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Abstract
High density lipoprotein (HDL), is an important natural nanoparticle that may be modified for
biomedical imaging purposes. Here we developed a novel technique to create unique multimodality
HDL mimicking nanoparticles by inclusion of gold, iron oxide or quantum dot nanocrystals for
computed tomography, magnetic resonance and fluorescence imaging, respectively. By including
additional labels in the corona of the particles, they were made multi-functional. The characterization
of these nanoparticles, as well as their in vitro and in vivo behavior revealed that they closely mimic
native HDL.

Inorganic nanocrystals such as gold particles, iron oxides or quantum dots can be used as
contrast agents for medical imaging.1 The high X-ray attenuation of gold nanoparticles is useful
for contrast in computed tomography (CT)2 and their optical properties have been exploited
for a variety of imaging techniques.3 Iron oxides have been widely used to produce contrast
for magnetic resonance imaging (MRI) purposes, including targeted molecular imaging and
cell tracking.4–7 Quantum dots have unique fluorescence properties, such as a narrow and
well-defined emission peak, are not prone to photobleaching and have therefore been
demonstrated to be very valuable for fluorescence-based imaging.8–10

The study of natural nano-sized particles such as viruses, ferritin and lipoproteins is now
contributing significantly to nanotechnology.11,12 These natural nanoparticles may be
modified for nanomedicinal purposes. For example, high density lipoprotein (HDL) is
composed of a hydrophobic core of triglycerides and cholesterol esters covered in a monolayer
of phospholipids, into which apolipoprotein A-I (apoA-I) is embedded. HDL is key in the
transportation of cholesterol in the body and removes cholesterol from macrophages in
atherosclerotic plaques.13,14 Due to the link between macrophage density and high-risk
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atherosclerotic plaque15 or other inflammatory diseases,16–18 the imaging of the expression
of macrophages is an attractive goal.15,19 We have previously reported HDL that has
paramagnetic, gadolinium-labeled phospholipids incorporated and has been used for the T1-
weighted MR imaging of macrophages in a mouse model of atherosclerosis.20–22

In an overlap of these two areas, new materials have recently been reported that incorporate
both inorganic nanocrystals and natural nanoparticles and therefore possess novel
combinations of properties. For example, viruses have been combined with quantum dots and
carbon nanotubes to create covalently bound networks,23 while Srivastava et al. have formed
aggregates of ferritin and iron-platinum alloy nanoparticles that possess unusual magnetic
properties.24

In the current study we use HDL to create such endogenous nanoparticle-inorganic material
composites. In addition to modifying the phospholipid coating of HDL to provide contrast for
medical imaging, we theorized that the natural hydrophobic core could be altered for the same
purpose. Nanocrystals, such as gold nanoparticles, iron oxides and quantum dots can be
synthesized with hydrophobic capping ligands10,25,26 and so we attempted to replace the
hydrophobic core of HDL with inorganic nanocrystals to produce novel contrast agents for
molecular imaging. We herein report the synthesis of such HDL with a gold, iron oxide or
quantum dot core. Fluorescent and paramagnetic lipids were included in the phospholipid
corona of the particles as appropriate so that all the nanocrystal HDL were at least MRI and
fluorescence active and therefore multimodal (Figure 1A).27

To synthesize the nanocrystal core HDL, first a ten-fold excess of the relevant phospholipids
and the hydrophobic nanoparticle were co-dissolved in a 9:1 chloroform:methanol solvent
mixture. For example, in the case of the gold nanoparticle three phospholipids were used. These
were an ordinary phospholipid (MHPC), a gadolinium labeled phospholipid (Gd-DTPA-
DMPE) and a rhodamine labeled phospholipid (Rhod-DMPE) and were added in a 50:50:1
mass ratio. The structures of these phospholipids are displayed in Figure 1B, their full names
are given in the Supporting Information. This solution was added dropwise to hot (80°C),
stirred, deionized water (Figure 1B). This process caused the immediate evaporation of the
organic solvents resulting in the swift formation of micellar structures with inorganic
nanoparticles lodged in the core of some of these phospholipid aggregates. Careful choice of
lipids and methodical adjustment of the experimental conditions produced dispersions of a
mixture of inorganic nanoparticles individually encapsulated in the core of phospholipid
micelles and phospholipid micelles without nanocrystals. The buffer was changed to PBS and
apoA-I, the primary protein constituent of HDL, was added in a 1:2.5 mass ratio to the
phospholipids. Incubation of this mixture overnight allowed the incorporation of apoA-I into
the lipidic corona,28 forming HDL-like particles.

