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Macrophages have become widely recognized as a key target for atherosclerosis imaging, since they
contribute significantly to the progression of atherosclerosis. Dual-modal imaging contrast agents with
unique X-ray computed tomography (CT) and optical imaging capabilities have great potential in disease
diagnosis because of complementary combination of the high spatial resolution of CT with the high
sensitivity of optical imaging. Here, a kind of quantum dots (QDs)-iodinated oil nanoemulsion of 80 nm
was developed as a CT/fluorescence dual-modal contrast agent. Hydrophobic QDs were embedded in
iodinated oil, which subsequently dispersed in water to form the oil-in-water nanoemulsion. The
morphology and hydrodynamic size of the nanoemulsion were characterized, CT values and fluorescence
properties were detected. Its cytotoxicity and affinity to three different cells were determined in vitro by
MTT assay. In vitro Micro-CT and confocal microscopy cell imaging ability of the nanoemulsion were
confirmed by co-incubating with murine macrophage cells and human liver cells. Then in vivo accu-
mulation of this nanoemulsion in macrophages in atherosclerotic rabbits was investigated with clinic CT
and fluorescence imaging. The results not only indicated the nanoemulsion could be served as a dual-
modal contrast agent, but revealed it could specifically target to macrophages and visualize athero-
sclerotic plaques.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, researchers have been focused on nanoscale contrast
agent which brings significant impact for potential applications in
medical diagnosis. The newly developed nanomaterials like
magnetic iron oxide nanoparticles, gold nanoparticles and fluo-
rescence quantum dots (QDs), have extraordinary features such as
long blood circulation time, target specificity and biocompatibility,
as well as excellent contrast enhancement capabilities for magnetic
resonance imaging (MRI), X-ray computed tomography (CT) and
optical imaging. Current imaging modalities include MRI, CT,
positron emission tomography (PET), optical and ultrasound
imaging. Each modality can’t provide complementary information
005; fax: þ86 25 8379 2460.
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due to their inherent limitation. Therefore, it is desirable to
combine different imagingmodalities into one single nanomaterial.
With development of nanocomposite technology, multifunctional
nanomaterial-based platforms have been constructed as multi-
modal imaging contrast agents to compensate for the deficiencies
of single imaging modality [1e9]. For example, 64Cu labeled mag-
netofluorescent nanoparticles were yielded for PET/MRI/optical
trimodal imaging [10]. Soybean oil nanoemulsion in water loaded
with Cy7 and iron oxide nanocrystals represented a nanoparticle
platform for MRI/optical imaging [11].

CT is one of themost reliable and widely used diagnostic tools in
hospital due to different X-ray absorption of tissue and lesion.
Because of the increasing number of detectors and faster rotation
speed, the temporal and spatial resolutions of CT scanner are
improving [12,16]. Clinical contrast agents for CT contrast
enhancement are based on iodinated molecules and compounds
with high X-ray absorption coefficient, whichwill increase visibility
in the administrated area of the body. But these contrast agents are
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small molecules and nonspecific compounds, they will rapidly
eliminate from blood vessels and/or lymphatic vessels uptake after
an intravenous injection [12e16]. Thus, traditional CT contrast
agents are not suitable to image specific organs and diseases. It is
necessary to encapsulate CT contrast agents into various nano-
particulate carriers, such as nanoemulsion and liposome [11,17e24]
to overcome these disadvantages. Slowed diffusion into extravas-
cular space or decreased renal clearance allows adequate time for
accumulation in lesions, resulting in high efficiency and specificity
of distribution [13].

On the other hand, nanometer-sized semiconductor particles
(quantum dots, QDs) with unique photochemical and photo-
physical are of considerable interest in many research areas, they
can be covalently linked to peptides, antibodies, nucleic acids or
small molecule ligands as fluorescent probes [25e29]. Fluorescent
quantum dots have higher levels of brightness and photo-stability
compared with conventional organic fluorophores, and are well
suited for optical encoding and multiplexing applications due to
their broad excitation profiles and narrow/symmetric emission
spectra. The new generations of quantum dots have far-reaching
potential for the study of intracellular processes at the single-
molecule level, high-resolution cellular imaging, long-term
in vivo observation of cell trafficking, tumor targeting and diag-
nostics [30,31].

