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In this study, the sensitivity of a novel fibrin-targeted contrast
agent for fibrin detection was defined in vitro on human throm-
bus. The contrast agent was a lipid-encapsulated perfluorocar-
bon nanoparticle with numerous Gd-DTPA complexes incorpo-
rated into the outer surface. After binding to fibrin clots, scan-
ning electron microscopy of treated clots revealed dense
accumulation of nanoparticles on the clot surfaces. Fibrin clots
with sizes ranging from 0.5–7.0 mm were imaged at 4.7 T with or
without treatment with the targeted contrast agent. Regardless
of sizes, untreated clots were not detectable by T1-weighted
MRI, while targeted contrast agent dramatically improved the
detectability of all clots. Decreases in T1 and T2 relaxation times
(20–40%) were measured relative to the surrounding media and
the control clots. These results suggest the potential for sen-
sitive and specific detection of microthrombi that form on the
intimal surfaces of unstable atherosclerotic plaque. Magn Re-
son Med 44:867–872, 2000. © 2000 Wiley-Liss, Inc.
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Atherosclerotic plaque rupture precipitates thrombus forma-
tion, which can progress to myocardial infarction and stroke.
The quest to identify “vulnerable plaques” has been one of
the most active areas in cardiovascular research. Conven-
tional imaging methods, such as contrast angiography and
Doppler velocity waveform analysis, have focused on detect-
ing flow-limiting luminal stenosis without inference of artery
wall thickness or lesion structure. However, remodeled ves-
sels can maintain nearly normal lumen cross-sectional area
despite the presence of significant atherosclerotic disease (1).
Furthermore, recent basic and clinical research findings have
challenged the emphasis on luminal stenosis in staging ath-
erosclerosis, as plaque rupture and subsequent acute myo-
cardial infarction have been shown to occur more often in
vessels with only mild-to-moderate luminal stenosis (2,3).
These findings suggest the need for new approaches that
extend the precision and accuracy of current methods, as
well as define vulnerable lesions in patients who are at high
risk for thrombotic events. Such novel approaches would

directly characterize biological activity of atherosclerotic
plaques and assess their propensity for rupture and clinical
thrombotic events.

MRI is a promising imaging modality that permits non-
invasive vascular imaging with sub-millimeter resolution
and high tissue contrast. Its multi-parametric feature al-
lows a wide range of image contrasts (e.g., proton density
weighted, T1 or T2 weighted, diffusion weighted, etc.),
making it possible to characterize directly the atheroscle-
rotic lesions instead of luminal cross-section. MRI has
been applied to imaging and spectroscopy of ex vivo and
in vivo atherosclerotic plaques in both animals and human
(4–7). With increased image resolution and contrast be-
tween atherosclerotic plaque and vessel wall, these tech-
niques provide accurate morphological measurements of
atherosclerotic lesions. However, they do not supply ade-
quate information about the biological activity of athero-
sclerotic plaques and their potential for rupture.

Molecular imaging with highly selective ligand-targeted
contrast agents is emerging as a new tool for the sensitive
and specific detection of unique cellular processes associ-
ated with a disease (8). We have previously reported the
development of a novel, site-targeted paramagnetic con-
trast agent and its applications in molecular imaging of
human thrombus (9) and molecular markers specific for
angiogenesis (10). The contrast agent is a lipid-encapsu-
lated perfluorocarbon nanoparticle which incorporates
tens of thousands of Gd-DTPA complexes on its lipid
surface. In this study, we determined the extent to which
fibrin-targeted nanoparticles could enhance T1- and T2-
weighted MR images of small fibrin-rich clots. An in vitro
model of human thrombus was developed, and the T1 and
T2 relaxation changes induced by the bound paramagnetic
nanoparticles were characterized on a 4.7 T magnet. Our
results demonstrate that the very large payload of gadolin-
ium brought to each targeted fibrin epitope markedly en-
hances the potential for detection of microthrombi depos-
its on diseased intimal surfaces. Such an approach is ex-
pected to permit sensitive and specific early diagnosis of
the clinically silent microfissuring that presages a rup-
tured atherosclerotic plaque.

