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a b s t r a c t

Rupture of vulnerable atherosclerotic plaque is the major pathological cause of luminal thrombosis in
acute coronary syndromes. Since foamy macrophages have been identified as a prominent component in
vulnerable atherosclerotic lesions and osteopontin (OPN) is reported to be highly expressed in foamy
macrophages, OPN could be a potential target for vulnerable atherosclerotic plaque imaging. The current
study designed an OPN-specific MRI/optical dual-modality probe to detect vulnerable plaques. Fluo-
rescence imaging revealed that 24 h after injection of the Cy5.5-OPN-DMSA-MNPs (COD-MNPs), the
atherosclerotic plaques in carotid artery exhibited significant higher signals in high fat diet (HFD) fed
mice in comparison to the group injected with Cy5.5-IgG-DMSA-MNPs (CID-MNPs) or normal diet fed
group injected with COD-MNPs (1.87 ± 0.19 � 1010 vs. 0.74 ± 0.04 � 1010, 0.73 ± 0.03 � 1010 p/sec/cm2/sr,
P < 0.05). Meanwhile, MRI displayed stronger T2 contrast enhancement 24 h post-injection at the area of
atherosclerotic plaques in the carotid of HFD fed group injected with COD-MNPs than group injected
with CID-MNPs or normal diet fed group injected with COD-MNPs (post/pre signal ratio: 0.64 ± 0.04 vs.
0.95 ± 0.02, 0.98 ± 0.01, P < 0.05). As a dual-modality molecular probe, the resulting COD-MNPs con-
jugates exhibit promising potentials for noninvasive detection of vulnerable atherosclerotic plaque
in vivo.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

According to World Health Organization (WHO) 2012 annual
report, there were 17.5 million deaths due to cardiovascular dis-
eases, which amounted to 31% of total deaths worldwide [1]. The
exacerbation of coronary heart disease (CHD) and stroke lead to
approximately 1.2 million deaths yearly [2]. Atherosclerosis is the
major pathological cause of cardiovascular disease, and pathology
nd8828@gmail.com (F. Cao).
studies have confirmed the common association of acute myocar-
dial infarction with the rupture or erosion of a coronary athero-
sclerotic plaque [3,4]. Clinical investigations have shown that
greater than half of patients afflicted with coronary atherosclerosis
suffering from sudden death or myocardial infarction as the first
clinical manifestation of disease [5]. Therefore, effectively evalu-
ating and predicting the rupture of atherosclerotic plaques are in
great need, but remain practically challenging.

Current clinical diagnosis imaging techniques for atheroscle-
rosis include X-ray contrast angiography, intravascular ultrasound
(IVUS), carotid ultrasound, and optical coherence tomography
(OCT) [6,7], etc. Among them, the X-ray contrast angiography has
been adopted as gold-standardmethod for detecting the severity of
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coronary luminal obstruction; IVUS based on the spectral analysis
of backscattered radio frequency signal is able to provide the in-
formation of plaque components including necrotic core, dense
calcium, fibrous, and fibrofatty plaque; OCT offers high resolution
by employing near-infrared light to obtain detailed morphological
information. However, the use of plaque contrast features may
cause confusion in accurate determination of the plaques'
compositions.

To better understand the molecular aspects of atherosclerosis
rather than the luminal compromise, molecular imaging based on
noninvasive imaging techniques has become a new trend for the
assessment of plaque vulnerability [8,9]. And, the development of
suitable molecular probes is the most important issue for imaging
of vulnerable plaque in vivo.

Vulnerable atherosclerotic plaques are characterized with focal
inflammation, abundant apoptotic cells, large necrotic cores, and
thin fibrous caps [10,11]. Macrophages, especially foamy macro-
phages are the key inflammatory cells that are involved in focal
inflammation and can secrete metalloproteinase and collagenase to
weaken the fibrous cap and render plaques liable to rupture [12].
Therefore, foamy macrophages are crucial in vulnerability of pla-
ques and can potentially be target cells for detecting vulnerable
plaques.

Osteopontin (OPN) is a secreted protein serving as a chemotactic
cytokine with pleiotropic functions promoting the adhesion,
migration and activation of foamy macrophages [13,14]. OPN has
been identified to be overexpressed by foamy macrophages in
human atherosclerotic lesions [15], which was demonstrated by
western blot and immunohistochemical assays at both protein and
tissue levels [16,17]. Therefore, it is a suitable target for evaluating
the vulnerability of plaques through foamy macrophages imaging.

