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T
he earliest manifestations of nano-
technology in living systems are
linked to the evolution of eukary-

otic organisms themselves. Evolution of
early unicellular organisms1 found the self-
assembling bilayer membrane an ideal scaf-
fold not only for compartmentalization2

but also for self-replication3 and energy
storage via simple charge separation and
protein folding.4 It is hard to imagine just
how critical this simple membrane con-
struction (and its ability to compartmental-
ize, replicate, and maintain charge separa-
tion) was to the molecular coevolution of
energy-coupling membrane proteins,5 but
unquestionably all life forms are based
upon it. This nanometer scale, pseudo-two-

dimensional environment of the self-
assembling lipid membranes persists in
similar dimensions and provides similar
functions to this day. A key necessity
emerged as multicellular organisms prolif-
erated and the roles of lipids expanded to
include scaffolding, organization, energy,
and regulation. Carriers that could effi-
ciently transport these sometimes water-
insoluble compounds through the aque-
ous milieu from the organs of absorption,
synthesis, and storage to the sites of use,
became vital. These carriers needed to meet
several criteria: (1) encapsulation of a hydro-
phobic core; (2) presentation of a hydro-
philic exterior surface; (3) robust yet dy-
namic organization for absorption of lipids
a posteriori; (4) biospecific interactions with
target cellular receptors; and (5) physical
constraints (e.g., size and density) for stabil-
ity in circulation. Nature’s solution to this
general problem is the evolution of a class
of multifunctional biological nanostruc-
tures, namely lipoprotein, which through a
spontaneous co-operative self-assembly of
lipid with a class of coat-protein termed
apolipoprotein, form without dissipating
energy.6,7 These core�shell spherical or dis-
coidal nanoparticles have the capacity to
embed a substantial quantity of apolar lip-
ids primarily as triacylglycerols and esteri-
fied cholesterol in their core. The outer coat
is composed of a phospholipid-cholesterol
monolayer (exposing polar head groups
that facilitate water solubility) bounded by
the coat apolipoproteins, which act con-
comitantly as receptor ligands, emulsion
stabilizers, and scaffolds for the lipidic core.
The common evolutionary origin of the coat
apolipoproteinsOestablished via sequence
homology of these proteins across
organismsOlend support to their primary
and shared lipid-transport function via self-
assembly of proteo-lipidic nanostructures.8
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ABSTRACT One of biology’s most pervasive nanostructures, the phospholipid membrane, represents an

ideal scaffold for a host of nanotechnology applications. Whether engineering biomimetic technologies or

designing therapies to interface with the cell, this adaptable membrane can provide the necessary molecular-

level control of membrane-anchored proteins, glycopeptides, and glycolipids. If appropriately prepared, these

components can replicate in vitro or influence in vivo essential living processes such as signal transduction, mass

transport, and chemical or energy conversion. To satisfy these requirements, a lipid-based, synthetic nanoscale

architecture with molecular-level tunability is needed. In this regard, discrete lipid particles, including

reconstituted high density lipoprotein (HDL), have emerged as a versatile and elegant solution. Structurally

diverse, native biological HDLs exist as discoidal lipid bilayers of 5�8 nm diameter and lipid monolayer-coated

spheres 10�15 nm in diameter, all belted by a robust scaffolding protein. These supramolecular assemblies can

be reconstituted using simple self-assembly methods to incorporate a broad range of amphipathic molecular

constituents, natural or artificial, and provide a generic platform for stabilization and transport of amphipathic

and hydrophobic elements capable of docking with targets at biological or inorganic surfaces. In conjunction with

top-down or bottom-up engineering approaches, synthetic HDL can be designed, arrayed, and manipulated for a

host of applications including biochemical analyses and fundamental studies of molecular structure. Also highly

biocompatible, these assemblies are suitable for medical diagnostics and therapeutics. The collection of efforts

reviewed here focuses on laboratory methods by which synthetic HDLs are produced, the advantages conferred by

their nanoscopic dimension, and current and emerging applications.

KEYWORDS: HDL · lipoprotein · membrane proteins · bionanotechnology ·
nanoparticles · protein structure · infectious disease · drug delivery · energy
harvesting
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Native lipoproteins of the circulatory system are di-

vided into four major categories (Figure 1) based on

their size, density, and composition, each of which can

be associated with highly differentiated, specific func-

tions. The largest and the least dense chylomicrometers

(�80 nm, d � 0.95 g/mL) are formed in enterocytes

through the packaging of exogenous triacylglycerols

(TAG) (assembled from absorbed free fatty acids and

monoacylglycerols) with other lipids and

apolipoproteinB-48 (ApoB-48). They have the highest

TAG concentration (80�85% weight by weight, w/w)

and the least protein content (1�2% w/w). The next

smaller and correspondingly denser class of lipopro-

teins, termed very low density lipoproteins (VLDL,

30�80 nm, 0.95 � d � 1.006) export endogenous tria-

cylglycerols and cholesteryl esters from hepatocytes for

use by peripheral tissues and are packaged with ApoB-

100 prior to excretion from the liver. Like chylo-

micrometers, they are primarily composed of TAG

(around 40�50% w/w) but also contain esterified cho-

lesterol in addition to a number of lipid-soluble com-

pounds including vitamins A and E. The removal of TAG

by lipoprotein lipase converts VLDL particles into

smaller, more stable, and somewhat denser, low den-

sity lipoproteins (LDL, 18�25 nm, 1.02 � d � 1.06). LDL

particles are cholesterol-rich (40�50% w/w) primary

cargo vehicles for the delivery of cholesterol to periph-

eral tissues, accounting for 70�80% of the circulating

cholesterol in humans hence an important biomarker in

the progression of atherosclerosis. In contrast to chylo-

micrometers and VLDL particles, which have a substan-

tial TAG component, LDL particles are composed prima-

rily of cholesterol and cholesteryl esters, and remain

characteristically associated with ApoB-100. High den-

sity lipoproteins (HDL, 7�16 nm, 1.063 � d � 1.200) are

the smallest of the lipoprotein particles, have the high-

est protein content (50�60% w/w)9 and function to col-

lect unesterified cholesterol from peripheral tissues

and return it to the liver via reverse cholesterol trans-

port.10 It is primarily because of this cholesterol efflux

property that renders HDL, in addition to LDL above,

and its associated protein component (APOA-I) an im-

portant biomarker and key in the prevention or rever-

sal of atherosclerosis,11 a leading cause of death in in-

dustrialized nations.

The diverse structural protein components of lipo-

proteins (e.g., ApoA through ApoH) have been exten-

sively studied and are reviewed in detail elsewhere,12

however it is worth noting the various lipid�protein as-

sociations to demonstrate the diversity and versatility

of apolipoprotein. The typical combinations are sum-

marized as follows; ApoA-I and ApoA-II (as well as

ApoD) are the major protein constituents of and exclu-

sively associated with HDL; ApoB-48 is associated with

chylomicrometers and their remnants; ApoB-100 is as-

sociated with VLDL, LDL, and their remnants; ApoC-I,

ApoC-II, and ApoC-III are components of both HDL and
VLDL; and ApoE is found in all of the lipoprotein classes.