METHODS

Preparation of Contrast Agent

The targeted MRI contrast agent was produced by incor-
porating a biotinylated phospholipid into the outer lipid
monolayer of a perfluorocarbon nanoparticle, as described
previously (9). Briefly, the nanoparticles were comprised
of perfluorodichlorooctane (PFDCO) (40% v/v) (Minnesota
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Manufacturing and Mining, St. Paul, MN), safflower oil
(2.0% w/v), a surfactant co-mixture (2.0% w/v), and glyc-
erin (1.7% w/v). The surfactant co-mixture of lecithin
(Pharmacia Inc., Clayton, NC), cholesterol (Sigma Chemi-
cal Co., St. Louis, MO), Gd-DTPA-BOA (Gateway Specialty
Chemicals, St. Louis, MO), and biotinylated phosphati-
dylethanolamine was dissolved in chloroform, evaporated
under reduced pressure, dried in a 50°C vacuum oven, and
dispersed into water by sonication, resulting in a liposome
suspension. The suspension was transferred into a blender
cup (Dynamics Corporation of America, New Hartford, CT)
with PFDCO, safflower oil, and distilled, deionized water
and continuously processed at 20,000 PSI for 4 min with
an S110 Microfluidics emulsifier (Microfluidics, Newton,
MA). Particle sizes were approximately 210 nm in diame-
ter, as determined at 37°C with a laser light scatter submi-
cron particle size analyzer (Malvern Instruments, Malvern,
Worcestershire, UK).

Preparation of Plasma Clots

Fresh frozen human plasma anticoagulated with sterile
sodium citrate was obtained from the hospital blood bank.
To assess the efficacy of detecting and morphologically
delineating fibrin microdeposits, small clots ranging from
0.5–7 mm in diameter were formed by combining citrated
plasma, 100 mmol/l calcium chloride (3:1, v/v), and 5 U
thrombin (Dade Behring, Germany) onto Parafilm™ (Amer-
ican Can, St. Louis, MO). Clots were treated as described
below and embedded in 1% agarose gel in 35-mm plastic
petri dishes for MRI (n 5 3/group). Additional fibrin clots
were prepared to characterize T1 and T2 changes induced
by the bound paramagnetic particles and to assess the
contrast enhancement provided to T1- and T2-weighted
MR images (n 5 4/group). These cylindrical clots were
formed in a 5-mm plastic tube around a 5-0 silk suture,
suspended in phosphate buffered saline (PBS) in a 12 3
75 mm plastic, snap-cap tube. Similar clots without the
embedded suture were prepared on nylon mesh (Midwest
Scientific, St. Louis, MO) for scanning electron micros-
copy studies.

Application of Fibrin-Targeted Contrast

Biotinylated anti-fibrin monoclonal antibodies coupled to
the paramagnetic nanoparticles through avidin-biotin in-
teractions is a classic three-step procedure previously de-
scribed by our laboratory for use with in vitro targeting
experiments (9). Fibrin-rich clots were incubated with
150 mg biotinylated anti-fibrin monoclonal antibodies, NIB
1H10 or NIB 5F3 (11), in PBS for 1 hr, then rinsed with
PBS to remove unbound ligand. Next, the clots were incu-
bated for 30 min with avidin (50 mg/ml PBS). The excess
avidin was then washed off with PBS, and the clots were
exposed to the biotinylated paramagnetic nanoparticles
(30 mL/mL PBS) for an additional 30 min. All three steps of
incubation were performed at 37°C. Clots with intermedi-
ate degree of contrast agent binding were prepared by
partial blockade of fibrin binding sites with pretreatment
of nonbiotinylated anti-fibrin antibody for 1 hr prior to the
three-step contrast targeting procedure.

