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Abstract

Atherosclerosis is the disease mechanism responsible for coronary heart disease (CHD), the

leading cause of death worldwide. One strategy to combat atherosclerosis is to increase the

amount of circulating high density lipoproteins (HDL), which transport cholesterol from

peripheral tissues to the liver for excretion. The process, known as reverse cholesterol transport, is

thought to be one of the main reasons for the significant inverse correlation observed between

HDL blood levels and the development of CHD. This article highlights the most common

strategies for treating atherosclerosis using HDL. We further detail potential treatment

opportunities that utilize nanotechnology to increase the amount of HDL in circulation. The

synthesis of biomimetic HDL nanostructures that replicate the chemical and physical properties of

natural HDL provides novel materials for investigating the structure-function relationships of

HDL and for potential new therapeutics to combat CHD.
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Coronary Heart Disease and HDL

Coronary heart disease (CHD) remains the leading cause of death in the United States

despite therapeutic advances, and is now the leading cause of death worldwide [1,2]. The

most important underlying cause of CHD is atherosclerosis of the coronary arteries, the

vessels that supply blood to the heart and are therefore essential for supporting cardiac

function [1,3]. Atherosclerosis is a complex disease that results from the accumulation of

cholesterol in macrophage cells within the arterial wall [4,5].

Cholesterol, therefore, is a central molecule in CHD pathogenesis, and strategies to

modulate cholesterol levels in the body occupy a central role in CHD therapy [6].

Cholesterol is insoluble in aqueous solution and requires lipoprotein carriers for transport to

peripheral tissues from the liver, where it is synthesized, or the gut, where it is absorbed

[3,7]. Lipoproteins are a class of naturally occurring nanoparticles that solubilize lipids,

especially cholesterol, for systemic circulation [3,7]. Low density lipoproteins (LDL) carry

cholesterol from the liver to peripheral tissues [3,7]. In excess, LDLs increasingly adhere to

arterial walls, traverse the vascular endothelial cell barrier, deposit within the intimal layers

of the arterial wall, are oxidized, and initiate atherosclerosis [4,5]. Oxidized LDL is taken up

by invading macrophages forming pathognomonic foam cells at arterial sites prone to lesion

development [4,5]. Progressive vessel remodeling at these sites within the coronary arteries

promotes the development of CHD [5,8].

Many drugs have been developed to lower LDL-cholesterol (LDL-c) [9]. One particular

class of LDL-lowering medications, the hydroxymethylglutaryl CoA reductase inhibitors

(more commonly known as “statins”), have been shown to decrease CHD-related deaths

[10,11]. In one study, the risk of coronary death was reduced by 42% over the course of the

study [12]. However, the benefits of statin therapy must be weighed against potential side

effects such as muscle and liver toxicity that, in some cases, remove statins as a treatment

option [13–15]. Furthermore, despite the success of statins and other pharamacologic and

revascularization therapies designed to treat this devastating disease, [16], CHD remains the

most common cause of death in the world [2]. Thus, a clear need exists for additional

strategies to combat atherosclerosis.

LDL is only one of the molecules involved in cholesterol transport [3]. Another major

cholesterol-transporting molecule is high density lipoprotein (HDL) [3,7]. Multiple studies

show that levels of HDL are inversely correlated with incidence of CHD [3,17,18]. HDLs

are thought to be involved in a process known as reverse cholesterol transport (RCT),

removing cholesterol from the circulation and from developing atherosclerotic lesions, and

transporting it to the liver for biliary excretion [3,7]. In addition to removing cholesterol

from the body, HDL exerts other atheroprotective effects such as reducing inflammation of

the endothelium, preventing endothelial dysfunction, and acting as an antioxidant [17,19].

Accordingly, increasing levels of HDL in the blood represents a promising therapeutic

strategy to combat atherosclerosis [11,20].