In short, CT as a powerful diagnostic tool has high spatial reso-
lution, short imaging time and three-dimensional (3D) imaging but
suffers from low target sensitivity. Large doses of small iodinated
molecule agents (tens of grams) are typically needed to provide
adequate contrast, which sometimes cause adverse reactions for
patients. Optical probes have relatively good sensitivity, but it is
limited by low tissue penetration depths [8,32]. Therefore, incor-
poration of fluorescent species like QDs into iodine contained
nanoemulsion can create a dual-modal contrast agent, providing
combined advantages of CT and optical imaging. Moreover, this
agent can be functionalized to increase blood circulation times and
to endow target specificity, with a larger time window for imaging
and enhanced imaging contrast at permissible dose [9,33]. This
nanomaterial platform is based on oil-in-water emulsion carrying
both a high payload of hydrophobic material and a hydrophilic
material in surfactant corona [4,22,23]. Herein, we developed such
kind of all-in-one nanomaterial which is easily synthesized and
functionalized, and then explored for its potentials as a dual-modal
contrast agent for both CT/optical imaging. It is composed of
a hydrophobic iodinated oil core component containing QDs inside,
the oil droplets are stabilized by a mixed surfactant that favors the
formation of small nanoparticles. PEGylated lipids used in this
synthesis can prominently improve the circulation time [34], so
more droplets will accumulate in macrophages in atherosclerotic
plaques to provide a better contrast effect. A series of comprehensive
evaluations are performed to characterize their size, morphology,
cytotoxicity, CT/fluorescence imaging effects in vitro and vivo.

2. Materials and methods

2.1. Materials

Polyoxyethylene glycol monostearate (Aladdin), Core/shell CdSe/ZnS QDs in
hexane (8 mM, WUHAN JIAYUAN QUANTUM DOTS CO., LTD), Iodinated oil injection
(Guerbet, France), Lipoid E-80 (Lipoid, German), MTT solution (KeyGEN Biotech,
China), Distilled water.

2.2. Synthesis of oil-in-water nanoemulsion

100 mg Lipoid E-80 was dissolved in 200 ml ethanol. 500 ml core-shell CdSe/ZnS
QDs dispersed in hexane with an emission wavelength at about 625 nm was mixed
with 500 ml Iodinated oil injection, then heated in water bath to remove hexane.
These two parts made up the oil phase.180mg Polyoxyethylene glycol monostearate
was dissolved in 20 ml distilled water which served as water phase. Subsequently,
the oil phase was added dropwise under continuous stirring to boiling water phase.
The preparation was concentrated to 10 ml and the crude emulsion was sonicated
under probe ultrasonication for 15 min (Sonics, VCX750). The final nanoemulsion
was stored in the dark at 4 �C.

2.3. Transmission electron microscopy

A JEM-2100 electron microscope (JEOL) with a working voltage of 200 kV was
used to observe the morphology of the nanoemulsion. Transmission electron
microscopy (TEM) image negatively stained by 2% sodium phosphotungstate
(PH ¼ 7.0) was taken from the 1:10 diluted nanoemulsion [35].

2.4. Dynamic light scattering

A dynamic light scattering (DLS) device from Malvern Instruments (mode) was
used to measure the hydrodynamic size of the nanoemulsion. Before the
measurement, 30 ml nanoemulsion was diluted with 3 ml distilled water.

2.5. In vitro CT imaging

The nanoemulsion with different concentration were imaged by a clinical
64-slice multidetector CT scanner (SOMATOM Emotion, Siemens, German). Iodin-
ated oil injection and distilled water were set as two controls. The six samples were
imaged with following parameters: tube voltage, 130 kV; current intensity, 180mAs;
slice thickness, 5.0 mm; scan time, 2.85 s.

2.6. In vitro fluorescence imaging

We performed the ex vivo fluorescence imaging of the QDs-iodinated oil nano-
emulsion with total internal reflection fluorescence microscopy (TIRFM) model. A
iXon þ DU 897 EMCCD (Audor) camera was mounted on top of a Nikon Ti-E micro-
scope with a 100� oil type objective (1.49 NA). To detect the fluorescence of the QDs
(emission wavelength is 625 nm), a 491 nm excitation filter and a 600e637 nm
emission filter were used.