From the vantage of nanoscience and nanotechnol-
ogy, these biological nanostructuresOwhich evolved
to provide multiple, well-differentiated functionalities
while maintaining a single structural motifOare fasci-
nating both structurally, because of their heteroge-
neous, dynamic, and adaptive character; and function-
ally because of their ability to engender multiple
functionalities dependent upon
subtle differences in their size,
composition, and density. Re-
cent efforts in biomimetic nan-
otechnologies have drawn in-
spiration from certain
properties of individual biomol-
ecules (e.g., DNA) and modes
of their organization (e.g., pro-
tein folding and membrane as-
sembly) to design new syn-
thetic and hybrid
materials.13�15 In this vein,
lipid-based nanostructures rep-
resent a distinct opportunity to
exploit supramolecular nano-
scale complexes and their
emergent properties for both
biological and nonbiological
applications alike. Among
them, liposomes formed by
lamellar phases of lipids have
been most extensively studied.
Recent years have witnessed
growing interest in other dis-
crete nanoparticles formed
from nonlamellar lipid phases16

(e.g., the so-called cubosomes
and hexosomes)17,18 primarily
for their cargo (e.g., drug) carry-
ing potential11 as well as discoi-
dal and spheroidal lipoprotein,
the subject of the current re-
view. These efforts reveal fer-
tile new areas of interactions
between biology and nanoscale
engineering, promising to not
only recapitulate but surpass
the efficiency of selected bio-
logical functions, to foster the
development of new therapeu-
tics and other functional mate-
rials for use outside the realm of

biomedicine (e.g., artificial photosynthesis). This review

provides a physical-science-based description of the

molecular-scale organization of these biological nano-

structures, illustrates current, key areas of investigation,

and projects their potential for future applications.

VOCABULARY: apolipoprotein – in vivo,

these animal proteins package lipids for

various nutritional and vascular functions.

There are six main biological classifications (A,

B, C, D, E, H) and a variety of artificially

modified structures that find use in synthetic

lipoprotein • lipoprotein – these assemblies of

apolipoprotein and various amphipathic and

hydrophobic lipid species provide a variety of

functions in vivo Lipoproteins are distinguished

by their mass density, apolipoprotein type, and

protein-to-lipid ratio • high density

lipoprotein (HDL) – as the name suggests,

this class of lipoprotein possesses the highest

density as well as the greatest protein-to-lipid

ratio and smallest diameter (�10 nm).

Apolipoprotein A-I, A-II, or E provides

stabilization to the lipoprotein; encompassing

either a discoidal lipid configuration or a

spherical lipid shell with a hydrophobic,

cholesterol ester interior • reconstituted HDL

(rHDL) – this is the process by which naturally

derived and artificial analogs of both

apolipoprotein and lipid are combined to form

high-density lipoproteins • self-assembly –

HDL reconstitution technique where lipid-free

apolipoprotein is added to phospholipid

vesicles and allowed to incubate. The two

reactants will spontaneously associate and

form lipoprotein structures, given the

appropriate reaction conditions • detergent

dialysis – this technique is frequently used

when incorporating membrane proteins into

rHDL. A detergent solution, typically sodium

cholate, is added to the mixture of

apolipoprotein, phospholipid vesicles, and

membrane proteins. As the detergent is

dialyzed away, the cholate-solubilized lipid

structures are stabilized by the apolipoprotein

and form lipoprotein.
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RECONSTITUTION OF LIPOPROTEINS
In the late sixties, Scanu isolated human apolipopro-

tein and phospholipid from donors using a two-step se-

quence of ultracentrifugal-density separation and ex-

traction by organic solvents.19 After extraction, the

lipids were dried down and subsequently rehydrated

with an aqueous saline solution. Co-incubation of lip-

ids with the protein isolate, at physiological tempera-

ture, formed lipid�protein assemblies. Using a combi-

nation of size exclusion chromatography (SEC) to

separate the various species, optical absorbance at 280

nm to quantify protein content, and ultracentrifugation

to measure particle density; Scanu noted that the prod-

ucts of the lipid�protein incubation resulted in par-

ticles that exhibited a discrete set of stoichiometric ra-

tios. This series of observations led to the notion that

native lipoproteins could be reconstituted through self-

assembly by simply incubating the constituents under

appropriate conditions. Physical dimensions for these

reconstituted HDL were determined a few years later

using transmission electron microscopy (TEM).20 Differ-

ent density fractions contained particles with different

diameters, the lowest density fraction (d � 1.063 g/mL)

was 15�40 nm, the middle fraction (1.063 � d � 1.21)

was 6.5�18 nm and the highest density fraction (d �

1.21) had the smallest diameter, 5�12 nm. This distribu-

tion of particle sizes obtained by reconstitution corre-

sponds well with measurements of natural HDL isolated

from human plasma published independently.21

Since this pioneering study, significant experimen-
tal efforts have confirmed that recombination of the to-
tal apolipoproteins with the total original lipids (includ-
ing cholesterol and triglycerides) reforms the native
HDL structure.22 Moreover, these studies also establish
that recombination of many apolipoprotein mutants
and derivatives presenting the lipoprotein binding mo-
tif and a variety of natural or synthetic lipids also form
reconstituted HDL or rHDL, which assume a discoidal
shape. In living systems, the nascent, pre-� discoidal
configuration of HDL is transient in its lifetime matur-
ing into a esterified cholesterol-laden spherical particle
via accumulation (and enzymatic esterification by
Lecithin-cholesterol acyltransferase or LCAT) of choles-
terol from peripheral tissues during circulation.23 In
contrast, discoidal rHDL lacking HDL-associating LCAT
in vivo or prepared by reconstitution in vitro are indefi-
nitely stable. It is in this configuration that rHDL offers
the greatest potential for nanotechnology applications.
(Figure 2)

The mechanism of co-operative proteolipidic self-
assembly, which underlies lipoprotein reconstitution,
remains incompletely understood. In a recent study of
thermodynamic factors employing elution profiles ob-
tained via gel filtration and fluorescence measurements
of probe lipids, Fukuda and co-workers suggest that
the association between lipid vesicles and ApoA-I pro-
tein is energetically downhill in an apparent
enthalpy�entropy compensation. The enthalpic contri-
bution (�620 � 8 kJ mol�1) out-competes the en-

Figure 1. Illustration of the relative sizes and compositions (not to scale) of naturally produced lipoprotein particles, along
with the different apolipoprotein associated with each. Abbreviations used: HDL, high density lipoprotein; LDL, low density
lipoprotein; VLDL, very low density lipoprotein; CH, cholesterol; CE, cholesteryl ester; TG, triglyceride; PL, phospholipid.