Exploiting the high density of the inorganic nanoparticles, we isolated the nanocrystal HDL
by using a modification of Havel’s ultracentrifugation lipoprotein separation method29 where
30% KBr solution was used. Purified nanocrystal HDL was prepared for biological application
by changing the buffer to PBS, which was subsequently followed by filtering and concentrating
the solution. Henceforth, the different nanocrystal HDL are referred to as Au-HDL, FeO-HDL
and QD-HDL. Control particles were synthesized according to analogous methods except a
pegylated phospholipid, DSPE-PEG, was used in place of MHPC and apoA-I was not added,
thereby creating non-specific particles, with equally good pharmacokinetics, but no inherent
affinity for macrophages.30,31 These particles are referred to as Au-PEG, FeO-PEG and QD-
PEG.

The ionic relaxivities r1 and r2, indicate the potency of an MRI contrast agent to generate
contrast. We determined r1 and r2 for the different particles at 60 MHz and 40 °C (Table 1).
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The agents we propose for T1 weighted imaging, Au-HDL and QD-HDL, have r1s of 13.1 and
11.7, and a r2/r1 ratios of 1.3, which are typical of T1 contrast agents.32 For the
superparamagnetic FeO-HDL, the r2/r1 ratio of 10.6 is high, which makes this agent highly
suitable for T2 or T2* weighted MR imaging.

Comparison of phosphorous and gadolinium analyses revealed that the ratio of Gd-DTPA-
DMPE to MHPC for Au-HDL and QD-HDL was the same as the input reaction ratio, i.e. 1:1.
The quantity of phospholipids was very similar to the amount required to coat the number of
nanoparticles in the solution, indicating that the removal of the ‘empty’ particles had been
successful. Protein analysis revealed that the incorporation of apoA-I into the particles had
been successful (Table 1).

Negative stain TEM indicated that only HDL or PEG-coated particles with one nanocrystal
core remained as depicted for the iron oxide particles in Figure 1C and D and for the gold and
quantum dots in the Supporting Information (Figure S1). Analysis of the TEM images revealed
that the size of the inorganic cores for the gold, iron oxides and quantum dots had mean
diameters of 5.6, 6.3 and 6.6 nm, respectively, while their total particle diameters, including
the phospholipid corona, were 9.7, 11.9 and 12.0 nm, in line with increases in the core size.
Similar diameters were observed by gel electrophoresis and dynamic light scattering
measurements and so the Au-HDL FeO-HDL and the QD-HDL are within the normal size
range of HDL (7–13 nm)33. Taking together the particle size, phospholipid coating, apoA-I
content and hydrophobic core, the nanocrystal HDL can be considered very similar to native
HDL.

The diameters derived from the TEM images for the PEG-coated particles are substantially
smaller than those found via DLS measurements. This is explained by the fact that the
phosphotungstate stain used in the TEM imaging penetrates the PEG chains and thus they are
not visible using that technique.34 As a result, the PEG-coating and thereby the total particle-
size appears smaller in negative-staining TEM as compared to DLS.

The absorbance and emission spectra of the QD-HDL are displayed in Figure 1E. The particles
absorb light strongly below 550 nm and emit the absorbed light in a narrow band, typical for
QDs, centered at 623 nm. In Figure 1F two photographs are displayed where the appearance
of the QD-HDL solution under ambient light and UV light clearly indicate that the fluorescence
can be observed by the naked eye.

