparticles
formulated with Gd-DTPA-BOA or Gd-DTPA-PE is linear
with respect to fluorine content (Fig. 1). Additionally, the
two regression lines are statistically identical, indicating
that the incorporation of a paramagnetic chelate into the
nanoparticle membrane does not affect the '°F signal from
the perfluorocarbon core.

Quantification of Signal from Fibrin-Targeted Clots

At 4.7 T, the "°F spectrum from crown ether nanoparticles
consisted of a single peak, clearly separated —90 ppm from
the trichlorofluoromethane signal (Fig. 2a). This single
crown ether peak is particularly attractive for maximizing
the signal-to-noise in fluorine spectra and images. The
relative crown ether signal intensity (with respect to the
trichlorofluoromethane peak) from known emulsion vol-
umes provided a calibration curve for nanoparticle quan-
tification (Fig. 2b). A similar calibration curve was ob-
tained from the PFOB agent (not shown). These calibration
curves allowed quantification of the number of nanopar-
ticles bound to each fibrin clot and the carotid endarterec-
tomy segment using the fluorine signal.

Human plasma clots treated with a mixture of paramag-
netic crown ether and nonparamagnetic safflower oil
nanoparticles provided two means for quantifying the
number of bound fibrin-targeted nanoparticles: the *°F
signal from the crown ether core and neutron activation

O Gd-DTPA-PE
X Gd-DTPA-BOA

Signal (AU)

2 4 6 8
[°F] (M)

FIG. 1. Fluorine spectral signal intensity acquired at 0.47 T for two
paramagnetic PFOB nanoparticle emulsions formulated with differ-
ent lipophilic paramagnetic chelates. Signal intensity is linear with
respect to fluorine concentration for nanoparticles formulated with
either gadolinium-DTPA-bis-oleate (Gd-DTPA-BOA) or gadolinium-
DTPA-phosphatidylethanolamine (Gd-DTPA-PE).
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FIG. 2. (a) Representative spectrum taken at 4.7 T of crown ether
emulsion (—90 ppm) and trichlorofluormethane (0 ppm) used as a
reference. (b) The calibration curve for crown ether emulsion has a
slope and intercept of 28.06 and —4.86, respectively, with an r> >
0.99. A similar calibration curve for the PFOB emulsion (not shown)
was obtained (slope = 5.01, intercept = 0.06, r* > 0.99). (c) The
calculated number of bound nanoparticles (means = SE) as deter-
mined from '°F spectroscopy and the mass of total gadolinium
(Gd®™") in the sample as evaluated with neutron activation analysis
show excellent agreement as independent measures of fibrin-tar-
geted nanoparticle binding to clots (> > 0.99).

analysis of the gadolinium on the particle surface. Both the
9F signal and the gadolinium content decreased linearly
as the amount of competing safflower oil agent was in-
creased. As expected, the number of bound paramagnetic
fluorinated nanoparticles, as calculated from the normal-
ized *°F spectroscopic signal, is directly proportional to
the measured gadolinium content of the clots (Fig. 2c).
Treatment with the undiluted crown ether emulsion pro-
vided a high number of bound nanoparticles, each com-
posed of a large amount of perfluorocarbon, allowing ac-
quisition of high signal-to-noise ratio (20.8) fluorine im-
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FIG. 3. (a) 'F image (4.7 T) of a single slice through a clot
treated with crown ether emulsion. High signal is observed at
the clot surface due to bound fluorinated nanoparticles. (b)
"Himage (4.7 T) of the same slice showing the anatomy of the
clot. (c) False color overlay of '°F signal onto 'H image clearly
showing localization of '°F signal to the clot surface.

ages at 4.7 T in less than 5 min (Fig. 3a). A corresponding
"H image of the same slice showed that the "°F signal from
the bound nanoparticles was localized to the clot surface
(Fig. 3b and c).

Proton longitudinal relaxation rates (R,) measured at
1.5 T provided another method for quantification of fibrin-
targeted crown ether nanoparticles on the clots. The R,
maps clearly illustrated increased relaxation rates at the
clot surface with increasing amounts of gadolinium in the
admixed formulations (Fig. 4a). In addition, the increased
proton relaxation rate was correlated with the gadolinium
content as measured by neutron activation analysis
(Fig. 4b).

