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ABSTRACT: We report the development of potential theranostic
agents for cardiovascular disease that are based on high-density
lipoprotein-like magnetic nanostructures (HDL-MNS). The HDL-
MNS offer prospects for diagnosis via noninvasive magnetic
resonance imaging for anatomic detection and also serve as
effective cholesterol efflux agents to address atherosclerotic
vascular lesions. The HDL-MNS are synthesized by adding
phospholipids and the HDL-defining apolipoprotein A1 to the
surface of magnetic nanostructures (MNS) to mimic some aspects
of natural HDL particles. From a diagnostic perspective, HDL-
MNS show a 5 times higher contrast (r2 relaxivity up to 383 mM

−1

s−1) in magnetic resonance imaging (MRI) than commercially
available T2 MRI contrast agents (e.g., Ferumoxytol). Internal-
ization of HDL-MNS by macrophage cells was confirmed by transmission electron microscopy (TEM), energy dispersive X-ray
spectroscopy (EDX), inductive-coupled plasma mass spectrometry (ICP-MS), and successfully imaged via MRI. Also, the HDL-
MNS particles show capacity to induce cholesterol efflux (∼4.8%) from macrophage cells comparable to natural HDL (∼4.7%),
providing a pathway to prevent and treat cardiovascular disease via reverse cholesterol transport. The ability to image
macrophage cells that have internalized HDL-MNS along with the cholesterol efflux capacity demonstrates the potential of the
HDL-MNS particles as theranostic agents.

■ INTRODUCTION

Heart disease is one of the leading causes of death in the world
due to a lack of early detection and targeted therapy.1 The
mechanism largely responsible for the development of
cardiovascular disease is atherosclerosis, wherein excess fat
and cholesterol in the bloodstream accumulates in macro-
phages, resulting in the formation of plaques in the walls of
coronary arteries.2 Plaque rupture results in rapid clot
formation which partially or completely obstructs the flow of
oxygen rich blood to the heart, resulting in a heart attack.3

Targeted therapy is necessary to control plaque progression,
especially those plaques that are vulnerable to rupture, whereas
imaging of the atherosclerotic lesion is essential to monitor
plaque size and composition before and during therapy.4,5

Development of a “theranostic agent” that can diagnose
atherosclerotic plaques at an early stage while providing
therapeutic function by reducing plaque size is of great interest.
High-density lipoproteins (HDL), consisting of apolipopro-

tein A1 (apoA1) and phospholipids surrounding a core of
cholesteryl esters and triglycerides, are responsible for effluxing

cholesterol from lipid-laden macrophages in the periphery and
transporting it back to the liver, in the atheroprotective process
called reverse cholesterol transport (RCT).6 RCT is thought to
be a key mechanism protecting against cardiovascular disease.
Increasing the levels of HDL provides a promising therapeutic
approach to prevent and potentially reverse atherosclerosis by
augmenting RCT.7−9 However, most of the drugs to increase
HDL levels, as well as administration of apoA1 (reg or Milano)
have not demonstrated great results in clinical trials. Thaxton
and co-workers have reported on a bioinspired HDL
nanoconstruct with a gold nanoparticle core template as a
potential therapeutic agent due to its capability to bind and
efflux cholesterol from target cells.10−12 Fayad, Fisher, and co-
workers reported synthetic HDL type nanoparticles composed
of Gd-chelates and phospholipids to image and characterize
atherosclerotic plaque via magnetic resonance imaging
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(MRI).13−17 MRI is a preferred method of noninvasive imaging
due to its high spatial resolution, excellent soft tissue contrast
and lack of ionizing radiation, such as X-rays.18,19 Mulder,
Fayad, and co-workers reported HDL mimicking nanoparticles
capable to be imaged by computed tomography, magnetic
resonance, and fluorescence imaging by incorporation of gold
nanoparticles, iron oxide (FeO) nanoparticles, and quantum
dots, respectively.20,21 Synthetic HDL mimic composed of
PLGA, phospholipids, and quantum dots (QDs) or fluo-
rophores were reported for detection of atherosclerotic plaque
via optical imaging.22,23 Recently, Zheng et al.24 have shown the
ability of natural prebeta HDL mimic (CER-001) to target and
visualize the plaques in atherosclerotic patients via PET/CT
and contrast enhanced MRI as well as to enhance plasma
cholesterol efflux capacity in patients. However, all the reported
nanoconstructs either demonstrate diagnostic function with
very low (or no) cholesterol efflux capacity or lack imaging
capability. Moreover, recently cellular toxicity from Cd based
quantum dots and nephrotoxicity from Gd based MR agent
have been reported.25,26 There have been few reports of
theranostic nanoparticles that target plaque and show
diagnostic and/or therapeutic function but their formulation
does not mimic HDL.27,28 Hence, there are compelling
opportunities in the design of HDL-mimics that can provide
imaging as well as therapeutic function.
Herein we report the development of HDL-mimic

