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a b s t r a c t

Background and aims: Macrophages are key factors in the formation of unstable atherosclerotic plaques,
which may be identified through macrophage imaging. We tested whether activatable fluorescence
probes of iron oxide nanoparticles (IONPs) conjugated with indocyanine green (ICG) (IONP-ICG), con-
sisting of biocompatible reagents, can visualize macrophages present in atherosclerotic plaques.
Methods: IONP-based probes conjugated with different numbers of ICG molecules were synthesized. Six-
week-old spontaneously hyperlipidemic (SHL) mice were fed either a Western or normal diet for 14
weeks, and were intravenously injected with IONP-ICG (55.8mg Fe/kg). Aortas were harvested 48 h later,
and aortas containing atherosclerotic plaques were imaged.
Results: Phantom imaging studies using IONP-ICG solution demonstrated that the addition of surfactants
to IONP-ICG solutions yielded fluorescence activation. Incubation of macrophages with IONP-ICG led to
internalization of IONP-ICG and near infrared fluorescence (NIRF) activation. In NIRF imaging studies,
intense fluorescence signals were clearly visible primarily at the margins of atherosclerotic plaques, and
relatively weak signals were evident inside the plaques, demonstrating the feasibility of detection of
NIRF signals at atherosclerotic plaques. In the quantitative evaluation of NIRF, administration of a probe
conjugated with more ICG molecules led to a significant increase in the NIRF signal, indicating that
probes with greater numbers of ICG molecules are effective for sensitive NIRF detection. SHL mice given a
low-cholesterol normal diet showed a significantly lower NIRF signal compared with mice given the
Western diet. Histologically, NIRF signals in atherosclerotic plaques strongly correlated with the location
of macrophages, suggesting the possibility of NIRF macrophage imaging using IONP-ICG.
Conclusions: Localization of macrophages in atherosclerotic plaques may be achieved using the acti-
vatable NIRF probe, IONP-ICG.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Macrophages play important roles in atherosclerotic plaque
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formation [1,2] and are known to be involved in the destabilization
of atherosclerotic plaques [3,4]. Detection of macrophage-rich re-
gions in blood vessels may therefore lead to the identification of
unstable atherosclerotic plaques. Recently, near-infrared fluores-
cence (NIRF) imaging, which can detect sensitively with relatively
good tissue permeability and minimal effects from auto-
fluorescence, has been attracting attention for the detection of
unstable atherosclerotic plaques [5e7].

Indocyanine green (ICG), an NIRF molecule approved for clinical
use by the Food and Drug Administration (FDA) in the United States,
is highly biocompatible [8], and several imaging studies using ICG
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conjugated to various carrier molecules to detect tumor cells have
been reported [9e13]. In the first place, ICG is the only NIRF im-
aging probe targeting inflamed atherosclerotic plaques that can be
used clinically [14,15]. The circulating ICG binds rapidly to low-
density and high-density lipoproteins in the blood, due to its
lipophilic properties, and then the complexes of lipoproteins bound
to ICG are taken up bymacrophages of atherosclerotic plaques [14].
In this way, the uptake of ICG by macrophages is an indirect pas-
sage; but the direct uptake seems to be more effective for accu-
rately visualizing macrophages. After injection, circulating ICG is
rapidly taken up by liver and then released with an elimination
half-life of 2e4min [16], suggesting that almost all the injected ICG
can't reach macrophages. For these reasons, imaging probes, which
are directly taken up by macrophages and have a long circulating
half-life are considered to be more effective than ICG. The fluo-
rescent signals of ICG molecules can be quenched via a self-
quenching mechanism in which interactions between ICG mole-
cules occur when multiple fluorescent molecules are in close
proximity [17]. Furthermore, the auto-quenching mechanism can
contribute to fluorescent quenching of ICG where ICG molecules
interact with carrier molecules [12,13]. Based on these mecha-
nisms, the fluorescent signals of activatable ICG-labeled probes are
active only when taken up by the target cells followed by lysosomal
degradation, enabling the suppression of background signals from
non-target tissues andmore specific visualization of the target cells
[18,19]. For these reasons, in comparison to other agents such as
activatable NIRF probes and the Cy5.5/Cy7-labeled macrophage
mannose receptors tracer, which can detect inflamed atheroscle-
rotic plaques [5,20,21], activatable ICG-labeled probes with high
background ratio are biocompatible NIRF imaging probes, and this
allows their clinical application.