Figure 2. (a) Reconstitution of discoidal high density lipoprotein via self-assembly from lipid free apoA-I and phospholipid
vesicles. (b) Putative formation process of high density lipoprotein from cholate dialysis. Apolipoproteins are shown in blue
and green with phospholipids in gray and detergent in brown.

RE
V
IE
W

VOL. 5 ▪ NO. 1 ▪ BRICARELLO ET AL. www.acsnano.org44



tropic gain (�570 � 8 kJ mol�1).24 Enthalpic driving
forces are attributed to the conformational transition
in ApoA-I upon association with the vesicular lipids, dur-
ing which the protein helical content increases mark-
edly from �60% in unlipidated state to more than 80%
in the HDL-bound version.25 The entropic gain dimin-
ishing the strength of the enthalpic contribution is
thought to result from changes in the hydration of
lipid head-groups and the confinement-induced tighter
packing and increased ordering of the lipids26 in rHDL
configuration.25 An alternative hypothesis suggests
that the rHDL formation is prompted by defects in lipid
packing at the vesicular surface, which allows apolipo-
proteins to access the hydrophobic�hydrophilic
interface.27,28 In this position, the N- and C-terminals
of the protein can align such that their cylindrical cross-
section is within the spherical plane of the vesicle. The
secondary structure of apolipoproteinA-I in particular, is
dominated by �-helical segments with opposing sides
of hydrophobic and hydrophilic side chains. Thus, there
exists an energetically favorable state with enough po-
tential energy to induce globular apoA-I to adopt a new
lipid-bound conformation. This hypothesis is consis-
tent with the observations that rHDL formation occurs
most readily under conditions that foster defect forma-
tion in the lipid phase such as in the vicinity of their
phase transition temperature or when multicompo-
nent vesicles comprising lipids with vastly different
phase transition properties are employed. In these
cases, transient fluctuations in lipid densities and do-
main formation provide mechanisms for defect forma-
tion in vesicular membranes.29,30 This mechanism can
also explain the observation reported by Fukuda and
co-workersOthat the spontaneous association of
APOA-I with monocomponent, fluid phase POPC
vesicles is exceedingly slow and remains incomplete
even after several daysOwithout supporting their con-
clusion of a high activation energy barrier for spontane-
ous formation of rHDL. To date however, these proposi-
tions remain unverified.

Experimentally, using direct proteo-lipidic self-
assembly, incubation of purified apoA-I with small unil-
amellar vesicles (SUVs) consisting only of pure phos-
pholipid(s) (sans cholesterol) readily forms the nascent
or pre-� HDL. The phospholipids in these reconstituted
HDL (rHDL, also referred to as nanodiscs or nanolipo-
protein particles, NLPs) reorganize to adopt a disk-
shaped planar bilayer configuration with two or more
amphipathic protein molecules fencing the single bi-
layer disk in a looped-belt conformation.31,32 The diam-
eter of the lipid platform section of these HDL reconsti-
tutions is tunable as the apolipoprotein belt has the
ability to form tightly looped segments that limit the
maximum possible length of the lipid-bound conforma-
tion. This usually occurs in response to variations in stoi-
chiometry; an increased protein-to-lipid ratio typically
results in a smaller diameter lipoprotein complex. Other

factors such as the choice of apolipoprotein also influ-
ence the dimensions of the final complex.33 Wild-type
apolipoproteinA-I in particular, possesses a very adapt-
able structure that forms a looped-belt conformation
upon binding with lipids.25,32 The ability to fold over
onto itself is required for in vivo lipid binding and al-
lows apoA-I to create a remarkable variety of particles
with different sizes, shapes, and accompanying
functions.34

Other approaches to production of biomimetic HDL
complexes require more sophisticated biochemical
methodology. For instance, several groups have
custom-manufactured different variants of apolipopro-
teins that offer more precise control over the final size
of the particle. In the laboratory of S. G. Sligar,
membrane-scaffolding proteins (MSPs) are expressed
in the bacterium Escherichia coli using a synthetic
gene.35 The impetus to produce apolipoprotein-
mimetics follows from efforts by structural biologists
to crystallize apolipoprotein A-I for X-ray studies. The
first alteration removed the first 43 residues to force the
apolipoprotein into a confirmation thought to be simi-
lar to the lipid-bound state.36 Subsequent investiga-
tions lead to the confirmation that in fact 22 residues lo-
cated at the N-terminal are not involved in lipid
binding.37 By eliminating this segment from the pro-
tein structure, it became possible to more precisely con-
trol the size of the resulting lipoprotein particle or
“nanodisc”, at the expense of the apolipoprotein’s con-
formational adaptability. The remaining structure con-
sists of a histidine tag and cleavage site followed by 200
amino acids coiled into �-helices with amphipathic
cross sections, designed to protect the hydrocarbon
chains of phospholipids from the aqueous environ-
ment. Thus, the protein wraps around a section of lipid
bilayer forming the water-soluble, discoidal pre-� HDL
structure found in nature. Unlike the direct self-
assembly approach, this protein requires incubation of
MSP and phospholipid vesicles in a detergent solution
containing either sodium cholate or octyl gluocoside,
which reorganizes lipids from a vesicular to a micellar
configuration.38 Subsequent dialysis completes the as-
sembly procedure; as the detergent is slowly removed,
the MSP binds to the detergent-mediated lipid struc-
tures and adopts a stabilizing conformation. The final
size of the nanodisc is very similar to its natural analog,
approximately 10 nm in diameter and roughly 4�5
nm in height. Advantages of this technique include a
compatibility with a variety of phospholipid structures
(saturated and unsaturated) as well as tight control over
the final diameter of the lipid platform.37 Recent ef-
forts at the Lawrence Livermore National Lab have ex-
plored several alternative lipid-scaffolding proteins in-
cluding the 22 kDa mutant of apolipoproteinE-IV
(apoE422K) and insect apolipophorin-III (apoLp-III). Of
significant interest is the cell-free expression of apolipo-
proteins that allows for potential large-scale reconstitu-
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tion of lipoproteins. Furthermore, with this technique,

it is possible to embed membrane proteins during the

initial formation process.39,40 Katzen et al. combined

plasmids that code for the photoactivated proton trans-

ported bacteriorhodopsin (bR) and a truncated version

of ApoA-I with a cell free expression system that relies

on enzymes extracted from E. coli, to produce bR-laden

HDL.41 While the vast majority of reconstituted lipopro-

tein studies employ wild-type or modified human apo-

lipoprotein, other animal sources have also been ex-

plored. Zebrafish apoA-I is similar to human-type but

with subtle structural differences and reaction kinetics

that suggest enhanced stability in the final lipoprotein

assembly.42

The exact mechanisms of lipoprotein assembly from

detergent dialysis are difficult to capture in physical ex-

periments. However, recent molecular simulations have

provided some insight into the self-assembly process,

where lipid vesicles and lipid-free proteins are trans-

formed into discoidal lipoprotein structures. With the

use of coarse-grain molecular dynamics simulations ef-

forts led by K. Schulten indicate that the cholate-

stabilized discoidal lipid bilayers are rearranged into

pseudomicelles when presented with uncoiled apoA-I

proteins.43 From these simulations, the final apolipo-

protein arrangement is not the expected double belt

but instead consists of two proteins positioned on op-

posite sides of the curved disk surface. The inability of

the apoA-I molecules to interact and form salt bridges

is attributed to the shortened time scales and simplic-

ity of the coarse-grained model employed. Thus, this

configuration is proposed to exist solely as an interme-

diate state of HDL formation. These initial efforts sug-

gest that analysis of atomic interactions can be used to

explain lipoprotein self-assembly while also demon-

strating the complexity of the process.