theranostic agents for cardiovascular disease that may be
capable of precise anatomic detection as well as early treatment
of cholesterol-rich atherosclerotic lesions. High-density lip-
oprotein-like magnetic nanostructures (HDL-MNS) were
synthesized by coating phospholipids and apoA1 onto magnetic
nanostructures (MNS) to mimic the surface composition of
natural HDL (Scheme 1). The MNS are composed of Fe3O4
nanoparticles, which are among the most common, biocompat-
ible T2 contrast agents for MRI. From the diagnostic
perspective, the HDL-MNS particles act as magnetic resonance
imaging (MRI) probes that can target and localize to
macrophages, the key cell type in atherosclerotic lesions. The
HDL-MNS particles display 5 times higher MR contrast (r2

relaxivity up to 383 mM−1 s−1) than a commercially available T2
MRI contrast agent (Ferumoxytol). From the therapeutic
perspective, the HDL-MNS particles show higher capacity to
induce cholesterol efflux (∼4.8%) from macrophage cells with
comparison made to natural HDL (∼4.7%). The internalization
of HDL-MNS particles by macrophage cells was confirmed by
TEM/EDS, ICP-MS, and later successfully imaged using MRI.
Hence, the HDL-MNS provide a pathway to potentially, detect,
prevent, and treat cardiovascular disease.

■ EXPERIMENTAL SECTION
Materials. DPPC and NBD-PC were purchased from Avanti Polar

Lipids. The apoA1 was purchased from Meridian Life Science. Alexa
Fluor 488 Protein Labeling Kit was obtained from Thermo Fisher
Scientific Inc. Cell culture supplies were purchased from Invitrogen
(Carlsbad, CA). [1,2-3H(N)]-Cholesterol (3H-cholesterol) was
obtained from PerkinElmer.

Synthesis of HDL-MNS. HDL-MNS particles were synthesized via
two approaches. In the first approach, oleic acid coated hydrophobic
MNS were dispersed in chloroform and incubated with neutral lipid
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Avanti Polar
Lipids, Inc.) dissolved in chloroform (25 mg/mL) for 30 min (weight
ratio MNS:DPPC = 1:3). The chloroform was evaporated and water
was added gradually. After sonication, DPPC coated MNS dispersed in
water were obtained. Later, DPPC coated MNS were incubated with
5-fold molar excess apoA1 and dialyzed, resulting in HDL-MNS A
particles (Scheme 1). In the second approach, the human apoA1 (1
mg/mL, Meridian Life Sciences) was incubated with 10-fold molar
excess of 8 nm of citrate coated MNS dispersed in 10 mM sodium
phosphate buffer (pH 7.8) for 4−6 h at room temperature. Next,
DPPC dissolved in ethanol (1 mg/mL) was mixed with the apoA1-
MNS solution in 20-fold molar excess and incubated for overnight
with gentle agitation. To eliminate unbound protein and lipids, the
solutions of HDL-MNS A and B were purified by dialysis using
Prewetted Spectra/Por 6 Dialysis Tubing (molecular weight cutoff, 50
kDa, Spectrum Laboratories, Inc.) in 10 mM phosphate buffer. The
HDL-MNS concentration was measured by ICP-MS (inductively
coupled plasma mass spectrometry). Particle size distribution and ζ-
potential of synthesized HDL mimic MNS were determined by
Malvern Zetasizer Nano ZS90Malvern, USA).