Ll T L] L] L] 1
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b Mass of Gd** (ug)

H
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Clots treated with the mixtures of crown ether and PFOB
nanoparticles exhibited two distinct fluorine signals that
were easily differentiated with spectroscopy at 4.7 T (Fig.
5a). Spectral analysis showed that the relative binding of
the two nanoparticle species was highly related to the ratio
of PFOB to crown ether emulsion applied (Fig. 5b).

An optical image of the human carotid endarterectomy
sample revealed extensive wall thickening, lipid deposi-
tion, and plaques of heterogeneous nature (Fig. 6a), as has
been previously documented for these samples (34,35). A
'9F projection image of the artery was acquired in less than
5 min, showing an asymmetric distribution of fibrin tar-
geted nanoparticles around the vessel wall (Fig. 6b). Spec-

Ry (1/s)

FIG. 4. (a) R, proton relaxation rate maps
of three representative targeted clots at
1.5 T. (b) The proton relaxation rate (R,) of
the clots at 1.5 T correlates with the gado-
linium content as measured with neutron
activation (means * SE; r? = 0.83).



1260
Perfluoro-15-crown-5
PFOB
PFOB ! d
-50 -70 -90 -110 -130 -150
PPM
a
= PFOB
E 100.0 O Crown Ether
2 750
n
® 500
0
= 250
=S
0.0 ——
1:0 3:1 1:1 1:3 0:1
b Ratio of Nanoparticles

FIG. 5. (a) Representative '°F spectrum acquired at 4.7 T of a clot
treated with a mixture of fibrin-targeted crown ether and PFOB
emulsions. The crown ether peak and five discernible PFOB peaks
are easily detected and individually resolved. (b) Percentage of total
9F signal attributed to crown ether or PFOB for the clots treated
with different nanoparticle mixtures (n = 3; plotted as means * SE).
Emulsion mixtures are listed as the ratio of PFOB to crown ether.
Spectral discrimination of crown ether and PFOB allows quantifica-
tion of the two nanoparticle species within a single sample.

troscopic quantification of nanoparticle binding allowed
calibration of the '°F MRI signal intensity. The quantita-
tive nanoparticle map, together with "H images, permits
visualization of anatomic and definitive pathologic infor-
mation with MRI (Fig. 6c).

DISCUSSION

A potential key application for targeted diagnostic nano-
technologies is the identification of “preclinical” athero-
sclerosis. Indeed, of the 720000 deaths per year in America
attributed to heart disease, 60% are classified as “sudden
deaths,” which occur without premonitory warning signs

a

F MRI

Optical Image

FIG. 6.
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(36). This figure suggests that current diagnostic strategies
are inadequate for identifying patients who are most sus-
ceptible to infarction and death at any stage in the devel-
opment of atherosclerosis lesions. To address this need,
fibrin-targeted nanoparticles were developed as an analog
to traditional immunocytochemistry to enable absolute
quantification of the concentration of certain pathologic
epitopes in vivo with MRI methods that should be directly
applicable to patients.

The present data illustrate the following new findings:
(1) spectroscopy enables ready detection of molecular
binding based on registration of the unique fluorine signal
associated with these nanoparticle contrast agents; (2) the
concentration of targeted nanoparticles, and hence fibrin
epitopes, can be quantified based on the fluorine spectral
signatures; (3) distinct species of nanoparticles formulated
with different perfluorocarbon core components can be
identified; and (4) these techniques can be applied to clin-
ically relevant situations. To our knowledge, these are the
first molecular imaging applications for MRI that establish
the possibility of unambiguous quantification of the con-
centration of specific molecular epitopes with the use of
targeted contrast agents. Heretofore, single image-based
quantification has been an advantage of nuclear or PET
imaging technologies, but MRI in concert with targeted
molecular contrast agents with unique signatures may
open a new field of high-resolution quantitative imaging of
molecules of pathologic importance with the use of non-
radioactive molecular tracer elements.

With the use of several different nanoparticle formula-
tions, we verify the relationship between the extent of
nanoparticle binding and the '°F signal quantified from
spectroscopy, as well as the 'H signal enhancement from
gadolinium quantified from its T, effect (16). The concom-
itant application of these two imaging modes creates a
synergistic molecular imaging approach that might com-
prise an initial rapid, low resolution scan to identify areas
of gadolinium enhancement in the volume of interest and
then more localized '°F spectroscopy or imaging for quan-
tification of unique signals from specific molecules. Be-
cause atherosclerosis is characterized by the presence of
multiple vulnerable lesions (3,4), this technique would
allow delineation of those most prone to untoward clinical
events due to excessive fibrin deposits on plaques with
microfissuring. Together, the use of both "H MRI and '°F

Concentration of
Nanoparticles (nM)

!>1.5

1.0

0.5

Nanoparticle Concentration Map

(@) Optical image of a 5-mm cross-section of a human carotid endarterectomy sample. This section showed moderate lumenal

narrowing as well as several atherosclerotic lesions. (b) A '°F projection image acquired at 4.7 T through the entire carotid artery sample
shows high signal along the lumen due to nanoparticles bound to fibrin. (¢) Concentration map of bound nanoparticles in the carotid sample.
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imaging and spectroscopy offers synergies for enhancing
clinical treatment strategies.