On the other hand, the emission spectrum of the QDs-iodinated oil nano-
emulsionwasmeasured using a Hitachi F-7000 fluorescence spectrometer equipped
with a xe lamp under a working voltage of 400 V. The emission slits was set at
10.0 nm and scanning speed was 1200 nm/min. Excitation wavelength was 500 nm.

2.7. Cell culture

Human liver cell line (HL7702 cells), human hepatoma cell line (HepG2 cells)
and murine macrophage cell line (RAW264.7 cells) were cultured in PRMI-1640
medium supplemented with 10% FBS and 1% penicillin-streptomycin at 37 �C and
5% CO2 in a humidified incubator.

2.8. In vitro cytotoxicity (MTT assay)

HL7702 cells, HepG2 cells and RAW264.7 cells in PRMI-1640 were added into
each well in a 96-well plate and incubated for 24 h. The culture medium was
replaced by fresh medium containing different concentrations of the nanoemulsion
ranging from 7.5 to 240 mg/ml (iodine concentration) for 24 h. Afterwashing the cells
twice with serum-free medium, 150 ml serum-free medium was added to each well
followed byMTT solution. The cells were then incubated at 37 �C for 4 h, themedium
was slightly taken away and 150 ml DMSOwas added. The optical density (ODsto) was
measured at 570 nm with a microplate reader (BIO-RAD, model 680).

2.9. In vitro micro-CT imaging of cells

RAW264.7 cells were incubated with the QDs-iodinated oil nanoemulsion
600 mg/ml (iodine concentration) for 8 h at 37 �C. After washed with PBS buffer for
three times, cells were trypsinized and centrifuged at 1000 rpm for 5 min to wash
out unendocytosed nanoemulsion, then the cells were placed in a 1.5 ml Eppendorf
tube. Every tube was hold in place using a styrofoam and scanned by a micro-CT
imaging system (Hiscan MCT-1108, HEJUN, Suzhou) with the following parame-
ters: tube voltage, 40 kV; current intensity, 120 mAs. Images were reconstructed on
themicro-CT systemworkstation Hiscan (HEJUN, Suzhou) using the 3D data analysis
mode.

2.10. In vitro optical imaging of cells

The cellular uptake and the intracellular fluorescence were followed with
confocal laser scanning microscopy (LSCM, Olympus, Ox81, F1000) using HL7702
cells and RAW264.7 cells. The cells were incubated in 24-well plates (1 � 103 cells/
well) with the QDs-iodinated oil nanoemulsion for 24 h. The mediumwas removed,
the cells were washed twice with serum-free medium. Then the cells were stained
with DAPI before placed on glass slides. The optical contrast effect was analyzed
with LSCM.



Fig. 1. Schematic representation of the nanoemulsion formation process in this study. (1) Core/shell CdSe/ZnS QDs dispersed in hexane was mixed with iodinated oil, hexane is
evaporated by heating the mixture. (2) Different lipids are added to the water, making up the water phase. (3) The mixture of (1) is added dropwise to (2). (4,5) Vigorous stirring and
ultrasonication results in an emulsion, with the iodinated oil and QDs enclosed in a lipid layer.
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2.11. Animal protocol

All animal experiments were approved and performed in accordance with the
Animal Management Rules of the Ministry of Health of the People’s Republic of
China and the guidelines for the Care and Use of the Southeast University Laboratory
Animal Center.

Adult New ZealandWhite (NZW) male rabbits (n ¼ 5) were used for the present
study. After balloon-induced endothelial injury in the abdominal aorta, three rabbits
were fed a high-cholesterol diet containing 1% cholesterol for tenweeks [48], which
were conducted by Xuzhou Medical College Second Affiliated Hospital. Two rabbits
were used as controls and only fed high cholesterol diet.
2.12. In vivo distribution of the QDs-iodinated oil nanoemulsion and detection of
macrophages in atherosclerotic plaques by CT imaging