In contrast, iron oxide nanoparticles (IONPs), which are
biocompatible and biodegradable molecules with low toxicity, have
been used in a wide range of biomedical applications [22] and have
been approved as an intravenous magnetic resonance (MR)
contrast agent (Resovist®; Bayer Healthcare, Berlin, Germany) since
2001 in the European market [23]. IONPs are MR imaging probes
that can locally accumulate at inflammatory sites where macro-
phages are present and can also change the magnetic field through
nonspecific receptor-mediated endocytosis, especially scavenger
receptors by macrophages. By exploiting these properties, the
presence of macrophages in atherosclerotic plaques can be detec-
ted [7,24,25]. Therefore, we deduced that NIRF probes synthesized
using the highly biocompatible fluorescent molecule ICG, and the
carrier molecule IONP will be activatable fluorescent probes and
may have the potential for clinical application to detect the mac-
rophages associated with inflammation in atherosclerotic plaques.

Furthermore, since the in vivo kinetics of the carrier molecule
can potentially be affected when conjugated with a large number of
fluorescent molecules [9,11,26], we synthesized and compared
probes with different numbers of ICG molecules per IONP molecule
with regard to the in vivo biodistribution. The present study tested
the hypothesis that IONPs conjugated with ICG as a biocompatible
and activatable fluorescent probe would be capable of visualizing
the macrophages present in atherosclerotic plaques.

2. Materials and methods

Details of the Materials and methods section are presented in
the Supplementary Data.

2.1. Reagents

IONPs coated with dextran (nanomag®-D-spio; diameter,
20 nm; mean molecular weight, 3500 kDa, amino groups on
particle surface) were purchased from Corefront Co. (Tokyo, Japan).
ICG-EG4-Sulfo-OSu was purchased from Dojindo Molecular Tech-
nologies (Kumamoto, Japan). Methoxy polyethylene glycol (PEG)
succinate N-hydroxysuccinimide (NHS) (PEG-NHS ester; molecular
weight: 2 kDa, SUNBRIGHT ME-020CS) was purchased from NOF
America Co. (White Plains, NY).

2.2. Preparation of IONPs conjugated with ICG

We synthesized IONPs conjugated with ICG probes (IONP-ICG;
Supplemental Fig. 1). IONP-ICG synthesized at IONP:ICG molecular
ratios of 1:5,1:10, and 1:20 was denoted as IONP-ICG5, IONP-ICG10,
and IONP-ICG20, respectively, according to the number of ICG
molecules mixed with IONP.

2.3. Cell culture and phagocytotic activity of macrophage cells
in vitro

NR8383 (rat alveolar macrophage cell line; ATCC CRL-2192) was
purchased from the American Type Culture Collection (ATCC)
center (Manassas, VA). Cells were incubated for 1, 8, 24, and 48 h
followed by washing once with phosphate-buffered saline (PBS),
and fluorescence microscopy was performed. Subsequently, iron
staining was performed using a Berlin blue staining set (Wako Pure
Chemical Industries, Osaka, Japan).

2.4. Animals

All animal experiments were performed in accordance with
institutional guidelines and were approved by the Kyoto University
Animal Care Committee. Six-week-old male spontaneously hyper-
lipidemic (SHL) mice (BALB/c. KOR/Stm Slc-Apoeshl) with a disrupted
apolipoprotein E (apoE) gene were purchased from Japan SLC (Shi-
zuoka, Japan). These SHL mice were fed a diet high in fat and
cholesterol (Western diet; containing 16.5% fat and 1.25% choles-
terol;Western diet group) or a normal chow diet (normal diet group)
for 14weeks. Correspondingwild-type 6-week-oldmale BALB/cCrSlc
mice (control group; Japan SLC, Shizuoka, Japan), as negative con-
trols, were fed with a normal chow diet for 14 weeks. The 20-week-
old mice were intravenously injected with IONP-ICG (55.8mg Fe/kg,
1mmol Fe/kg (33.2 nmol IONP-ICG/kg), 200 ml) via the tail vein.
IONP-ICG5 and IONP-ICG10 were injected into mice in the Western
diet group (n¼ 5), respectively, and IONP-ICG20 was injected into
mice in the Western diet group (n¼ 5), normal diet group (n¼ 5),
and control group (n¼ 5) (Supplemental Table 1).

2.5. Biodistribution study

To quantify the concentration of each type of IONP-ICG in the
blood (percentage injected dose per gram of tissue (%ID/g)),
mouse blood (2 ml) was collected at 5,15, and 30min and 1, 3, 6, 12,
24, and 48 h after each IONP-ICG injection. The half-life of the
IONP-ICG in the blood was calculated using GraphPad Prism
software (GraphPad Prism Software, La Jolla, CA). At 48 h after
administration, mice were deeply anesthetized with an intraper-
itoneal injection of 50mg/kg pentobarbital and perfused trans-
cardially with 4% paraformaldehyde after 30 ml of blood was
collected from the heart to measure the fluorescence intensity.
Fluorescence images of tissues except the aorta were acquired
using the IVIS Imaging System 200.