As examples of the contrast-producing properties of nanocrystal HDL, we have included CT,
fluorescence and MR images of phantoms of Au-HDL suspensions in Figure 1G-I (note: the
solutions are of different concentration ranges in the different images). It is clear that Au-HDL
provides contrast for each imaging modality, brightening the image in each case with increasing
concentration. From the CT images we found the attenuation to be linear up to about 2500 HU
or 400 mM Au and were able to establish the attenuation of the particles to be 6.4 HU/mM Au
at 110 keV. In comparison, the attenuation of Omnipaque® (Nycomed Imaging AS, Oslo,
Norway), a clinically-used, radiographic, iodine-based contrast agent, was found to be 4.3 HU/
mM I (see Figure S3, Supporting Information). Our gold-based agent is therefore superior, as
it attenuates X-rays at a rate 1.5 times that of Omnipaque. This higher rate is in agreement with
a study by Kim et al. who have compared gold nanoparticle-based and iodine-based CT contrast
agents.35 The attenuation window in Figure 1H is set to display the contrast produced by this
range of concentrations. However, a variety of attenuation windows may be used, including 0
to 200 HU where there is excellent contrast between saline and 4 mg Au/ml (1.3 nM of
nanoparticles) Au-HDL, as displayed in Figure S2 in the supporting information. Furthermore,
30 HU is considered sufficient to distinguish between tissues and corresponds to 5 mM Au.36
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Previous HDL-based contrast agents have been shown to be macrophage specific,20 therefore
in vitro uptake experiments were undertaken with a J774A.1 mouse macrophage cell line,
cultured in DMEM supplemented with 10% FBS and 1% streptomycin/penicillin. Cells were
incubated with the nanocrystal-HDL, relevant control contrast agents or with media only for
0.5, 1, 2, 4, 7 and 12 hours before being harvested, washed, and preserved as pellets for the
imaging experiments. In the case of Au-HDL, the control agents were Au-PEG and Omnipaque
and each was added to the wells such that the concentration of Au/I was 0.5 mg/ml. Preferential
uptake of Au-HDL over Au-PEG was established via confocal microscopy of macrophage cells
incubated for 2 hours with the agents (Figure 2A, B), where the red signal corresponds to
rhodamine incorporated in the lipid coating of the particles. In Figure 2C TEM images indicate
that Au-HDL binds to the cell surface before being internalized into lysosomes.

The cell pellets were imaged on a clinical CT scanner (Siemens Somatom Emotion 6, Malvern,
PA) at 110 keV, as shown in Figure 2D (note: the top 4/5 of the material in each image is the
preservative paraformaldehyde, the area at the bottom tip of the image is the cell pellet). The
cell pellets incubated with Au-HDL appear bright, whereas the pellets incubated with other
agents are indistinguishable from the paraformaldehyde solution. The increases in attenuation
of each cell pellet (compared to the cells incubated with media) as a function of incubation
time are presented in Figure 2E. In these attenuation ranges the absorption of X-rays is directly
proportional to the concentration of contrast agent taken up by the cells. It can be seen that the
Au-HDL is taken up very swiftly initially but at a slower rate thereafter, consistent with
saturation of a receptor-mediated process. Receptor mediated uptake is likely, as HDL binds
to the SR-B137 and ABCA-I38 macrophage receptors.

Lastly, T1-weighted MR imaging was performed on the cell pellets using a 9.4 T system
(Bruker, Billerica, MA). In Figure 2F the image for the 4 hour-incubated cells is displayed. As
evident from this image, the cells incubated with the Au-HDL appear much brighter than the
cells incubated with the Au-PEG or with media only, which revealed uptake as increasing
concentrations of gadolinium ions produces image brightening in this form of MRI.39

Similar to Au-HDL, macrophage cells took up FeO-HDL more pronouncedly than FeO-PEG,
as observed by confocal microscopy, TEM and MRI (Figure 3). Incubations were carried out
at using a concentration of 4 μg Fe/ml. T2-weighted MR imaging of pellets of these cells
showed a typical darkening of the cell pellets incubated with FeO-HDL, while the cells
incubated with media only or FeO-PEG appear bright. An example image is shown in Figure
3D. This indicates preferential uptake of FeO-HDL, as iron particles produce darkening on T2-
weighted MR images due to signal dephasing.