Atherosclerotic rabbits were scanned by a clinical CT (SOMATOM Emotion,
Siemens, German) to estimate the in vivo CT efficacy of the nanoemulsion due to
nonspecific uptake of nanoparticles in plaques. After pre-scans, three rabbits were
intravenously injected with the nanoemulsion (100 mg iodine/kg body weight) and
scanned at several time points postinjection (10 s, 5 min, 30 min, 1 h, 1.5 h, 2 h). All
scans were accomplished with following parameters: tube voltage, 130 kV; current
intensity, 25 mAs; abdomen abdmultiphase sequence.
Fig. 2. (a) Dynamic light scattering (DLS) sizes measurement of the QDs-iodinated oil nano
electron microscopy (TEM) images of the nanoemulsion. Scale bar is 0.5 mm, 100 nm, respe
2.13. Near-infrared fluorescence (NIRF) imaging of excised aortas

From the previous CT studies, we estimated the optimal imaging time for the
detection of macrophages in atherosclerotic plaques to be 2 h after administration.
Hence, We sacrificed the rabbits before and 2 h after injection with the nano-
emulsion. Their aortas were removed after perfusion and imaged with a fluores-
cence imaging system (Maestro2.10.0, CRI) at a magnification of �2 and
a wavelength of 532 nm.

3. Results and discussion

3.1. Synthesis and characterization of the nanoemulsion

Usually, O/W nanoemulsion contains three parts: water phase,
oil phase and surfactant [36]. To synthesize the O/W nanoemulsion,
we developed a pretty simple method with good repeatability
(Fig. 1). Here, oil phase was added dropwise under vigorous stirring
to the boiling water phase consisted of surfactant to form crude
emulsion immediately. Subsequently, the emulsion was homoge-
nized using a sonicator tip to form a uniform nanoemulsion.
emulsion, Inset: photograph of the nanoemulsion. (b) Negatively stained transmission
ctively.



Fig. 3. (a) In vitro CT imaging of the QDs-iodinated oil nanoemulsion with different iodine concentration. (b) The measured CT value of the six samples as a function of iodine
concentration. (c) Linear relationship for the four samples.
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Sonication was noted as a significant step, which made the droplet
smaller and more uniform.

The hydrodynamic mean size of the nanoemulsion was
measured by DLS (Fig. 2a). Mean size of the nanoparticle was
81.3 nm with the polydispersity index of 0.21. This small size
accommodated nanoparticles uptake by cells [11]. To observe the
morphology of the QDs-iodinated nanoemulsion, negative stain
transmission electron microscopy was performed (Fig. 2b). The
TEM image showed the nanoparticle had a spherical shape with
a size of approximately 200 nm. Compared with DLS result, the size
was bigger than the hydrodynamic size. This may be when the
nanoemulsion were deposited on a TEM cupper grid coated with
a holey carbon film, the oil droplets would collapsewhichmade the
size bigger. In the photograph showed in Fig. 2a inset, the sample
was transparent, which could be explained by small characteristic
size of the nanoemulsion [46].
Fig. 4. In vitro fluorescence imaging of the QDs-iodinated oil nanoemulsion. (a) Total in
spectrum of the nanoemulsion.
3.2. In vitro CT imaging and fluorescence imaging

In vitro CT imaging property of six samples with different iodine
concentration from 0 to 240mg/ml was studied. The nanoemulsion
showed significantly higher CT value than distilled water. Appre-
ciable CT contrast enhancement was observed with different iodine
concentration (Fig. 3a). With the increase of iodine concentration,
the enhancement consistently increased and densities in HU of six
samples were plotted in Fig. 3b. The intensities of the four samples
with different iodine concentration has a linear relationship
(Fig. 3c). The results indicate that the nanoemulsion’s CT contrast
enhancement efficiency is dependent on the amount of iodine. The
higher concentration of the iodine, the brighter images and higher
CT value can be obtained.

Then total internal reflection fluorescence microscopy (TIRFM)
and fluorescence spectrometer were used to characterize the
ternal reflection fluorescence microscopy (TIRFM) image. (b) Fluorescence emission



Fig. 5. In vitro cytotoxicity of the QDs-iodinated oil nanoemulsion evaluated by MTT
assay, iodine concentration ranges from 7.5 to 240 mg/ml, *p < 0.05.
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optical properties of the nanoemulsion (Fig. 4a). From TIRFM image,
isolated fluorescence dots can be clearly observed, attributed to the
emission of QDs in nanoemulsion droplet. In general, QDs’ fluo-
rescence can enlarge the size of each droplet due to the point
Fig. 6. Transection micro-CT images of RAW264.7 cell mass incubated with culture mediu