2.6. NIRF imaging and fluorescence quantitative analysis of
arteriosclerotic plaque

The excised aorta was imaged ex vivo using a Nuance EX



Fig. 1. Dequenching capacity of IONP-ICG probes.
Quenched (left) and chemically dequenched (right) IONP-ICG5, IONP-ICG10, and IONP-ICG20 are observed.
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multispectral imaging camera (PerkinElmer) mounted on an
Olympus MVX10 macro zoom fluorescence stereomicroscope
(Olympus, Tokyo, Japan) equipped with a Cy7 filter set (excitation
wavelength, 670e745 nm; emission filter, 776 nm long-pass).
Visible-light and NIRF imaging were performed for both the
ventral and dorsal sides.
2.7. Statistical analysis

Statistical analyses were performed using JMP version 11
software (SAS Institute, Cary, NC). Quantitative data were
expressed as the mean ± standard deviation. Means were
compared using two-way analysis of variance followed by the
TukeyeKramer test. Values of p < 0.05 were considered statisti-
cally significant.
3. Results

3.1. Characterization of IONP-ICG

The physicochemical properties of IONP-ICG are summarized
in Supplemental Table 2. The numbers of ICG molecules conju-
gated with IONPs in IONP-ICG5, IONP-ICG10, and IONP-ICG20
were 3.1 ± 0.3, 6.1 ± 0.6, 9.2 ± 1.3, respectively (n¼ 6). As the re-
action ratio of ICG to IONP increased, the number of ICG molecules
bound to each IONP also increased. The hydrodynamic size of
IONP-ICG5, IONP-ICG10, and IONP-ICG20 was 35.9 ± 8.2,
34.1 ± 10.1, and 34.9 ± 9.2 nm, respectively (n¼ 18). Compared
with the parent nanoparticle (20-nm nanomag®-D-spio,
28.8 ± 6.9 nm; n¼ 18), the size of all probe nanoparticles
increased because of the conjugated ICG-EG4-Sulfo-OSu and PEG-
NHS ester molecules. The zeta potentials of IONP-ICG5, IONP-
ICG10, and IONP-ICG20 were �0.3 ± 0.5, �0.4 ± 0.6,
and �2.2 ± 1.1mV, respectively (n¼ 18), and all probes showed
negative charges compared with the parent nanoparticle (20-nm
nanomag®-D-spio; 0.2 ± 0.4mV; n¼ 18). NIRF intensity was low
for all probes that were chemically quenched. By adding 1% so-
dium dodecyl sulfate (SDS) to the probes, intense NIRF was
detected after denaturation. The dequenching capacity (fluores-
cence intensity of IONP-ICG incubated with 1% SDS in PBS/fluo-
rescence intensity of IONP-ICG incubated in PBS) was 42 ± 4-fold,
44 ± 3-fold, and 60 ± 5-fold for IONP-ICG5, IONP-ICG10, and IONP-
ICG20, respectively (Fig. 1; n¼ 3). As the conjugation ratio of ICG
to IONP increased, the dequenching capacity improved. In NIRF
analyses with SDS polyacrylamide gel electrophoresis (SDS-PAGE)
(Supplemental Fig. 2), the noncovalent-binding fractions of ICG to
IONP were analyzed. The chemical purities (number of ICG mol-
ecules covalently bound to IONP/total ICG molecules in IONP-ICG)
for IONP-ICG5, IONP-ICG10, and IONP-ICG20 were 89% ± 3%,
93% ± 2%, and 88% ± 4% (n¼ 5).
3.2. Cellular uptake of IONP-ICG in macrophage cells

Microscopy studies (Fig. 2A) demonstrated that NIRF signals and
the blue staining corresponding to iron oxide were not observed
inside macrophages without IONP-ICG incubation. Slight NIRF and
blue areas were visible inside macrophages after 1-h incubation. In
bright-field imaging, brown areas corresponding to iron oxide were
visible inside macrophages after 8-h incubation. As the incubation
time and the number of ICG molecules conjugated with IONP
increased, the NIRF signals observed in macrophages also
increased. These results suggest that each IONP-ICG is activated
after internalization to macrophage cells. In contrast, brown areas
in the bright field and blue areas representing iron staining in
macrophages showed no obvious change evenwhen the number of
ICG molecules conjugated with IONP increased. The uptake ca-
pacity of IONP-ICG by cultured human large vessel endothelial cells
(Kurabo, Osaka, Japan) and human aortic smooth muscle cells
(Promocell, Heidelberg, Germany) was extremely low compared to
macrophages (Supplemental Fig. 3).