MRI of Fibrin Clots

MRI of the targeted clots was performed at 4.7 T on a
Varian INOVA system (Varian Associates, Palo Alto, CA).
Spin-echo proton images were acquired using a 5-cm cus-
tom designed birdcage coil. Both T1- and T2-weighted
spin-echo images were acquired. Imaging parameters for
T1-weighted images were: TR 5 500 msec; TE 5 13 msec;
FOV 5 5 3 5 cm; data matrix 5 512 3 256; slice thick-
ness 5 1 mm. T2-weighted images were acquired with
TR 5 8 sec, TE 5 200 msec, and identical spatial param-
eters as T1-weighted images. These parameters yielded an
in-plane resolution of 195 3 195 mm. At the end of MRI
experiments, optical images of the targeted and control
clots were taken with a Kodak digital camera to provide a
direct comparison of clot geometry with the MR images.

To characterize the deposition of targeted nanoparticles,
T1-weighted spin-echo imaging of clots treated with Gd-
DTPA conjugated nanoparticles was also performed at
higher resolution using a 1-cm birdcage coil. Imaging pa-
rameters were: TR 5 500 msec; TE 5 13 msec; FOV 5
1.3 3 1.3 cm; data matrix 5 512 3 256; slice thickness 5
0.5 mm. These parameters yielded an in-plane resolution
of 51 3 51 mm. To determine changes in relaxation times
induced by the bound paramagnetic nanoparticles, T1 and
T2 measurements were performed using inversion recov-
ery and Carr-Purcell-Meiboom-Gill pulse sequences, re-
spectively. T1 and T2 maps were obtained by a least-square
fitting of each imaging pixel to the corresponding relax-
ation curve using MATLAB (The Math Works, Inc., Natick,
MA).

Scanning Electron Microscopy (SEM)

Fibrin-targeted, partially-blocked, and control clots (n 5
3/group) were prepared as above, fixed in 2% glutaralde-
hyde in PBS for 1 hr, rinsed with PBS, and post-fixed in
2% osmium tetroxide for 1 hr. The fixed and washed clots
were dehydrated in ascending concentrations of ethyl al-
cohol, 10 min/step: 50%, 70%, 90%, and 3 3 100%, fol-
lowed by three 15-min washes in hexamethyldisilazane
(Electron Microscopy Sciences, Fort Worth, PA). Scanning
electron microscopy was performed with a Phillips scan-
ning electron microscope. Five random regions per clot
sample were imaged from 25003 to 120003 magnification
and compared for nanoparticulate binding. Representative
scanning electron micrographs of each treatment group
were obtained.

RESULTS

Scanning electron microscopy of native plasma clots re-
vealed a dense network of cross-linked fibrin strands (Fig.
1A). Fibrin-targeted paramagnetic nanoparticles were ob-
served along the clot surface attached to the dense fibrin
network, literally encasing each fibrin fibril on the clot
surface (Fig. 1B). Pretreatment with free anti-fibrin anti-
body partially blocked the binding sites available to tar-
geted nanoparticles through competitive inhibition, and
reduced the density of nanoparticles bound to the surface
(Fig. 1C). Such a partial blocking of contrast agent binding
provided a mechanism with which to characterize the
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relaxivity benefits of bound paramagnetic nanoparticles at
a reduced surface density, intermediate between that of
the control and unblocked clots.

Cross-sectional 1H imaging of cylindrical clots sus-
pended in PBS solution demonstrated a significant T1 and
T2 contrast effect within the unblocked and partially-
blocked fibrin-targeted clots but little inherent contrast in
control clots (Fig. 2). PBS and native untreated clots had
similar T1 relaxation times: 2.21 6 0.05 sec for PBS and
2.04 6 0.03 sec for native clots. However, with the binding
of paramagnetic nanoparticles, a significant decrease in T1

(1.37 6 0.28 sec) was induced on the surface of the clots
(Fig. 3). Similarly, T2 relaxation was 163 6 4 msec and
147 6 3 msec for PBS and native clots respectively, and
was reduced to 122 6 17 msec with the binding of para-
magnetic nanoparticles. These changes in T1 and T2 relax-
ation times induced by the bound paramagnetic nanopar-
ticles allowed excellent delineation of clots in PBS with
both T1- and T2-weighted images (Fig. 2).

