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Gadolinium(III) ion (Gd3+) complexes are widely used as contrast agents in magnetic resonance imaging

(MRI), and many attempts have been made to couple them to sensor moieties in order to visualize bio-

logical phenomena of interest inside the body. However, the low sensitivity of MRI has made it difficult to

develop practical MRI contrast agents for in vivo imaging. We hypothesized that practical MRI contrast

agents could be designed by targeting a specific biological environment, rather than a specific protein

such as a receptor. To test this idea, we designed and synthesized a Gd3+-based MRI contrast agent,

2BDP3Gd, for visualizing atherosclerotic plaques by linking the Gd3+-complex to the lipophilic fluoro-

phore BODIPY to stain lipid-rich environments. We found that 2BDP3Gd was selectively accumulated into

lipid droplets of adipocytes at the cellular level. Atherosclerotic plaques in the aorta of Watanabe heritable

hyperlipidemic (WHHL) rabbits were clearly visualized in T1-weighted MR images after intravenous injec-

tion of 2BDP3Gd in vivo.

Introduction

Magnetic resonance imaging (MRI) is widely used for noninva-
sive imaging in both clinical medicine and life sciences. MR
images are constructed from 1H NMR signals mainly derived
from water protons, so the signal intensity depends upon the
concentration and relaxation times (T1 and T2) of water mole-
cules. Paramagnetic ions such as the gadolinium(III) ion (Gd3+)
effectively shorten the T1 (spin–lattice) relaxation time of water
protons by promoting rapid exchange of inner-sphere water
molecules with bulk water, and enhance the signal intensity in
T1-weighted MR images. Gd3+ complexes are widely used as
MRI contrast agents to enhance tissue contrast inside the
body.1

Compared with other imaging modalities such as fluo-
rescence imaging, ultrasound and PET, MRI provides high
spatial resolution deep within tissues.2 Therefore, its appli-
cation for in vivo imaging is important, and many Gd3+

complex-based MRI contrast agents have been developed for
this purpose.1,3 In general, there are two design strategies for
functional MRI contrast agents. One is to employ “smart” MRI
contrast agents that induce a change of the water proton relax-
ation time (T1 or T2) when they are structurally modified by
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exposure to a target, such as a specific enzyme activity.4–6 The
other is to conjugate Gd3+ complexes to specific ligands or
antibodies directed to the targeted biomolecules.5,7,8 However,
there are few examples of application of functional MRI con-
trast agents based on the former strategy for in vivo whole-
body imaging because it is very difficult to control the bio-
distribution within the body. In the case of the latter strategy,
the low sensitivity of the MRI technique makes it difficult to
develop practical MRI contrast agents for in vivo imaging.3 In
general, the detection limit of the Gd3+ complex in MRI
measurements is around several μM,9 whereas target bio-
molecules are often present only at the nanomolar order of
concentration.10,11 To achieve sensitive detection, a new strat-
egy to achieve sufficient accumulation of MRI contrast agents
in the target region is required. Toward this end, we hypo-
thesized that MRI contrast agents targeted to specific biological
environments of interest, rather than to specific proteins such
as receptors, could be efficiently accumulated in the target
region at a sufficient concentration to allow clear MRI-based
visualization of biological phenomena, irrespective of the con-
centrations of specific target biomolecules.

To validate this concept, we tried to develop MRI contrast
agents for atherosclerosis. Atherosclerosis is a progressive
disease characterized by accumulation of lipids and fibrous
elements in the form of atherosclerotic plaques in large
arteries.12 Its most important clinical complication is acute
occlusion due to the formation of a thrombus or blood clot,
which is usually associated with plaque rupture, and results
in myocardial infarction or stroke.13,14 Atherosclerosis is a
primary cause of heart disease and stroke, and is the under-
lying cause of about 30% of all deaths in westernized
societies.15 Therefore, the detection of atherosclerotic plaques
is very important both in clinical medicine and life science. To
develop suitable MRI contrast agents, we focused on staining
dyes for atherosclerotic plaques. Sudan IV and Oil red O are
widely used in histology for staining not only lipid droplets,
which are lipid storage compartments surrounded by a phos-
pholipid monolayer, in adipocytes,16 but also the lipid cores of