Cell pellets (1� 106 cells) with each IONP-ICG incubation were
brown in visible light images, reflecting the uptake of IONP-ICG by
macrophages, and the brown color became stronger as the incu-
bation time was longer. Quantitative studies of NIRF intensity
contained in macrophages showed that NIRF signals were observed
inmacrophages with IONP-ICG incubation for 1, 8, 24, and 48 h, and
not observed without IONP-ICG incubation (Fig. 2B). As the incu-
bation time and the number of ICG molecules conjugated with
IONP increased, the NIRF signals observed in macrophages also
significantly increased (Fig. 2C; n¼ 5). In contrast, iron contained in
macrophages significantly increased with the incubation time, but
there were no significant differences in iron contained in macro-
phages even when the number of ICG molecules conjugated with
IONP increased (Fig. 2D; n¼ 5).
3.3. Biodistribution study

Accumulation of IONP-ICG in the blood was determined based
on ICG fluorescence intensity (Supplemental Fig. 4A). All five
groups showed similar concentrations of circulating IONP-ICG (%ID/
g), which decreased over time, almost completely disappearing
from the blood within 48 h. Circulation half-lives for IONP-ICG5,
IONP-ICG10, IONP-ICG20 (Western diet group), IONP-ICG20
(normal diet group), and IONP-ICG20 (control group) were
197± 34,164± 16,174± 41,183± 15, and 179 ± 33min, respectively
(Supplemental Fig. 4B). Significant differences in the circulating
half-life of IONP-ICG were not observed between the five groups.

The results of biodistribution studies for IONP-ICG at 48 h after
administration are summarized in Supplemental Table 3 and
Supplemental Fig. 5). In each group, the greatest signal intensity
was observed in the liver followed by the spleen. No significant



Fig. 2. Cellular uptake of IONP-ICG by macrophage cells.
(A) Macrophages were incubated with IONP-ICG5, IONP-ICG10, and IONP-ICG20 for 1, 8, 24, or 48 h. As the incubation time and the number of ICG molecules conjugated with IONPs
increased, so did the intensity of the NIRF signals observed in the macrophages. In contrast, brown areas in the bright field and blue areas representing iron staining in macrophages
showed no obvious change even when the number of ICG molecules conjugated with IONP increased. Scale bar indicates 20 mm. (B) Cell pellets (1� 106 cells) with each IONP-ICG
incubation for 48 h were brown in visible light images, reflecting the uptake of IONP-ICG by macrophages. NIRF signals contained in macrophages were observed with each IONP-
ICG incubation for 48 h and not observed without IONP-ICG incubation. (C) Quantitative studies of NIRF intensity contained in macrophages showed that as the incubation time and
the number of ICG molecules conjugated with IONP increased, the NIRF signals observed in macrophages also significantly increased (n¼ 5). (D) Iron contained in macrophages
significantly increased with the incubation time, but there were no significant differences in iron contained in macrophages even when the number of ICG molecules conjugated
with IONP increased (n¼ 5).
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differences between the five groups were seen for NIRF in the
blood, which was designated as the surrounding tissue when
atherosclerotic plaques were examined in vivo.

3.4. NIRF imaging and fluorescence quantitative analysis of
arteriosclerotic plaque

Fig. 3A shows images of the aortas obtained from both the
ventral and dorsal sides using fluorescence stereomicroscopy for
SHL mice fed aWestern diet and injected with IONP-ICG20. Visible-
light imaging revealed white arteriosclerotic plaques in the aorta
and the three branches. NIRF imaging showed clear and intense
NIRF signals primarily at the margins of arteriosclerotic plaques,
with relatively weak NIRF signals inside the plaques. As shown
here, there is a localized NIRF intensity in the arteriosclerotic pla-
ques, and detection of NIRF in the plaques was feasible.

The NIRF quantitative values per unit area (n¼ 10, signal count/
mm2) weremeasured at the aorta and the three branches fromboth
the ventral and dorsal sides in each group of mice injected with
IONP-ICG (Fig. 3D and E). In the Western diet groups, NIRF signals
for IONP-ICG in the aorta regions increased linearly
(772,570± 402,638, 1,346,356± 317,658, and 2,400,773± 657,044
signals/mm2 for IONP-ICG5, IONP-ICG10, and IONP-ICG20, respec-
tively) as the number of ICG molecules attached to the IONPs
increased (3.1, 6.1, and 9.2 for IONP-ICG5, IONP-ICG10, and IONP-
ICG20, respectively; R2¼ 0.9693, Fig. 3F). In contrast, NIRF signals
for IONP-ICG20 in the aorta and the three branches were signifi-
cantly lower in the normal diet group (1,028,516± 365,834 signals/
mm2) compared with the Western diet group (2,400,773± 657,044
signals/mm2). Mice in the control group did not display obvious
white arteriosclerotic plaques in the aorta or the three branches
under visible-light imaging, and the NIRF signal was similar to that
in the blood vessels without arteriosclerotic plaques
(230,917± 46,916 signals/mm2), which was significantly weaker in
comparison with the Western and normal diet groups.

