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Abstract
Determining arterial macrophage expression is an important goal in the molecular imaging of
atherosclerosis. Here we compare the efficacy of two synthetic, HDL-based contrast agents for
magnetic resonance imaging (MRI) of macrophage burden. Each form of HDL was labeled with
gadolinium and rhodamine to allow MRI and fluorescence microscopy. Either the 37 or 18 amino
acid peptide replaced the apolipoprotein A-I in these agents, which were termed 37pA-Gd or 18A-
Gd. The diameters of 37pA-Gd and 18A-Gd are 7.6 nm and 8.0 nm, respectively, while the
longitudinal relaxivities are 9.8 and 10.0 (mMs)-1. 37pA has better lipid binding properties. In
vitro tests with J774A.1 macrophages proved the particles possessed the functionality of HDL by
eliciting cholesterol efflux and were taken up in a receptor-like fashion by the cells. Both agents
produced enhancements in atherosclerotic plaques of apolipoprotein E knockout mice of ~90% (n=7
per agent) and are macrophage specific as evidenced by confocal microscopy on aortic sections. The
half-lives of 37pA-Gd and 18A-Gd are 2.6 and 2.1 hours, respectively. Despite the more favorable
lipid interactions of 37pA, both agents gave similar, excellent contrast for the detection of
atherosclerotic macrophages using MRI.
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Main Text
Heart disease is now the primary cause of mortality in the world (1). The most common factor
behind adverse cardiovascular events is rupture of vulnerable plaques caused by atherosclerosis
(2). As such there is a significant motivation to image atherosclerotic tissue for diagnosis, to
characterize disease stage, and to monitor the effect of therapy (3,4). One of the favored courses
of action is to non-invasively image atherosclerotic plaques using magnetic resonance imaging
(MRI) (5,6), since this imaging modality has high spatial resolution, excellent soft tissue
contrast and does not expose the patient to ionizing radiation. While MRI without contrast can
determine plaque morphology and some features of plaque composition, targeted contrast
agents are required to fully determine the cellular composition of the plaque.

Macrophages are key in the progression of atherosclerosis, entering the intima as monocytes,
being activated to macrophages via interaction with and uptake of modified low density
lipoprotein, until they become foam cells and eventually forming the necrotic lipid core
associated with unstable plaques (7). Furthermore, macrophage content has been identified as
a key biological marker of vulnerable plaques. As a result, several methods have been proposed
for molecular imaging of these cells in diseased arteries, for example using targeted,
gadolinium-labeled micelles (8,9) or dextran coated iron oxides (10) for MRI, iodine
nanoparticles for computed tomography (11) or 18F-2-fluoro-2-deoxyglucose and 64Cu labeled
nanoparticles with positron emission tomography (12,13). We have previously reported the
use of gadolinium (Gd3+) and fluorophore modified high density lipoprotein (HDL), an
endogenous nanoparticle naturally targeted to atherosclerotic plaques, to image macrophage
burden in the abdominal aorta of a mouse model of atherosclerosis (14,15). A restriction to the
translation of this methodology to the clinic is the absence of a ready commercial source of
apo A-I. Therefore we recently reported preliminary data on a synthetic, MRI-active HDL
formulation based on the amphiphatic peptide 37pA and gadolinium labeled phospholipids
(16). 37pA, which mimics the properties of the major protein component of HDL, apoA-I
(18), is composed of 37 amino acid residues and binds to lipidic particles strongly (19).

We report here the synthesis of an MRI-active HDL-based contrast agent formed using 18A,
another apoA-I mimicking peptide composed of only 18 amino acid (20) residues and an
extensive comparison of this and the 37pA-based agent. The advantage of 18A over 37pA is
that this shorter peptide is easier and less expensive to synthesize ($1584 for 18A vs $3541 for
37pA, both figures are for 100 mg, 95% purity, Global Peptide Services). The lipid binding
properties of 18A, however, are inferior to 37pA, the peptides having an egg
phosphatidylcholine exclusion pressure of 30 dyn/cm and 41 dyn/cm, respectively (19). The
superior lipid binding properties of 37pA may result in a better MR enhancement of the arterial
wall since the gadolinium-labeled phospholipids in the HDL mimetic are held together more
strongly and may be delivered to the atherosclerotic plaque with greater efficiency.
Nevertheless, it is unclear if this would affect the efficacy of the agents for in vivo MR imaging
studies. In this report we compare the 18A-based agent with the 37pA-based agent by
investigating their physical properties, in vitro macrophage efflux, in vitro macrophage uptake,
and MR imaging efficacy in apolipoprotein E knockout (apoE-KO) mice. In addition, the
biodistribution and pharmacokinetics of the agents were assessed. As will be shown, despite
theoretical advantages of 37pA, comparable imaging efficacies were obtained with the 18A
peptide.