atherosclerotic plaques.17,18 So, we anticipated that the gadoli-
nium ion complex conjugated with these dyes would accumu-
late in the lipid cores of atherosclerotic plaques, irrespective of
the concentrations of specific target biomolecules. However,
general protocols for staining with Sudan IV and Oil red O
include incubation with organic solvents such as isopro-
panol,19 so that these scaffolds would not be suitable for
in vivo imaging. Instead, we focused on the lipophilic fluoro-
phore BODIPY (boron dipyrromethene) as a candidate athero-
sclerotic targeting moiety, since BODIPY is also used for
staining lipid droplets in adipocytes, but does not require
incubation in an organic solvent.16,19 Thus, we expected that
the BODIPY-Gd3+ complex conjugate would be accumulated in
atherosclerotic plaques in vivo.

Results
Molecular design of MRI contrast agents for atherosclerotic
plaques

To validate the concept, we designed and synthesized a Gd3+

complex conjugated with a BODIPY moiety, BDP-Gd,20 as a
MRI contrast agent candidate for atherosclerotic plaques
(Fig. 1a). BODIPY is a widely used fluorophore which has a
high extinction coefficient (ε) and a high quantum yield of
fluorescence (Φfl).

21 An additional advantage of BODIPY is that
the contrast agent would be detectable not only by MRI, but
also by fluorescence measurements, because the BODIPY
moiety is a fluorophore. With such MRI-fluorescence dual-
modal probes,22,23 the contrast agent distribution inside cells
or tissues can be precisely evaluated by means of fluorescence
microscopy observation.

Fluorescence imaging of contrast agent distribution in live cells

First, we applied BDP-Gd to live adipocytes and observed its intra-
cellular localization with a fluorescence microscope (Fig. 1b).
Strong fluorescence of the BODIPY moiety was observed selec-
tively in lipid droplets in adipocytes, but not in preadipocytes, as

Fig. 1 (a) Chemical structure of BDP-Gd. (b) Confocal microscopy images of adipocytes (left) and preadipocytes (right) loaded with BDP-Gd (10 μM
in DMEM containing 0.1% DMSO as a cosolvent). Upper and lower panels show DIC and fluorescence images, respectively. (c) Fluorescence (left)
and Sudan IV staining (right) images of the aorta isolated from ApoE−/− or wild-type mice injected with BDP-Gd (1st injection; 5 mM, 100 μL. 2nd
injection; 5 mM, 150 μL, 2 h after 1st injection). Fluorescence images were captured 1 h after the 2nd injection.

Paper Organic & Biomolecular Chemistry

Org. Biomol. Chem. This journal is © The Royal Society of Chemistry 2014

Pu
bl

is
he

d 
on

 1
4 

A
ug

us
t 2

01
4.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
on

ne
ct

ic
ut

 o
n 

10
/1

0/
20

14
 1

0:
12

:5
3.

 
View Article Online

http://dx.doi.org/10.1039/c4ob01270d


expected (Fig. 1b). This result indicates that BDP-Gd is indeed
selectively accumulated in lipid-rich environments such as lipid
droplets inside live cells.

Ex vivo fluorescence imaging of aorta of ApoE−/− mice

We expected that BDP-Gd would also be accumulated in athero-
sclerotic plaques in vivo. To test this idea, we first performed
fluorescence imaging of atherosclerotic plaques of ApoE−/−

mice, which are widely used mouse models of hyperlipidemia
and atherosclerosis.17 Apolipoprotein E (ApoE) is the major com-
ponent of lipoprotein and facilitates hepatic uptake of lipopro-
teins.17 Anesthetized mice were injected with BDP-Gd into the
orbital vein and sacrificed 3 h later. Strong fluorescence of the
BODIPY moiety was observed from atherosclerotic plaques in the
isolated aorta of ApoE−/− mice, and was colocalized with Sudan
IV staining, while no marked fluorescence was seen in the case
of wild-type mice (Fig. 1c). Sudan IV staining is often used to
identify atherosclerotic plaques, so this result indicates that
BDP-Gd accumulates preferentially in atherosclerotic plaques of
ApoE−/− mice.

