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Abstract

Gold nanoparticles (Au NPs) were employed as templates to synthesize spherical, high-density

lipoprotein (HDL) biomimics (HDL Au NPs) of different sizes and surface chemistries. The effect

of size and surface chemistry on the cholesterol binding properties and the ability of the HDL Au

NPs to efflux cholesterol from macrophage cells were measured. Results demonstrate that Au NPs

may be utilized as templates to generate nanostructures with different physical characteristics that

mimic natural HDL. Furthermore, the properties of the HDL Au NPs may be tailored to modulate

the ability to bind cholesterol in solution and efflux cholesterol from macrophages. From the

conjugates tested, the optimum size and surface chemistry for preparing functional Au NP-

templated HDL biomimics were identified.
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Coronary heart disease (CHD) is the leading cause of death worldwide and is caused in large

part by atherosclerosis.1–3 Atherosclerosis results from excess cholesterol circulating in the

blood stream.2, 4 At the cellular level, macrophages situated within the intimal layers of the
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arteries consume cholesterol and form foam cells, which initiate and drive the formation of

atherosclerotic plaques.2, 4 Continued cholesterol accumulation, among other factors,

eventually decreases plaque stability, and the rupture of unstable atherosclerotic plaque

causes myocardial infarction or stroke.2, 4

Cholesterol is transported by naturally occurring nanoparticles known as lipoproteins.3, 4

Specifically, low-density lipoproteins (LDL) are the main carriers of cholesterol in the

human body.3 High circulating levels of cholesterol-rich LDLs promote atherosclerosis and

CHD.2, 4, 5 Lowering LDLs is the most common therapeutic strategy for CHD, but it has not

been able to adequately relieve the disease burden.4, 6 Conversely, high-density lipoproteins

(HDL) show an inverse correlation with incidence of CHD.3, 7 Thus, raising HDL represents

another therapeutic strategy. One mechanism by which HDL protects against atherosclerosis

is thought to be reverse cholesterol transport (RCT), the process by which HDLs take up

cholesterol from macrophages for transport to the liver for biliary excretion.8, 9

Direct administration of reconstituted HDL (rHDL) represents a promising therapeutic

strategy for CHD.8, 10, 11 Reconstituted HDLs mimic the size and discoidal shape of

immature nascent HDL, and their syntheses are well established.8, 12 However, the synthesis

of mature spherical HDL species is more difficult. Spherical structures can be synthesized

by incubating rHDL with LDL and the enzyme lecithin cholesterol acyl transferase.12, 13

However, biosynthetic strategies for producing spherical mimics of HDL are limited with

regard to scalability and the ability to rationally manipulate HDL surface chemistry. As

such, spherical HDL structure, structure-function relationships, and therapeutic potential

have been less studied than rHDL.14–17

The heterogeneity of natural HDL species with regard to form, composition, and function

provide compelling reasons to develop synthetic routes to mature spherical HDL. Spherical

HDL constitutes the majority of HDL in circulation,17 and studies have shown that the level

of large spherical HDL species specifically inversely correlates with the incidence of

CHD.18 Patients with CHD have lower levels of α-1 and α-2 HDL, the larger, spherical

species, and higher levels of α-3 and pre-β-1 HDL, the smaller species.19, 20 Furthermore,

HDL is believed to have other atheroprotective properties beyond RCT such as being anti-

inflammatory and anti-oxidative.18, 21 There is evidence that these properties vary for

different species of HDL; however, little is known regarding how the properties of different

HDL species contribute to the development and progression of atherosclerosis.18 Finally, a

bottom-up synthetic route to spherical HDL provides an opportunity to control cholesterol

content, in effect, rendering the biomimetic HDL cholesterol-poor and disposing it to

maximal cholesterol sequestration. Thus, the tailored synthesis of monodisperse, spherical

HDL allows the investigation of cholesterol transport mechanisms utilized by spherical HDL

species and provides a tool to study the structural characteristics of HDL that optimize

atheroprotection.

Chemistry provides the opportunity to control the assembly of scalable and tunable bio-

inorganic nanostructures. Inorganic nanoparticles can be modified with a variety of

biological and organic ligands22 including nucleic acids,23–29 proteins,30–32 peptides,33, 34

and polymers.35, 36 Previously, we demonstrated the use of a gold nanoparticle to synthesize
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an HDL biomimic (HDL Au NP).37 Initial work showed that HDL Au NPs sequester a

fluorophore-labeled cholesterol analog (25-[N-[(7-nitro-2-l, 3-benzoxadiazol-4-yl)methyl]

amino]-27-norcholesterol (NBD cholesterol), Kd = 3.8 nM) and were similar to natural

spherical HDL species in size, shape, and surface composition, pointing to the therapeutic

potential of such structures.37 Other groups have utilized nanoparticle scaffolds, including

gold nanoparticles, to synthesize spherical HDL biomimics for imaging atherosclerotic

plaque.38–41 In addition, our group recently demonstrated the use of HDL Au NPs for

nucleic acid delivery.42 In this work, we investigate the effect of core size and surface

composition on HDL Au NP function and show that these parameters may be altered to

manipulate cholesterol efflux to HDL Au NPs. From these studies we identify an optimal Au

NP size and surface composition for synthesizing biomimetic HDL.