The high-resolution 1H image revealed that the binding
of the targeted nanoparticles was restricted to a thin layer
on the clot surface (Fig. 4), as the enhanced MR signal was
present within only one or two pixels (, 100 mm). Exclu-
sion of the nanoparticles from deeper aspects of these
experimental fibrin-rich clots has been previously de-

scribed in imaging procedures with high-frequency ultra-
sound (12). The restriction of the nanoparticles to surface-
binding epitopes reflects the high density and tight pack-
ing of fibrin fibrils in these acellular experimental clots. In
vivo, the entrapment of erythrocytes, white blood cells,
and platelets within the thrombus is expected to create a
porous tissue into and through which nanoparticles can
more readily penetrate, as previously demonstrated in ul-
trasound molecular imaging applications with the use of
clinical echocardiographic scanners (12). Nevertheless,
despite the thin layer of contrast agent deposition, T1- and
T2-weighted spin-echo images exhibited significant con-
trast enhancement at the surface of the clots due to the
great abundance of Gd-DTPA complexes carried by each
particle. In other words, only a single layer of nanopar-
ticles is required to produce a significant contrast effect.

The detection of microthrombi within the microfissures
of atherosclerotic plaques depends on how many nanopar-
ticles are deposited at a given site, which reflects clot size.
To better assess this question, fibrin clots as small as
0.5 mm in diameter were created and embedded in agarose
gel. Optical images of these clots (Fig. 5) provided a direct
morphological comparison with contrast-enhanced MR
images. Untreated clots were undetectable in agarose gel

FIG. 1. Scanning electron micrographs of clots.
A: Untreated clot. The untreated clot showed a
dense network of fibrin strands. B: Treated clot.
Clot was treated following the standard three-
step incubation protocol described in the text.
Fibrin strands were covered with numerous
paramagnetic nanoparticles. C: Partially
blocked clot. Clot was pretreated with non-
biotinylated anti-fibrin antibody before the stan-
dard three-step treatment. As a result, a signif-
icant fraction of the fibrin binding sites was
unavailable for binding to the targeted contrast
agent. Therefore, the amount of paramagnetic
nanoparticles was significantly reduced as
compared to the treated clot.

FIG. 2. Cross-sectional T1- (left) and T2- (right) weighted spin-echo
images of cylindrical clots formed on suture strings. Clots were
suspended in PBS solution and imaged with a 5-cm birdcage coil.
Untreated clot (A) showed minimal contrast with PBS solution in
both T1- and T2-weighted images. With the binding of contrast
agent on the surfaces of the clots, both treated (B) and partially
blocked (C) clots showed excellent contrast with surrounding PBS
solution due to the decrease in both T1 and T2 relaxation times.

FIG. 3. T1- (left) and T2- (right) maps of a treated clot. Due to the
high density and tight packing of fibrin strands in the clot, the
binding of the contrast agent was restricted to the surface of clot. As
a result, relaxation times of native or untreated clot can be deter-
mined from ROIs surrounding the suture string but excluding the
surface area. T1 and T2 relaxation times of native clots were slightly
shorter than that of PBS solution. However, the binding of contrast
agent to the surface of the clot induced a 40% decrease in T1 and
a 20% decrease in T2.
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by T1-weighted MRI. However, fibrin-targeted clots were
easily detected and the fine details of their geometric
shapes were readily delineated for even the smallest clot
(0.5 mm in diameter). In addition, all clots that were par-
tially blocked with free anti-fibrin antibody were also sen-
sitively detected and their geometric shapes were also
sharply defined regardless of sizes. The retention of this
dramatic contrast enhancement despite the marked reduc-
tion of nanoparticle deposition in the partially blocked

specimens illustrates the importance of the high gadolin-
ium payload per particle.