Derivatization of BDP-Gd for in vivo application

Next, we applied BDP-Gd to MR imaging of atherosclerotic
plaques of Watanabe heritable hyperlipidemic (WHHL)
rabbits. The WHHL rabbit is an animal model of atherosclero-
sis caused by deficiency of the low density lipoprotein (LDL)
receptor and is considered to be a better animal model of
human atherosclerosis than ApoE−/− mice because WHHL
rabbits have similar lipoprotein metabolism to humans.24

However, no clear increment of MR signal in atherosclerotic
plaques was seen in WHHL rabbits injected with BDP-Gd (data
not shown). The reasons for this may be that the sensitivity of
BDP-Gd was insufficient and also that BDP-Gd was rapidly
cleared from the body. Therefore, we next derivatized BDP-Gd
in order to obtain a more sensitive MRI contrast agent.

First, to identify the essential chemical structure for
accumulation in a lipid-rich environment, BDP-DO3A-Gd,
BDP-thio-DO3A-Gd, BDP-thioPh-DO3A-Gd, BDP-thio-BnDO-
TA-Gd and BDP-thioPh-BnDOTA-Gd were designed and syn-
thesized (Fig. 2). Adipocytes were loaded with these contrast
agents, and the localization of the contrast agents inside the
cells was observed under a fluorescence microscope. Only
some of these contrast agents were specifically localized to
lipid droplets of adipocytes, and it appeared that a common
BODIPY-thiourea-phenyl structure is important for accumu-
lation in lipid droplets. Furthermore, in order to obtain a
sufficient Gd3+ concentration for MR imaging at the targeted
region, we selected the reported multi (three) Gd3+ complex-
bearing scaffold, which can show very high r1 relaxivity,25 as a
backbone, and designed and synthesized contrast agents
containing two (2BDP3Gd), one (1BDP3Gd) or no (0BDP3Gd)
BODIPY-thiourea-phenyl moieties on this backbone as MRI
contrast agent candidates (Fig. 3). Their relaxivities and photo-
physical properties are summarized in Table 1. 2BDP3Gd and
1BDP3Gd showed three to four times higher r1 relaxivity per
Gd3+ than a widely used MRI contrast agent, Magnevist® (Gd-

Fig. 3 Chemical structures of MRI contrast agents for atherosclerotic
plaques.

Fig. 2 Fluorescence images of adipocytes loaded with BDP-Gd deriva-
tives. Confocal microscopy images of adipocytes loaded with BDP-Gd
derivatives (10 μM in DMEM containing 0.1% DMSO as a cosolvent). (Top
left) BDP-Gd, (top right) BDP-DO3A-Gd, (middle left) BDP-thio-
DO3A-Gd, (middle right) BDP-thioPh-DO3A-Gd, (bottom left) BDP-
thio-BnDOTA-Gd, (bottom right) BDP-thioPh-BnDOTA-Gd.

Table 1 r1 Relaxivity and photophysical properties

Probe
r1

a

(mM−1 s−1)
λabs

b

(nm)
λem

b

(nm) Φfl
b,c

BDP-Gd 22 497 509 0.160
2BDP3Gd 50 507 512 0.010
1BDP3Gd 42 499 509 0.110
0BDP3Gd 31 — — —

aAll data were measured at 37 °C, 20 MHz in PBS. r1 Relaxivity was
calculated per molecule. bAll data were measured in 100 mM HEPES
buffer (pH 7.4). cΦfl is the relative fluorescence quantum yield determined
using fluorescein in 0.1 M NaOH aq. (0.85) as a fluorescence standard.
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DTPA; gadolinium(III) diethylenetriamine-N,N,N′,N″,N″-penta-
acetic acid; the r1 relaxivity of Magnevist® is 4.3 mM−1 s−1 in
water (25 °C, pH 7.4)).1 These high relaxivities may be due to
the high hydrophobicity of BODIPY, i.e. 2BDP3Gd and
1BDP3Gd appear to show intermolecular stacking in aqueous
solution, as judged from their low fluorescence quantum
yields and their absorption spectra, and the resulting incre-
ment of the apparent molecular weight may lead to enhance-
ment of the r1 relaxivity due to slower molecular rotation of
the Gd3+ complex.1,26 On the other hand, in organic solvents
such as MeOH, 2BDP3Gd and 1BDP3Gd showed strong fluo-
rescence without fluorescence quenching due to intermolecu-
lar stacking (Fig. S1 and Table S1, ESI†). When solutions of
2BDP3Gd, 1BDP3Gd, 0BDP3Gd and Magnevist® were each dia-
lyzed (MWCO: 25 000) for 24 h and the concentrations of Gd3+