Results

Synthesis and Characterization of the HDL Au NPs

HDL Au NP constructs were synthesized with different core sizes and surface modifications.

As natural HDL varies in size from 7 to 13 nm in diameter,3, 43 we purchased 5 and 10 nm

diameter colloidal gold nanoparticles (Au NP) as templates to synthesize the HDL

biomimics. Though 5 and 10 nm diameter Au NPs were purchased, size analysis by TEM

showed that the diameters were actually 6 ± 1 and 8 ± 1 nm, respectively (Figure 1). The

main surface components of natural HDL, apolipoprotein AI (Apo AI) and phospholipids,

specifically phosphatidylcholines, were added to the surface of the Au NP templates. To

assess the functional consequences of Apo AI, constructs were also synthesized without Apo

AI. A sulfhydryl modification to Apo AI (Apo AI-SH) was utilized to conjugate Apo AI to

the surface of the Au NPs, as thiols have a strong affinity for Au.22, 44 Three different

phospholipids were used to generate different surface compositions on the HDL Au NPs

(Scheme 1). First, an HDL biomimic was synthesized with 1,2-bis(16-

mercaptohexadecanoyl)-sn-glycero-3-phosphocholine (L16SH) to generate a phospholipid

monolayer on the Au surface. This lipid has a structure similar to the common natural

phospholipid, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), but with sulfhydryl

groups in place of the methyl groups at the ends of the fatty acid tails. This enables direct

attachment to the Au NP through the tails. The second HDL biomimic utilizes two

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

phyridyldithio)propionate] (PDP PE) and DPPC. The disulfide functional group of PDP PE

provides a means of conjugation to the Au NP surface while DPPC generates a capping

layer to create a water-soluble construct. In total, different combinations of the

phospholipids and Apo AI yield eight unique Au NP constructs (Scheme 1).

HDL Au NPs were characterized in terms of stability, diameter, and Apo AI composition.

Monitoring the surface plasmon band (SPB) of the Au NP provides an indication of the

stability of the Au NP after surface modification. Disperse gold nanoparticles exhibit a

characteristic SPB in the ultraviolet-visible (UV-Vis) spectrum around 520 nm and appear

red in color.22, 24 On the other hand, aggregated gold nanoparticles appear purple and

exhibit a red-shifted SPB.22 Each solution of HDL Au NPs synthesized for this study was
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indefinitely stable in solution as demonstrated by their red color and a measured SPB of

~520 nm (Supporting Information Figures S1 and S2).

Transmission electron microscopy (TEM) was employed to determine the size and surface

functionalization of the HDL Au NPs. Solutions of HDL Au NPs and Au colloids were dried

on carbon-coated copper grids and stained with uranyl acetate. Uranyl acetate is a negative

stain and the phospholipids are visible as white rings around the Au NPs (Figure 2 and

Supporting Information Figure S3).45, 46

In general, an increase in the diameter was observed after addition of Apo AI-SH and the

phospholipids, a reflection of surface functionalization (Figure 1). For both 6 and 8 nm

cores, different phospholipid attachment chemistries resulted in HDL Au NPs of different

sizes. In the case of both PDP-PE and DPPC addition to form a phospholipid bilayer, the

HDL Au NPs assume a larger diameter than the monolayer HDL Au NPs. The staining

clearly demonstrates this difference in lipid layer thickness. When a monolayer is added to

the Au NP the diameter increases by 4–5 nm and when a bilayer is formed the diameter

increases by 8–12 nm. The shell of natural lipoproteins is a lipid monolayer reported to be 2

nm thick, which substantiates the 4–5 nm increase when a monolayer is added to the Au

NP.47 Structural data obtained for discoidal rHDL suggest that rHDL is a phospholipid

bilayer disc with Apo AI wrapped around the disc in a belt-like fashion.15 The rHDL discs

are 4–5 nm wide, which supports the bilayer arrangement of phospholipids on the HDL Au