Our previous investigations on detection of atherosclerotic
plaques demonstrated that Profilin-1 can be used to effectively
target vascular smooth muscle cells [18]. Besides the imaging of
smooth muscle cells, we further investigate the molecular imaging
technique for the foamy macrophages in the vulnerable plaques.
Herein, we report a dual-modality probe based on Fe3O4 nano-
particles and Cy5.5-labeled OPN antibody to target foamy macro-
phages. Careful in vitro experiments were performed to
characterize the targeting ability of the designed probe for foamy
macrophages. Both in vivo MRI and optical imaging were carried
out for visualizing the vulnerable plaques in an atherosclerosis
model with the aid of the above dual-modality probe.

2. Materials and methods

2.1. Animals and procedures

All animal studies were performed according to a protocol
approved by the Fourth Military Medical University (FMMU) Ani-
mal Care and Use Committee. 20 female 15 g 6-week-old ApoE�/-

mice (C57BL/6J genetic background) (Vital River, Beijing) were fed
with high fat diet (HFD) (containing 15% fat and 1.25% cholesterol)
continually for 20 weeks to establish the atherosclerosis model.
Mice of control groupwere fed with normal diet. All the procedures
were performed in accordance with the Fourth Military Medical
University Guide for the Care and Use of Laboratory Animals
formulated by the National Society for Medical Research.

2.2. Reagents and antibodies

RPMI 1640 culture medium and fetal bovine serum (FBS) were
obtained from Gibco (Grand Island, USA). Rabbit anti-mouse CD68,
OPN antibody were purchased from Abcam (Cambridge, UK)
(1:1000 for Western blot, 1:200 for immunofluorescence staining).
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bro-
mide (MTT) (Sigma-Aldrich, St Louis, MO, USA), in Situ Cell Death
Detection Kit, POD (Roche, Shanghai), Raw 264.7 macrophage (Bo
Gu Biology Technology, Shanghai), Cy5.5-NHS (GE Healthcare,
Piscataway, USA), iron acetylacetonate (Fe(acac)3) (Sigma-Aldrich,
St. Louis, USA), meso-2,3-dimercaptosuccinic acid (DMSA), 1-ethyl-
3-(3-dimethyaminopropyl) carbodiimide (EDC), and sulfo-N-
hydroxysuccinimide (sulfo-NHS) (Sigma-Aldrich, St. Louis, USA)
were used as received.

2.3. Preparation of COD-MNPs

The synthesis of Fe3O4 magnetic nanoparticles (MNPs) was
carried out as reported before [19]. Fe(acac)3 was used as an iron
precursor and oleic and oleylamine were used as surfactant. Then
hydrophilic modification of MNPs' surface was accomplished by
ligand exchanging reaction with DMSA. Cy5.5-labeled OPN anti-
body was conjugated with DMSA-coated MNPs (DMSA-MNPs)
based on amidation reaction mediated by EDC/sulfo-NHS. Briefly,
2 mg EDC (10 mg/mL) and 3 mg sulfo-NHS (10 mg/mL) were added
in 10 mL aqueous solution of DMSA-MNPs (1 mg/mL) at room
temperature. 45 min later, adequate 0.4 mL aqueous solution of
OPN antibody (25 mg/mL) pre-labeled with Cy5.5 through reaction
with Cy5.5-NHS were introduced dropwise and the reaction
mixture was persistently stirred for 12 h at 4 �C. The redundant
Cy5.5 labeled OPN antibodywas removed via using a strongmagnet
to absorb the conjugates and abandoning the supernatant. Washed
the conjugates with deionized water several times until the su-
pernatant didn't show any fluorescence signal. The resulting Cy5.5-
OPN-DMSA-MNPs conjugates denoted as COD-MNPs were stored
at 4 �C in the dark for future use, and meanwhile a similarly
structured control probe, i.e., Cy5.5-IgG-DMSA-MNPs (CID-MNPs)
was prepared and stored in the same way.

2.4. Characterizations of probes

For the assessment of nanoparticles' morphology and size, we
first diluted the nanoparticles with deionized water to prepare the
sample and put a drop on the copper net of electron microscope.
After the sample on the copper net was dry, TEM (transmission
electron microscopy) (TEM, JEM-2100, JEOL, Tokyo, Japan) with the
grid of 300-mesh-copper net was used to obtain images operating
at an accelerating voltage of 100 kV. More than 300 particles were
measured with the aid of Image J software for calculating the
average size of the Fe3O4 nanoparticles. DLS (dynamic light scat-
tering) (Zetasizer Nano ZS90, Malvern Instruments JEM-100CXII,
Worcestershire, UK) equipped with a solid-state HeeNe laser
(l ¼ 633 nm) was used to characterize samples' hydrodynamic size
and zeta potential. The magnetic properties of powder samples
were analyzed in a vibrating sample magnetometer (VSM JDM-13,
China).