As alluded to earlier, physical dimensions of rHDL

are tunable by adjusting a variety of parameters includ-

ing lipid�protein stoichiometry, lipid type, and apoli-

poprotein choice. (Table 1) When allowing lipid and

protein to self-assemble, changing the belt protein pro-

duces a visible trend in particle sizes. The average diam-

eter shifts from 9�11 nm for MSP1T2 to 10�13 nm for

ApoA-I to 12�18 nm for ApoE422K.33 This size disparity

is due to several key structural differences. While the fi-

nal conformation of wild-type ApoA-I is variable giving

a large degree of adaptability, artificial proteins

(MSP1T2 and ApoE422K) can be engineered for spe-

cific sizes by altering the genetic sequence of the plas-

mid used in the E. coli expression system.37 Depending

upon the intended use, either a rigid or more flexible

belt protein can be selected. Still further, customization

of the molar ratio of lipid-to-protein provides addi-

tional tunability of lipoprotein size. At a ratio of 300/1,

large discoidal complexes are formed and with a ratio

near 100/1, the smallest possible discoidal HDL ap-

TABLE 1. Factors Effecting Physical Structure of Reconstituted HDLa

scaffolding protein lipid composition preparation method final stoichiometry (ML/MP) shape diameter (nm)

ApoA-Id Egg PC cholate dialysis 90 to 189 disc 10.4 to 26.4
ApoA-Ih DMPC self-assembly 101 disc 9.5
ApoA-Ie DMPC�CH cholate dialysis 104 to 263 disc 10.2 to 13.0
ApoA-If DPPC self-assembly 115, 185, 233 disc 9.9, 14.3, 19.2
ApoA-If DPPC�CH self-assembly 110, 160, 221 disc 9.7, 13.6, 18.6
ApoA-Ie DSPC�CH cholate dialysis 82 disc 10.4
ApoA-Ie DOPC�CH cholate dialysis 80 disc 10.3
ApoA-Ib POPC�CH cholate dialysis 31 to 156 disc 8.8 to 10.2
ApoA-Ic POPC�CH-CE cholate dialysis 68 sphere 9.3
ApoA-IIg DMPC self-assembly 44 to 245 disc 11.4 to 24.2
ApoB-17n DMPC self-assembly 1125 disc 23.9
ApoC-Ik Egg PC�CH cholate dialysis 18 disc 12.1
ApoC-IIk Egg PC�CH cholate dialysis 22 disc 18.5
ApoC-IIIj DMPC self-assembly 51 ellipsoid 16
ApoEI POPC cholate dialysis 58 disc 11.5
MSP1l DPPC cholate dialysis 82 disc 9.8
MSP1l POPC cholate dialysis 61 disc 9.7
MSP1E3l DPPC cholate dialysis 167 disc 12.5
MSP1E3l POPC cholate dialysis 124 disc 12.5
ApoE422K o DMPC self-assembly 433/4, 783/5, 1270/6, 1780/7 disc 14.6, 18.8, 23.3, 28.7
ApoE422Km DMPC cholate dialysis 433/4 disc 14.6

aAbbreviations: ML, moles of lipid; MP, moles of protein; DMPC, dimyristoyl-phosphatidylcholine; DPPC, dipalmitoyl-phosphatidylcholine; POPC, palmitoyloleoyl-phosphati-
dylcholine; DOPC, dioleoyl-phosphatidylcholine; CH, cholesterol; CE, cholesterol esters. bBergeron, J. et al., J. Biol. Chem. 1995, 270, 27429. cJonas, A. et al., J. Biol. Chem. 1990,
265, 22123. dNichols, A. et al., (BBA)-Lipids and Lipid Metabolism 1983, 750, 353�364. eZorich, N. et al., (BBA)-Lipids and Lipid Metabolism 1987, 919, 181�189. fWald,
J. et al., J. Biol. Chem. 1990, 265, 20037. gMassey, J. et al., Biochemistry 1981, 20, 1569�1574. hHauser, H. et al., Eur. J. Biochem. 1974, 48, 583�594. INarayanaswami,
V. et al., J. Biol. Chem. 2004, 279, 14273. jAune, K. et al., Biochemistry 1977, 16, 2151�2156. kJonas, A. et al., J. Biol. Chem. 1984, 259, 6369. lDenisov, I. et al., J. Am. Chem.
Soc 2004, 126, 3477�3487. mChromy, B. et al., J. Am. Chem. Soc 2007, 129, 14348�14354. nHerscovitz, H. et al., Proc. Natl. Acad. Sci. 1991, 88, 7313. oBlanchette, C. et
al., (BBA)-Biomembranes 2009, 1788, 724�731.
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pear.22 The larger lipoproteins contain either three or
four apolipoproteins per particle, while the smallest
have only one to two apolipoproteins. Between these
two stoichiometries, the disk diameter varies from 9 to
35 nm. The structure of HDL can be further tuned with
different lipid types. Saturated phospholipids of differ-
ent lengths can provide specific hydrophobic thick-
nesses, the addition of cholesterol can alter the physi-
cal rigidity of the membrane portion, and unsaturated
lipids can confer lateral molecular mobility over a wider
temperature range. These adaptable structural fea-
tures make rHDL a versatile platform for biocompati-
ble applications.

As with any new technology, significance is deter-
mined by utility. In the case of reconstituted lipopro-
tein, the seminal feature is the packaging of membrane-
bound components in a manner suitable for in vitro or
in vivo use. In the past decade, dozens of published
studies describe successful reconstitution of membrane
proteins into natural, synthetic, or hybrid configura-
tions of lipoprotein. Potential applications include sci-
entific study of protein structure, investigation of
receptor�ligand interactions at the cell surface, engi-
neering of protein or enzyme function for analytical
tools, medical therapies, and energy production. These
initial publications portend many interesting opportu-
nities to develop new technologies that incorporate the
same molecular components and functions utilized by
nature.