In addition to therapeutic implications, HDL biology may have diagnostic implications as a

method for the early detection of atherosclerosis. Many deaths due to CHD occur without
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warning and with few prior symptoms [21,22]. Therefore, the imaging and early

identification of atherosclerotic plaques are of particular interest [23,24]. Molecular

imaging, or imaging done on the cellular level, is now possible due to advances in imaging

technology [23]. The development of novel computed tomography (CT) and magnetic

resonance imaging (MRI) contrast agents has made possible the detection of small changes

in specific tissues using non-invasive imaging techniques [23]. Combining these imaging

modalities with structures that mimic molecules involved in cholesterol transport, such as

HDL, may facilitate detection of changes in the arteries due to atherosclerosis and enable

early identification and treatment of atherosclerosis [23,24].

Relationship between natural HDL structure and function

HDL is a dynamic natural nanoparticle that is constantly being remodeled as it transports

and transfers cholesterol to cells and other lipoproteins [25]. Constant remodeling leads to

HDL heterogeneity, which has been shown to influence its function (Box 1 and Figure 1)

[17,19,26]. Natural HDL ranges in size from 6 to 13 nm in diameter and has a density of

1.063 to 1.210 g/mL [3,27].

Box 1

Formation of Different HDL Species

Apo AI, the main protein component of HDL, modulates the form and function of HDL

species [3,25] as supported by computational studies of nanodisc structure [53]. Initially,

Apo A1 is secreted from cells of the liver and small intestine free of phospholipids and

cholesterol [3,75]. Apo A1 acquires phospholipids and free cholesterol from cell

membranes through interaction with membrane-bound ATP binding cassette A1 receptor

(ABCA1) [3,7,17]. The HDL species formed is called nascent HDL and resembles a

phospholipid bilayer disk with two molecules of Apo AI wrapped around the disk in a

belt-like configuration [3,17,63]. Molecules of free cholesterol interdigitate the ~160

phospholipids present in the disc core [3,76]. Nascent HDL is the smallest, most

cholesterol-poor HDL subspecies [3].

Nascent HDL acquires free cholesterol through interaction with ABCA 1, another ATP

binding cassette receptor (ABCG1), and the scavenger receptor B1 (SR-B1) [3,7,17].

Maturing HDLs activate the enzyme lecithin:cholesterol acyltransferase (LCAT), which

esterifies free cholesterol bound by the growing HDL particle [3,17]. Esterified

cholesterol migrates to the center of the disk resulting in expansion and a more spherical

shape [3,17,77]. Another enzyme, cholesteryl ester transfer protein (CETP), mediates the

exchange of cholesteryl esters from HDL for triglycerides from triglyceride-rich

lipoproteins, such as LDL [17,78]. The hydrophobic triglycerides also move to the center

of HDL, maintaining the spherical shape [17]. During the remodeling process, there can

also be an exchange of Apo A1 proteins, and HDL species contain between two and four

proteins per particle [3,25,73]. The differential acquisition and movement of cholesterol

into versus out of nascent HDL contributes to its growth into spherical, mature HDL, and

this growth process accounts for the different subspecies of HDL (Figure 1) [3,17,77].
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It is being increasingly appreciated that all HDLs are not created equal. Studies demonstrate

that the size and composition of HDL can be the determining factor in the role HDL plays in

the body and influences its ability to exert atheroprotective effects [17,19]. Research shows

a strong correlation between different subpopulations of HDL and CHD [28]. Specifically,

Asztalos et al. reported that higher levels of α-3 and pre α-1 HDL particles are significantly

associated with CHD and that individuals with CHD had a significantly lower concentration

of α-1 HDL (Figure 1) [28]. Furthermore, the esterification of HDL-bound cholesterol,

which ensures that a free cholesterol gradient is maintained between cells and HDL for

RCT, occurs at different rates for different sizes of HDL [19,29]. There is also evidence that

large, cholesterol rich HDL particles, such as HDL2 (Figure 1), have higher levels of

antioxidant activity, another of the atheroprotective properties of HDL [30]. These findings

demonstrate the importance of size and composition on the ability of HDL to protect against

atherosclerosis and the notion that the most effective HDL therapeutic would ideally

increase the amount of those HDL species that are most atheroprotective. To fully

understand the structure-function relationship of HDL species and create novel HDL

therapeutics, a synthetic strategy for producing spherical HDLs is needed.