NP and the resulting overall size increase of 8–12 nm.12, 47

Apo AI-SH addition to the phospholipids does not result in a significant increase in

diameter. This is consistent with the snorkel model of Apo AI interaction with

phospholipids, which proposes that Apo AI nestles in the phospholipids such that the

nonpolar face of the Apo AI α-helices interacts with the phospholipid tails while the polar

face interacts with the charged head groups and solvent.48 Thus, the nestling of Apo AI in

the phospholipid layer would not be expected to lead to a large increase in size. In addition,

there is only a small difference, 1–4 nm, in diameter between HDL Au NPs with the same

surface composition but synthesized using a different size of Au NP template. Thus, the

measured 2 nm difference in template core size correlates well with the small difference in

HDL Au NP conjugate size when using different templates.

Drying effects and uranyl acetate staining may affect the diameter of the HDL Au NPs

measured by TEM. Thus, dynamic light scattering (DLS) was also used to measure the

hydrodynamic diameter of the HDL biomimics (Figure 3). The DLS measurements correlate

with the TEM data. They show the difference in thickness between the monolayer and

bilayer lipid functionalizations, and little change in size after the addition of Apo AI-SH.

Overall, the sizes of the HDL Au NPs are comparable to those of mature spherical HDLs.43

Fluorophore-labeled Apo AI-SH was used to quantify the number of proteins per HDL Au

NP. The HDL Au NPs were synthesized with fluorophore-labeled Apo AI-SH. After

synthesis the Au NP template was dissolved to remove any fluorescence quenching by the

Au NP, and the concentration of Apo AI-SH on the Au NP was determined using a standard

curve of fluorophore-labeled Apo AI-SH. HDL Au NPs with a 6 nm core have 2 ± 1 Apo
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AI-SH while the 8 nm core HDL Au NPs contain 7 ± 4 Apo AI-SH for the monolayer and 4

± 2 for the bilayer surface modifications. The increase in number of Apo AI-SH on the

larger core is reasonable given the increase in surface area. Furthermore, the number of

proteins on the HDL Au NPs of both core sizes is in agreement with the number of Apo AI

on HDLs purified from human serum as they have been shown to contain 3–7 Apo AI

molecules.17 After characterizing the some of the key physical properties of the HDL Au

NPs, we investigated their cholesterol sequestration properties.

Analysis of Cholesterol Binding in Solution by the HDL Au NPs

The ability of the HDL Au NPs to bind cholesterol in solution was analyzed using

cholesterol with a fluorophore label. NBD cholesterol is minimally fluorescent in polar

environments but becomes fluorescent in nonpolar surroundings such as a phospholipid

layer.49 This cholesterol analog has been studied extensively and reportedly mimics the

behavior of natural cholesterol.49 For all of the HDL Au NPs, NBD cholesterol binding

parameters were determined by incubating the constructs with increasing concentrations of

NBD cholesterol, measuring the fluorescence, and generating binding isotherms.

Two binding parameters were used to evaluate cholesterol binding. The dissociation

constant (Kd) is the concentration at which half of the ligand is bound at equilibrium.50 This

value is larger for HDL biomimics synthesized using an 8 nm core when comparing

constructs with the same surface chemistry (Table 1). The measured Kd is approximately an

order of magnitude larger for the bilayer than for the monolayer surface functionalization for

HDL Au NPs with the same core size. There is no significant difference in Kd when Apo

AI-SH is present or absent from the HDL Au NPs.

The maximum specific binding (Bmax) provides information on the capacity of the construct

to bind cholesterol.51 The same trends were observed for Bmax as found for Kd. When

comparing constructs with the same surface modification, Bmax is larger for constructs with

an 8 nm core than a 6 nm core (Table 2). For HDL Au NPs with the same core size, Bmax is

more than 10-fold greater for the bilayer than for the monolayer surface chemistry. The

presence or absence of Apo AI-SH does not appreciably change Bmax values as they are

similar for HDL Au NPs with and without Apo AI-SH and having the same core size and

phospholipid modification.