In addition, we demonstrate a potential method for mul-
tiple epitope detection by registering nanoparticles with
different perfluorocarbon cores (Fig. 5). Because the com-
position of atherosclerotic lesions influences their poten-
tial for future rupture, noninvasive methods for differen-
tiating high-risk plaques have been developed that use
various imaging modalities including "H MRI (37,38,35).
These methods generally characterize lesion composition
and geometry, such as the size of the lipid core or the
thickness of the fibrous cap, rather than addressing molec-
ular markers of disease activity such as fibrin deposition or
cellular events involved in the inflammation. Identifica-
tion of distinct perfluorocarbons in particles separately
targeted to individual molecules with the use of broad-
band "°F spectroscopy would enable simultaneous objec-
tive exploration of a variety of cellular epitopes within the
same area of pathology. Thus, direct detection and quan-
tification of the spatial and temporal interaction of multi-
ple molecular factors could provide insight into how they
operate in concert to cause a particular disease process
such as atherosclerosis.

Finally, we demonstrate the application of these tech-
niques to a clinically significant example, a diseased, hu-
man carotid artery segment imaged ex vivo. These results
indicate that paramagnetic fluorinated nanoparticles cre-
ate visually apparent contrast on proton MR images as well
as ample signal-to-noise on '°F MR images at clinically
relevant concentrations due to the high payload of gado-
linfum and crown ether within each particle. Addition-
ally, we demonstrate that '°F spectroscopy and imaging
can be combined to generate quantitative maps of the
location and concentration of pathologic molecules within
a sample. The application of this technique to the carotid
artery sample yielded nanoparticle concentrations consis-
tent with previous predictions for the level of binding
needed to generate adequate contrast on 'H images (16).

Other epitope-specific contrast agents for MRI are cur-
rently under development that are designed to generate
bright areas or signal voids that correspond to the targeted
tissue on "H images. One such fibrin-specific agent is being
used for the characterization and identification of plaque
rupture and subsequent thrombus with the use of gadolin-
ium chelates for hot-spot "H MRI (39). Although this agent
harbors a much smaller payload of gadolinium than do the
perfluorocarbon nanoparticles, the epitope density for fi-
brin in larger blood clots appears sufficient to produce a
reasonable change in MR signal. As an alternative method
for visualizing specific cells and tissues, other researchers
have developed superparamagnetic iron oxide particles
that are selectively taken up by cells transfected to express
high levels of the targeted receptor, thereby reducing the
signal generated in these areas on T, -weighted images
(40). While both of these agents can be quantified using R,
or R, relaxation rate changes on "H images, the '°F signal
from the perfluorocarbon nanoparticles provides unique
and unequivocal confirmation of targeting and direct
quantification of binding.

However, certain challenges exist for the clinical appli-
cation of '°F spectroscopy and imaging. First, the fluorine
signal is intrinsically weak as compared with that of pro-

1261

tons in view of their limited concentration. To be clini-
cally applicable, '°F imaging of targeted nanoparticles
must be possible at 1.5 or 3.0 T. Previous studies have
reported the minimum detectable limit of '°F at 1.5 T is
30 uM (18). This concentration is difficult to achieve with
a circulating agent that might passively accumulate at a
selected site in vivo. Targeted perfluorocarbon nanopar-
ticles, however, might overcome this limitation, because
the specific binding permits local accumulation of nano-
particles at the site of pathology (up to 1 nM concentration
as shown in Fig. 6c), and each individual nanoparticle
carries an extremely high payload of fluorine (12-13 M
from Table 1). These factors allow us to accumulate '°F at
the plaque surface to a concentration > 0.1 M, which is
well above the reported minimum detection limit. There-
fore, we suggest that molecular imaging and quantitative
19F spectroscopy and imaging should be clinically feasible
at 1.5 T.
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