complexes were determined by ICP-AES, we found that
2BDP3Gd and 1BDP3Gd were highly retained inside the dia-
lysis membranes compared to 0BDP3Gd and Magnevist®
(Fig. S2, ESI†). This result supports the idea that 2BDP3Gd and
1BDP3Gd exhibit intermolecular stacking in aqueous solution
because of their hydrophobic BODIPY moiety. The r1 relaxivity
values are also higher than would be expected for monomeric
complexes such as Magnevist®, and the increment of the
apparent molecular weight due to intermolecular stacking may
contribute to this effect.27

We examined 2BDP3Gd and 1BDP3Gd in cellular experi-
ments, as well as BDP-Gd. These contrast agents were efficien-
tly accumulated into lipid droplets of adipocytes (Fig. S3,
ESI†). Furthermore, like BDP-Gd, they were accumulated in

atherosclerotic plaques of ApoE−/− mice in ex vivo fluorescence
imaging of the aorta (Fig. S4, ESI†). These results confirmed
that we had successfully developed more sensitive MRI con-
trast agents that retained the ability to accumulate in lipid-rich
environments at both the cellular level and intact mouse level.

In vivo MR imaging of atherosclerotic plaques of WHHL
rabbits

Finally, we applied our improved MRI contrast agents to in vivo
MR imaging of atherosclerotic plaques in WHHL rabbits.
WHHL or wild-type rabbits were anesthetized, and T1-weighted
MR images were obtained before contrast agent injection.
Then, the rabbits were injected with 2BDP3Gd, 1BDP3Gd or
0BDP3Gd into an ear vein, and T1-weighted MR images were
obtained at 1, 2 and 24 h after the injection (Fig. 4). The MR
signal intensity in the arterial wall of WHHL rabbits, but not
wild-type rabbits, increased time-dependently when 2BDP3Gd
was injected, while no significant increment of MR signal in
the arterial wall was seen in WHHL or wild-type rabbits
injected with 0BDP3Gd or 1BDP3Gd (Fig. 4a and c). After the
MR imaging, the rabbits were euthanized and the whole aorta
was removed together with vertebrae for ex vivo MR imaging
(Fig. 4b and d). When rabbits were injected with 2BDP3Gd, the
signal intensity of the isolated aorta of WHHL rabbits was
higher than that of wild-type rabbits, while no clear difference
was seen when 1BDP3Gd was injected. Furthermore, in the
fluorescence imaging of isolated aortas of rabbits, the stron-
gest fluorescence was observed from the aorta of WHHL
rabbits injected with 2BDP3Gd (Fig. S5, ESI†).

Fig. 4 (a) T1-Weighted MR images (in vivo imaging) of WHHL (upper) or normal (lower) rabbits before and after administration of 2BDP3Gd,
1BDP3Gd or 0BDP3Gd (7.4 μmol kg−1). White arrowheads indicate the aorta. (b) T1-Weighted MR images (ex vivo imaging) of the isolated aorta of
WHHL (upper) or normal (lower) rabbits. White arrowheads indicate the aorta. (c) Time-dependent changes of the normalized MR signal intensity of
the aorta in in vivo MR imaging of atherosclerotic plaques. The signal intensity was normalized by the MR signal intensity of a Gd3+ phantom
(0.1 mM Magnevist®). Error bars show the standard deviation (3 ROIs). (d) MR signal intensity in ex vivo MR images of the isolated aorta. The signal
intensity was normalized by the MR signal intensity of a Gd3+ phantom (0.1 mM Magnevist®). Error bars show the standard deviation (3 ROIs).
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Histological staining of atherosclerotic plaques of WHHL
rabbits