apoA1 and Phospholipid Binding. To determine the number of
apoA1 protein per HDL-MNS, fluorescently labeled apoA1 was
prepared using Alexa Fluor 488 Protein Labeling Kit (Thermo Fisher
Scientific Inc.) described in previous report.10 The number of apoA1
per HDL-MNS was calculated by comparing the fluorescence from
AF488-apoA1 HDL-MNS to the standard curve. The number of
phospholipids per HDL-MNS was analyzed in a similar manner, using
a commercially obtained fluorescently tagged lipid (NBD-PC).

Cell Culture. J774 cells were grown in RPMI-1640 medium
containing 10% FBS and penicillin/streptomycin (100 units/mL and
100 μg/mL, respectively). The cells were cultured at 37 °C with 5%
CO2 atm and plated in T75 flasks with the aforementioned media.

Cholesterol Efflux Assay. J774 macrophage cells were used as
murine cell culture model for cholesterol efflux to HDL-MNS. The
cells were seeded at 15 × 104 cells per well in 24-well plate and
cultured for 24 h. The next day, cells were washed with PBS and
incubated with 1 μCi/mL [1,2-3H(N)]-cholesterol for 24 h to label the
intracellular pools of cholesterol. After media was removed and
washing with serum-free media, cells were exposed to HDL-MNS for 4
h in fresh culture media. Serum HDL and purified apoA1 were
incubated with the cells as positive controls, and lipidated MNS (L-
MNS) and citrate coated MNS were used as negative controls for
comparison. At the end of efflux, cell media were collected with
vacuum filtration to remove floating cells and subjected to liquid
scintillation counting.

Cholesterol Binding Experiments. The cholesterol binding to
HDL-MNS was determined by using a fluorescent cholesterol
analogue (NBD-cholesterol). The NBD-cholesterol solution was

Scheme 1. Approach 1 To Synthesize HDL-MNS A Particles
Where Oleic Acid Coated Hydrophobic MNS Were First
Coated with a Neutral Lipid 1,2-Dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and Later Coated with
Apolipoprotein A1 (apoA1); In Approach 2, Hydrophilic
MNS Were First Coated with apoA1 and then Coated with
DPPC, Resulting in HDL-MNS B Particles
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prepared in dimethylformamide (DMF) with varying concentrations.
Fluorescence spectra of the solutions were measured after mixing 5 μL
of NBD-cholesterol in DMF with 10 nM HDL-MNS in PBS and
incubating for 20 min at room temperature. The solutions were excited
at 473 nm and scanned from 500 to 600 nm in 1 nm increments with 1
s integration times. The fluorescence intensity of NBD-cholesterol
solution without particles were used as control and subjected to
subtract the background signal. The fluorescence signal of NBD-
cholesterol was detected and increased at 550 nm upon cholesterol
binding, making the binding isotherm. As previously reported,10

equilibrium dissociation constants (Kd) were calculated by analyzing
the binding curves with “one site total binding” function.
Circular Dichroism Analysis. The structures of free form and

conjugated apoA1 on HDL mimic MNS under the same buffer
condition (10 mM sodium phosphate buffer) were analyzed by a Jasco
J-815 CD spectrophotometer (JASCO). The CD spectra of nano-
constructs were also subtracted from background CD of MNS (no
apoA1) in the same buffer.
MTS Assay for Cell Viability Test. J774 cells were plated at 2 ×