Determination of Cholesterol Efflux by the HDL Au NPs—Having quantified the

ability of each of the HDL Au NPs to bind cholesterol in solution, we sought to establish

how these binding parameters translate into relevant cell culture models of free cholesterol

efflux. Additionally, we compared the synthetic HDL biomimics to known cholesterol

acceptors, namely Apo AI and human serum derived HDL. Human and murine macrophage

cells enriched with free cholesterol and radiolabeled cholesterol (3H-cholesterol) were used

to compare the ability of the HDL biomimics to efflux cholesterol. HDL Au NPs were

incubated with the cells for 48 hours in the presence of an LXR agonist, which increases the

expression of cholesterol efflux receptors on the cell surface.52, 53 Treating the cells with an

LXR agonist generated more robust cholesterol efflux (see Supporting Information Figures

S4 and S5 for efflux without LXR agonist treatment). The concentrations of purified Apo
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AI, natural HDL and 6 nm core HDL Au NPs were normalized to contain the same

concentration of Apo AI. When testing the cholesterol efflux dose response to 8 nm core

HDL Au NPs, we found that maximum cholesterol efflux occurred at an HDL Au NP

concentration that was lower than for constructs synthesized with a 6 nm core (Supporting

Information Figure S6). Thus, to ensure the maximum amount of cholesterol efflux to all

acceptors, a lower concentration of 8 nm core HDL Au NPs was used. The concentration of

HDL Au NPs without Apo AI-SH was normalized to the same Au NP concentration as the

HDL Au NPs with Apo AI-SH.

In general, HDL Au NPs with a phospholipid monolayer display little to no ability to efflux

cholesterol from macrophage cells while HDL Au NPs functionalized with a phospholipid

bilayer having the same core size and Apo AI-SH content cause significantly more

cholesterol efflux (P < 0.05, Figure 4). Cells treated with HDL Au NPs without Apo AI-SH

also exhibit very little cholesterol efflux. Inclusion of Apo AI-SH in the surface

functionalization results in enhanced cholesterol efflux, ranging from 2- to 40-fold

depending on the core size and phospholipid covering. The addition of Apo AI-SH has a

much greater effect when a phospholipid monolayer is used compared to a bilayer.

Furthermore, constructs with an 8 nm core elicit less cholesterol efflux than constructs with

a 6 nm core and the same surface modification. Since increasing the concentration of the 8

nm core HDL Au NPs was found to decrease cholesterol efflux, the effect of different core

sizes on cholesterol efflux is due to the HDL Au NP and not the difference in treatment

concentration. Similar trends were observed with murine (J774) macrophage cells

(Supporting Information Figure S7).

With respect to purified natural HDL and Apo AI, many of the HDL biomimics cause

cholesterol efflux on the same order of magnitude as one of these two natural molecules.

Three of the HDL Au NPs generate cholesterol efflux similar to Apo AI: 6 nm core with a

bilayer, 8 nm core with Apo AI-SH and a monolayer, and 8 nm core with a bilayer. The 6

nm core with Apo AI-SH and a monolayer and the 8 nm core with Apo AI-SH and a bilayer

efflux similar percentages of cholesterol as natural HDL. The 6 nm core with Apo AI-SH

and a bilayer effluxes significantly more cholesterol than any of the other treatments

including natural HDL at the concentrations used (P < 0.05). Similar results of cholesterol

efflux were obtained for murine macrophage cells (Supporting Information Figure S7).

In order to determine if the 6 nm core HDL Au NPs with Apo AI-SH and a phospholipid

bilayer efflux cholesterol via mechanisms utilized by natural HDL, we conducted a

competition experiment. Macrophages were treated with HDL Au NPs and increasing

concentrations of human HDL. The data show that as the concentration of human HDL

included in the media increased, the amount of 3H-cholesterol effluxed to and bound by the

HDL Au NPs decreased (Supporting Information Figure S8). The decrease in the cholesterol

bound by the HDL Au NPs indicates that natural HDL competes with the HDL Au NP as an

acceptor of cholesterol and suggests that HDL Au NPs employ similar pathways as natural

HDL to efflux cholesterol from macrophages.
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Discussion

In this work we utilized a gold nanoparticle template to synthesize HDL biomimics and

investigated the effect of template size and surface chemistry on cholesterol binding and

efflux in cell culture models. Characterization of the HDL Au NPs indicates that all of the

constructs mimic the general physical and structural properties of natural HDL.3, 17, 43 TEM

analysis of the Au NPs showed that the sizes were 6 ± 1 and 8 ± 1 nm in diameter. This

subtle difference in template size has a small but measureable impact on the final size of the

constructs and a clear effect on the functional properties of the HDL Au NPs.