To confirm that 2BDP3Gd was accumulated in atherosclerotic
plaques, the aorta isolated from WHHL rabbits was histologi-
cally stained (Fig. 5). As shown by HE staining (Fig. 5e),
thickening of the aorta and infiltration of leucocytes were
observed, and the accumulation of lipids was also observed by
means of Oil red O staining (Fig. 5b). Furthermore, the
accumulation of fibrous elements was observed in the azan-
stained image (Fig. 5d). These results indicate the presence of
atherosclerotic plaques in the sample. The localization of the
BODIPY fluorescence (Fig. 5a; green) was well matched with
that of Oil red O staining (Fig. 5b), so the increment of the
signal intensity in the arterial wall of WHHL rabbits appeared
to be due to the accumulation of 2BDP3Gd in the lipid-rich
environment, such as lipid droplets, of atherosclerotic
plaques. Interestingly, the BODIPY fluorescence was also well
colocalized with α-actin staining (Fig. 5c), but not with the
immunostaining of macrophages (Fig. 5a; red). This result
indicates that 2BDP3Gd accumulated mainly in foam cells
derived from smooth muscle cells; indeed, many foam cells in
atherosclerotic plaques of WHHL rabbits have been reported
to be derived from smooth muscle cells.28 Although the
majority of foam cells in human atherosclerotic plaques are

thought to be derived from macrophages, foam cells derived
from smooth muscle cells are also seen in human athero-
sclerotic plaques,29 so we expected that 2BDP3Gd would also
be potentially useful for diagnosis of atherosclerosis in
humans. On the other hand, only weak fluorescence of
BODIPY was observed from the aorta of WHHL rabbits
injected with 1BDP3Gd (Fig. S6, ESI†), probably because a
single BODIPY-thiourea-phenyl moiety is not enough to
support sufficient accumulation of the contrast agent in athero-
sclerotic plaques for MR imaging. The reproducibility of the
MR imaging of atherosclerotic plaques with 2BDP3Gd and
histological staining was confirmed using another WHHL
rabbit (Fig. S7 and S8, ESI†). Thus, our strategy to target a
lipid-rich environment for visualizing atherosclerotic plaques
was proved to work at a practical level.

In vivo fluorescence imaging of atherosclerotic plaques of LDL
receptor-deficient mice

2BDP3Gd is a lipophilic Gd3+ complex, so it is expected that
2BDP3Gd would also accumulate in the adipose tissue or
liver,20,30,31 as well as atherosclerotic plaques. However, athero-
sclerotic plaques are formed in the intima of arterial walls, so
it should be straightforward to distinguish MRI signal changes
in atherosclerotic plaques from those in adipose tissues or
liver. Indeed, we successfully visualized atherosclerotic
plaques of WHHL rabbits by MRI as shown in Fig. 4. To
support this, we carried out in vivo fluorescence imaging of
atherosclerotic plaques of LDL receptor-deficient mice.32

2BDP3Gd was intravenously injected, and fluorescence
imaging of the carotid artery of LDL receptor-deficient mice
was performed in vivo (Fig. S9, ESI†). The plaque to fatty tissue
ratio of the fluorescence signal intensity did not exceed 1,
whereas the plaque to carotid artery ratio was in the range of
1.5 to 15. It is important to note that specificity against the
normal arterial wall is the critical issue, not that against the
liver or fatty tissue. Indeed, although strong fluorescence of
2BDP3Gd was observed from adipose tissue, we successfully
identified atherosclerotic plaques in the carotid artery in vivo.
Furthermore, we could also identify atherosclerotic plaques in
the aorta by fluorescence endoscopy in real-time in vivo
(Fig. S10 and video S1, ESI†). These data indicate that accumu-
lation of 2BDP3Gd in adipose tissue does not impair visualiza-
tion of atherosclerotic plaques.

Discussion

Because MRI can provide high-spatial-resolution images of
sites deep inside tissues, it is suitable for imaging of athero-
sclerosis.33 Some MRI contrast agents for atherosclerosis have
been reported,34,35 and most of them are Gd3+ complexes or
magnetic nanoparticles conjugated to specific ligands or anti-
bodies that are directed towards atherosclerotic markers such
as adhesion molecules (VCAM-1,36 integrin αVβ337 and selec-
tin38,39), a scavenger receptor of macrophages40 and fibrin.41,42