2.5. Cell culture and cytotoxicity studies

Mouse macrophage line Raw 264.7 were cultured using RPMI
1640 supplemented with 15% FBS and were maintained in a hu-
midified environment containing 5% CO2 and air at 37 �C. When
cells reached 90%, sterile PBS was added and cells were moved by
gently rinsing. MTT assay was used to detect cells' survival rate.
Briefly, cells (1 � 104/well) were seeded in 96-well plate. The
following day, probes in different concentrations (0, 5, 10,15, 20, 25,
30, 50 mg/mL) were incubated with the cells. After 24 h, 20 mL of
MTT in PBS (5 mg/mL) was introduced per well and the cells were
incubated at 37 �C for 4 h. After the incubation medium was
removed, 150 mL of DMSO was added into each well followed by
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gentle rocking for 10 min to dissolve the dark blue MTT crystals.
Optical density (OD) of each well was detected with an Infinite®

F500 micro-plate reader (TECAN, Switzerland) at 490 nm and cell
viability of every group was expressed as proportion of the control.

For cells' apoptosis assessment, cells pre-incubated with probes
(0, 10, 30, 50 mg/mL) for 24 h were collected for terminal deoxy-
nucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)
apoptosis assay using a in Situ Cell Death Detection Kit according to
the manufacturer's instructions. DAPI staining was performed for
total nuclei quantification. The TUNEL-positive cells were imaged
by a confocal fluorescent microscope (Olympus FV 10i, Japan).

For further quantitative analysis of cell apoptosis, 5 � 105 cells
treated with probes of different concentrations, i.e., 0, 10, 30, 50 mg/
mL, were harvested and washed with PBS, and then stained with
propidium iodide and Annexin V-FITC (BD Pharmingen™) for
flowcytometry (BD FACSAria, USA) measurements.

2.6. Prussian blue staining and fluorescence detection in vitro

Themacrophage-derived foamymacrophages stimulated by Ox-
LDL (50 mg/mL) for 24 h were used to examine the uptake of probes
in two ways: Prussian blue staining of Fe and fluorescence detec-
tion of Cy5.5. For Prussian staining, cells with or without Ox-LDL
stimulating were incubated with 30 mg/mL COD-MNPs and CID-
MNPs respectively for 24 h. For the blocking group, OPN antibody
was added 30 min earlier than the probes, then cells were washed
with PBS and fixed in 4% paraformaldehyde for 20 min. After that, a
mixture of 5 wt-% potassium ferrocyanide and 10 vol-% HCl with
ratio of 1:1 was added. After approximately 15 min of incubation,
Milli-Q water was used to wash cells three times, which was fol-
lowed by microscopy studies with an Olympus BX51 inverted mi-
croscope (Olympus, Japan).

For fluorescence detection, cells were seeded in 35 mm
coverglass-bottom dishes. After fixation, cells were washed with
PBS and then 40, 6-diamidino-2-phenylindole (DAPI) was added for
nuclei staining. Images were acquired with confocal fluorescent
microscope (Olympus FV 10i, Japan).

2.7. Serum lipid analysis and oil red staining

The serumwas separated after coagulation of the blood sample.
Then, serum levels of triglycerides (TG) and total cholesterol (TC)
were analyzed via enzyme linked immunosorbent assay (ELISA).
For oil red staining, vascular tissues from carotid artery to
abdominal aorta of the mice were harvested, then the tissues were
embedded in 4% phosphate buffered formaldehyde for 20 min and
stained with oil red dye. Pictures were taken after the unreacted
staining reagents was washed away with 60% isopropanol.

2.8. Immunohistochemistry staining

H&E, Masson's trichrome and immunofluorescence staining
stainwere performed to analyze the histology and the expression of
OPN in atherosclerotic plaques. Artery with plaques were
embedded in OCT and snap-frozen. Transverse and radial cry-
osections (10 mm thick) were collected, fixed in cold acetone, and
stained with OPN antibody and DAPI for nuclei. Images were taken
by confocal fluorescent microscope (Olympus FV 10i, Japan).

2.9. Fluorescence/MRI imaging

Fluorescence imaging was performed by IVIS Kinetic System
(Caliper Life Sciences, Hopkinton, USA). For in vitro cell imaging,
COD-MNPs probes were used in different concentrations, i.e., 0, 5,
15, 30, and 50 mg/mL. Regarding in vivo imaging, mice were firstly
anaesthetized by isoflurane and then in vivo images were taken
before and 24 h, 48 h, 72 h after 100 mL COD-MNPs (5 mg Fe/kg) or
CID-MNPs were injected through tail vein, respectively. In the
meantime, the vessels of some HFD-fed mice were also isolated
48 h post-injection from carotid to abdominal aorta for the
following in vitro imaging. The imaging parameters were set as
follows: binning, 2; F/stop 2; exposure time, 30.0 s; emission filter,
Cy5.5. Bioluminescent signals were analyzed using Living Image 4.0
software (Caliper, MA, USA) and quantified as average radiance (p/
sec/cm2/sr).