Experimental Procedures
Materials

Dimyristoyl phosphatidylcholine (DMPC), gadolinium 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine diethylenetriamine pentaacetic acid (Gd-DTPA-DMPE) and 1,2-
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dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
ammonium salt (Rhod-PE) were all purchased from Avanti Polar Lipids and used as received.
Cy5.5-labeled dimyristoyl phosphoethanolamine (Cy5.5-PE) was synthesized as described
below. The peptides 18A (sequence: DWL KAF YDK VAE KLK EAF) and 37pA (sequence:
DWL KAF YDK VAE KLK EAF PDW LKA FYD KVA EKL KEA F) were synthesized by
Global Peptide Services (Fort Collins, CO) at 95% purity. Cell culture supplies were purchased
from Invitrogen (Carlsbad, CA).

Nanodisc synthesis
To form synthetic, MRI-active HDL using 18A, a 200:200:1 mixture by mass of DMPC, Gd-
DTPA-DMPE and Rhod-PE (25 mg) were dissolved in a 1:4 mixture of methanol and
chloroform. A lipid film was formed under vacuum from this solution, which was hydrated
with a solution of 18A in 5ml of 1× PBS such that there was 1 mg of peptide, for each 2.5 mg
of phospholipids used. The resulting mixture was heated at 65 °C for 45 min, before being
sonicated for 30 min on ice to form nano-discs, which were purified via centrifugation, filtration
and washing. This product was termed 18A-Gd and was characterized by dynamic light
scattering (DLS), gel permeation, gel electrophoresis, relaxometry, gadolinium quantification,
protein analysis and phosphate quantification. Details of the characterization methodology may
be found in reference (16). 37pA-Gd and Gd-micelles (micelles forming using the same
phospholipid mixture as for 18A-Gd and 37pA-Gd but without any peptide) were synthesized
as previously described (16). A schematic depiction of 18A-Gd and 37pA-Gd is displayed in
Figure 1. The disk-like structure of such phospholipid-peptide aggregates has been established
by ourselves (16) and others (17).

Cy5.5-PE Synthesis
For incorporation in the synthetic HDL nanoparticles, Cy5.5 mono reactive NHS esters were
conjugated to dimyristoyl phosphoethanolamine (DMPE). Typically, 50 μmol DMPE and 50
μmol stearoyl-hydroxy phosphatidylcholine (SHPC) was dissolved in 3 ml of a 4:1 chloroform:
methanol solvent mixture. The solvents were removed from this solution to form a lipid film,
which was subsequently hydrated for 30 minutes via agitation with 5 ml of a 0.1 M sodium
bicarbonate aqueous solution (pH ~8.4) at room temperature to form micelles. After this 20
mg Cy5.5 mono NHS ester was dissolved in 250 μl DMSO, which was added to the DMPE-
SHPC micelle aqueous solution. The mixture was stirred overnight at 4 °C under nitrogen
atmosphere to allow for the conjugation of Cy5.5 to the lipids. A 50 kDa Vivaspin molecular
weight cut-off tube was used to separate unconjugated Cy5.5 mono NHS ester from Cy5.5
conjugated lipid micelles, by washing 10 times with water until the residue was completely
colorless. The Cy5.5 micelles were subsequently freeze dried for 3 days to remove all water,
after which they were dissolved in a 20:1 chloroform:methanol mixture.