DISCUSSION

Accurate and sensitive detection of vulnerable atheroscle-
rotic plaques remains a significant diagnostic challenge
with great clinical relevance. Several laboratories have
pursued MRI-based characterization of atherosclerotic le-

FIG. 4. High-resolution 1H image of a treated
clot. In-plane voxel was 51 3 51 mm. Slice
thickness was 0.5 mm. The highlighted area of
the clot in the original image (left panel) is
shown enlarged in the right panel. It reveals that
the contrast agent was deposited in a thin layer
of less than 100 mm. The dramatic contrast
effect with such a thin layer of contrast agent
deposition demonstrates the high sensitivity of
this approach, which is a result of the high
Gd-DTPA payload carried by each paramag-
netic nanoparticle.

FIG. 5. T1-weighted spin-echo images (upper panels) of clots embedded in agarose gel on a petri dish. Each small grid in the scalar bar
represents 1 mm. Untreated clots (left) showed no contrast with agarose gel, while both treated (center) and partially blocked (right) clots
showed excellent contrast. Direct comparison with the corresponding optical images (lower panels) indicates that MR images can also
accurately delineate the morphology of the clots.
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sions in an effort to estimate the propensity of plaque
rupture. These tissue characterization approaches rely on
defining local differences in T1 or T2 relaxation between
lipid, fibrous, and smooth muscle components of plaques.
For example, T1-weighted images have been used to deter-
mine arterial wall area (5). T2 contrast has been employed
to discriminate atherosclerotic components such as lipid
cores, fibrous caps, and calcification (13). Longitudinal
monitoring of lesion progression has been reported in se-
rial MRI experiments (4). With the use of intravascular
probes or high-field magnets, imaging resolution of around
100 3 100 mm has been achieved, which allowed accurate
determination of plaque components and the imaging of
genetically engineered mice (6,7). In most of these studies,
the delineation of a vulnerable plaque depends on the
presence and detectability of a large, liquid lipid core,
which generally favors rupture as compared with a fibrous
core (14). Although these approaches may characterize
certain aspects of the material properties of plaques, the
definitive diagnosis of microfissuring and fibrin deposition
that causes transient ischemic attacks, stroke, unstable
angina, or myocardial infarction cannot be easily
achieved. Accordingly, we have sought to detect the mi-
crothrombi themselves, which are the direct indicators of
microscopic cracks in the collagen cap of advanced
plaques that trigger thrombi (15).

Atherosclerotic plaques have been targeted with anti-
bodies against plaque components such as proliferating
smooth muscle cells (16), fibrin and fibrinogen (17,18), and
extracellular matrix components such as fibronectin (19).
These studies employed either radiolabeled antibodies for
nuclear imaging or echogenic liposomes for ultrasonic im-
aging; both were limited by low image resolution. Al-
though MRI has the advantages of offering much higher
spatial resolution and simultaneous extraction of physio-
logical and anatomic information, its application in mo-
lecular imaging has been limited by its low sensitivity. The
paramagnetic nanoparticles used in this study provided a
remarkable signal amplification platform that allowed sen-
sitive detection of molecular epitopes at micrometer reso-
lution.

The development of targeted paramagnetic contrast
agents has been pursued by other laboratories and institu-
tions for over 20 years (20). However, various complexities
have contributed to the slow progress in this arena—the
most important factor being inadequate paramagnetic pay-
load, as only one to three Gd-DTPA chelates may be rea-
sonably coupled directly to an antibody. To amplify the
signal, approaches using liposomes have been employed
to encapsulate larger volumes of Gd-DTPA. In early for-
mulations, the paramagnetic chelate was sequestered in-
ternally, which yielded limited influence on protons out-
side of the particle and thus resulted in poor contrast
enhancement (21). Coupling paramagnetic complexes to
lipid anchors offers the capability of conjugating more
gadolinium complexes onto the surface of liposomal par-
ticles, although at least half of the chelate complexes still
typically reside within the inner membranes of the lipo-
some bilayer (22). Multilamellar liposomes have the great-
est payload capacity, but systemic clearance is accelerated
and much of the paramagnetic chelates are internalized.
Incorporation of polymerized lipids or polyethylene gly-

col-conjugated lipids provides improved liposomal half-
life, although usually at the expense of targeting efficiency
(23–26). Dendrimers may allow increased numbers of
paramagnetic complexes to be coupled to a ligand for
targeting, but their practical size limits their potential pay-
load (27,28).