IN VITRO APPLICATIONS
Structural Studies of Membrane Proteins. Structural biolo-

gists strive to understand the relationship between the
physical properties of biological assemblies and their at-
tendant function. New techniques permit the exten-
sion of this investigation down to the submicroscopic
level, where the organization and composition of large-
scale molecular assemblies can be identified. Despite
significant progress, high-resolution structural charac-
terization of membrane proteinsOa broad class of cell
surface molecules performing a range of signaling,
transport, and recognition functionsOremains elusive.
Technical difficulties related to isolation, purification,
and organization continue to hamper efforts to ascer-
tain their fundamental structural properties. Because of
a strong amphipathic nature, membrane proteins are
not readily soluble in aqueous solvents and are difficult
to extract from their native lipid environments. To this
end, the lipid scaffold provided by rHDL provides a
stable and versatile platform to incorporate a host of
membrane-associated proteins for structural investiga-
tions at the nanoscopic/molecular level. (Figure 3)
Preparation of HDL-membrane protein suspensions
typically begins with co-incubation of the target pro-
tein along with the appropriate apolipoproteins and
phospholipids, in a sodium cholate solution. As the de-
tergent is dialyzed away, the increasing polarity of the

solvent presents a strong incentive for hydrophobic

components to embed themselves in the amphipathic

lipid platform. Next, affinity or size exclusion chroma-

tography can be used to separate successfully as-

sembled complexes from any unreacted reagents. This

method is used in a number of structural and func-

tional studies including: adsorbing catalytically ac-

tive cytochrome P450 on mica surfaces,44 assessing

the binding properties of G-protein coupled

receptors,41,45 and to control the organization of oli-

gomeric bacteriorhodopsin.46

A detailed review recently published by J. L. Popot

targets three nonconventional strategies for studying

membrane proteins including nanodiscs, and discusses

their relative strengths and weaknesses as well as their

use in functional and structural assays.47 In particular,

the main advantage of synthetic lipoproteins lies in

their ability to package membrane proteins in a lipid en-

vironment that closely mimics their native state and

the larger/tunable size appropriate for larger proteins

or polymeric complexes. By careful selection of scaffold-

ing protein, it is possible to limit protein aggregation

and insert monomeric versions of proteins for

study.45,46,48�51 This variability of disk diameter stems

from deletion or addition of residues to the scaffolding

protein, which is dictated by the gene used during pro-

tein expression. The primary disadvantage of synthetic
lipoproteins is evident when working with proteins with

Figure 3. Schematic of a reconstituted HDL particle (lipids in
red and gray, apolipoproteins in blue) with embedded cyto-
chrome P450 (CYP3A4, shown in green). For lipid molecules,
oxygen atoms are colored red and carbon and hydrogen are
gray in order to distinguish between the primary hydrophilic
and hydrophobic regions. Only the cytochrome protein do-
mains exterior to the membrane are visible.
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large transmembrane segments as the discoidal par-

ticles can become unstable.47 Additional structural

studies and potential membrane-protein targets for in-

corporation into HDL complexes are summed up in sev-

eral recent topical reviews.52,53

The secondary and tertiary structure of proteins is

typically probed with techniques such as X-ray crystal-

lography and infrared spectroscopy. From the data

gathered, a more general understanding of the relation-

ship between protein structure and biological mecha-

nisms can be achieved. However, thanks to synthetic li-

poprotein, an old technique is finding new applications

in the field of protein structure. Within the last year, bi-

ologists have begun performing structural studies using

solution-state nuclear magnetic resonance (NMR) with

membrane proteins embedded in reconstituted HDL.54

Finding a suitable solvent to perform solution-state

NMR spectroscopy is difficult as the amphipathic na-

ture of membrane proteins requires detergents whose

micelle configuration can distort protein conformation

and is far too labile to prevent undesired thermal fluc-

tuations. In contrast, rHDL offers a discoidal lipid envi-

ronment with customizable rigidity and enhanced sta-

bility. A priori calculations indicate that rHDL particles

undergo isotropic motion and have spectroscopic prop-

erties appropriate for NMR investigations. Indeed, ini-

tial attempts to combine the two technologies proved

that binding between reconstituted lipoproteins and

the antimicrobial peptide Antiameobin-I can be de-

tected using high resolution NMR.55 Furthermore, addi-

tion of a spin label to the lipid portion of the rHDL com-

plex allows the conformation of the peptide upon

binding to be indentified. Large integral membrane

proteins that are typically difficult to solubilize and in-

vestigate with NMR can also be incorporated into syn-

thetic lipoproteins. Examples include the membrane-

spanning domain of CD4 (a glycoprotein involved in

T cell activation),56 the voltage-sensing domain of the

archaeal potassium channel KvAP,57 and a G-protein

coupled receptor (GPCR) CC-chemokine receptor 5 in-

volved in inflammatory response.58 To date, Fourier

transform infrared (FTIR) spectroscopy and X-ray crystal-

lographic studies have only been conducted on syn-

thetic HDL itself, however the potential for studies with
transmembrane proteins remains.

Surface-Supported Analytical Systems. Because of their
water-soluble nature and discoidal geometry, HDL are
capable of adsorbing to hydrophilic surfaces such as
glass and silicon oxides. (Figure 4) Simply incubating
the substrate in an aqueous solution containing lipo-
proteins is sufficient to form a densely packed mono-
layer on the substrate surface.59,60 Compatible with
both bottom-up and top-down methodologies for mi-
croscale fabrication, HDLs represent an ideal platform
for immobilizing membrane components in detailed
spatial patterns over a surface for high-throughput
binding assays. Patterning techniques including micro-
contact printing and UV photolithography are well-
suited for use with thin organic films of lipid-based
particles.15,61 The result is a system with membrane
components arranged over two discrete length scales;
individual lipoproteins provide organization over a
range of tens of nanometers while patterning pro-
duces isolated patches tens of micrometers in width. Hi-
erarchical assembly is ideal for instruments and tech-
niques using planar surface geometries for analysis of
samples. These approaches are of strong interest to bio-
chemists and engineers who seek to quantify interac-
tions between soluble ligands and membrane-bound
receptors. Arrays of UV-patterned HDLs are compatible
with visualization techniques including imaging ellip-
sometry (IE) and fluorescence microscopy (FM),61,62 for
both fluorescently tagged and label-free ligand
binding.