Macrophage uptake of reconstituted HDL
J774A.1 murine macrophage cells were cultured in DMEM supplemented with 10% FBS and
1% streptomycin/penicillin. The cells were passaged 5 times before the incubations took place.
The cells were grown to 70-80% confluency, before being plated in black, non-fluorescent 96
wells plates the day prior to incubation. For these studies agents labeled with Cy5.5-PE instead
of Rhod-PE were used. 18A-Gd or 37pA-Gd was added to one row (12 wells) for each
condition, with untreated cells and wells incubated with media only or Gd-micelles as controls.
The cells were incubated at a concentration of 0.02 mM Gd at time points from 1 to 24 hours.
Further experiments were carried out where the incubation time was held constant at 2 hours
and the concentration of the agent varied from 0.01 to 0.16 mM Gd. Incubations were
performed where the agent uptake at 0.02 mM and 2 hours was compared with macrophages
also incubated with a tenfold excess (by protein content) of non-Cy5.5 labeled 18A-Gd or
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37pA-Gd. Last, the agent uptake of macrophages and smooth muscle cells (derived from Wistar
rats, see supporting information for more detail) was compared. After incubation, the media
was removed, the cells were washed with cold (4°C) PBS three times and fixed with 4%
paraformaldehyde. The cells were imaged in the plates using an IVIS Imaging System 200
(Xenogen, Alameda, CA). The plates were illuminated for 5 s using a 150 W Quartz halogen
lamp filtered by the 615-665 nm Cy5.5 excitation band, while the emission was quantitatively
recorded using the 695-770 nm Cy5.5 emission filter. Images were analyzed and the
fluorescence from each well was determined using the software supplied with the IVIS system.

Smooth muscle cell isolation and culture
Rat airway smooth muscle (ASM) cells were isolated from 10 week old male Wistar rats. Rats
were intra-peritoneally injected with pentobarbital sodium (35mg/kg), and the tracheas were
aseptically excised and placed in Ca2+, Mg2+ -free Hanks balanced salt solution (HBSS)
(SIGMA). The isolated tracheas were cleaned of connective tissues, cut longitudinally through
the cartilage, and enzymatically dissociated with filtered HBSS containing 0.2% collagenase
type 2 (Worthington Biochemical Corporation, Lakewood, NJ) for 30mins in a shaking
waterbath at 37°C. Dissociated cells in suspension were centrifuged and resuspended in
Dulbecco's modified Eagle's medium (DMEM)-Ham's F12 medium (1:1 vol/vol) (SIGMA)
supplemented with 10% FCS (GIBCO) and (100 U/ml penicillin, 100μg/ml streptomyocin
(GIBCO). Cells were plated on petri dishes and grown until confluence at 37°C in humidified
air containing 5% CO2. The medium was changed every 48hrs and confluent cells were
passaged with 0.25%-0.02% EDTA solution (GIBCO). ASM cells in culture were elongated
and spindle shaped, grew with typical hill and valley appearance, and stained positively for the
smooth muscle specific protein α-actin. Cells were used at the second passage.

Animal model of atherosclerosis
Both apoE-KO and wild type mice were used in this study. The apoE-KO mice were an average
of 10 months old and fed a high cholesterol diet to induce plaque development for an average
of 8 months prior to use in these experiments. The wild type mice were fed an ordinary chow
diet and were the same average age. All mice were male and were housed and maintained at
the Mount Sinai Animal Facility. The Mount Sinai School of Medicine Institute of Animal
Care and Use Committee approved all experiments.

In vivo MR imaging
In vivo MRI was performed using a 9.4 T, 89 mm bore MRI system (Bruker Instruments,
Billerica, MA). The imaging system and methodology are extensively described in reference
(8). After a preinjection baseline MRI scan, mice were injected, via a tail-vein catheter.
Subsequent scans were carried out at 24, 48, 72 and 96 hours post-injection. n=7 apoE-KO
mice and n=2 wild type mice were injected with 18A-Gd, the same group sizes used in the
previous 37pA study. Use of the medical image analysis software package eFilm allowed the
MR signal intensity of various tissues from the different time points to be ascertained and the
percent change in normalized enhancement ratio (% NER) post-injection to be calculated.
Normalization of the MR signal intensity in the aorta wall was performed by rebasing with the
signal from the adjacent muscle to create the value W. The % NER was found from the
difference between W from the post-injection scans and W from the pre-scan divided by W
from the prescan and multiplied by 100, as per the method described in (8).