104 cells per well in a 96-well plate with 70−80% confluency. MTS (3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium) assay was used to quantify the cell viability
according to the protocol provided by the manufacturer (CellTiter 96
Aqueous One Solution Cell Proliferation Assay; Promega). Cells were
incubated with HDL-MNS at concentrations ranging from 0 to 350
μM for 24 h at 37 °C. Following treatment, cells were rinsed with PBS
buffer briefly and further incubated with 20 μL of MTS stock solution
into each well for an additional 1−4 h at 37 °C. The optical densities
were recorded at 490 nm, and background absorbance at 700 nm was
subtracted.
Measurement of r2 Relaxivity. The T2 relaxation times of HDL-

MNS in solution were measured at 37 °C using a Bruker mq60 NMR
analyzer (1.4 T, 60 MHz) equipped with Minispec V2.51 Rev.00/NT
software (Billerica, MA). T2 relaxation times were measured using a
simple spin echo (SE, t2_co_mb).
MR Imaging of Cell Pellets. J774 cells were plated at 8 × 106 cells

per well in a T75 flask with 70−80% confluency 1 day prior to particle
treatment. Cells were cultured in various concentrations (0.1, 0.3, 1,
and 3 μg/mL) of HDL-MNS and Ferumoxytol (commercially
available and FDA-approved iron product for MR imaging) for 24 h.
Untreated cells were used a control. Cell pellets were collected and
placed in straws without bubble. After arranged, the cell pellets were
imaged using 7 T Bruker Biospin MRI (Bruker Biospin, Billerica, MA).
Statistical Analysis. The unpaired two tailed student’s t test from

GraphPad Prism software (La Jolla, CA, USA) was used to analyze
data of cholesterol efflux test and cell viability assay. Statistical
significance was considered for significant for P ≤ 0.05.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of HDL-MNS. HDL-
MNS particles were synthesized via two approaches. In the first
approach, hydrophobic MNS were coated with DPPC and
followed by apoA1, and are referred to as HDL-MNS A
(Scheme 1). In the second approach, hydrophilic MNS were
first incubated with apoA1 followed by coating with DPPC,
termed HDL-MNS B (Figure 1). The particle size, hydro-
dynamic diameter, and ζ-potential are shown in Figure 1. Both
HDL-MNS particles showed average hydrodynamic diameter in
the range of 80−100 nm. To determine the number of apoA1
and phospholipid per HDL-MNS respectively, fluorescently
labeled apoA1 and phospholipids were utilized. Quantification
of apoA1 associated with HDL-MNS was done using Alexa
Fluor 488-labeled protein. Alexa Fluor 488 labeling was
performed according to the manufacturer’s protocol (Life
Technologies, Carlsbad, CA, USA), and purified by column
chromatography. The ζ-potential were found in the range of
−25 to −30 mV for HDL-MNS A and −14 to −17 mV for

HDL-MNS B. The difference in ζ-potential was found due to
the different number of apoA1 per HDL-MNS particle because
apoA1 is composed of a negatively charged hydrophilic
domain.29

The concentration and degree of labeling was determined
using absorbance measured at 280 and 494 nm. The protein
content (molar ratio) of the particles was calculated from the
intensity of fluorescence after dialyzing the HDL-MNS.10 As
compared the fluorescence signal of HDL-MNS to the standard
curve obtained from the known concentration of fluorescence
labeled protein, 2.5−3.2 apoA1 were found per MNS on
average for both HDL-MNS particles. The number of
phospholipids on MNS was analyzed with similar experiments
using commercially obtained fluorescently tagged phospholipid
(NBD-PC).10 From the fluorescence intensity, approximately
1280 molecules of lipid per MNS was found for HDL-MNS A
whereas the number was 148 for HDL-MNS B. Circular
dichroism was used to characterize the secondary structure of
apoA1 to confirm its cholesterol efflux ability (Figure S1).
Lipid-free apoA1 was used as a control. The similar α-helicity of
lipid-free apoA1 and apoA1 on HDL-MNS suggested that the
secondary structure of apoA1 in HDL-MNS was well preserved,
a key criterion for the cholesterol efflux process.