As mentioned above, higher NIRF signals were observed in the
aortas of mice in the Western diet groups when the mice were
intravenously injected with IONP-ICG loaded with many ICG mol-
ecules. However, independent of the number of ICGs conjugated to
the IONPs, therewas no significant difference in background signals
in the blood, which can disrupt arteriosclerotic plaque imaging
in vivo. Based on these results, IONP-ICG20 displayed the greatest
lesion (arteriosclerotic plaque)-to-background (blood) ratio among
the three types of probes and was considered the most effective
probe for visualizing arteriosclerotic plaques. Thus, IONP-ICG20
was utilized for further imaging studies.

3.5. NIRF imaging with blood filled aorta

Since it was difficult to acquire images of mouse aorta in vivo,
the aortas filled with blood were excised and observed using
fluorescence microscopy to mimic in vivo conditions (Fig. 4).
Visible-light imaging showed white arteriosclerotic plaques in the
aorta and three branches. NIRF imaging detected clear and intense
NIRF signals primarily at the margins of the arteriosclerotic plaques
and relatively weak NIRF signals inside the plaques. High NIRF
signals were observed especially at the arteriosclerotic plaques in
the left common carotid arteries with low background signal from
the blood.

3.6. Histological study and fluorescence microscopy study

Fig. 5 shows the histological findings for the aorta examined in
Fig. 3A. Fluorescent microscopy of unstained slides showed local-
ized NIRF signals at the intimal area of the arteriosclerotic plaque
margin. Furthermore, the localization of NIRF signals in the arte-
riosclerotic plaques highly correlated with Iba-1-positive staining
areas (localization of macrophages). In contrast, the localization of
NIRF signals did not completely match with lipid accumulation in
Oil Red O staining and most atherosclerotic plaques without NIRF
signals also accumulated lipid. With iron staining, blue spots were
observed for only a portion of the NIRF signal-positive intima re-
gions. In particular, in arteriosclerotic plaques at the distal left
subclavian arteries, which showed a particularly high intensity of
iron staining (Fig. 5C), the co-localization of iron staining and ICG
fluorescence signals was observed.

4. Discussion

In the present study, activatable NIRF IONP-ICG was synthesized
and administered to SHL mice. We deduced that predominantly
macrophages in atherosclerotic plaques phagocytosed this probe
and activated NIRF in the probe inside the macrophages, though
some NIRF signals might be influenced by endothelial cells and
smooth muscle cells. In other words, it is thought that predomi-
nantly macrophage imaging using IONP-ICG in atherosclerotic
plaques was feasible. The content and activity of macrophages in
atherosclerotic plaques are related to the uptake of IONPs by
macrophages [27,28]. Therefore, quantitative evaluation of NIRF
signals in atherosclerotic plaques could not only determine the
localization of macrophages but also act as an indicator of macro-
phage content or macrophage activation. Reducing dietary
cholesterol intake facilitates the reduction of inflammation,
improvement of endothelial cell dysfunction, and limitation of
macrophage infiltration into the arteries [3,29e32]. In the present
study, NIRF signals in the plaques were different for SHL mice
injected with IONP-ICG20 and fed either a normal or Western diet,
reflecting the number of macrophages present. Activatable fluo-
rescence probes that emit fluorescence because of the action of
inflammatory marker proteases, are also activated in an environ-
ment where extracellular proteases are present [5,21]. Since these
proteases are secreted outside the cells and diffuse, the resulting
fluorescence may not necessarily be retained at the inflammatory
site. In contrast, the IONP-ICG probe used in the present study is
thought to be a target cell-activatable probe internalized by target
cells and activated intracellularly by lysosomal processing [33],
leading to fluorescence activation within the target cells. Fluores-
cence is therefore localized within the target cells at the inflam-
matory site [17]. Because of this, it is thought that predominantly
macrophage imaging using target cell-activatable probes was
achieved with high background ratio.

Macrophage polarization creates mainly two different subsets,
namely, M1 and M2 [2]. M1 macrophages are generally considered
proinflammatory and thus facilitate the formation of the necrotic
core and plaque destabilization. On the other hand, M2 macro-
phages are considered to have antiatherogenic properties, medi-
ating plaque stability and are less susceptible to become foam cells
[34]. Therefore, it is important to visualize the exact phenotypes of
macrophages present in the atherosclerotic plaques for the prog-
nosis, diagnosis, and treatment. However, since the uptake of IONPs
by macrophages is independent of the macrophage differentiation
into M1 or M2 cells in vitro [35], NIRF location in atherosclerotic
plaques in the present study is considered to reflect the presence of
macrophages, regardless of their specific subsets.