Confocal microscopy
ApoE-KO mice were sacrificed 24 hours after injection with contrast agent. The mice were
perfused with saline at physiological pressure and their aortas removed. 3 mm pieces of the
aorta were embedded in Tissue-Tek Optimal Cutting Temperature media (Sakura Finetek,
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Torrance, CA), frozen, sectioned and fixed in paraformaldehyde. These sections of aorta were
stained with Alexa 647-CD68, a macrophage specific antibody conjugated to a fluorophore
before the section was fixed in a DAPI (nuclei specific) containing agent and coverslipped.
Confocal laser scanning microscopy on aortic sections was performed using a Zeiss LSM 510
META microscope (Carl Zeiss, Oberkochen, Germany) in an inverted configuration.
Colocalization of rhodamine (contrast agent) and CD68 staining (macrophages) in the confocal
microscopy images was quantified using an in-house developed image analysis software tool
based in MatLab R2007b (Natick, MA).

Pharmacokinetics and Biodistribution
To determine the pharmacokinetics of 37pA-Gd, 18A-Gd and Gd-micelles, a 50 μmol/kg dose
of the agent was injected into apoE-KO mice whose hair on their lower limbs had been removed
to allow access to the saphenous veins. Blood (10-20 μl) was drawn from these veins at 5 min,
30 min, 1 hour, 2 hours, 3 hours, 4 hours, 24 hours and 48 hours post injection and placed into
pre-weighed vials containing 80 μl of heparin. The vials were weighed again to determine the
volume of blood drawn, the density of blood being taken to be 1.05 g/ml (21). The gadolinium
content of the blood for each timepoint was determined by inductively coupled plasma mass
spectrometry (ICP-MS) performed on the blood-heparin mixture and adjusting for the blood
volume. Half-lives were calculated from analysis of the variance of blood gadolinium content
over time with the MatLab software package using a biexponential model.

The biodistribution was determined for 37pA-Gd and 18A-Gd at 48 hours after injection of
the agents into apoE-KO mice at a 50 μmol/kg dose. The animals were sacrificed by perfusion
with saline administered via the left ventricle of the heart. The liver, kidneys, heart, spleen and
lungs were removed, weighed and homogenized before analysis via ICP-MS for determination
of Gd content. The per unit weight gadolinium content thus found was multiplied by the organ
wet weight and divided by the injected dose to give the biodistribution. Cantest Ltd (Burnaby,
Canada) performed all ICP-MS analyses.

Statistical analysis
Data populations were compared using Student's t-test (two-tailed, heteroscedastic).
Populations were considered to be significantly different if p<0.01.

Results
Characterization

The average diameter of the 18-Gd particles was found via DLS to be 8.0 ± 0.3 nm. Using gel
electrophoresis, the size was found to be approximately 7.6 nm. The corresponding values for
the 37pA-Gd complex are very similar, being 7.6 nm by both techniques. FPLC gave only one
peak in a narrow size distribution, indicating high product purity. The longitudinal relaxivity
was found to be 10.0 ± 0.2 mM-1s-1, which is not significantly different from relaxivities
reported for previous HDL-based contrast agents that used the same gadolinium chelating
phospholipid (14,16). The gadolinium, phosphorous and protein analyses gave a relative mass
ratio of Gd-DTPA-DMPE:DMPC:18A of 1.18:1.10:1, which deviates somewhat from the input
values of 1.25:1.25:1 and indicates a less efficient particle formation than for the 37pA-Gd
agent (whose values were 1.23:1.23:1). This may be due to the lower lipid binding parameters
of 18A as compared to the dual domain peptide 37pA (19).

Macrophage Cholesterol Efflux
HDL-based particles have therapeutic properties in terms of their anti-inflammatory action as
well as their ability to retrieve cholesterol from atherosclerotic plaques and transport it to the
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liver for excretion (7). A common measure of this latter property is macrophage cholesterol
efflux, i.e. the quantity of cholesterol removed from macrophages by an agent (22). We
performed such experiments using 18A-Gd and 37pA-Gd, while native HDL (CSL Behring,
Bern, Switzerland) was used as a comparison and bovine serum albumin (BSA) was used as a
control (phospholipid-only species are well established to give substantially lower macrophage
cholesterol efflux than synthetic HDL nanoparticles (22)). Each agent was used with the same
concentration of peptide/protein. The efflux produced by HDL after 4 hours was 8.15 ± 0.27%
of the total, for 18A-Gd 12.82 ± 0.29%, for 37pA-Gd 9.89 ± 0.20% and for BSA 1.61 ± 0.19%.
Thus HDL, 18A-Gd and 37pA-Gd produce significantly more cholesterol efflux than the
control, BSA. Both 18A-Gd and 37pA-Gd removed more cholesterol than the native HDL
used, which is unsurprising as the HDL used in this study was more highly lipidated than the
peptide-based nanoparticle, and so can accept a lesser amount of cholesterol from the
macrophages. That this 18A complex produces a greater level of efflux than the 37pA complex
is consistent with the results of investigations carried out by Davidson et al (22).