The binding parameters Kd and Bmax were utilized to characterize the ability of the HDL Au

NPs to sequester cholesterol in solution. HDL Au NPs with a monolayer of phospholipids

have a lower Kd and a lower Bmax than constructs with a bilayer indicating that they bind

cholesterol more tightly than bilayer biomimics but to a lesser overall extent (Tables 1 and

2). We hypothesize that the lower Kd and Bmax values are a result of the reduced

phospholipid layer thickness and also the method of attachment of the phospholipids. In the

case of the monolayer, both fatty acid tails of the phospholipid are attached to the Au NP

surface, which limits the thickness and mobility of the phospholipid monolayer. This results

in less total cholesterol bound but a tighter complex, which are reflected by the lower Kd and

Bmax values. Indeed, the data suggest minimal cholesterol is bound by the monolayer

constructs. In contrast, only the inner phospholipid layer is attached to the Au NP for the

HDL biomimics functionalized with a bilayer and the attachment is via the phospholipid

head group. This generates a thicker phospholipid layer with greater mobility and may

contribute to the observed increase in Kd for the bilayer constructs. Furthermore, the

increased thickness of the phospholipid bilayer sequesters more cholesterol as demonstrated

by a larger Bmax.

In general, the addition of Apo AI-SH to the HDL Au NP does not greatly change the

measured Kd and Bmax for cholesterol in solution. For most of the constructs there is a small

increase in the values when Apo AI-SH is present. Apo AI is a protein consisting of

repeating amphipathic α-helices.54 In general, one face of each α helix is nonpolar while the

other is polar.48, 54 Studies show that the nonpolar faces of the α helices interact with the

phospholipid tails while the polar portions interact with the phospholipid head groups and

are exposed to solvent.48 The small increase in Kd may be accounted for by the interaction

of Apo AI with the phospholipids on the Au NP. This interaction may decrease the

hydrophobic interactions between the phospholipids that lead to cholesterol binding and

therefore decrease the binding strength. Moreover, the protein may create additional sites in

which cholesterol can be sequestered, thus increasing the cholesterol carrying capacity as

indicated by a larger Bmax. However, as the binding parameters are very similar with and

without Apo AI-SH, any changes to the phospholipid layer by Apo AI have minimal effect

on the ability of the HDL Au NPs to bind cholesterol in solution.

The results show that the core size of biomimetic HDL Au NPs is an important factor for

cholesterol binding. Increasing the size of the Au NP core from 6 to 8 nm led to an increase

in the Kd and Bmax, indicating a significant decrease in cholesterol binding strength but a

significant increase in binding capacity. This behavior was observed for each of the surface
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chemistries explored, both monolayer and bilayer, and with and without Apo AI. Since the

overall size of the constructs does not significantly change by increasing the template core

size, the difference in cholesterol binding and capacity is not simply due to a difference in

surface area. The difference in radius of curvature of the core likely affects the adsorption

and packing of phospholipids on the Au NP surface, and thus, may affect the ability of the

constructs to bind cholesterol.

The cell culture experiments clearly demonstrate the contribution of phospholipid surface

chemistry and the importance of Apo AI on the ability of HDL Au NPs to mimic natural

HDL. Despite the lack of Apo AI, the 6 nm core HDL Au NP with a bilayer demonstrates

cholesterol efflux equal to that of purified Apo AI while the same core with a monolayer

exhibits no cholesterol efflux. This result shows that the efflux is a result of the difference in

phospholipid surface chemistry and not just the presence or absence of Apo AI.

Furthermore, inclusion of Apo AI-SH on the HDL Au NP increases the amount of

cholesterol efflux by at least two-fold for the bilayer HDL Au NPs and more than 10-fold

for the monolayer surface compositions. This is expected, as Apo AI is known to be

important for interacting with cell surface proteins responsible for cholesterol efflux, such as

the ATP-binding cassette transporters A1 (ABCA1) and G1 (ABCG1) and the scavenger

receptor class B type I (SR-BI).55 Significantly, an LXR agonist was used to increase the

expression of ABCA1 and ABCG1,52, 53 which resulted in greater efflux to cholesterol

acceptors, particularly HDL Au NPs with Apo AI-SH. The increase in efflux indicates that

HDL Au NPs with Apo AI-SH are able to access cholesterol through active efflux

pathways.56 In particular, the 6 nm core HDL Au NP with Apo AI-SH and a phospholipid

bilayer exhibits nearly 2-fold greater cholesterol efflux than the purified human HDL used

as a positive control. Moreover, human HDL competes with the 6 nm core HDL Au NP with

Apo AI-SH and a bilayer for cholesterol suggesting that both particles efflux cholesterol

through similar pathways. We therefore conclude that an Apo AI-SH and phospholipid

bilayer surface chemistry best mimics the structure and function of naturally occurring HDL

and is the optimal architecture evaluated in these studies. Furthermore, with respect to the

sizes of Au NP templates tested, a 6 nm Au NP generates a more functional biomimic than

an 8 nm Au NP.