Pathophysiologically, circulating monocytes migrate from blood
to the subendothelial space in response to signals and differentiate
into inflammatory macrophages and foam cells during the forma-
tion of atherosclerotic plaques where macrophages locally prolif-
erate [2,36], suggesting that most macrophages may accumulate at
the luminal side of the intima. Migration and proliferation of



Fig. 3. NIRF imaging and fluorescence quantitative analysis of the aorta with or without atherosclerotic plaques.
(AeC) Visible-light and NIRF representative imaging of Western diet group (A), normal diet group (B), and control group (C) 48 h after intravenous administration of IONP-ICG20
were performed from both the ventral and dorsal sides of the aorta. IONP-ICG20 allows clear visualization of NIRF signals from atherosclerotic plaques. Scale bars indicate 1mm.
Original magnification �25. (D) Schematic illustration presents the ROI as a red area drawn manually on the vessels including the ascending aorta, aortic arch (range from origin of
the aorta to origin of the left subclavian artery), brachiocephalic artery, left common carotid artery, and left subclavian artery (range from origin of each artery to a distance of
1.0mm from the origin). (E) Bar graph presents the quantitative NIRF value at the aorta with or without atherosclerotic plaques. IONP-ICG20 probe shows the highest NIRF intensity
in aorta with atherosclerotic plaques. SHL mice with fewer arteriosclerotic plaques due to a normal diet showed a significantly lower NIRF signal intensity. Because wild-type mice
in the control group showed no obvious arteriosclerotic plaques, NIRF signals were weak. All values are expressed as mean± standard deviation (n¼ 10). (F) Mean fluorescent
intensities are plotted relative to the number of ICG molecules conjugated with IONPs. NIRF intensity in the aorta with atherosclerotic plaques was linearly dependent on the
number of ICG molecules conjugated with IONPs. Error bars represent the standard deviation.
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Fig. 4. NIRF image of the aorta filled with blood 48 h after intravenous administration of IONP-ICG20.
The NIRF signal in atherosclerotic plaques was detectable when the vessel and atherosclerotic plaques were exposed in the field of view. Scale bar indicates 1mm. Original
magnification �25.

Fig. 5. Histology and fluorescence microscopy of the atherosclerotic plaques.
(A) NIRF, merged image of NIRF and bright-field imaging, Iba-1 immunostaining, and Oil Red O staining of the whole aorta with atherosclerotic plaques under low magnification.
Scale bars indicate 1mm. (B) NIRF, merger of NIRF and bright field, and Iba-1 immunostaining for the origin of the left subclavian artery, corresponding to the square area in Fig. 5A,
are shown under high magnification. NIRF signals correlated very well with the presence of macrophage infiltration (Iba-1 immunostaining) in some atherosclerotic plaques,
suggesting that NIRF signals were derived from the IONP-ICG probe phagocytized by macrophages. Scale bars indicate 50 mm. (C) NIRF, merging of NIRF and bright field, and iron
staining of the distal portion of the left subclavian artery, in which blue spots are strongly stained, are shown under high magnification. Blue spots corresponding to iron oxide are
observed within the area with NIRF signals. Scale bars indicate 50 mm.

H. Ikeda et al. / Atherosclerosis 275 (2018) 1e10 7
vascular smooth muscle cells from the media toward the growing
neointima also participate in plaque progression [37]. Since intimal
proliferation spreads toward the luminal side like this, the accu-
mulation of macrophages may remain at the luminal side of the
plaques. Actually, many earlier studies using mouse models
demonstrated accumulation of macrophages at the luminal side of
plaques [5,20,21,36,38e43], and our present results are in line with
these observations. From the findings of patterns of IONPs depo-
sition in murine atherosclerosis and colocalization with macro-
phages, Klug et al. considered that IONPs passively diffuse via the
luminal endothelium and are taken up by resident macrophages
[44]. On the other hand, because of the fact that the localization of
NIRF signals in the arteriosclerotic plaques is on the luminal side,
IONP-ICG may tend to reach the luminal side of the plaques due to
enhanced vascular permeability resulting from injured endothe-
lium [27].

With regard to molecular imaging of atherosclerotic plaques,
positron emission tomography (PET) using 18F-fluorodeoxyglucose
(18F-FDG) has been reported to be capable of detecting and quan-
tifying atheroma inflammation by labelingmacrophages in vivo and
monitoring the treatment efficacy of anti-atherosclerosis therapy
[45e48]. PET has high sensitivity, but this has limited spatial res-
olution and the additional disadvantage of requiring the use of
radioactive agents. PET also lacks accuracy to assess the inflam-
mation in a small artery in motion. Furthermore, it has been shown
that 18F-FDG accumulates in vessel tissues without arteriosclerotic
lesions induced by high fat diet, and thus careful evaluation is
required for PET imaging [49]. Magnetic resonance imaging (MRI)
with the use of IONPs has relatively high resolution, but low
sensitivity and is difficult for quantitative analysis [24,25]. Contrast
enhanced ultrasound has been reported to be capable of non-
invasively imaging inflammatory response with microbubbles in
atherosclerotic plaques [50,51]. This imaging modality is conve-
nient, but limited spatial resolution. Compared to these non-
invasive imaging modalities, NIRF imaging offers the potential for
higher resolution and sensitivity and is applicable in real time
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imaging, during invasive surgery and procedure. NIRF imaging is
not competitive with the other non-invasive imaging modalities
but is complementary. In addition, NIRF imaging is not widely used
for the purpose of screening but for the purpose of providing
support of surgery and procedure, suggesting that application of
NIRF imaging for patients is limited to specific situations. Actually,
it is necessary to surgically expose the vessel and atherosclerotic
plaques in the field of view, or to use an intravascular NIRF imaging
system in order to detect NIRF accumulating in atherosclerotic
plaques in vivo [14,52]. Thus, NIRF imaging of atherosclerotic pla-
ques cannot be achieved noninvasively. In addition, intravascular
NIR imaging systems can't have spatial resolution like microscope
used in our study.