Macrophage uptake of 18A-Gd and 37pA-Gd
To investigate in vitro effectiveness of 18A-Gd and 37pA-Gd and whether uptake was a
receptor-like specific process, we performed extensive incubations of Cy5.5-labeled
formulations of the agents with murine macrophages. Plates of incubated cells were analyzed
using a fluorescence imaging system, resulting in images such as those shown in Figure 2A.
We found that uptake increased over time until 4 hours, after which increases in uptake were
insubstantial (see supporting information, Figures S1 and S2), suggesting a saturable process.
Cy5.5 was used in these experiments due to the lower adsorption of light by biological
components in the wavelengths in which this fluorophore emits compared to Rhodamine,
allowing better quantification of particle uptake (23). Macrophages incubated under
competition-inhibition conditions (i.e. with a ten-fold excess of unlabeled agent in addition to
the labeled agent) exhibited significantly less fluorescence than macrophages incubated with
labeled agent only (Figure 2B), suggesting specificity. Furthermore, smooth muscle cells
incubated with the agents took up significantly less agent than macrophages incubated under
the same conditions (Figure 2C). Lastly, when macrophages were incubated with 18A-Gd and
37pA-Gd at concentrations ranging from 0.01 to 0.16 mM Gd, the uptake increased only
slightly when the concentration increased from 0.04 mM to 0.16 mM Gd (Figures 2D and E),
again suggesting a saturable process. Taken together, these data strongly indicate that the
uptake of these synthetic HDL particles is specific, saturable process that is receptor-like in its
characteristics. This would be compatible with interactions with HDL-interacting membrane
proteins highly expressed by macrophages. The uptake of 18A-Gd and 37pAGd was not found
to differ significantly. In comparison, macrophages took up Gdmicelles to a much lesser extent
that for 18A-Gd or 37pA-Gd, in the concentration range 0.01 mM Gd to 0.16 mM Gd (Figure
2A and B, Figure S3). Furthermore, the uptake was linear, indicating uptake through an
aspecific pathway and confirming the need for the peptides to produce a macrophage specific
agent.

In vivo MR imaging
Representative images of the aorta of an apoE-KO mouse pre- and 24 hours post-injection with
18A-Gd are displayed in Figure 3A (left panels, the enhanced structure below the aorta in the
post-image for 18A-Gd is a lymph node, which typically accumulate injected nanoparticles
substantially). Visual inspection of the images indicates that there is significant enhancement
of the image intensity in the aorta post-injection with 18A-Gd and that the enhancement is
comparable to that observed post-injection with 37pA-Gd (Figure 3A, right panels). The results
of analysis of the images from 7 mice for each agent imaged pre- and 24, 48, 72 and 96 hours
post-injection with each agent are displayed in Figure 3B.

Cormode et al. Page 6

Bioconjug Chem. Author manuscript; available in PMC 2010 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



18A-Gd gives an average enhancement in the aorta wall of 91% at 24 hours, before declining
steadily to 17% at 96 hours. Application of this agent to wild type mice gave only insignificant
enhancements (< 8%, data not shown) in the aorta wall. Injection of Gd-micelles (composed
of the same phospholipids as 18A-Gd and 37pA but without any peptide) into apoE-KO mice
gave a maximum of 16% enhancement, which occurred at 24 hours. This value was
significantly less than that of 18A-Gd and 37pA-Gd, showing the importance of the peptides
for targeting the particles to atherosclerosis. The enhancement for 37pA-Gd at the 24 hour
timepoint was slightly higher at 94%, but upon comparison of the data for 18A-Gd and 37pA-
Gd using Student's t-test, the difference in the average enhancement at this timepoint was not
found to be significant. In addition, the differences were not significant at 48 or 96 hours,
however for the 72 hour timepoint the difference in the average enhancement produced by the
two agents was found to be significant at the 1% level.