Cells incubated with QD-HDL (using a 0.02 mM Gd dose) had a high level of fluorescence as
compared with cells incubated with QD-PEG, as shown in Figure 4A and B. As for Au-HDL,
the cells incubated with QD-HDL appeared bright on T1-weighted MR images as compared
to cells incubated with QD-PEG or media only (Figure 4C). TEM images also revealed uptake
of QD-HDL by the cells, as depicted in Figure 4D. Fluorescence imaging corroborated the
difference in uptake between QD-HDL and QD-PEG. This can be appreciated visually by the
comparison of photos of the cell pellets taken in ambient light (Figure 4E) and under UV light
illumination (Figure 4F). The effect was quantified using an IVIS fluorescence imaging system
(Xenogen, Alameda, CA), the results of which are displayed in Figure 4G and clearly
demonstrate the greater specificity of the QD-HDL for macrophages.

With the in vitro experiments we have shown the multimodal character of the nanocrystal core-
HDL platform by imaging the cells incubated with these agents using confocal microscopy,
MRI, CT, fluorescence imaging and TEM. For all the different cores the nanocrystal-HDL is
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taken up at a much greater extent than the PEG-coated equivalent particle, demonstrating the
high affinity for macrophages.

As a proof-of-principle study of the in vivo imaging efficacy of nanocrystal-core HDL, we
injected the different nanocrystal-HDL or nanocrystal-PEG particles into apoE KO mice. These
mice, after being on a high-cholesterol diet for 10 months, are an established model of
atherosclerosis.40 Twenty mice were included in this study, three for each agent and two as
controls. The abdominal aorta of these mice were imaged pre- and 24 hours post intravenous
administration of the different agents using a 9.4 T, dedicated small animal MRI scanner. The
gold and quantum dot based agents were injected at a 50 μmol Gd/kg dose (equivalent to ca.
500mg Au/kg or 57 nmol QD per mouse), while the iron oxide agents were injected at a 30 mg
Fe/kg dose. Typical results of such imaging are displayed in Figure 5A-F. There is a clear
increase in the signal intensity in the aortic wall in the post-scans for the Au-HDL and QD-
HDL and a clear decrease for the FeO-HDL, which are the expected effects for T1 (Au-HDL
and QD-HDL) and T2/T2* (FeO-HDL) MRI contrast agents. Analysis of the normalized
enhancement ratio of the post-scan compared to the pre-scan revealed a signal enhancement
(given as the mean ± the standard deviation) of 139 ± 25% and 69 ± 23% for Au-HDL and
QD-HDL, respectively. As is typical for T2/T2* agents, a signal drop of 53 ± 11% was observed
for FeO-HDL. Perl’s (iron) staining of aorta sections of mice injected with FeO-HDL further
proved that these particles had lodged within the wall (Figure S4, Supporting Information).
Although the QD-HDL gave a lower average enhancement than the gold, this was not found
to be a statistically significant difference. The corresponding values for Au-PEG, QD-PEG and
FeO-PEG were 35 ± 11%, 20 ± 13% and 6 ± 8%, respectively, none of which were a
significantly different from the pre-contrast situations.

Furthermore, two types of fluorescence techniques were used to confirm the localization and
to identify the specificity of the particles in the aorta. Confocal microscopy was performed on
sections of aortas excised from the mice 24 hours post-injection. The sections were stained for
macrophages (green) and for nuclei (blue), while the signal from the agent was displayed in
red; the results are presented in Figure 5G-I. Channel-split images of the confocal microscopy
are shown in Figures S5–7 in the Supporting Information. Areas of co-localization between
the agent and macrophages appear as orange/yellow and so it can be seen that each HDL-coated
particle was associated with macrophages. Alternatively, the excised aortas of the mice were
imaged using a Maestro™ fluorescence imaging system (CRI Inc, Woburn, MA) that allows
the fluorescence signal from the injected fluorophores to be isolated. While it may be
advantageous to use NIR fluorophores as tissue autofluorescence is low in that wavelength
range, we found this spectral unmixing function to satisfactorily remove autofluorescence. An
example of the results of this imaging for the QD-HDL and its controls is shown in Figure 5J
(further examples for Au-HDL and FeO-HDL are shown in Figures S8 and S9 Supporting
Information). As can be seen, this imaging confirms the results found with MRI: the
nanocrystal-HDL is heavily taken up into the aorta wall, to a much greater extent than QD-
PEG control particles.