Within the scope of this study, we could not detect significant
changes in the circulating half-life of IONP-ICG even when the
number of ICG molecules conjugated with the IONPs increased
(Supplemental Fig. 4B), instead finding that the number of ICG
molecules on each IONP was proportional to the NIRF signal in the
atherosclerotic plaques (Fig. 3F). Based on these results, the probe
can be considered to accumulate within the macrophages in
atherosclerotic plaques without changing the circulatory dynamics,
even with increases in the number of ICG molecules attached to
each IONP. In general, when the number of biomolecules conju-
gatedwith the IONPs increases, the circulating half-life of the IONPs
decreases, resulting in fewer IONPs reaching the target site [53].
This may occur because of increased hydrodynamic size when
IONPs are conjugated with biomolecules [22]. The in vivo kinetics of
carrier molecules are reportedly affected by an increase in the
number of ICG molecules (molecular weight about 775Da) conju-
gated with carrier molecules such as monoclonal antibodies (pan-
itumumab; molecular weight about 147 kDa), human serum
albumin (molecular weight, about 66 kDa), and water-soluble
polymer (molecular weight, 25e50 kDa) [9,11,26]. The IONP
(mean molecular weight, 3500 kDa) used in the present study has a
larger molecular weight than the carrier molecules mentioned
above. In other words, because individual IONPs have an extremely
large molecular weight in comparison with ICG molecules, accu-
mulation in the macrophages of atherosclerotic plaques might be
possible without the latter significantly affecting the in vivo kinetics
of the probe. Moreover, all three types of IONP-ICG had a hydro-
dynamic size of approximately 35 nm, resulting in similar circu-
lating half-lives and ability to accumulate in macrophages within
atherosclerotic plaques.

Circulating IONPs are primarily cleared by Kupffer cells in the
liver and marginal zone macrophages, marginal zone metallophilic
macrophages, and red pulp macrophages in spleen through the
mononuclear phagocytic system or reticuloendothelial system
[22,23]. In our biodistribution study, most NIRF signals were
detected in the liver and spleen, demonstrating that these organs
were indeed the primary metabolic sites for IONP-ICG. When
excessive IONPs are administered, a portion of the circulating IONPs
is taken up by macrophages in the liver and spleen, and the excess
is taken up by other tissues such as the lungs and adipose tissue,
where macrophages are abundant [54]. Since IONPs accumulate
nonspecifically at macrophages in atherosclerotic plaques via this
mechanism, the injection of a sufficient dose of IONPs is necessary
for the accumulation of probes in macrophages within athero-
sclerotic plaques. The present study used an iron dose per body
weight of 1mmol Fe/kg (55.8mg Fe/kg), a typical dose used in
animal studies [42,55] that is at least 20 times greater than the
clinical dose in humans (2.6mg Fe/kg) [24,56]. Because rodents
typically have a faster heart rate than humans, the circulating half-
life of IONPs is markedly shorter [57]. Therefore, accumulation of
IONPs at the atherosclerotic plaque macrophages in rodent models
requires a higher dose of IONP compared with the dose used in
clinical settings. Furthermore, the effects of blood vessel pulsation
should be considered for actual evaluations in vivo.

Physicochemical properties such as hydrodynamic size, surface
charge, and surface coating are considered factors that affect the
in vivo biodistribution of IONPs [22]. Hydrodynamic size is
considered to be one of the most crucial factors. At a size between
20 and 85 nm, the circulating half-life reportedly increases as the
size decreases, facilitating macrophage accumulation of IONPs in
organs other than the liver and spleen [22,58]. In contrast, hydro-
dynamic sizes of 0 to �10e15 nm lead to the excretion of IONP by
the kidneys [59]. Uptake of the probe into atherosclerotic plaque
macrophages is therefore postulated to be maximal for IONPs with
a hydrodynamic size of approximately 20 nm. Because positively
charged IONPs can interact with negatively charged plasma pro-
teins, positively charged IONPs generally have a shorter half-life
and are eliminated earlier from blood compared with negatively
charged IONPs [60,61]. Since IONPs coated with numerous amino
groups are predicted to be positively charged [62,63], we conju-
gated PEG to protect amino groups on the surface of IONPs after
conjugation with ICG, resulting in a negatively charged final probe.
Since uptake by Kupffer cells can be reduced through the stealth
behavior of nanoparticle PEGylation, the circulating half-life of
PEGylated IONPs is expected to increase [22].