Confocal Microscopy
A typical confocal microscopy image of an aorta section excised from an apoE-KO mouse
injected 24 hours previously with 18A-Gd is displayed in Figure 4. As can be seen there is a
high level of rhodamine (red) signal in the plaque, in agreement with the MR imaging data that
indicated plaque enhancement. The rhodamine co-localizes extensively with the macrophage
staining (green), resulting in patches of yellow color in the merged image, indicative of
macrophage specificity. Analysis of the confocal microscopy image using an in-house
developed software tool revealed that 93% of the rhodamine signal co-localizes with CD68
positive regions, confirming the visual impression of macrophage specificity. In sections of
the aorta that did not bear atherosclerotic plaques no rhodamine signal could be observed (see
Supporting Information, Figure S4).

Pharmacokinetics and biodistribution
The pharmacokinetics of 18-Gd, 37pA-Gd and Gd-micelles were determined by analysis of
blood drawn sequentially from mice injected with the agents. The half-life of 18A-Gd was
found to be 2.1 +/- 0.1 hours, 2.6 +/- 0.3 hours for 37pA-Gd and 2.4 +/- 0.3 hours for Gd-
micelles, with no significant difference between them, meaning the agents can be directly
compared. The biodistributions of 18A-Gd and 37pA-Gd at 48 hours are displayed in Figure
5, given as the percentage of the injected dose. As can be seen, the vast majority of the retained
dose is in the liver, with only a minor quantity in the spleen and negligible amounts in the lungs
and heart. The levels of agent found in the kidneys are high compared to many contrast agents,
but HDL is known to interact with these organs (24). The differences in biodistribution between
the two agents are not statistically significant.

Discussion
In this report, we compared the physical properties, in vitro macrophage interactions and in
vivo imaging efficacy of two different HDL-based MRI agents. Both contained apoA-I
mimicking peptides, one being 37pA, the other 18A. The physical properties of the two agents
are very similar, excepting a superior efficiency of lipid binding in the case of 37pA-Gd. In
terms of the in vitro properties, 18A-Gd appears to have a slight advantage. Macrophage efflux
measurements show 18A-Gd to interact with these cells to a greater extent than 37pA-Gd,
which is in agreement with previous studies by Davidson et al (22). It could be the case that
poor lipid binding properties are advantageous for interactions with macrophages, at least in
the case of efflux, giving the particle the flexibility to distort to accept cholesterol. We have
shown the agents 18A-Gd and 37pA-Gd to have receptor-like mediated uptake in vitro. 18A
and 37pA have both been shown by others to bind to proteins highly expressed on macrophage
cells (18,24), while we have recently shown HDL particles whose core is modified to contain
gold, iron oxide or quantum dot nanoparticles to be internalized into macrophage cells (25).
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Taken together, the evidence suggests that membrane proteins highly expressed on
macrophages allow the specific uptake of 18A-Gd and 37pA-Gd observed in vivo as part of a
receptor-mediated endocytic process.

The in vivo imaging properties of the two contrast agents are not significantly different, both
giving excellent enhancement in atherosclerotic plaque of apoE-KO mice at 24 hours post-
injection, as compared to pre-contrast imaging. Immunofluorescence performed upon excised
aortas of mice injected with 18A-Gd gave a similar level of co-localization with macrophages
as 37pA-Gd. The pharmacokinetics of the agents are interesting as they are relatively short and
correspond more to those observed for micellar agents (26) than for lipoproteins (t½ = 6 hours)
(27). This could be due to enhanced rate of clearance due to the negative charge of the particles
(28) (the gadolinium lipids have an overall negative charge). For studies of this sort, it is
preferable to acquire post-injection images at timepoints at least five times the half-life of the
contrast agent. As the half-life of the agents was around 2.5 hours, it might be that better contrast
in the aorta could occur in scans acquired at 12.5 hours post-injection. In terms of
biodistribution, both agents have very similar properties.