Current technologies for increasing HDL

Generally, two strategies for increasing HDL levels have been pursued. First, small-

molecule drugs have been developed that act on HDL metabolism and the RCT pathway to

increase levels of circulating HDL [18,26]. Second, several forms of HDL replacement

therapy have been studied [31,32]. Synthetic forms of HDL have been created by combining

known biological components of HDL, Apo A1 and phospholipids, to create structures very

similar to nascent HDL, termed reconstituted HDL (rHDL) [32–34]. In addition,

administration of different forms of Apo A1, including Apo A1 mutants (e.g. Apo A1

Milano) and peptides that mimic the class A amphipathic helices of Apo A1, have been

explored [31,35]. Administration of Apo A1 by itself has also been studied [36] but will

only be discussed in terms of complexation with phospholipids in this article.

Small-molecule drugs

One of the most effective small-molecule drugs for increasing HDL levels is niacin [36].

Human studies show that niacin reduces the advancement of atherosclerosis and decreases

cardiovascular events [36]. However, a significant side effect of niacin is dilation of the

blood vessels in the skin of the face and upper body accompanied by a burning sensation

[37]. This condition is known as flushing and limits tolerance and patient use [36,37].

Another class of small-molecule drugs being investigated is inhibitors of cholesteryl ester

transfer protein (CETP). Inhibition of CETP prevents cholesterol transport from HDL to

LDL, thus elevating HDL and HDL-cholesterol levels [36]. The most well-known CETP

inhibitor is torcetrapib [36,38]. Human studies with torcetrapib have demonstrated that the

drug increases levels of HDL compared to placebo [39–43]. However, torcetrapib was found

to have little to no ability to reduce atherosclerosis, caused undesirable side effects,

including increased blood pressure, and most importantly increased the risk of death in

treated patients [43–45].
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Two other CETP inhibitors are being studied, JTT-705 and anacetrapib. In human trials,

both increase levels of HDL while decreasing levels of LDL compared to placebo and do not

appear to have an effect on blood pressure [46–49]. The ability of these molecules to inhibit

atherosclerosis in humans is still unknown, though studies with JTT-705 in rabbits exhibited

mixed results for limiting the progression of atherosclerosis [36,50,51]. The long-term

effects of JTT-705 and anacetrapib as well as the potential of CETP inhibitors to decrease

atherosclerosis in humans remain to be seen.

HDL replacement therapies

Various methods exist for generating rHDL. These rely upon the amphipathic properties of

Apo AI for self-assembly [17,35]. In all of these methods, Apo AI participates in a self-

assembly process to form a disk-like structure very similar to nascent HDL [52,53]. There is

some control of the diameter of the rHDL disks by varying the ratio of the phospholipids

and Apo A1 [54,55]. rHDL particles range in size from approximately 7 to 13 nm, and

monodisperse rHDL can be obtained by chromatography or gradient ultracentrifugation

[17,33,54].

Numerous studies in animal models demonstrate the anti-inflammatory and anti-atherogenic

properties of rHDL [17,32,56]. Two studies in humans with rHDL have shown the potential

for using rHDL to treat atherosclerosis [57,58]. In the first study, no significant changes

were observed in plaque volume compared to the placebo for the lower dose of rHDL (40

mg/kg), [57]. However, the plaque characterization index, a composite measurement of the

characteristics of an atherosclerotic plaque as assessed by intravascular ultrasound, showed a

modest but statistically significant improvement in the rHDL group as compared to placebo

[57]. The highest dose of rHDL (80 mg/kg) was terminated due to elevations in

transaminase levels, a sign of abnormal liver function and possible liver toxicity [57,59].