r2 Relaxivity Measurement of HDL-MNS. The MNS used
in the study have core size of 8 nm that shows super-
paramagnetic behavior.30,31 To determine the contrast enhance-
ment effect, r2 relaxivity of HDL-MNS of successive dilutions in
water was measured at 1.4 T with a frequency of 60 MHz.
Significantly high r2 relaxivity values (340 and 383.8 mM−1 s−1

for HDL-MNS A and B, respectively) were obtained, ∼5 times
higher than that for commercially available T2 contrast agent
Ferumoxytol (80 mM−1 s−1), as shown in Figure 2.32 The
higher relaxivity could be due to the multiple number of MNS
present in the cluster form in the HDL-MNS particle. It is well-
known that nanoclusters of MNS demonstrate higher r2
relaxivity than isolated MNS due to synergistic magnetism
produced by clusters.33 These high numbers indicate the MR
signal generated through the HDL-MNS particles can be 5
times stronger than Ferumoxytol. In other words, 5 times lower
administration dosages of HDL-MNS particles may be used for
the same MR signal as Ferumoxytol.

Figure 1. Characterization data for HDL-MNS A and B particles. (a)
Transmission electron microscopy (TEM) images and (b) hydro-
dynamic diameter, number of HDL component, the percentage of α-
helicity, and ζ-potential analysis.
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Analysis of Cholesterol Binding in Solution by HDL-
MNS. To investigate the potential therapeutic function of
HDL-MNS, we quantified the ability of the HDL-MNS
nanoconstructs to bind the fluorescently labeled cholesterol
analog NBD-cholesterol. NBD-cholesterol has minimal fluo-
rescence in polar environment but high fluorescence in
nonpolar environment. When NBD-cholesterol binds to HDL
and is incorporated into its lipid membrane, its fluorescence
signal increases, which directly correlates with concentration of
NBD-cholesterol bound. A cholesterol binding isotherm was
plotted from normalized fluorescence intensities and the
dissociation constant (Kd) for NBD-cholesterol binding to
HDL-MNS A and B was found to be 331.3 and 69.9 nM,
indicating very high binding affinity between HDL-MNS and
cholesterol (Figure S2). There have not been any reports
regarding Kd of natural HDL for comparison. However, the Kd
values of HDL-MNS were very similar to the Kd values of
HDL-Au nanoparticles (60−650 nM) reported by Thaxton and
co-workers.12

Determination of Cholesterol Efflux by HDL-MNS. The
atheroprotective action of HDL can be mainly attributed to its
ability to efflux cholesterol from lipid-laden macrophages,
termed foam cells, in atherosclerotic plaques.6 The J774 murine
macrophage cell was used to determine the cholesterol efflux
capacity of the HDL-MNS, using standard protocols. After
overnight labeling of the cells with [3H] cholesterol, ABCA1
was induced using cAMP. The cholesterol acceptors HDL-
MNS, serum HDL, or apoA1 were incubated with the cells for
4 h and the radioactivity of the culture media measured by a
liquid scintillation counter. Percent efflux was calculated as
described previously.10 The cholesterol efflux values from
HDL-MNS A and B were found to be 4.8% and 2.4%,

respectively. The efflux values from HDL-MNS A were higher
than that from apoA1 protein alone, and comparable with
natural HDL (4.7%), indicating the potential atheroprotective
nature of HDL-MNS particles similar as natural HDL (Figure
3).12 Lipidated MNS (L-MNS), synthesized by adding the

phospholipid DPPC to MNS in the absence of apoA1, and
citrate-stabilized MNS did not induce efflux, indicating that
apoA1 is essential for the cholesterol efflux to HDL-MNS.