These data illustrate the promise of inorganic nanoparticles for synthesizing biologically

active HDL mimics with tailorable functionality. By changing the size of the Au NP and the

surface chemistry, we have established the ability to synthesize HDL biomimics with

different cholesterol binding properties. Furthermore, we have demonstrated the importance

of core size, phospholipid surface chemistry, and presence of Apo AI in synthesizing

structures that mimic naturally occurring HDL by effluxing cholesterol from macrophage

cells. As the size, shape, and surface chemistry of natural HDLs are currently under intense

investigation with regard to function, this work demonstrates that a templated approach to

spherical HDL synthesis may provide a unique opportunity to further probe structure-

function relationships and the biological activity of spherical HDL. In addition, this study

highlights the potential of using nanoparticle templates for synthesizing functional HDL

biomimics for therapeutic purposes.
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Methods

Synthesis of 1,2-Bis(16-mercaptohexadecanoyl)-sn-glycero-3-phosphocholine

1,2-bis(16-mercaptohexadecanoyl)-sn-glycero-3-phosphocholine (L16SH) was synthesized

following the synthesis reported by Coyle, et al.57 Full characterization is available in the

Supporting Information.

Synthesis of the HDL Au NPs

Citrate-stabilized colloidal gold nanoparticles (Au NPs), 5 and 10 nm in diameter, were

purchased from Ted Pella. TEM analysis, however, showed that they are 6 ± 1 and 8 ± 1 nm

in diameter. Phospholipids, with the exception of the sulfhydryl-modified phospholipid,

were obtained from Avanti Polar Lipids. Apolipoprotein AI (Apo AI) was purchased from

Meridian Life Science, Inc. Zeba columns and 2-iminothiolane (Traut’s reagent) were

purchased from Thermo Fisher Scientific. Ethylenediaminetetraacetic acid (EDTA) at pH

8.0 came from Ambion. Ethanol was obtained from Sigma-Aldrich. Ultrapure (18.2 MΩ)

water was used during synthesis of the HDL Au NPs and for all experiments. All items,

except Apo AI, were used as purchased.

Sulfhydryl groups were added to Apo AI using Traut’s reagent to modify the protein for

nanoparticle attachment. Traut’s reagent reacts with the primary amines that reside on lysine

residues to generate amino acids with sulfhydryl groups.58 Apo AI was reconstituted in a

small amount of PBS containing 4 mM EDTA at pH 8.0. A 20-fold molar excess of Traut’s

reagent was added and allowed to incubate with the protein for 1 hr at room temperature

(RT). The modified Apo AI (Apo AI-SH) was then purified with a Zeba column.

For the HDL Au NPs containing Apo AI-SH, the protein was added to the Au colloid in a 5-

fold (6 nm Au NPs) or 10-fold (8 nm Au NPs) molar excess. After incubation with Apo AI-

SH (10 hrs, RT), phospholipids were added. The phospholipids were dissolved in ethanol

and fresh solutions of 1 mM were used for each synthesis.

In constructing monolayer HDL Au NPs, the Au NPs containing Apo AI-SH were diluted

50% with ethanol. The sulfhydryl-modified phospholipid, L16SH, was added in 1,000-fold

(6 nm Au NPs) or 5,000-fold (8 nm Au NPs) molar excess. The solutions were incubated

(10 hrs, RT) and subsequently purified by diafiltration using a KrosFlo Research II

Tangential Flow Filtration system (Spectrum Labs) fitted with a 50 kDa modified

polyethersulfone (mPES) module. For all purifications, the buffer was exchanged at least

seven times to remove unreacted Apo AI-SH and phospholipids. An aqueous solution of

50% ethanol was used at the beginning of the purification and changed to 25% ethanol and,

ultimately, to water to aid in phospholipid removal.

Bilayer HDL Au NPs were synthesized following a similar procedure. Before addition of the

lipids, the Au NPs functionalized with Apo AI-SH were diluted by 20% with ethanol. Two

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

phyridyldithio)propionate] (PDP PE) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

(DPPC) were both added in 1,000-fold (6 nm Au NPs) or 5,000-fold (8 nm Au NPs) molar
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excess. After incubation (10 hrs, RT), the solutions were purified by diafiltration as above,

with the exception that water was used for the entire purification process.

The monolayer and bilayer HDL Au NPs without Apo AI-SH were synthesized in a manner

similar to that described for the HDL Au NPs with the protein. Au colloid was diluted by

either 50% or 20% with ethanol for the monolayer or bilayer modification, respectively.

Phospholipids were added in 1,000-fold (6 nm Au NPs) or 5,000-fold (8 nm Au NPs) molar

excess. The solutions were incubated (10 hours, RT) and purified by diafiltration. A 30 kDa

mPES module was used for the purification. The monolayer HDL Au NPs were initially

purified with 50% ethanol, then 25% ethanol, and then water. Water was used for the entire

purification of the bilayer HDL Au NPs.