Short circulating half-life has limited the practical util-
ity of many targeted paramagnetic formulations. Small
unilaminar liposomes (50 nm) have the longest circulating
half-life but carry the smallest paramagnetic payloads.
Larger unilamellar liposomes have greater paramagnetic
payload capacity but inadequate circulatory stability. The
perfluorocarbon nanoparticles used in this study have a
relatively long circulatory half-life, which permits ade-
quate time to reach and saturate targets directly accessible
to the vasculature (29).

High target avidity, i.e., multiple ligands per particle, is
also critical to effective and efficient in vivo targeting.
Dendrimers or similar complexes can carry large payloads
of paramagnetic complexes but typically bear one or a few
ligands per targeted unit. Such formulations are less likely
to be properly oriented to facilitate interaction with the
targeted epitope as it flows through the tissue. In compar-
ison, perfluorocarbon nanoparticles, with tens to hundreds
of ligands homogeneously distributed over the surface of
each particle, experience a greater opportunity to interact
and bind to one or more receptors with every circulatory
pass, independent of the particle orientation. Moreover,
cross-links formed by coupling the paramagnetic nanopar-
ticle to more than one targeted epitope decrease the disso-
ciation constant of the complex.

The degree of contrast enhancement observed in this in
vitro study represents a possible benchmark for future in
vivo studies. As the two antibodies used in this study are
highly specific for fibrin E domain but are not cross-reac-
tive with circulating fibrinogen (11,30), we expect this
nanoparticle will only enhance contrast at the sites of
fibrin deposition in vivo. Success in imaging small struc-
tures will depend largely on the quantitative deposition of
nanoparticles at targeted site. We have recently reported
the utility of a single-step anb3-targeted paramagnetic
nanoparticle to localize and enhance the T1-weighted con-
trast from angiogenic vasculature in rabbits (10,31). This
contrast effect was easily detected within 60 min, and was
maximal in less than 2 hr. In comparison, a similar study
reported by Sipkins et al. (26) using anb3-targeted poly-
merized liposomes to experimental tumor angiogenesis
required about 24 hr to develop a notably lower magnitude
of contrast enhancement. Although highly successful in
vitro, the three-step pretargeting approach using avidin-
biotin interaction for binding may achieve limited success
in vivo due to the high level of free biotin in circulation.
Accordingly, we have recently developed an alternative
approach using a “one-step system” which directly conju-
gates antibodies to the lipid outer layer of the nanopar-
ticles (32). Such an approach has shown promise in pre-
liminary in vivo studies of clot targeting with dogs in our
laboratory (unpublished data).

CONCLUSION
In the present study, we have demonstrated that fibrin-
targeted paramagnetic nanoparticles bound densely to fi-
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brin, as visualized by scanning electron microscopy. The
abundant payload of Gd-DTPA complexes provided signif-
icant enhancement of fibrin clots in vitro despite being
limited to only a thin surface layer. We have shown that
microdeposits of fibrin can be sensitively detected and
their geometric structure clearly delineated. Future studies
will extend these findings to human atherosclerotic spec-
imens with comparisons between histology and MRI. Suc-
cessful in vitro demonstration of sensitive and specific
contrast enhancement of these specimens will provide
impetus for further clinical evaluation. This novel, tar-
geted MRI agent may allow sensitive early detection of
unrecognized vascular pathology in high-risk patients,
leading to definitive early diagnosis and the initiation of
preventative therapies that could reduce the morbidity
and mortality of thromboembolism.
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