For in vitro MRI imaging, 200 mL of aqueous solution of the
probes with concentration of 0, 3.25, 7.5, 15, 30 mg/mL were
adopted for cell labelling. Regarding in vivoMRI imaging, micewere
also anaesthetized by isoflurane, and then images were acquired
before and 24 h after intravenous injection of 100 mL probe solution
through tail vein (Fe concentration was: 1 mg/mL). Images were
acquired on a 1T M3™ Compact High-Performance MRI System
(Aspect Imaging, Israel) with parameters set as follows: vertical
field of view (FOV) 30 mm, horizon field of view (FOV) 30mm; base
resolution, 256 � 256, slice thickness 0.8 mm, time to echo (TE)
62.77 ms, repetition time (TR) 1500 ms. Because the plaque was
usually located just above the carotid bifurcation, for each
sequence, interested region was chosen to be the plaque in the
common carotid artery and plaque the internal carotid artery.
Typical images were obtained in accordance to the previous papers
[20,21]. And we analyzed the DICOM data exported from the MRI
System using VivoQuant 1.23 software (inviCRO, America). The T2-
weighted signal change was calculated by using the following for-
mula: SIpost/SIpre � 100%, where SIpre and SIpost were the signal
intensity of the atherosclerotic plaques in carotid artery before and
24 h after administration of the probe, respectively.

2.10. Western blot analysis

Cells preconditioned with/without Ox-LDL for 24 h were har-
vested. Protein concentrations were determined with a bicincho-
ninic acid (BCA) assay kit (Pierce, Rockford, IL). The proteins were
separated by 10% SDS-PAGE gels and transferred onto nitrocellulose
membrane. Membranes were blocked with Tris buffered saline-
Tween-20 containing 5% non-fat milk and incubated with OPN
primary antibodies overnight at 4 �C. The membranes were incu-
bated with secondary antibodies (Abcam, Cambridge, MA, USA)
conjugated with horseradish peroxidase for 1 h. The target protein
was detected by enhanced chemiluminescene system (Amersham
Bioscience, Fairfield, Connecticut, USA) and quantified by Quantity
One Analysis Software (version 4.5, Bio-Rad, USA).

2.11. Statistical analysis

Continuous variables that approximated the normal distribution
were expressed by mean ± standard deviation (SD). Multiple group
comparisons were performed by one-way analysis of variance
(ANOVA) followed by the least significant difference (LSD) t-test for
post hoc analysis. Comparisons between the two independent
groups were analyzed using the Student's t-test. Two-sided tests
were used throughout the experiment. P < 0.05 was considered
statistically significant. GraphPad Prism-5 statistic software (La
Jolla, CA) was used for all data analysis.

3. Results

3.1. Characterization of DMSA-MNPs and COD-MNPs probes

Fig. 1a shows a representative transmission electron microscope
(TEM) image of DMSA-MNPs which have an average size of



Fig. 1. TEM image (a), histogram of particle size (b), saturation magnetization curve (c) of DMSA-MNPs, together with 1/T2 plotted against the concentration of Fe (d) for extracting
relaxivity (r2) of DMSA-MNPs and COD-MNPs as inserted.
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7.3 ± 0.6 nm (Fig. 1b). The room-temperature magnetization curve
shown in Fig. 1c demonstrates that the DMSA-MNPs are super-
paramagnetic with a saturation magnetization up to 62.7 emu/g.
The MRI contrast enhancement effect of DMSA-MNPs is shown in
Fig. 1d and the transverse relaxivity (r2) is calculated to be
135.2 mM�1s�1, while the transverse relaxivity (r2) of COD-MNPs is
calculated to be 119.1 mM�1s�1.

The scheme in Fig. 2a describes the conjugation between Cy5.5-
labeled OPN antibody and DMSA-MNPs via a covalently amidation
reaction between the eNH2 group of the antibody and eCOOH
residue on the surface of DMSA-MNPs. The DLS results in Fig. 2b
and c reveals that the hydrodynamic diameter of COD-MNPs was
92.2 ± 3.5 nm and the zeta potential was �52.7 ± 1.1 mV, while
DMSA-MNPs was 32.2 ± 4.6 nm and �39.2 ± 2.1 mv respectively,
indicating a successful conjugation between the nanoparticles and
Cy5.5-labeled anti-OPN antibody. As shown in Fig. 2d, the fluo-
rescence signal intensity exhibited positive correlation with the
concentration of Fe. And the in vitro experiment of MRI showed that
our probe exhibited stronger T2 contrast enhancement effect when
the concentration of Fe was higher, which showed darker in the
figure. As we know that MRI works based on computer-assisted
imaging of relaxation signals of proton spins within the human
body excited by radiofrequency waves in a strong magnetic field
[22]. And the relaxation of proton spins to their equilibrium states
via two processes, namely longitudinal relaxation, characterization
by a relaxation time T1, and transverse relaxation, characterized by
a relaxation time T2. The MRI contrast agents principally work by
shortening the T1 or T2 relaxation times of protons located nearby,
iron oxide nanoparticles like what we used in the experiment, can
effectively reduce the T2 relaxation time and consequently pro-
duced negative enhancement effects on T2-weighted images.
3.2. Cytotoxicity evaluation of COD-MNPs probe