In the present study, ICG fluorescent signals were localized in
macrophage-rich regions; however, iron staining was mostly
negative at the atherosclerotic plaques, where intense ICG fluo-
rescent signals were observed. This is probably because the sensi-
tivity for iron staining was insufficient due to relatively fewer
infiltrating macrophages in the small plaque area. Moreover, iron
staining might not be applicable for detecting IONPs prior to IONP
degradation [54]. At 48-h after injection of the probe, the IONPs
may not be stained sufficiently for degradation.

Macrophages play an important role in vascular inflammation
and atherosclerosis [64,65], and contribute to coronary artery and
cerebrovascular diseases. Anatomical factors such as plaque size
and luminal stenosis do not necessarily correlate with macrophage
content or activation. Macrophage imaging has been highlighted as
a promising strategy to visualize clinically important unstable
atherosclerotic plaques. Identifying the localization of unstable
atherosclerotic plaques is crucial to prevent cerebral embolisms
during carotid endarterectomy to treat internal carotid artery ste-
nosis [66]. Macrophage imaging that would identify unstable
atherosclerotic plaquesmay facilitate the process of deciding on the
extent of atherosclerotic plaque resection and sites for arterial
clamping in real time during carotid endarterectomy, providing
support and assistance in surgeries. Furthermore, macrophage
imaging of atherosclerotic plaques may not only identify the
localization of inflamed plaques but also enable measurement of
macrophage content or activation, indicating the potential for
three-dimensional evaluation of the expression patterns of mac-
rophages and for conducting further pathological analyses and
clinical studies.

We describe that our study has some limitations. First, ApoE-
knockout mice was an animal model absolutely accepted for
atherosclerosis induction [67]. Among SHL mice, C57BL/6. KOR/Stm
Slc-Apoeshl, which are more akin to human pathology, develop the
most severe atherosclerotic lesions [68]. Results from the present
study using the BALB/c. KOR/Stm Slc-Apoeshl mice will have to be
ascertained in a further study on ApoE knockout mice or C57BL/6.
KOR/Stm Slc-Apoeshl mice in the future. Secondly, since animal
model with atherosclerotic plaques cannot completely mimic hu-
man disease situation, careful extrapolation of our results to human
disease should be made. Thirdly, Iba-1 is known to be expressed on
activated endothelial and smooth muscle cells [69,70]. Therefore,
the presence of these cells might contribute to Iba-1 positivity.
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Some studies demonstrated that macrophages present in vascular
lesions can be detected using Iba-1 [71e73]. Since the uptake ca-
pacity of IONP-ICG by endothelial cells and smooth muscle cells
was extremely low compared to macrophages (Supplemental
Fig. 3), macrophages seemed to be the predominant candidate for
the uptake of IONP-ICG in atherosclerotic plaques. Furthermore,
macrophages also take up IONPs to a greater extent than do
endothelial and smooth muscle cells [27], supporting the view of
higher uptake capacity of IONP-ICG by macrophages. Therefore, we
believe that the regions for Iba-1 positivity and NIRF positivity are
the areas of predominantly macrophage localization based on the
results of in vitro experiments. However, since endothelial and
smooth muscle cells in the inflammatory plaque environment may
behave differently from unactivated cultured cells, we emphasize
that some NIRF signals in the atherosclerotic plaques may come
from these cells.

We demonstrated that macrophage imaging of atherosclerotic
plaques could be feasible using activatable NIRF IONP-ICG. The
number of ICG molecules conjugated with IONPs did not signifi-
cantly affect the in vivo biodistribution; therefore, IONP-ICG20
showed the highest fluorescent signals for macrophages in
atherosclerotic plaque regions. The materials used in this study
(IONPs, ICG, and PEG) are highly biocompatible and are approved
by the FDA [74]. Although studies confirming the safety of the final
IONP-ICG conjugates synthesizedwith these reagents are necessary
prior to use in humans, potential benefits in clinical translation are
anticipated.

In conclusion, using activatable NIRF IONP-ICG, we would be
able to identify the location of atherosclerotic plaque macrophages.
Increasing the number of ICG molecules conjugated to IONPs led to
increased NIRF signals in the macrophages surrounding athero-
sclerotic plaques as well as effective macrophage imaging. In
contrast, reducing dietary cholesterol intake led to decreased NIRF
signals in the atherosclerotic plaques. Quantitative evaluation of
NIRF signals in atherosclerotic plaques may be an indicator of
macrophage content or activation. The probe used in the present
study was synthesized using highly biocompatible reagents, sug-
gesting the potential for clinical applications in the future.
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