Biocompatibility of HDL-MNS. The cytotoxicity of HDL-
MNS was evaluated using an MTS (3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-phenyl)-2H-tetra-
zolium) assay on J774 cells (Figure 4). It is a colorimetric assay

that determines the quantity of formazan end product, which is
directly proportional to the number of viable cells. The ratio of
absorbance in treatment wells to control was used to report
percent viability of cells. From the cell viability data of
macrophage cells, HDL-MNS were nontoxic up to 350 μM iron
concentration and can be used further for in vitro and in vivo
studies up to these concentrations.

In Vitro Localization Study of HDL-MNS. From the
diagnostic perspective, HDL-MNS internalized by the macro-
phage cells can potentially be used to image atherosclerotic
plaques via MRI. The cellular uptake was confirmed by TEM/
EDS of the HDL-MNS particles incubated with J774 cells for
24 h (Figure 5). Cells were fixed primarily with 2.5%
glutaraldehyde and 2% formaldehyde mixture. A postfixation
was done with osmium tetroxide. After dehydration by a series
of ethanol washes, the sample is embedded in resin.

Figure 2. (a) r2 relaxivity plot of HDL-MNS B particles measured at
1.4 T. (b) Comparison of r2 values of HDL-MNS A and B with
commercially available contrast agent; Ferumoxytol, and Ferumoxide.

Figure 3. Cholesterol efflux from J774 macrophage cell lines by HDL-
MNS. HDL-MNS show high percent efflux compared to apoA1 and
serum HDL treated at similar conditions. Lipidated-MNS and citrate
MNS samples did not induce efflux indicating the specificity.

Figure 4. Cell viability of HDL-MNS A and B in J774 murine
macrophage cell lines with the range of effective working
concentrations up to 350 μM [Fe] (incubation time: 24 h).
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Ultramicrotome sections were placed on a TEM grid and
images were taken. It was observed that the particles were
uptaken by endocytosis and localized in vesicular structures of
the cytoplasmic regions. EDS spectral and point scans show the
presence of iron confirming the presence of particles inside
cells. This result is different than the initial reports that suggest
HDL removes excess cholesterol from periphery of macro-
phages via SR-B1 receptors and delivers it to the liver.34

However, there have been several reports suggesting other
mechanism of cholesterol efflux from macrophages in which
cholesterol is transported to apoA1 by ABCA1 or by retro-
endocytosis via SR-B1 or ABCG1.35 The retro-endocytosis
involves endocytosis of HDL into the macrophage cells
followed by their resecretion after taking up cholesterol.36,37

In our case, internalization of HDL-MNS into the J774
macrophage cells suggests the possible mechanism of
cholesterol efflux to be retro-endocytosis.
In Vitro MR Imaging of HDL-MNS. T2-weighted MR

images of HDL-MNS were taken after incubation for 24 h in
J774 cells. HDL-MNS nanoparticles and Ferumoxytol
(commercial FDA-approved T2 contrast agent) were incubated
in J774 cells with various concentrations (0.1, 0.3, 1, and 3 μg/
mL) (Figure 6a). Cell pellets were collected and then imaged
using MR scan. Untreated cells were used as a control. T2-
weighted MR phantom images show a darker signal (decrease
in T2 relaxation time) with the increase of Fe concentration.
The relaxation time drop for HDL-MNS particles was
significantly higher than Ferumoxytol at similar iron concen-
trations, demonstrating higher contrast enhancement properties
of HDL-MNS. Fe ion uptake per cell was calculated via ICP-
MS of cell pellets used for MR imaging. Fe ion take up per cell
increased with increasing Fe concentration of HDL-MNS
samples treated with cells (Figure 6b). The internalization of
HDL-MNS particles was found to be lower than that of
Ferumoxytol. This could be due to the smaller hydrodynamic
size of Ferumoxytol compared to HDL-MNS particles. A
similar phenomenon has been reported previously where the
smaller size of nanoparticle showed higher internalization in
macrophages through scavenger-mediated phagocytosis com-
pared to the larger sized nanoparticles.38,39 Interestingly, even
though more uptake was found in case of Ferumoxytol, the
drop in T2 relaxation time for HDL-MNS particles was
significantly higher than that for Ferumoxytol at similar iron
concentration, demonstrating higher contrast enhancement
properties of HDL-MNS. It is important to note that the T2