In addition, the aortas of the mice injected with gold particles and the aortas of two uninjected
(control) mice were excised and imaged using a small animal CT scanner operating at 60 keV
(microCAT II, ImTek Inc). As can be seen in Figure 5K, the aortas of mice injected with Au-
HDL exhibit bright (i.e. highly attenuating) areas. Such bright spots were not observed in the
aortas of control or Au-PEG injected mice. The mean signal to noise ratio (SNR) found in the
bright areas of Au-HDL aortas was 23.5 ± 3.9, while the values of Au-PEG and control aortas
were very similar to one another; 15.7 ± 5.2 and 14.7 ± 3.2, respectively. The SNR of the Au-
HDL aortas was significantly higher than both the Au-PEG and control aortas, while the Au-
PEG SNR was not significantly different from that of the control. The uptake of Au-HDL could
also be distinguished by the naked eye due to the strong reddish hue of the particles (Figure
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S10, Supporting Information). In the CT image of the aorta (Figure 5K) two hotspots
originating form AU-HDL accumulation can be identified. This observation was in excellent
agreement with the distribution of fluorescence of the same aorta displayed in Figure S9 (the
aorta lowest in the image) of the Supporting Information. Taken together these results indicate
that nanocrystal HDL can be very successfully applied for molecular imaging of
atherosclerosis.

In this current study, we have introduced a new platform for molecular imaging: nanocrystal
core HDL. The composition of this novel amalgamation of inorganic and natural nanoparticles
can be altered to provide contrast for multiple imaging modalities, which we have demonstrated
by applying the nanocrystal-HDL to cells in vitro and atherosclerotic mice in vivo.

As well as the compositions discussed in detail in this paper, we have synthesized nanocrystal
HDL where the phospholipid coating is composed of different combinations of phospholipids
with, for example, variations of acyl chain length and headgroup composition, similarly to
variations observed in native lipoproteins. We have also used apoA-I mimicking peptides such
as 37pA,41 in place of the natural protein. This indicates that there is a substantial degree of
flexibility in the lipid coatings that may be used with our synthesis procedure.

Due to the high sensitivity of fluorescence imaging it can be seen that there is extensive contrast
throughout the aortas treated with QD-HDL. CT, however, has a much lower sensitivity and
hence there are only a few bright spots in the aorta treated with Au-HDL. These bright spots
correspond to areas of plaque with high macrophage content, namely the aortic arch and near
the renal arteries.42 Atherosclerotic plaques of high macrophage content have been identified
as at risk of rupture and may lead to a heart attack.15 Thus Au-HDL combined with CT imaging
may have attractions for identifying these high risk plaques.

As control nanoparticles we considered the possibility of using nanocrystals coated with the
same phospholipids, similar to the HDL particles, but without the inclusion of apoA-I
(nanocrystal micelles). However, we found that PEG-coated nanocrystals had two significant
advantages over nanocrystal micelles. Firstly, the latter control particles were unstable over
time, aggregating and precipitating, particularly at low concentrations, which was not the case
for PEG-coated nanocrystals. The reason for this discrepancy (as compared to nanoparticles
that had apoA-I included) is because apoA-I lowers the surface pressure of the lipid coating of
the particles and therefore stabilizes the nanoparticle assemblies. Indeed the nanocrystal HDL
was found to be stable over extended periods (three months) and did not aggregate or
precipitate. Secondly, one of the advantages of basing contrast agents on endogenous
nanoparticles is that they evade clearance from the circulation and we felt that a suitable control
particle should do that as well, motivating us to use PEG-coated particles which exhibit
enhanced blood half-lives.30,31

Nanocrystal core HDL could potentially be used to investigate the metabolism of HDL in
vivo, in particular how cells interact with this lipoprotein. The inherent solid character of the
core enables a precise tuning of the size of the particle, which may be employed to investigate
size dependent HDL-cell interactions. Additionally, since the core may be labeled differently
from the HDL corona, the dissociation of the particle may be investigated.