As displayed in Fig. 3a, in comparison with the control group,
the viability of cells incubated with COD-MNPs conjugates don't
show significant variation in the concentration range of Fe from 5 to
50 mg/mL, indicating a low cytotoxicity of the resulting probes. To
further confirm this feature, TUNEL tests were performed and the
results shown in Fig. 3b. Quantitative results showing in the right
panel demonstrate that the FITC signal for showing the apoptotic
cells dose not vary significantly if comparing the COD-MNPs groups
(10, 30 and 50 mg Fe/mL) with the control group, i.e., 6.8 ± 0.3%,
7.1 ± 0.4%, 7.5 ± 0.3% versus 6.6 ± 0.4% from control (P > 0.05).
Further flow cytometry results given in Fig. 3c reveal that the
apoptosis rates of groups with Fe concentration of 10, 30 and 50 mg/
mL were 7.0 ± 0.2%, 7.8 ± 0.3% and 7.9 ± 0.2%, respectively, close to
that for the control group, i.e., 5.7 ± 0.2% with P > 0.05. Both TUNEL
and flow cytometry assays demonstrated that the COD-MNPs
probes have insignificant influence on the apoptosis of macro-
phages. They are therefore suitable for the following in vivo studies.



Fig. 2. A schematic drawing for COD-MNPs conjugate preparation (a), hydrodynamic profiles of the DMSA-MNPs (NP) and the COD-MNPs conjugates (NP-OPN) (b), zeta potential of
DMSA-MNPs, COD-MNPs (c) and MR and fluorescence images of aqueous solutions of COD-MNPs conjugates with different concentrations as indicated (Note: the optical signal was
color-coded for better showing the signal variation) (d).
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3.3. Evaluation of OPN expression in foamy macrophages

To evaluate the OPN expression inmacrophages, Raw 264.7 cells
were exposed to Ox-LDL to induce the formation of foamy macro-
phages [23]. As shown in Fig. 4a, the expression of OPN in Ox-LDL
stimulated foamy macrophages is much higher than the un-
treated macrophages. The quantitative results of western blot
further confirmed the up-regulated expression of OPN in foamy
macrophages (Fig. 4b) with OPN/b-actin value up to 1.31 ± 0.04
contrasting to 0.16 ± 0.02 for control with P < 0.05, as shown in
Fig. 4b. These results indicate that the OPN is a potential target for
vulnerable atherosclerotic plaque detection.
3.4. Binding affinity of COD-MNPs

The binding affinity of COD-MNPs was evaluated on foamy
macrophages through immunofluorescence and Fe staining assay.
As shown in Fig. 4c, the Cy5.5 signal (red) from COD-MNPs is pre-
dominantly localized in the cytoplasm of foamy macrophages. In
contrast, only very weak signal is presented in the un-stimulated
normal macrophages or foamy macrophages co-incubated with
CID-MNPs. Moreover, the optical signal is remarkably suppressed
when OPN antibody was added for blocking prior to the introduc-
tion of COD-MNPs. The Fe staining results given in Fig. 4d show
rather consistent tendency, indicating that COD-MNPs probes
possess good binding specificity for targeting foamy macrophages.
3.5. Verification of animal atherosclerosis models

In order to demonstrate the in vivo imaging capability of COD-
MNPs, an atherosclerosis model was established according to
literature [24]. To monitor the atherosclerosis, lipid profiles of
mice's serum were analyzed. As shown in Fig. S1a, HFD group
showed much higher levels of blood cholesterol and triglyceride
compared with those for the control group, e.g., cholesterol:
19.7 ± 1.4 mmol/L vs.7.6 ± 1.6 mmol/L, P < 0.05; TG:
0.50 ± 0.15 mmol/L vs. 0.20 ± 0.05 mmol/L, P < 0.05. To further
confirm the formation of atherosclerotic plaques in the HFD mice,



Fig. 3. MTT assay (a) TUNEL assay (b) and flow cytometry (c) results for evaluating the cytotoxicity of COD-MNPs conjugates.