The second study examined plaque from the peripheral vasculature after a single injection of

80 mg/kg of rHDL [58]. In this study, administration of rHDL compared to the placebo

resulted in a decrease in plaque lipid content, in the size of macrophage cells in the plaque,

and in the expression of vascular cell adhesion molecule-1, indicating a decrease in

inflammation [58]. Furthermore, enhanced in vitro cholesterol efflux to Apo B-depleted

serum was observed for treated versus untreated patient serum [58]. These clinical studies

demonstrate the therapeutic potential of increasing HDL levels through administration of

synthetic HDL. Perceived drawbacks to rHDL therapies are the requirement of intravenous

administration, the expense of producing rHDL, and limitations in the mass production of

rHDL [32,38].

A mutant of Apo A1, called Apo A1Milano, has also shown many beneficial anti-atherogenic

properties including the ability to efflux cholesterol from macrophage cells and a greater

capacity to protect phospholipids from oxidation compared to wild-type Apo A1 [56,60].

Apo A1Milano has been combined with phospholipids to generate rHDL. In a human clinical

trial, rHDL made with Apo A1Milano (ETC-216) that was administered weekly for 5 weeks

resulted in a 4.2% decrease in plaque volume compared to baseline values [61]. As with

rHDL made with wild-type Apo A1, studies of Apo A1Milano rHDL suggest that

administration of rHDL initiates plaque regression, and may be used to treat CHD [32]. The
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use of Apo A1Milano rHDL as a therapeutic also faces similar disadvantages to rHDLs

synthesized using wild-type Apo A1 [32]. Furthermore, rHDL species are restricted in the

ability to manipulate chemical composition, size, and shape [17,54,55]—factors that may

well impact therapeutic efficacy.

As an alternative to Apo A1 and rHDL, peptides that mimic the class A amphipathic helices

of Apo A1 have been developed [35]. The peptide that has received the greatest amount of

investigation is an 18 amino acid peptide that has been modified with different numbers of

phenylalanine (F) residues on the hydrophobic face [35]. Studies have shown that the

peptide 4F, which contains four phenylalanine residues, is the most biologically active,

reducing atherosclerotic plaque and inflammation in mice [31,35]. One study has been done

in humans. In this study, the peptide 4F made with D-amino acids (D-4F) caused a

significant improvement in the inflammatory index of HDL compared to placebo and had a

favorable side-effect profile [62]. This study shows that D-4F peptides may greatly enhance

the anti-inflammatory properties of HDL but does not provide any information about their

ability to decrease atherosclerosis and treat CHD. Further studies are needed to determine

the effectiveness of Apo A1 mimetic peptides in treating atherosclerosis in humans.

Replacement HDL therapies have been largely restricted to Apo AI alone, nascent rHDL

species, and Apo A1 mimetic peptides [31,38]. Less explored are more mature spherical

forms of HDL. This is due, in part, to the complexity of the biological steps required for

fabricating mature, spherical HDL species [52,63]. Biological maturation of discoidal rHDL

species to spherical ones requires enzymes and intermediates [52,54]. Current synthetic

routes provide no direct control over the final composition, presenting difficulties with

reproducibly synthesizing and purifying spherical HDL products [52,63]. With more data

emerging that indicate that size, shape, and composition of HDL largely dictates in vivo

function [19,26], it is imperative to develop methods that provide exquisite control over

these parameters. As such, new technologies are needed to generate synthetic, tailorable

HDL structures that can accurately mimic specific species of HDL in order to identify the

most optimal HDL mimics for treating atherosclerosis. In addition, the ability to modify

these structures for imaging purposes may enable early detection of vulnerable plaques and

decrease the occurrence of sudden coronary events.

Nanotechnology for synthetic HDL

Nanotechnology provides a new platform for the development of CHD therapeutics.

Inorganic nanoparticles provide a scaffold for creating synthetic structures that mimic

mature, spherical forms of HDL [64,65]. This approach provides a strategy for bypassing the

biological and self-assembly methods currently used to produce spherical HDL. One useful

inorganic nanoparticle platform for biological application is colloidal gold nanoparticles (Au

NPs).