Characterization of the HDL Au NPs

All absorbance measurements were taken on a Varian Cary 5000 UV-Vis-NIR

Spectrophotometer (Agilent Technologies). DLS measurements were performed on a

Zetasizer Nano ZS (Malvern Instruments Ltd).

The uranyl acetate (UA) used for transmission electron microscopy (TEM) was purchased

from Ted Pella, Inc. Copper grids (200 mesh) with a carbon film were obtained from

Electron Microscopy Sciences. For negative staining, the Au colloid or HDL Au NPs were

first deposited on the grid and then stained by floating the grid face down in a drop of 2%

UA. The grids were dried on filter paper prior to imaging with a Tecnai Spirit G2 (FEI)

TEM.

Alexa Fluor® 488 was obtained from Invitrogen for fluorophore labeling of Apo AI.

Phosphate buffered saline (PBS) came from Thermo Fisher Scientific. Potassium cyanide

(KCN) and Tween were purchased from Sigma-Aldrich. Fluorescence measurements were

made on a FluoDia T70 fluorescence microplate reader (Photon Technology International).

Apo AI was labeled with Alexa Fluor® 488 per kit instructions. Briefly, 50 μL of 1 M

sodium bicarbonate and 50 μL of PBS were added to 450 μL 1 mg/mL Apo AI and the

solution was added to the vial containing Alexa Fluor® 488. The protein was incubated with

the dye (1 hour, RT). Unconjugated dye was removed by running the protein on the column

and purification resin provided by Invitrogen. After collecting the protein fraction, the

concentration of Apo AI and of Alexa Fluor® 488 was determined from the absorbance of

the labeled Apo AI at 280 nm and 494 nm corresponding to the protein and the dye,

respectively. The protein was then modified with Traut’s reagent as described previously.

HDL Au NPs were synthesized with fluorophore-modified Apo AI-SH. After purification as

described previously, aliquots of the HDL Au NPs containing the same concentration of Au

NPs were dissolved in PBS containing 0.01% Tween and 80 mM KCN. The fluorescence of

the dissolved HDL Au NPs was measured and the concentration of Apo AI calculated from

a standard curve of fluorophore-labeled Apo AI-SH.

Analysis of Cholesterol Binding

Cholesterol binding measurements were taken on a Fluorolog Spectrafluorometer

(HORIBA). The data was analyzed using GraphPad Prism (GraphPad Software) and the

one-site specific binding analysis. 25-[N-[(7-nitro-2-1,3-benzoxadiazol-4-
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yl)methyl]amino]-27-norcholesterol (NBD cholesterol) was purchased from Avanti Polar

Lipids and dimethyl formamide (DMF) came from Sigma-Aldrich. Solutions of NBD

cholesterol ranging from 0 to 750 nM were made in DMF. HDL Au NPs were incubated

(1hr, RT) with 5 μL of the different concentrations of NBD cholesterol and the fluorescence

was measured for each concentration. The fluorescence values were plotted as a function of

NBD cholesterol concentration and the plots analyzed in Graphpad Prism to determine the

dissociation constant (Kd) and maximum specific binding (Bmax) values for each HDL Au

NP.

Cell Culture and Assay of Cellular Cholesterol Efflux

Both human and murine cell culture models were used to measure cholesterol efflux to HDL

Au NPs. The human monocytic leukemia cell line THP-1 and mouse macrophage cell line

J774 were purchased from American Type Culture Collection (ATCC). [1, 2-3H (N)]-

cholesterol (3H-cholesterol) was obtained from Perkin Elmer. Bovine serum albumin (BSA),

phorbol 12-myristate 13-acetate (PMA), and free cholesterol were obtained from Sigma-

Aldrich. Human HDL was purchased from EMD Chemicals (Merck KGaA, Darmstadt,

Germany) and purified Apo AI was purchased from Meridian Life Science, Inc, The LXR

agonist N-(2, 2, 2-trifluoroethyl)-N-[4-[2, 2, 2-trifluoro-1-hydroxy-1-

(trifluoromethyl)ethyl]phenyl]-benzenesulfonamide was obtained from Cayman Chemical

Company (Ann Arbor, MI).

THP-1 and J774 cells were cultured in RPMI-1640 and DMEM, respectively. All of the

culture media were supplemented with 10% FBS and penicillin/streptomycin (100 units/mL

and 100 μg/mL, respectively). The cells were cultured at 37 °C in a humidified 5% CO2

atmosphere.