Fig. 4. a, confocal microscopy images of macrophages before (left) and after 24 h incubation with Ox-LDL; b, Western blot results for showing the expression of OPN/b-actin in
foamy macrophages upon Ox-LDL treatment; c, confocal microscopy images of foamy macrophages and their control after incubation with COD-MNPs CID-MNPs, respectively and
the last image (block) was acquired upon addition of OPN antibody prior to the introduction of COD-MNPs; d, Prussian blue staining of macrophages treated the same way.
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vascular tissues from carotid to abdominal artery were isolated. The
following oil red staining for lipid of plaques revealed that the
lesion area is significantly enlarged in HFD fed group in comparison
with control groupwith the ratio of lesion area towhole artery area
up to 57% contrasting to 0.5% for the control. H&E and Masson's
trichrome staining further confirmed that the lesion exhibit
vulnerable atherosclerotic plaques' features such as thin and partly
ruptured fibrous cap, cholesterol crystal, and so on (Fig. S1b).
Further CD68 staining also led to strong FITC signal (green) around
the plaques, as shown in Fig. S2, suggesting abundant accumulation
of macrophages showing anothermajor characteristic of vulnerable
plaques. Meanwhile, Cy3 signal (red) from OPN staining further
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confirm the upregulated expression of OPN in atherosclerotic pla-
ques, which makes it possible for COD-MNPs to target vulnerable
plaques. All above studies strongly support the successful estab-
lishment of the animal model for vulnerable plaques.
3.6. In vivo Fluorescence/MRI imaging

Towards targeted detection of vulnerable plaques, in vivo fluo-
rescence/MR imaging studies were carried out in the animal
atherosclerosis model after intravenous injection of the nanop-
robes. Fluorescence images in Fig. 5a reveal that the signal intensity
of the plaques in carotid artery is much higher in HFD fed group
injectedwith COD-MNPs than the group injectedwith CID-MNPs or
control group injected with COD-MNPs especially at 48 h post-
injection (24 h: 1.87 ± 0.19 � 1010 vs. 0.74 ± 0.04 � 1010,
0.73 ± 0.03 � 1010; 48 h: 7.38 ± 0.32 � 1010 vs. 0.81 ± 0.05 � 1010,
0.81 ± 0.04 � 1010; 72 h: 2.00 ± 0.30 � 1010 vs. 0.73 ± 0.05 � 1010,
0.72 ± 0.05 � 1010 p/sec/cm2/sr, P < 0.05). The in vitro imaging of
vascular tissue isolated from HFD fed group injected with COD-
MNPs further supports that the in vivo optical signal originated
from the carotid artery upon active targeting.

The in vivo MRI results, as shown in Fig. 5b, also indicate a clear
T2 enhancement effect of COD-MNPs conjugates for plaques in ca-
rotid artery with a post/pre signal ratio of 0.64 ± 0.04, contrasting
to those from the control experiments, i.e., 0.95 ± 0.02 for HFD fed
Fig. 5. Fluorescence (a) and MR (b) images of HFD fed mice acquired at different time poin
probe injection. The right part of panel (a) shows a fluorescence image of the carotid and ao
MNPs, and the right part of panel (b) shows quantitative in vivo T2 signal of region of inter
group injectedwith CID-MNPs and 0.98 ± 0.01 for the control group
of mice injected COD-MNPs.

To verify the active targeting of the specific nanoprobes, Fe
staining of plaques was performed and the Prussian Blue staining
results shown in Fig. 6 show that the COD-MNPs conjugates are
preferentially localized in the atherosclerosis plaques, while H&E
and Masson's trichrome staining further reveal the major features
of the targeted vulnerable plaques including thin and partly
ruptured fibrous cap. In addition, the immunofluorescence results
also confirmed the abundant expression of OPN (staining red). All
above results prove that COD-MNPs conjugates can specifically
target vulnerable plaques in vivo.
4. Discussion

Molecular imaging based on invasive imaging techniques such
as ultrasound, MRI, optical imaging, or PET/CT has been widely
explored to detect atherosclerotic plaques. Studies have shown that
contrast-enhanced ultrasound (CEUS) can be used to detect intra-
plaque neovascularization [25,26] and a recent meta-analysis
demonstrated that qualitative CEUS has a sensitivity of 80% (95%
CI: 0.72e0.87) and a specificity of 83% (95% ci: 0.76e0.89) for
detecting intraplaque neovascularization [27]. But a number of
drawbacks exist when applying these techniques for detection of
atherosclerosis such as motion artifact, limited tissue penetration
ts after intravenous injection of different probes for comparing with those receive no
rtic arch tissue extracted from a HFD fed mouse 72 h after the administration of COD-
est after intravenous injection of COD-MNPs or CID-MNPs, *P < 0.05.