In the current study, we have imaged macrophage expression in atherosclerosis. Imaging this
cell type can also be useful in a variety of inflammatory diseases such as rheumatoid arthritis,
liver disease and cancer.16–18 As a further extension, this imaging platform may be re-routed
to other disease markers by conjugating the appropriate targeting ligand to the apolipoprotein
component.12 In the field of targeted molecular imaging with nanoparticles43 a variety of
markers have been explored, including VCAM-1,44,45 e-selectin46,47 or αvβ3-integrin48–
50 for improved visualization of atherosclerosis and cancer related processes. We intend to
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thoroughly investigate the in vivo properties of this novel contrast agent platform in different
disease models, employing clinical scanners in the process.

To conclude, we have successfully prepared multimodal nanocrystal HDL for molecular
imaging. We have established that these particles are in the size range of native HDL, to contain
apoA-I, to have a phospholipid coating and a hydrophobic core. Thus these nanoparticles
closely mimic endogenous HDL. In addition we have demonstrated the avid uptake of the
nanocrystal HDL by macrophages in vitro using confocal microscopy, TEM, CT, T1-weighted
MRI, T2-weighted MRI and fluorescence imaging. The in vivo applicability of the nanocrystal
HDL for multimodality imaging of atherosclerosis was demonstrated. Also this is one of the
first reports of a targeted contrast agent for CT.51 While in this study we focused on
atherosclerosis, we envisage that this nanoparticle platform could be used to detect molecular
and cellular targets in a wide range of pathologies using multiple imaging modalities.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nanocrystal core high density lipoprotein
A schematic depiction of the different agents in this study. B summary of the synthesis
procedure of the agents where 1, the phospholipids and nanocrystal in chloroform are added
to water, 2, apoA-I is added and 3, the ‘empty’ particles are removed. C and D negative stain
TEM images of FeO-HDL and FeO-PEG. E emission and absorption spectrum of the QD-
HDL. F photograph of the QD-HDL in normal light (left) and under UV illumination (right).
G, H, I phantoms of Au-HDL imaged using fluorescence, CT and MRI, respectively.
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Figure 2. Uptake of Au-HDL by macrophage cells in vitro
A confocal microscopy of cells incubated for 2 hours with Au-HDL or B Au-PEG, which
appear red (rhodamine) and the nuclei are stained with DAPI (blue). C TEM image where
black circles indicate areas of particle uptake. D CT images of the different cell pellets. E graph
of the increase in CT attenuation of the cell pellets compared to media only incubated cells vs.
time of incubation. F T1-weighted MR image of cell pellets.

Cormode et al. Page 11

Nano Lett. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Uptake of FeO-HDL by macrophage cells in vitro
Confocal microscopy of cells incubated for 2 hours with A FeO-HDL and B FeO-PEG, where
uptake is indicated by red (rhodamine) and the nuclei are stained with DAPI. C TEM of cells
incubated with FeO-HDL, areas containing iron oxide are highlighted by circles. D T2-
weighted MR image of cells incubated with FeO-HDL, FeO-PEG or media only for 4 hours.
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Figure 4. Uptake of QD-HDL by macrophage cells in vitro
Confocal microscopy of macrophage cells incubated for 2 hours, where A QD-HDL and B
QD-PEG uptake is indicated by red and the nuclei are blue. C T1-weighted MR image of pellets
of cells incubated for 4 hrs. D TEM image of QD-HDL uptake, QDs are highlighted with black
rings. Photographs of the cell pellets taken under E ambient light and F UV irradiation. G chart
of fluorescent intensity of the cell pellets, with a typical fluorescent image inset.
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Figure 5. Multimodality imaging of atherosclerosis using nanocrystal high density lipoprotein
T1-weighted MR images of the aorta of apoE KO mice pre- (A, B) and 24 hours post-injection
(D, E) with Au-HDL or QD-HDL. Arrows indicate areas enhanced in the post images. C, F
T2*-weighted images of an apoE KO mouse pre- and 24 hours post-injection with FeO-HDL.
G, H, I confocal microscopy images of aortic sections of mice injected with nanocrystal HDL.
Red is nanocrystal HDL, macrophages are green and nuclei and blue. Yellow indicates co-
localization of nanocrystal HDL with macrophages and is indicated by arrowheads. J
fluorescence image of aortas of mice injected with QD-HDL, QD-PEG and saline. K ex vivo
sagittal CT images of the aortas of mice injected with Au-HDL, Au-PEG and saline.
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