THP-1 cells were added to 24-well plates at 1.5×105/well and cultured for 72 hours in the

presence of 100 nM PMA to induce cell differentiation. J774 cells were seeded to 24-well

plates at 8×104/well and cultured for 24 hours. Cells were then washed with PBS and

loaded/labeled with fresh media plus 1% BSA, 5 μM free cholesterol, and 1 μCi/mL 3H-

cholesterol for 24 hours and subsequently incubated overnight in media containing 0.2%

BSA with or without 3 μM of LXR agonist. After removing the media, the cells were

washed twice with PBS and exposed to different cholesterol acceptors in fresh culture media

for 48 hours. At the end of the efflux period, the efflux media were collected and centrifuged

at 4 °C for 5 minutes at 2000 rpm to remove floating cells. The supernatant was collected

and subjected to liquid scintillation counting. The cell monolayer was washed with PBS, and

the cellular lipids were extracted with isopropanol and measured by liquid scintillation

counting. The percentage of cholesterol efflux was determined for each well using the

formula: countsmedia/(countscells + countsmedia) × 100. The background cholesterol efflux

obtained in the absence of any acceptor was subtracted from the efflux values obtained with

the cholesterol acceptors.

For the competition experiment, differentiated THP-1 cells were loaded and labeled with

cholesterol and equilibrated as previously described. The cells were washed with PBS, and

then incubated for 16 hours with 50 nM HDL Au NPs (6 nm core, Apo AI-SH, and

phospholipid bilayer) and increasing concentrations of human HDL. After the incubation,
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the culture media (500 μL in each well) were collected and centrifuged at 500 × g for 10

minutes to pellet the dead cells. Then 400 μL of supernatant were transferred to new

eppendorf tubes and centrifuged at 15,000 rpm for 30 minutes to pellet the HDL Au NPs.

After centrifugation, 300 μL of supernatant were transferred to scintillation vials for liquid

scintillation counting. The HDL Au NPs in the remaining 100 μL of media were

resuspended in 200 μL of PBS and transferred to scintillation vials for liquid scintillation

counting. The cell monolayer was treated as previously described and analyzed by liquid

scintillation counting. The percentage of cholesterol efflux to the HDL Au NPs was

determined for each well using the formula: countsHDL Au NP pellet/(countscells + countsmedia

+ countsHDL Au NP pellet) × 100.

Statistical Analysis

Statistical analyses were completed using GraphPad Prism (GraphPad Software).

Cholesterol efflux to HDL Au NPs having different phospholipid layers with the same core

size and Apo AI composition were compared using an unpaired t-test. The amount of

cholesterol efflux to the 6 nm core Apo AI-SH bilayer construct was compared to all other

treatments by a one-way analysis of variance (ANOVA) and Dunnett’s multiple comparison

test. A p-value < 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Diameters of HDL Au NPs measured by TEM.
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Figure 2.
Transmission electron microscopy images of HDL Au NPs stained with uranyl acetate. A. 8

nm Au NP colloid, B. 8 nm Monolayer, C. 8 nm Bilayer, D. 8 nm Apo Monolayer, E. 8 nm

Apo Bilayer. All scale bars are 100 nm.
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Figure 3.
Hydrodynamic diameters of HDL Au NPs measured by DLS.
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Figure 4.
Cholesterol efflux from human (THP-1) macrophage cells. Human macrophage cells were

loaded with free cholesterol and 3H-cholesterol, equilibrated with medium containing 3 μM

LXR agonist, and then treated with the cholesterol acceptors for 48 hours. Concentrations of

cholesterol acceptors: 150 nM Apo AI, 50 nM natural HDL, 50 nM for all 6 nm core HDL

Au NPs, and 5 nM for all 8 nm core HDL Au NPs.
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Scheme 1.
Schematic for the synthesis of HDL Au NPs
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Table 1

Dissociation constants (Kd) for HDL Au NPs binding cholesterol

Kd (nM) core size monolayer bilayer

without Apo AI
6 nm

0.3 ± 0.5 60 ± 20

with Apo AI 0.5 ± 0.7 70 ± 10

without Apo AI
8 nm

80 ± 40 830 ± 90

with Apo AI 150 ± 60 650 ± 60
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Table 2

Cholesterol maximum specific binding (Bmax) for HDL Au NPs

Bmax (103 cps)a core size monolayer bilayer

without Apo AI
6 nm

3.6 ± 0.4 50 ± 10

with Apo AI 5.1 ± 0.7 62 ± 5

without Apo AI
8 nm

10 ± 1 420 ± 20

with Apo AI 12 ± 2 330 ± 10

a
Cps is counts per second, the relative fluorescence intensity of the bound cholesterols and not number of molecules bound.
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