Fig. 6. Prussian blue, H&E, Masson's trichrome staining of carotid tissues extracted from mice treated with normal diet (control) and high fat diet (HFD) 72 h after the injection of
COD-MNPs conjugates into the latter group. The right-hand group of immunofluorescence images were recorded for showing the expression of OPN in the corresponding tissues.
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and spatial resolution. PET imaging has been used to study biologic
processes within unstable plaques, for example: 18F-FDG-inflam-
mation imaging [28] and 18F-NaF imaging of microcalcification [29],
etc. However, because of the radioligands decay, this imaging mo-
dality was limited for patients with renal or hepatic impairment.
MRI has been demonstrated to be useful in plaque size analysis
during the progression or regression of experimental atheroscle-
rosis due to its excellent spatial resolution and the ability to readily
co-register anatomic and contrast data [30,31]. Dynamic contrast-
enhanced MRI uses the movement kinetics of gadolinium within
vascular tissue to derive reasonable surrogates of both plaque
inflammation and neovascularization [32]. However, due to the
relatively lower contrast sensitivity, MRI still has lots of limitations
in detecting plaques. To overcome those limitations, optical imag-
ing has become a complementary for MRI for offering much higher
sensitivity in comparison to MRI. The combination of the two im-
aging tools has provided a more powerful approach for detecting
plaques along.

In this study, a dual-modality molecular probe was constructed
based on Fe3O4 nanoparticles for in vivo visualization of athero-
sclerotic plaques through active foamy macrophages targeting. Via
antibody-mediated targeting, vulnerable plaques in an ApoE�/�

mouse model was successfully detected through both MR and
fluorescence imaging approaches. Immunohistochemical analysis
further supported the excellent targeting specificity of the probe for
non-invasive atherosclerosis diagnosis.

Ideal probe for dual-modality imaging of atherosclerosis should
possess good biocompatibility, low cytotoxicity and active targeting
ability. Currently, nanoparticles are largely chosen act as probe
carrier due to the following advantages: their sizes are comparable
to those of biological macromolecules such as proteins; upon
proper size and surface engineering, long blood circulation time
can be achieved [33]; the large surface to volume ratio provides
versatile choice for loading imaging and targeting moieties.
Numerous literature demonstrated that iron oxide nanoparticles
are non-toxic to cells, organs, or even human bodies [34,35]. In the
current study, DMSAwas used as surface capping agent to displace
the original inorganic surface ligand for rendering Fe3O4 nano-
particles with water solubility and colloidal stability. MTT, TUNEL
assays together with flow cytometry studies suggested that DMSA-
coated Fe3O4 nanoparticles are non-toxic to the macrophage cells
below a certain threshold.

Actually, ultrasmall superparamagnetic iron oxide nanoparticles
have been reported as MRI contrast agent for atherosclerotic
plaques imaging [36]. However, the passive delivery of iron oxide
nanoparticles only gives rise to enhancement effect at the plaque
site via the enhanced vascular permeability resulting from injured
endothelium, leaky microvessels, etc [37,38]. Moreover, anatomic
assessments of atherosclerosis hardly reflect the corresponding
pathophysiology. In difference, the active targeting strategy,
depending on the choice of the targets, is more favorable for
disclosing the molecular mechanisms associated with the vulner-
able risk of given plaques. Endothelial denudation, angiogenesis,
local inflammation, the presence of macrophages, thin fibrous cap,
lipid or necrotic core are often considered as suitable targets. For
example, Nahrendorf et al. utilized 18F-4V as PET-CT agent to target
adhesion molecule-1 which plays an important role in local
inflammation [39]; Karen C et al. conjugated MDA2, E06, and IK17
to Gd-loaded microvesicles and used them to target Ox-LDL which
is related to macrophages and the lipid pool of the plaques [40];
paramagnetic gadolinium nanoparticles targeted to aVb3-integrins
have been shown to image angiogenesis as well as track therapeutic
activity in atherosclerosis animal models [41]. Utilizing a different
targeting moiety, gadolinium-loaded immunomicelles were tar-
geted to the macrophage scavenge receptor with cell-specific de-
livery for imaging of plaque-associated macrophages within the
atheroma [42]; oxidative stress has been directly monitored using a
myeloperoxidase sensor bis-5HT-DTPA (Gd) with localized poly-
merization at sites of inflammation [43]; fluorescent protease was
also used to sense cathepsin protease activity for showing the
progression of necrotic core and neovascularization through fluo-
rescence molecular tomography (FMT)-CT [44]. All the above
mentioned studies well manifest the reliability and potential of the
active targeting approaches. However, dual-modality imaging
probes with active targeting ability for combining MRI and optical
imaging are still in great need for plaque imaging studies. In the
current study, Fe3O4 nanoparticles have provided an ideal carrier
for constructing the MRI/optical probe not only because of its
intrinsic superparamagnetic property but also a large surface/vol-
ume ratio and numerous surface capping ligands for covalently
binding with targeting molecules. By attaching Cy5.5 onto the
surface of Fe3O4 nanoparticles, dual functional probes with both
magnetic and optical properties were successfully obtained
(Fig. 2d).