Furthermore, to obtain higher sensitivity, liposomes,43 nano-

Fig. 5 Frozen section of the aorta of WHHL rabbits after administration
of 2BDP3Gd. Frozen sections were histologically examined by (a) fluor-
escence imaging (red: anti-RAM antibody, green: 2BDP3Gd, blue: DAPI),
(b) Oil red O staining, (c) α-actin (smooth muscle cell marker) staining,
(d) azan staining, and (e) haematoxylin and eosin (HE) staining. Black
arrowheads in (e) indicate leucocytes. Scale bar: 50 μm.
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particles44 and micelles40,45 containing 103–104 Gd3+ and tar-
geting moieties have been developed. However, the target bio-
molecules for atherosclerosis are present in plaques only at the
nanomolar concentration.33 On the other hand, our alternative
strategy to target a specific environment enables efficient
accumulation of the MRI contrast agent in atherosclerotic
plaques, irrespective of the concentrations of specific target
biomolecules. Therefore, in principle, 2BDP3Gd should be
effective for the sensitive detection of atherosclerotic plaques.
Very recently, an elastic layer-specific MRI contrast agent
based on a similar design strategy was reported,34 and this
contrast agent could also successfully visualize atherosclerotic
plaques. However, although this elastic layer-specific MRI con-
trast agent can evaluate the morphology of arterial walls, our
contrast agent can visualize atherosclerotic plaques with large
lipid cores, which tend to rupture easily.42 Thus, our contrast
agent should be more suitable to predict risk. In addition, an
MR angiography experiment showed that 2BDP3Gd has a
longer half-life in the circulation than 0BDP3Gd (Fig. S11,
ESI†). It is known that lipophilic Gd3+ complexes bind to
serum albumin,1,46,47 and albumin binding prevents the Gd3+

complexes from being excreted through the kidneys and
extends their circulation time.46 Indeed, the binding of
2BDP3Gd to serum albumin was confirmed by in vitro fluo-
rescence measurement (Fig. S12 and S13, ESI†). 2BDP3Gd also
binds to LDL in vitro and in cellulo (Fig. S12–S14, ESI†). The
binding of 2BDP3Gd to serum albumin or LDL may contribute
to the long-circulation property of 2BDP3Gd. The fortuitously
prolonged circulation time of 2BDP3Gd may also contribute to
its efficient accumulation into atherosclerotic plaques.48 We
also examined the toxicity of 2BDP3Gd after i.v. injection into
JCl:ICR mice (n = 5) at the same dose as used in the MRI exper-
iment (7.4 μmol kg−1). No mice died within 10 days, and thus
2BDP3Gd did not show serious acute toxicity at the dose used,
although we cannot rule out the risk of nephrogenic systemic
fibrosis (NSF), a rare but serious side effect of Gd3+ contrast
agents.23,49

Conclusions

We have developed a new design strategy focusing on a lipid-
rich environment in order to visualize atherosclerotic plaques
by means of MRI. Among the contrast agent candidates exam-
ined, the lipophilic BODIPY-thiourea-phenyl moiety was
identified as an essential structure for recognition of lipid-rich
environments, such as lipid droplets of atherosclerotic
plaques, in vitro. We established that 2BDP3Gd containing this
structure was accumulated preferentially in atherosclerotic
plaques in the ApoE−/− mouse model of atherosclerosis.
2BDP3Gd was also able to visualize atherosclerotic plaques in
the aorta of WHHL rabbits in T1-weighted MR images in vivo.
Moreover, the BODIPY moiety enabled precise observation of
the localization of 2BDP3Gd inside the artery ex vivo by means
of fluorescence microscopy, providing the capability for multi-
modal imaging. In vivo fluorescence imaging of atherosclerotic

plaques of LDL receptor-deficient mice was also performed by
the use of an endoscope, showing that this agent enables real-
time visualization of atherosclerotic plaques in vivo. Thus, our
environment-targeting design strategy is effective for the
molecular design of practical MRI contrast agents for in vivo
whole-body imaging of lipid-rich environments such as athero-
sclerotic plaques. It should also be possible to extend this
design strategy to other pathological environments, such
as hypoxia50,51 and the relatively low pH environment of
tumors.52,53

Methods
Supplementary methods

Experimental details of general procedures, materials, instru-
ments, synthesis, fluorometric analysis, relaxivity measure-
ments, cell culture, fluorescence microscopic imaging of
adipocytes, in vivo fluorescence imaging of LDLR−/− mice and
ultrathin endoscopic fluorescence imaging can be found in
the ESI.†