Fig. 7. LSCM images of (a) HL7702 cells and (b) RAW264.7 cells incubated with the QDs-iodi
show nuclei stained by DAPI (blue), nanoemulsion fluorescence (red) and the overlay of two
color in this figure legend, the reader is referred to the web version of this article.)
spread function [47], so the observed fluorescence dots display
much more size than the hydrodynamic size as described above. In
addition, fluorescence spectrum measurement (Fig. 4b) revealed
the nanoemulsion was located the same maximum emission
wavelength at 620 nm as QDs [23]. It can be concluded that the QDs
are imbedded in iodinated oil nanoemulsion and exhibits great
potential for CT and optical dual-modal imaging.

3.3. Cytotoxicity and biocompatibility

MTT assay [37] was carried out to evaluate the cytotoxicity of
QDs-iodinated oil nanoemulsion in human liver cell line (HL7702
cells), human hepatoma cell line (HepG2 cells) and murine
macrophage cell line (RAW264.7 cells). Results (Fig. 5) revealed no
significant influence on cell viability was detected at iodine
concentration below 30 mg/ml (both HL7702 cells and HepG2 cells
viability >90%, RAW264.7 cells was relatively a little higher than
the others below 60 mg/ml). When the iodine concentration is
above 30 mg/ml, the cell viability reduced but was still above 70%. As
demonstrated, the cell viability decreased with the increasing of
iodine concentration, and the cell viability had no obvious specific
relationship with cell type used.

3.4. In vitro CT imaging and optical imaging of cells

The nanoemulsion containing QDs could enter into cells because
of endocytosis [38]. HL7702 and RAW264.7 cells were incubated
m (a) and the QDs-iodinated oil nanoemulsion (b) for 8 h. (c) The 3D display of (b).

nated oil nanoemulsion (Iodine concentration was 120 mg/ml). Images from left to right
images. The scale bars are 50 mm in all images. (For interpretation of the references to
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with the QDs-iodinated oil nanoemulsion to assess the intracellular
CT and fluorescence imaging property.

To investigate in vitro CT efficacy, RAW264.7 cells incubated at
iodine concentration of 600 mg/ml for 8 h were imaged using
Fig. 8. Kinetics and distribution of QDs-iodinated oil nanoemulsion in atherosclerotic rabbit
postinjection of the nanoemulsion. (a) aortas lumen; (b) atherosclerotic plaques, showing th
images of the abdominal aorta (white circle) of NZW rabbit, the atherosclerotic plaques were
oil nanoemulsion. Before injection, the atherosclerotic plaques could not be differentiated fro
2 h after the injection of the nanoemulsion.
a micro-CT imaging system. Fig. 6(a, b) showed the transection CT
images of the cell mass with or without (as blank control) incu-
bation of the nanoemulsion. It was clear that the incubated cell
mass were brighter than blank control cell mass. The acquired
s. (a, b, c) CT values of different organs for pre-injection and at different time points for
e atherosclerotic plaques were significantly higher 2 h postinjection; (c) liver. (d, e, f) CT
indicated by arrows. (d) before; (e) 10 s and (f) 2 h after the injection of QDs-iodinated
m the surrounding tissues, whereas a strong enhancement was detected in the plaques



Fig. 9. Fluorescence imaging of excised aortas with QDs-iodinated oil nanoemulsion. The whole aortas were excised (a) without injection of the nanoemulsion; (b) 2 h after the
injection. The signal intensity was significantly higher in the atherosclerotic plaques, meaning the accumulation of the nanoemulsion.
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images in Digital Imaging and Communications in Medicine
(DICOM) format of incubated cell mass were 3D reconstructed
using Hiscan software (Fig. 6(c)).

HL7702 and RAW264.7 cells’ fluorescence imaging effects were
displayed using confocal laser scanning microscopy (LSCM) (Fig. 7).
DAPI (40, 6-diamidino-2-phenylin-dole), a kind of DNA-specific
probe, can enter into cells, attach in the minor grove of AeT rich
sequences of DNA and form a blue fluorescent complex [39]. The
blue dots excited at 408 nm represented nucleus in the cells, and
the areas were red due to the fluorescence fromQDswith excitation
wavelength 488 nm. Both HL7702 and RAW264.7 cells can endo-
cytose QDs-iodinated oil nanoemulsion and generate intracellular
fluorescence, the nanoemulsion mainly accumulated in the cyto-
plasm. The fluorescence intensity from RAW264.7 cells was
stronger than HL7702 cells, suggesting macrophages could endo-
cytose more nanoemulsion.