The ability to array reconstituted lipoproteins over
surfaces with incorporated membrane receptors imme-
diately suggests their use in high-throughput, mas-
sively parallel biochemical assays. Potential combina-
tion with flow cytometry to investigate
receptor�ligand interactions can create a unique set
of analytical tools with the capability to isolate indi-
vidual parameters such as receptor aggregation and
conformation, and rigidity of the local environment. Ad-
ditional advantages include the ability to attach pro-
teins to surfaces without concern for detrimental sub-
strate interactions and providing analyte access to all
external domains of transmembrane proteins.63,64 The
most popular scheme makes use of the 6x His tag
added to the synthesized apolipoprotein. This protein
sequence binds with high affinity to nitrilotriacetic acid
with an attached nickel ion. The Ni-NTA chelate com-
plex is covalently attached to thiol or silane molecules,
which self-assemble over planar substrates to function-
alize surfaces such as silicon, glass, or gold. A MALDI-
TOF mass spectrometry investigation employing this
strategy along with nanodisc-embedded rhodopsin
was able to successfully demonstrate the binding of
light-activated rhodopsin to transducin as well as de-
tecting the inhibition of binding with the nucleotide
GTP	S.65 Also, synthetic lipoprotein stabilized by ze-

Figure 4. Schematic (left) and ellipsometric height map (right) de-
picting a single monolayer of reconstituted HDL composed of wild-
type ApoA-I and DMPC adsorbed to a surface then patterned with UV
photolithography. Lateral dimensions of the ellipsometric map are
in micrometers and the height color bar is in nanometers. Copyright
2008 American Chemical Society.61
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brafish apolipoproteinA-I and bearing the same
G-coupled protein receptor, rhodopsin, was immobi-
lized over a silicon crystal for attenuated total reflec-
tion Fourier tranform infrared spectroscopy (ATR-FTIR)
using the same His-tag Ni-NTA linkage. This configura-
tion allowed probing of the functionality of the rhodop-
sin photoreceptor by surface enhanced infrared absorp-
tion (SEIRA) difference spectroscopy.66

Several preliminary investigations indicate that HDL
is capable of regulating the molecular dynamics of
membrane-bound receptors, thus allowing investiga-
tion of various biophysical parameters and their influ-
ence on ligand binding.52,62,67 The interaction between
the membrane-associated glycolipid GM1 and the chol-
era toxin protein subunit B is a well-studied system
and frequently employed for assessing the capabilities
of any new analytical technique. Since binding is pen-
tavalent, a variety of different physical parameters can
be analyzed, for instance, membrane rigidity, mem-
brane fluidity, receptor organization and receptor
mobility.68,69 By careful selection of the constituent lip-
ids, rHDL can isolate these individual factors and ana-
lyze the effect of each on the receptor�ligand interac-
tion. Published results indicate that cholera toxin
association with glycolipids (contained in surface-
supported synthetic HDL) agrees well with expecta-
tions; there is a detectable enhancement of binding in
systems that limit GM1 receptor aggregation.

Energy and Chemical Conversion. Many photoactive and
chemically active proteins are membrane associated.
Examples of photoactive proteins include photosyn-
thetic reaction centers from purple bacteria, photosys-
tem PSII, and bacteriorhodopsin. Efforts by researchers
in the field of X-ray crystallography have revealed the
physical structure of these proteins and their amenabil-
ity to incorporation in synthetic lipoprotein.70�72 Po-
tential artificial photosynthetic devices may combine
rHDL with rhodobacteria photosynthetic reaction cen-
ters (that can be produced in abundance)73 and charge
transporting substrates, or researchers may pursue en-
hancement of current solar cell technology. Graff et al.
have developed a technique to mate single-walled car-
bon nanotubes with poly-His tagged proteins.74 As de-
scribed earlier, when apolipoproteins are produced by
E. Coli injected with a DNA plasmid, this genetic material
often codes for several His tags at the N terminus for
later isolation with affinity chromatography. This modi-
fication does not effect function61 and is readily com-
patible with the nanotube attachment strategy. A col-
laborative effort spearheaded by M. S. Strano has very
recently demonstrated a functional light-harvesting de-
vice, integrating photosynthetic reaction centers em-
bedded in nanodiscs with highly conductive single-
walled carbon nanotubes.75

Chemical converters and other enzymes capable of
breaking down or building specific molecular materials
have also found incorporation into synthetic lipopro-

tein platforms. Functional hydrogenases embedded in
NLPs are capable of producing hydrogen from starches
and simple sugars.39 This process could find use as a hy-
drogen generator for hydrogen-fueled devices or per-
haps where biofriendly production is necessary. The cy-
tochrome P450 enzymes are membrane-bound
proteins responsible for catalyzing the oxidation of or-
ganic substances in vivo, a role which includes metabo-
lism and bioactivation of therapeutic drugs in humans.
Nanodisc technology is enabling new explorations into
the structure and kinetic properties of these critical cell
surface components.76 Because of their importance in
drug metabolism, it is not difficult to envision this sys-
tem finding use in the pharmaceutical industry where
simple and inexpensive tests could be conducted to de-
termine how a potential drug molecule may be re-
ceived in the body.77

IN VIVO APPLICATIONS
Infectious Disease. In addition to use in a laboratory or

industrial setting, reconstituted lipoproteins are also be-
ing explored as a direct therapy for a variety of dis-
eases. In vivo, HDL particles can be remodeled to per-
form innate immune functions by addition of
antimicrobial agents to HDL. A pathogenic protozoa
Trypanosoma brucei brucei that causes a potentially le-
thal sleeping sickness is 500-fold less active in the pres-
ence of HDL that contain haptoglobin-related protein
and apolipoproteinL-1. The apoA-I-stabilized HDL mol-
ecule supplies a platform for the assembly and protec-
tive function of these synergistic proteins.78

From the robust, nanosized lipid scaffold, rHDLs are
capable of exogenously presenting a variety of patho-
gen targets that may serve as decoys to prevent infec-
tion of healthy cells. (Figure 5) One example is the gly-
colipid GM1, a signaling molecule typically found at
the cell surface but whose presence is exploited by in-
fectious agents such as cholera toxin.79 In fact, recent
research shows that rHDL-supported GM1 do bind chol-
era and are able to protect populations of mammalian
cells once exposed to the toxin.62 Other membrane-
anchored glycoconjugates similar to GM1 play a role in
a variety of viral infections including HIV,80 influenza,81

sendai,82 rotavirus,83 rabies,84 and polyoma viruses.85

These examples span a broad range of classes, from
lipid-enveloped to nonenveloped and both DNA and
RNA types. By introducing these attachment molecules
to the body, embedded in reconstituted HDL, patho-
gens may bind with these decoys instead of the recep-
tors at the cell surface. And by reducing or eliminating
this targeted attachment of pathogens to cells, these in-
fections can be effectively treated without a lengthy
and expensive drug development process that must
be tailored to each individual disease.