A large body of evidence explains the key role of macrophages in
the formation, progression and pathogenicity of plaques [45].
Macrophages, differentiated from monocytes which migrate from
peripheral circulation, can engulf low-density lipoprotein and turn
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into foamy macrophages, which is important for driving the prog-
ress of atherosclerotic plaques [46]. Actually, high macrophage
content in plaques is a characteristic of vulnerability to rupture
[47,48]. Another factor contributing to thin cap is the smooth
muscle cells which produce collagen to form stable fibrous cap, can
be sensitized to apoptosis by proinflammatory cytokines secreted
by activatedmacrophages [49]. In addition, macrophages' apoptosis
might help generate the necrotic lipid core and propagate throm-
bosis by producing tissue factor-rich apoptotic bodies [50]. As
macrophage burden has been reported to play a key role in
vulnerable plaques [51,52], discovery of novel biomarkers suitable
for macrophages imaging is undoubtedly valuable for providing
new insights for the preventive of acute cardiovascular diseases.
OPN is one of the most abundant proteins expressed by foamy
macrophages closely related with vulnerable plaques, but not
circulating monocytes [53]. As shown in Fig. 4a, immunofluores-
cence staining experiments demonstrated that OPN expression is
higher at the Ox-LDL-stimulated RAW264.7 macrophages, which is
widely taken as a foamy macrophage model. Semi-quantitative
results based on western blot confirmed that the expression level
of OPN in foamymacrophages is ~9 folds higher than that in normal
macrophages (Fig. 4b). The upregulated OPN expression was also
clearly observed from atherosclerotic plaque tissue of mousemodel
(Fig. S2). It is known that the overexpression of OPN increases the
accumulation of macrophages [54] and enlarges the aortic lesion
size [55]; while OPN expression was down-regulated, atheroscle-
rotic lesions in the aorta became remarkably smaller than those in
control group [56] and in the meantime, the accumulation of
macrophages was notably decreased [57]. All the studies strongly
suggest OPN level can be potentially useful for staging the
atherosclerotic progress. As indicated by the signal of Cy5.5 in
Fig. 4c and d, COD-MNPs show a much higher accumulation in the
cytoplasm of Ox-LDL-stimulatedmacrophages in comparison to the
control groups after 24 h incubation. Only slight uptake of COD-
MNPs incubated normal macrophages and CID-MNPs incubated
Ox-LDL-stimulated macrophages was observed, indicating an
effective and specific recognition of COD-MNPs conjugates with
foamy macrophages.

The in vivo fluorescence and MR imaging was performed after
intravenous injection of COD-MNPs into ApoE�/- mice through tail
vein. In comparison to the control group, HFD fed group receiving
COD-MNPs exhibited stronger fluorescence signal intensity espe-
cially though slightly decreased upon prolonged observation. The
following MRI studies confirmed the enhancement effect of COD-
MNPs conjugates for plaque imaging through a T2-weighted
sequence. Moreover, Prussian blue staining of revealed that the
COD-MNPs probes mainly located in the plaques, while the
immunofluorescence staining of OPN further suggested that the
active targeting of COD-MNPs conjugates was realized owing to the
elevated expression of OPN.

Our previous work [18] has explored the efficacy of probes tar-
geting vascular smooth muscle cells using Profilin-1 conjugated
nanoparticles. In comparison with it, the innovation of this work is
mainly present in the design, synthesis method and application of
OPN-targeted probe. And for the in vivo fluorescence data, in the
former work, HFD group's fluorescence intensity was almost
4.5 � 109 p/sec/cm2/sr, while in our experiment, HFD group's
fluorescence intensity was almost 7.5 � 1010 p/sec/cm2/sr, almost
10-fold of the former work. This promising results was the com-
bination of well-established animal models, OPN's high expression
in the plaque, and adequate conjugation of Cy5.5, etc. Based on
these, we have made further progress in reflecting the real bio-
logical behavior of macrophage in vulnerable plaque via non-
invasive molecular imaging.
5. Conclusion

In summary, we have successfully constructed a MRI/optical
dual-modality probe for OPN-targeting based on iron oxide nano-
particles. In vitro cell experiments demonstrated that the resulting
probes can specifically recognize foamy cells. In vivo animal model
studies revealed that visualization of vulnerable plaques can be
realized through intravenous injection of the nanoprobes. The low
toxicity feature endows the Fe3O4 nanoparticle-based probe with a
promising potential in noninvasive evaluation of early clinical car-
diovascular events.
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