While increases in signal were observed in the aorta wall upon administration of the synthetic
HDL agents, it is important to note that hyperintense areas were found, such as in the top left
for both 18A-Gd and 37pA-Gd in Figure 3A. Additionally, there were sections of the aorta in
both the animals depicted in this figure that bore atherosclerotic plaques, but the increase in
signal was very small. As these agents are macrophage specific, this suggests that the
hyperintense plaques are macrophage-rich and thus bear hallmarks of vulnerable plaques.

Molecular imaging of cardiovascular disease is critical for the early detection and monitoring
of atherosclerosis. In the current study we present a low cost and potentially translatable agent
for the in vivo MR imaging of intra-plaque macrophages. Other groups have proposed iron
oxide based MR agents, which are desirable from both a safety (liver cells safely excrete iron)
and efficacy (strong T2* effects) point of view. However, clinical studies using Sinerem/
Combidex (Guerbet, France) reveal that this ultrasmall iron oxide particle must be administered
as an infusion to both increase efficacy and reduce toxic effects. Additionally, but importantly,
there are some serious limitations to imaging negative contrast caused by iron oxide in the
vessel wall (29). Therefore we feel that our agent may offer some significant advantages over
the alternatives that have been proposed. In addition, agents based on such peptides may be
re-routed to other molecular targets (30), so this platform is not limited to macrophage imaging.

In summary, the HDL-based, MRI-active contrast agents 18A-Gd and 37pA-Gd have been
extensively investigated as to their physical properties, in vitro macrophage interactions,
potential as in vivo molecular imaging agents for macrophages in atherosclerosis and their
excretion. The two agents have similar effectiveness with respect to in vivo imaging, however
the 18A particles exhibit better cholesterol efflux. Based on these findings and due to the fact
that the smaller 18A peptide is less expensive to manufacture we recommend the 18A peptide
be used for future investigations. We plan to continue to investigate 18A-Gd via testing in
rabbit models of atherosclerosis using clinical scanners and to create new molecular imaging
contrast agents based on this peptide.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic depiction of the agents used in this study. DMPC is dimyristoyl
phosphatidylcholine, Gd-DTPA-DMPE is gadolinium 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine diethylenetriamine pentaacetic acid and Rhod-PE is 1,2-dimyristoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) ammonium salt.
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Figure 2.
In vitro uptake of Cy5.5 labeled synthetic HDL agents in J774A.1 murine macrophages. Uptake
was assessed using an IVIS 200 fluorescent imaging system. A) Fluorescent images of cells
treated with 18A-Gd or 37pA-Gd, with 18A-Gd or 37pA-Gd and a tenfold excess of agent
without Cy5.5, untreated cells or treated with Gd-micelles. B) Quantified fluorescence of
macrophages compared with macrophages under competition-inhibition conditions and
untreated macrophages. Incubation conditions were 2 hours and 0.02 mM (by Gd) of agent. *
indicates p<0.01 as compared to the treated macrophage cells. C) Comparison of the uptake
of 18A-Gd and 37pA-Gd in macrophages and smooth muscle cells. D) and E) show the
quantified fluorescence of 18A-Gd and 37pA-Gd respectively, when incubated for 2 hours at
the indicated concentrations (the solid lines are logarithmic lines of best fit generated by a
Matlab program). Error bars are equal to one standard deviation and n=12 in all cases.
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Figure 3.
A) Representative MR images of the aorta of apoE-KO mice pre- and 24 hours post-injection
with 18A-Gd (left panels) and 37pA-Gd (right panels). B) Summary of the mean normalized
enhancement ratio (% NER) at 24, 48, 72 and 96 hours in the aorta walls of apoE-KO mice
injected with 18A-Gd or 37pA-Gd. Error bars are one standard deviation.
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Figure 4.
Confocal microscopy images of aortic tissue excised from an apoE-KO mouse injected with
the 18A-Gd agent 24 hours prior to excision. A - DAPI staining for nuclei (blue), B - the
rhodamine channel (red) indicating areas of 18A-Gd uptake, C - Alexa 647:CD68 staining for
macrophages (green) and D - merging the previous 3 images reveals the affinity of agent 18A-
Gd for macrophages (yellow).
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Figure 5.
Biodistribution of 18A-Gd and 37pA-Gd between the liver, spleen, lungs, heart and kidneys
at 48 hours given as the percentage of the injected dose. Error bars are equal to one standard
deviation and n=3 in each case.
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