While this pathogen-decoy strategy is not a recent
development, rHDL has greater potential to be success-
ful than many of the proposed alternative approaches.
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Prior efforts have focused on polymer or liposome-

based approaches. Liposomes prepared from native

lipid compositions exhibit poor stability in vivo, and any

incorporation of stabilizing agents (e.g., PEGylated de-

rivatives) can adversely impact efficacy with unknown

side-effects.86,87 Furthermore, the two-dimensional ve-

sicular environment is not particularly well-suited to

controlling the lateral organization of membrane-

bound receptors.68 In the case of multivalent toxins

(e.g., shiga and cholera), control of receptor aggrega-

tion is necessary to selectively promote monovalent in-

teractions and maximize the amount of toxin-decoy

binding. While the physical dimensions of liposomes

lie on the nanometer scale, they typically contain thou-

sands of receptors in a fluid environment, rendering

them ill-suited for these applications. Another fre-

quently studied approach makes use of a polymer scaf-

fold to present toxin-binding domains. These synthetic

structures allow for some limited control over lateral or-

ganization via conformational flexibility of the polymer

backbone.88,89 Their practical applications, however, are

hampered by several unresolved issues: (1) the need

for an extensive synthetic effort; (2) the difficulties in de-

signing polymers with a useful range of conforma-

tional dynamics; and (3) a lack of control over orienta-

tion of receptor binding motifs relative to the scaffold.

Moreover, in vivo implementation of many of these

treatments has proven ineffective or even toxic.90 Fi-

nally, soluble analogs of typical membrane-bound re-

ceptors have also been proposed as potential binding
decoys.91,92 However, without the lipid environment,
control over their conformation and aggregation is dif-
ficult. In addition, their binding affinity can be reduced
from native levels by a full order of magnitude,93,94 pre-
sumably because the lipid structure performs some
necessary role in the binding process.95,96

Even without additional modifiers, rHDLs have
proven effective against serious communicable dis-
ease. Infections of the circulatory system are frequently
lethal; the danger stemming not only from bacterial
pathogenesis (called endotoxemia) but also the stimu-
lated immune response that can lead to whole body in-
flammation (a condition known as septic shock). As
seen in clinical studies with human and animal sub-
jects, rHDLs can reduce the production of tumor necro-
sis factor (TNF) in response to challenges from gram-
negative bacteria.97�100 TNF is a signaling protein that
serves as an indicator of the severity of the immune re-
sponse. Gram-negative bacteria (examples include
E.Coli and Salmonella) are distinguished by the endo-
toxin known as lipopolysaccharide (LPS), which is an-
chored at the bacterial cell surface to provide structural
integrity and resistance against chemical attack. LPS is
released during host defense by human
lipopolysaccharide-binding protein (LBP) and soluble
CD14. Although this mechanism is necessary to protect
against infection, there is a strong risk of an overaggres-
sive immune response resulting in whole body inflam-
mation (septic shock) and furthermore, the endotoxins
are not actually cleared from the bloodstream. How-
ever, HDLs are able to bind and neutralize the LPS re-
leased during normal immune function, without
prompting further inflammation. Even more signifi-
cantly, HDLs are effective against both smooth and
rough LPS types, which are characterized by the pres-
ence or absence (respectively) of an O-antigen. Each
O-antigen (or its absence) requires a specific antibody
in order to be recognized by the host as a pathogen, if
this antibody is not present then the infection may be
lethal. In contrast, the lipid platform of HDL can bind en-
dotoxin through a nonspecific interaction with the LPS
Lipid A domain. This lack of O-antigen specificity for LPS
neutralization suggests HDLs can mitigate the dangers
of sepsis by serving as a quick and universal treatment.

Reconstituted HDLs can also be engineered to serve
as vaccines. Membrane components isolated from
pathogens can stimulate an immune response, induce
the body to produce antibodies, and provide immunity
in case of infection. One example where this strategy
has proved effective is influenza. When administered
subcutaneously or via the nasal passages, nanodiscs
housing recombinant viral hemagglutin stimulate the
immune system of mice, as evidenced by the expres-
sion of IgA, IgG, and IgM antibodies.101 The build-up of
these antibodies is necessary to provide protection
against future infections. Although this study tests only

Figure 5. Schematic of a reconstituted HDL bearing a single GM1
molecule (red, gray and blue), capable of binding pentameric chol-
era toxin B (green).
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influenza envelope proteins, rHDLs are appropriate for
any membrane-associated viral fusion protein. Another
example combines synthetic lipoprotein technology
with West Nile virus. By embedding nickel-chelating lip-
ids in a nanolipoprotein particle, water-soluble
hexahistidine-tagged versions of viral lipid envelope
proteins can be attached. The nanoscale dimensions of
the HDL platform hold the viral proteins in close prox-
imity and amplify polymerization, which is thought to
lead to the enhancement of immunogenicity and pro-
tection against infection in mice models.102 With these
techniques, HDL technology can be used as a general
platform to produce a broad spectrum of vaccines, with
the added benefit of superior shelf life due to their ro-
bust structure and water-soluble nature.

Drug Delivery. Delivery and targeting of therapeutic
drugs to specific tissues or cells is important for maxi-
mizing efficacy and limiting adverse reactions. The in-
herent toxic nature of many drugs (e.g., traditional che-
motherapy) can lead to dangerous side effects when
administered in the large dosages needed to elicit
therapeutic action. To satisfy these conditions, rHDLs
have been tested for their efficacy and specificity in the
targeted delivery of cancer drugs,103,104 cardiovascular
disease drugs,105 and hepatitis B drugs.106 One promis-
ing study exploited the overexpression of folate recep-
tors in tumor cells; folate receptor FR-� is a membrane-
bound protein that exists in limited quantities in the
body, appearing only in the kidney.107 Thus by conju-
gating folic acid to the apolipoprotein, it was possible
to specifically target lipoprotein-carried drugs (e.g.,
paclitaxel) to tumor cells.108 In this example, LDL was
selected as the drug carrier; however, there is still ample
free volume in the hydrophobic core of spherical HDL
as well.109 An additional advantage of rHDLs for drug
delivery is their structural similarity to native analogs.
HDLs effectively avoid recognition by macrophages
that clear foreign substances and do not trigger im-
mune responses like other synthetic materials such as
liposomes.105

A significant portion, nearly 40%, of new drug candi-
dates are lipophilic, leading to poor bioavailability, high
intra- and intersubject variability and lack of dose pro-
portionality.110 One approach to offset these challenges
is to encapsulate lipophilic drugs inside solid lipid nano-
particles that contain a gel-phase hydrophobic core
consisting of mono- and triglycerides and waxes.111 Un-
fortunately, due to their crystalline lipid matrices, these
particles are susceptible to coagulation and premature
expulsion of loaded drugs.112 However nature produces
its own variant of a hydrophobic molecule transporter,
HDL, which contains a lipophilic core, composed of cho-
lesterol esters and triacylglycerol. In addition, scaven-
ger receptors exist in many cell types that can be har-
nessed to actively internalize synthetic lipoproteins.62