Monodisperse colloidal Au NPs can be synthesized with precise control over size and shape

[66,67]. In addition, Au NPs can be surface functionalized with a myriad of biological

molecules including nucleic acids, proteins, lipids, and other small molecules [67–70]. Au

NPs generally appear to be non-toxic [71,72]; however, surface functionalities significantly

Luthi et al. Page 6

Trends Mol Med. Author manuscript; available in PMC 2014 June 30.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



impact the in vitro and in vivo behavior of nanomaterials [68]. Complete characterization of

Au NP cytotoxicity, biodistribution, and efficacy will be necessary for each nanoparticle

conjugate before an individual structure can be approved for use in humans.

Replacing the hydrophobic core of natural HDL with a Au NP has the potential to generate a

robust and stable structure that accurately replicates the size, shape, and surface chemistry of

mature spherical forms of HDL. Synthetic control over each of these parameters may allow

for a more detailed investigation of the structure-function relationship of HDLs as well as

provide access to particular properties of HDL. Furthermore, the Au NP core can be

replaced by other inorganic nanoparticles such as iron oxide nanoparticles (FeO NPs) or

quantum dots (QDs), lending additional capabilities (i.e., imaging) [64,69]. Overall,

nanoparticles constitute a modular system with great potential to create an array of HDL

mimetics with multimodal capabilities for detecting and treating CHD.

Synthetic HDL based on inorganic nanoparticles

Therapeutic

The first synthetic biomimetic HDL using a Au NP core (HDL Au NP) for therapeutic

purposes was demonstrated by the Thaxton and Mirkin groups [65]. A 5 nm diameter Au NP

was first surface-functionalized with Apo A1 and then two different phospholipids were

added to create the lipid layer (Figure 2). This HDL Au NP has both surface-chemical and

physical properties similar to that of natural HDL. The hydrodynamic diameter of the HDL

Au NPs measured by dynamic light scattering (DLS) is 18 ± 3 nm. Furthermore, each HDL

Au NP has 2 to 4 Apo A1 proteins and approximately 75 to 95 aminated phospholipids [65].

These values correlate well with those of natural mature spherical HDL [3,27,73].

In order to quantify a functional baseline for cholesterol binding to a synthetic HDL Au NP,

a fluorescently labeled cholesterol molecule, 25-[N-[(7-nitro-2-1,3-benzoxadiazol-4-

yl)methyl]amino]-27-norcholesterol (NBD cholesterol) that is minimally fluorescent in

aqueous environments and becomes highly fluorescent in lipid membranes (see [74]), was

employed to evaluate the ability of the HDL Au NP to bind cholesterol in solution. HDL Au

NPs were titrated with increasing concentrations of NBD cholesterol to develop a binding

isotherm. The dissociation constant, Kd, was calculated from the binding isotherm as 3.8 ±

0.8 nM for the HDL Au NPs [65]. Dissociation constants, even for natural HDL, have not

been reported in the literature. Accordingly, this value represents an initial baseline and

serves as a point of comparison for future biomimetic HDL structures. This study

demonstrates that biomimetic HDL Au NPs, with the size, shape, and surface chemistry of

natural HDL and cholesterol binding capabilities, have the potential to be used to raise levels

of circulating HDL acting as a novel therapeutic to treat atherosclerosis.

Imaging agent

Another example of HDL made with inorganic nanoparticles has been reported for imaging

purposes. Cormode et al. demonstrated the use of three different inorganic nanoparticles to

construct multi-modal imaging agents that mimic HDL (nanocrystal HDL) to image

macrophages in atherosclerotic plaque [64]. Gold nanoparticles (Au HDL), iron oxide

nanoparticles (FeO HDL), and quantum dots (QD HDL) were combined with Apo A1 and
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various phospholipids, including fluorescent and paramagnetic phospholipids, to create HDL

mimetic structures that can be imaged by computed tomography (CT), magnetic resonance