In brief, the QDs-iodinated oil nanoemulsion is capable of
becoming a CT/optical dual-modal probe for cell imaging.

3.5. In vivo distribution and detection of macrophages in
atherosclerotic plaques via CT and near-infrared fluorescence (NIRF)

High levels of macrophage infiltration existed in atherosclerotic
plaques plays a vital role in the progression of atherosclerosis [40].
As a result, macrophages have been identified as a key biological
marker of vulnerable plaques [10,41e45]. In this experiment,
atherosclerotic rabbits were used to detect macrophages with CT
after administration of the nanoemulsion. This model has been
widely used to study the effects of contrast agents on atheroscle-
rotic plaques due to its high levels of macrophage infiltration and
similar to human coronary atherosclerotic plaques [41]. After ear
vein injection of the nanoemulsion, serial CT imaging of the rabbits
was performed to observe the enhancement in the blood and
macrophage-rich tissues such as liver and atherosclerotic plaques
to detect the macrophage infiltration. Furthermore, we tested if the
nanoemulsion could passively target the macrophages in athero-
sclerotic plaques.

The change of X-ray absorption value (CT value) in aortic lumen,
atherosclerotic plaques and liver was showed in Fig. 8. 10 s after
administration, the CT imaging of aortic lumen was rapidly
enhanced (Fig. 8d, e), the CT value of aortic lumen was 83 � 1.3 HU
compared to 44.8 � 3.5 HU pre-injection, but the vascular
enhancement decreased quickly, CT value in aortic lumen declined
to pre-injection value, As time went by, the nanoemulsion began
targeting to macrophage-rich areas. Thus 2 h after administration,
CT value in atherosclerotic plaques was significantly different from
pre-injection value (68.0 � 3.1 HU versus 44.8 � 3.5 HU), whereas
there was no significant difference of CT value in aortic lumen
(Fig. 8a, b). At this point, the enhancement of atherosclerotic pla-
ques and aortic lumen in CT images could be discriminated (Fig. 8f).
CT values measured in liver reached highest 1 h after administra-
tion (70.0 � 1.9 HU versus 51.1 � 2.2 HU), then slowly decreased
with metabolism (Fig. 8c). The achieved enhancement was about
20 Huwhen employing an injection dose of 100mg/kg bodyweight
of the nanoemulsion. This is comparable with the enhancement
(14 Hu) reported in the literature using iodinated nanoparticulate
contrast agent N1177 with a hydrodynamic size of 259 nm [45], but
in which a much more injection dose of 250 mg/kg body weight
was adopted. That is, with much smaller doses, the nanoemulsion
can reach the same signal enhancement. The reason may be that
our nanoemulsion has smaller size, which can avoid the phagocy-
tose by the reticuloendothelial system (RES) and lead to more
accumulation in macrophage-rich organs.

Next, the aortas of rabbits were excised and scanned using
a near-infrared fluorescence imaging system to estimate uptake of
the nanoemulsion in aortas. The aortic arch and the abdominal
aorta had higher signal intensity, meaning these segments were
plaque-loaded areas (Fig. 9).

Accordingly, it is further demonstrated the QDs-iodinated oil
nanoemulsion has a great potential targeting to macrophage-rich
region to evaluate atherosclerosis with CT/fluorescence imaging.

4. Conclusion

A method for establishing an 80 nm oil-in-water nanoemulsion
platform is developed for both CT and fluorescent imaging. The
nanoemulsion is composed of QDs in iodinated oil stabilized by
PEGylated lipids, and it is demonstrated that this nanoemulsion has
good fluorescence and X-ray absorption abilities making it efficient
optical/CT contrast enhancement for cell imaging. Further studies
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show the nanoemulsion has great potential of targeting and visu-
alizing atherosclerotic plaqueswith uptake in vivo bymacrophages.
These results indicate this nanoemulsion can serve as a dual-modal
CT/fluorescence contrast agent and holds great potential for future
application.
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