signal of HDL-MNS in cells was found higher than in solution.
There are several important factors that may contribute to the
differences in signal intensities, namely the differing magnetic
field strengths (1.4 T for solution vs 7 T for cells), pH (neutral
for the solution vs slightly acidic in endosomes in cells), and
potential clustering of HDL-MNS in endosomes in cells
compared to being diffuse in solution.40 It should be noted that
the HDL-MNS signal was significantly higher than the
Ferumoxytol in both solution and when applied to cells, clearly
demonstrating the potential of HDL-MNS in comparison to
currently available agents.

■ CONCLUSION
We have developed non-invasive theranostic agents for
cardiovascular disease that may be capable of detecting as
well as early treating macrophage- and cholesterol-rich
atherosclerotic lesions. By mimicking some aspects of natural
HDL particles present in the body, we have synthesized
magnetic nanostructures functionalized with phospholipids and
apoA1 protein, termed HDL-MNS. From the diagnostic
perspective, the HDL-MNS particles show significantly higher
MR contrast enhancement than FDA approved Fe3O4 based T2
contrast agent Ferumoxytol. HDL-MNS particles internal-
ization by macrophage cells was confirmed by TEM/EDS and
ICP-MS, demonstrating the ability of HDL-MNS to label the
relevant cell type in atherosclerotic plaques. Macrophages that
had internalized HDL-MNS were then imaged using MR and
data showed a higher T2 contrast enhancement than
commercial T2 contrast agent, suggesting that the HDL-MNS
imaging capabilities are on par with or better than the currently
available agents. From the therapeutic perspective, HDL-MNS
demonstrate functional and structural characteristics similar to

Figure 5. TEM (transmission electron microscopy) and EDS (energy
dispersive spectrum) of HDL-MNS A taken up by J774 macrophage
cells. (a) Dark-field TEM low magnification TEM image. (b) High-
magnification image, (c) corresponding Fe-map (green), and (d) EDS
spectra confirm uniform distribution of HDL-MNS particles into J774
cells.

Figure 6. (a) T2-weighted MR images of cell pellets after incubation
for 24 h with HDL-MNS and Ferumoxytol (commercial FDA-
approved T2 contrast agent). T2-weighted MR images shows darker
signal (decrease in T2 relaxation time) with the increase of Fe
concentration. (b) Amount of Fe ion taken up per cell was measured
via ICP-MS of cell pellets and show increase in Fe uptake with
increasing Fe concentration. Interestingly, even though the more
uptake was found in case of Ferumoxytol, the drop in T2 relaxation
time for HDL-MNS particles was significantly higher than that for
Ferumoxytol at similar [Fe], demonstrating higher contrast enhance-
ment properties of HDL-MNS.
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natural HDL, namely their ability to bind and efflux cholesterol
from cholesterol-rich macrophages. In vitro, HDL-MNS did not
induce cytotoxicity in macrophages up to 350 μM iron,
implying the nanoconstructs should not demonstrate toxicity
when applied in an in vivo setting. Although we have
demonstrated the ability of the HDL-MNS to target macro-
phages, modulate cholesterol flux, and be internalized within
those cells, additional studies to test the targeting ability of
HDL-MNS in an in vivo setting need to be conducted before
moving forward with HDL-MNS as a potential theranostic
therapy for cardiovascular disease. Finally, HDL-MNS particles
provide further opportunities with regard to loading and
delivering therapies, such as anti-inflammatory drugs, to
macrophages located within established and developing
atherosclerotic vascular lesions.
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