Ex vivo imaging of mouse aorta

Mice were fixed on a custom-made cradle and anesthetized
continuously with a mixture of oxygen and isoflurane
(1.5–2.0%). Then, 5 mM probe solution in saline (100 μL) was
administered to the mouse via the orbital vein. An additional
probe solution (150 μL) was administered to the same mouse
via the orbital vein at 120 min after the first injection. The
mouse was sacrificed by perfusion fixation with 4% form-
aldehyde at 60 min after the second injection. The full-length
aorta was carefully isolated and longitudinally opened. Fluo-
rescence images of the aorta were captured with a Maestro™
In-Vivo Imaging System (Perkin Elmer). The excitation wave-
length was 445–490 nm, and the fluorescence emission wave-
length was 520–800 nm. Next, atherosclerotic plaques were
visualized by Sudan IV staining, i.e. the aorta was fixed with
10% formalin solution for 30 min, and then washed with 70%
EtOH for 3 min. After that, 0.5% (w/v) Sudan IV staining solu-
tion (in acetone–70% EtOH, 30% H2O = 50/50) was added and
the preparation was shaken for 15 min. To remove excess
Sudan IV, the aorta was washed with 70% EtOH for 3 min and
with water for 5 min. Then, bright-field images of the aorta
were captured with a compact digital camera (FinePix F40fd,
FUJIFILM).

MR imaging of atherosclerotic plaques of rabbits

Watanabe heritable hyperlipidemic (WHHL) rabbits and
normal Japanese white (JW) rabbits were purchased from
Kitayama Labes (Nagano, Japan). Animals under general
anesthesia with continuous inhalation of oxygen containing
isoflurane (2.0–2.5%) (Escaine; Mylan Pharma Co., Tokyo,
Japan) were subjected to MR imaging in the supine position
with a superconducting MR scanner (Signa HDxt 3.0 T, GE
Healthcare, WI, USA), using an 8-channel phased array knee
coil. T1-Weighted images were acquired before and at 1 h, 2 h
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and 24 h after intravenous injection of the probe solution in
saline (5 mM, 7.4 μmol kg−1) via the marginal pinna vein. The
parameters used for the ECG gated double IR prepared fast
spin echo sequence were median TR (ms)/ef TE (ms)/FA
(degree) of 261/8.6/90, a matrix size of 320 × 256; a FOV (cm) of
12 × 9 for axial and 18 × 18 for sagittal, a slice thickness (mm)
of 3.0, an echo train of 2, section intervals (mm) of 5 for axial
and 0 for sagittal, and the average number of signals (NEX)
of 4.

For MR angiography, the coronal IR prepared 3-dimen-
sional Fast Spoiled Gradient Echo sequence was used with the
following parameters; TR (ms)/TE (ms)/FA (degree) of 4.3–4.7/
1.4–1.6/15, a matrix size of 320 × 160; a FOV (cm) of 17.8 ×
12.5, a slice thickness (mm) of 6 and the NEX of 1.

After the imaging, animals were euthanized and the whole
aorta was removed with vertebrae for ex vivo MR imaging. In
this case, the pulse sequence and the parameters used were
axial conventional spin echo, TR (ms)/TE (ms) of 300/11, a
matrix size of 384 × 160; a FOV (cm) of 9 × 6.8, a slice thickness
(mm) of 1, section intervals (mm) of 2.5, and the NEX of 12.
The average intensities of the vessel wall and the phantom
(0.1 mM) were measured by placing three regions of interest
(ROIs) on the vessel wall and the largest possible ROI on the
phantom. Then, the three values for the vessel wall were aver-
aged, and divided by the value for the phantom. Error bars
show the standard deviation of the signal intensities of the
three ROIs.

Fluorescence imaging of the isolated WHHL rabbit aorta

Fluorescence images of the aorta (ESI Fig. S4†) were captured
with a Maestro™ 2 (Perkin Elmer). The excitation wavelength
was 457 ± 22.5 nm, and fluorescence emission (>490 nm) was
observed.

Histological staining of the isolated WHHL rabbit aorta

Aortic sections were subjected to HE, Azan-Mallory or Oil red
O staining. Immunohistochemistry was performed according
to reported methods,54 using anti-rabbit macrophage mono-
clonal antibody (RAM-11, Dako Corp., Santa Barbara, CA,
USA)55 or anti-alpha-actin monoclonal antibody (M0851, Dako
Corp., Santa Barbara, CA, USA). The second antibody for
macrophages was Fluoromount (goat anti mouse Alexa 594,
Diagnostic BioSystems, USA).
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