(MRI), and fluorescence (Figure 3) [64]. Control nanoparticles were also prepared using a

pegylated phospholipid (Au PEG, FeO PEG, and QD PEG). The Au HDL and QD HDL

both had ~3 Apo A1 proteins per nanoparticle, whereas the FeO HDL had ~4 Apo A1

proteins per nanoparticle. The sizes, as measured by TEM, were 9.7, 11.9, and 12.0 nm for

the Au HDL, FeO HDL, and QD HDL, respectively [64]. DLS and gel electrophoresis data

corroborated these values [64]. These analyses demonstrate that the nanocrystal HDLs

closely resemble spherical HDL in terms of size and composition.

The nanocrystal HDLs were studied with macrophage cells and in the Apo E −/−

atherosclerotic mouse model. Imaging of macrophage cells exposed to nanocrystal HDLs

demonstrated much greater uptake of the nanocrystal HDL compared to the PEG control

particles [64]. In the Apo E −/− mouse model, a significant change in MRI signal from the

aortic wall was observed for the nanocrystal HDLs compared to the PEG controls [64].

Fluorescence and CT imaging of appropriate nanocrystal HDLs also verified the absorption

of nanocrystal HDLs into the aorta wall compared to the PEG control particles [64]. This

work establishes the ability to use different inorganic nanoparticles to create structures that

accurately mimic natural HDL and can be employed to specifically image macrophage cells

in the wall of a mouse aorta. By accurately mimicking HDL, the nanocrystal HDLs can

potentially be used for the non-invasive diagnosis of atherosclerosis and CHD.

The studies reviewed above showcase the ability to use inorganic nanoparticles to create

synthetic structures that mimic natural HDL in size, shape, composition, and function. They

further highlight the importance and necessity of accurately mimicking natural HDL in order

to obtain desired specificity. The first example binds cholesterol in solution and has the

potential to be used as a therapeutic to combat atherosclerosis. The second example delivers

imaging modalities to macrophage cells for the purpose of imaging atherosclerotic plaque.

Without correctly mimicking natural HDL, it would be difficult to obtain the desired

specificity and perform either of these functions. These investigations indicate that

nanotechnology has the potential to provide synthetic control not available with existing

strategies employed to make replacement HDL and to generate synthetic structures that

accurately mimic natural spherical HDL.

Translational considerations

Questions remain regarding the in vivo safety and efficacy of inorganic nanoparticles for

treating atherosclerosis, CHD, and other diseases. Safety and efficacy concerns are not

unique to novel therapeutic or imaging agents under consideration for human use. Unique,

however, is the relative lack of experience that pharmaceutical companies and regulatory

agencies have with regard to evaluating and regulating nanoparticles. Furthermore, the

ensemble of nanoparticle platform, surface functionality(s), and internal functionality(s)

cooperates to dictate in vivo pharmacokinetics and efficacy such that each agent will require

individual detailed attention by investigators, interested industrial partners, and regulatory

agencies. Ultimately, successful application of nanotechnology to atherosclerosis and CHD

will require multidisciplinary collaboration.
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Concluding remarks

CHD is the leading cause of death in the world, and new strategies for the treatment of CHD

are needed. Novel nanotechnology constructs present promising therapeutic possibilities and

offer advantages that are lacking in current therapeutic strategies. Though the most widely

explored methods for augmenting circulating levels of HDL have demonstrated some

effectiveness clinically, administration requirements, synthetic challenges, and undesirable

side effects hinder their therapeutic potential. The use of nanotechnology to accurately

mimic natural HDL, thereby avoiding off-target effects and potentially imitating the

atheroprotective abilities of natural HDL, holds great promise for creating a therapeutic to

combat atherosclerosis. The synthetic processes used to create synthetic HDLs with an

inorganic nanoparticle core provide control that may allow investigation of the structure-

function relationship of HDL and identify the synthetic HDL structure most effective for

reversing atherosclerosis and treating CHD. In addition, the inclusion of imaging modalities

or other molecules lends the ability to generate multimodal structures with additional

functionalities. The novel capabilities presented by nanotechnology hold great promise for

improving the treatment of atherosclerosis and CHD.
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Box 2

Outstanding Questions

• Will inorganic nanoparticle based HDL absorb cholesterol in vivo and transport

it to the liver according to the RCT pathway?

• If inorganic nanoparticle based HDLs do transport cholesterol in vivo, will they

be effective at removing cholesterol from foam cells and decreasing or reversing

the formation of atherosclerotic plaque?

• Do inorganic nanoparticle based HDLs require intravenous injection, or can

they be dosed orally?

• What is the stability and lifetime of the inorganic nanoparticle based HDL in

vivo? Does it accumulate in the body, in a particular tissue? How is it degraded

and/or excreted?

• Are there any side effects or toxicity related to inorganic nanoparticle based

HDL?
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Figure 1. Growth of HDL from lipid-free Apo A1 to mature, spherical HDL
Lipid-free Apo A1 acquires phospholipids and cholesterol from cells through ABCA1 to

form nascent HDL. Further interaction with ABCA1, as well as ABCG1 and SR-B1, provide

nascent HDL with additional free cholesterol. The protein LCAT esterifies free cholesterol

forming cholesteryl esters. Another protein, CETP, transfers cholesteryl ester from HDL in

exchange for triglycerides. The conversion of free cholesterol into cholesteryl esters and the

acquisition of triglycerides lead to the formation of spherical HDL species. Initially,

spherical HDLs are small and lipid-poor. These are called HDL3a, HDL3b, and HDL3c. As

HDL continues to grow, large, cholesterol-rich HDLs are generated, which are termed

HDL2a and HDL2b. When classified using two-dimensional gel electrophoresis, nascent

HDL occurs as pre-β HDL while HDL3 and HDL2 are found to be α or pre-α HDL [25,27].

Apo A1 – red and orange, phospholipids – blue, cholesterol and cholesteryl esters – green,

and triglycerides – yellow.
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Figure 2. Synthesis of biomimetic HDL using a Au NP core for use as a therapeutic
Citrate stabilized Au NPs 5 nm in diameter were surface-functionalized with Apo A1 and

then with two phospholipids, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[3-(2-

pyridyldithio)propionate] (yellow) and 1-2-dipalmitoyl-sn-glycero-3-phosphocholine

(green). This HDL mimetic demonstrated tight cholesterol binding with a Kd of 3.8 ± 0.8

nM [65]. Reprinted from Journal of the American Chemical Society with permission from

the American Chemical Society.
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Figure 3. Synthetic HDLs with a nanocrystal core for imaging atherosclerotic plaque
(a) Representations of the three nanocrystal HDLs. All three nanocrystal HDLs have Apo

A1 on their surface to mimic natural HDL. The Au HDL has a Au NP core that is suitable

for CT imaging and phospholipids modified with gadolinium (Gd) and rhodamine (Rhod)

for MRI and fluorescence imaging, respectively. The FeO HDL contains a FeO nanoparticle

core that is useful for MRI as well as Rhod-modified phospholipids for fluorescence

imaging. The QD-HDL has a quantum dot core for fluorescence imaging and Gd-modified

phospholipids for MRI. (b) Synthesis of the nanocrystal HDLs. 1. The phospholipids,

myristoyl hydroxy phosphatidylcholine (MHPC), gadolinium dimyristoyl

phosphoethanolamine diethylenetriamine pentaactic acid (Gd-DTPA-DMPE), and

dimyristoyl phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) ammonium salt

(Rhod-DMPE) were first added to the nanoparticles. 2. Apo A1 was added to the solution

for incorporation into the phospholipid layer. 3. Ultracentrifugation was used to purify the

nanocrystal HDL. These HDL mimetics demonstrated specificity for macrophage cells in
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vitro and in vivo and showed potential for imaging these cells through either MRI, CT, or

fluorescence imaging [64]. Reprinted from Nano Letters with permission from the American

Chemical Society
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