Encapsulating lipophilic drugs in the core of rHDL has
great potential for safe and effective delivery to target

tissues of interest. For example, nosiheptide, a lipo-
philic peptide with antihepatitis B viral activity, has poor
distribution in the liver. Yet when complexed with rHDL
the drug distribution in rat liver was 7 times higher
than in plasma. It is not surprising that the dose needed
to achieve 50% viral inhibition in hepatocytes was 200
times lower when the drug was complexed to rHDL ver-
sus free nosiheptide.113 Similar results were found with
rHDL doped with the antiviral drug acyclovir. Chemi-
cally modifying the drug to include a lipid palmitate
moiety helped foster incorporation into the HDL lipid
platform. The resulting complex exhibited improved
liver targeting and antiviral activity.114 Along these
lines, targeting of antifungal agents to specific mac-
rophages can improve drug efficacy. After administra-
tion of amphotericin B complexed with lipid nanodiscs
at regular intervals over several days, mice infected with
the parasitic protozoa Leishmania demonstrated vis-
ible improvement in symptoms without a detectable
change in immune response. This cutaneous infection
is potentially lethal for immune-compromised patients
and current therapies are hampered by poor drug solu-
bility and toxic side effects, thus the need for a target-
ing delivery vector is critical.115 Other studies have
shown that spherical HDL is appropriate for targeting
and delivery of the lipophilic drug aclacinomycin, even
leading to elevated cellular uptake.116 And finally, HDL
reconstituted with sphingosine-1-phosphate (a signal-
ing lipid involved in immune and vascular function) ad-
ministered in conjunction with doxorubicin can reduce
cytotoxic side effects and protect cardiomyocytes.117

While strategies for controlled release have yet to be re-
solved, reconstituted lipoprotein remains a viable op-
tion for selective targeting and delivery of a wide vari-
ety of nonsoluble or amphipathic therapeutics.

Noncommunicable Disease. Careful study of the nano-
scale structure and behavior of lipoprotein compo-
nents has influenced the design of new and improved
therapies for a variety of noncommunicable diseases.
Two recent reviews address the rationale for the thera-
peutic use of HDL in cardiovascular disease and other
associated metabolic diseases such as type 2 diabetes.
These reviews also delineate the current progress of
lipoprotein-related therapies including, rHDL, ApoA-I,
mimetic ApoA-I, and the various pharmaceutical ap-
proaches to directly increasing total HDL
cholesterol.118,119 In summary, specific structural and
compositional properties of HDLs determine their effi-
cacy in performing key functions, including reverse cho-
lesterol transport (the removal of cholesterol from mac-
rophages and arterial plaque) endothelial repair, and
protection via stimulation of nitric oxide production, as
well as antioxidant, anti-inflammatory, and antithrom-
botic functions.119 These properties may be derived
from specific proteins loaded into HDL (similar in com-
position to the assemblies produced for in vitro studies)
by the body in response to the onset of cardiovascular
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disease. The loaded proteins are known to be involved
in lipid metabolism as well as immune-related protease
inhibition, complement activation, and acute-phase re-
sponse; auxiliary functions thought to facilitate antiath-
erosclerotic activity.120

The concept of “dysfunctional HDL” or HDL with ab-
errant composition and structure that render them inef-
fective at reverse cholesterol transport and other func-
tions are increasingly being documented in samples
from patients with cardiovascular disease.118 As a re-
sult, clinical studies where reconstituted HDLs of the
correct structure and composition are introduced to the
patient show significant potential. A recent crossover,
placebo-controlled clinical trial in 13 male type 2 diabe-
tes patients showed that infusion of rHDL increased
the anti-inflammatory properties of isolated HDL, re-
duced neutrophil adhesion, and increased the efflux of
cholesterol from macrophages by 40�60%.121 Another
recent 20-patient clinical trial showed a significant re-
duction in expression of compounds responsible for cell
adhesion, a reduction in arterial plaque lipid content
and a 20% increase in HDL cholesterol concentration
with rHDL infusion.122 Another placebo-controlled in-
tervention in a larger group of patients (n � 60) using
intravascular ultrasound to assess change in plaque
burden found no significant reductions in plaque vol-
ume but did result in improvements in plaque charac-
terization score and coronary score with rHDL treat-
ment.123 However, patients receiving the rHDL
infusions experienced increases in liver enzymes, which
were self-limiting and mild in the lower dose group
(40 mg/kg) but in the higher dose group (80 mg/kg)
these changes were indicative of liver dysfunction and
treatment was discontinued early in the study. Clearly
further study is still needed.

Reconstituted HDLs have also been found to re-
duce pancreatic �-cell dysfunction and can improve
�-cell function and reduce islet inflammation in type 2
diabetes.124 In the body, �-cells are responsible for pro-
ducing insulin and amylin, proteins that help regulate
blood glucose levels. The dysfunction of these pancre-
atic cells is directly responsible for the development of
diabetes mellitus. Typical lipoprotein receptors such as
ABCA1 and ABCG1 can be found at the membrane sur-
face of these cells, allowing HDLs to dock and remove
excess cholesterol that may otherwise cause detrimen-
tal inflammation. By tuning HDLs with the appropriate
lipid/protein composition for stability in the body and
docking compatibility, it may be possible to directly
mitigate the causes of type 2 diabetes. This approach
offers significant improvement over many current treat-
ments which simply alleviate symptoms. Other studies
detail additional mechanisms by which HDL-based
therapies can combat diabetes. For example, rHDL infu-
sion is capable of decreasing platelet aggregation, in
parallel with improved cholesterol efflux and reduced
lipid raft assembly in platelets;125 improving plasma

glucose by increasing plasma insulin and muscle glu-
cose uptake;126 and improving endothelial
function127,128 in patients with type 2 diabetes.

ApoA-I and apoA-I-containing rHDL also show prom-
ise as biologically effective therapeutic solutions for
treating symptoms of Alzheimer’s Disease (AD). The
pathophysiology of AD includes accumulation of
amyloid-� peptide (A�) aggregates in brain tissue lead-
ing to oxidative damage, inflammation, synaptic injury,
and ultimately neuronal dysfunction.129 Phage peptide
screening led to the identification of a peptide that was
homologous to an amino acid sequence comprising
the N-terminal domain of apoA-I that could bind to ag-
gregated A�. In addition, binding experiments of puri-
fied human apoA-I and rHDL containing apoA-I bound
to amyloid-� led to hippocampus neuronal protection
from amyloid-�-induced oxidative stress and neurode-
generation in rats.130 Interestingly, an apoA-I mimetic,
D-4F, which mimics the anti-inflammatory, antioxidant,
and cardioprotective functions of HDL,131 was found to
inhibit A� deposition and improved the cognitive per-
formance in a mouse model of Alzheimer’s disease.132

In terms of therapy, HDLs are capable of delivering
small molecules such as vitamin E across the blood-
brain barrier, as shown in an in vitro model. Also, apoli-
poprotein A-I found in human cerebrospinal fluid is ef-
fective against forming plaques associated with
Alzheimer’s disease and was thought to have origi-
nated in the blood. These results suggest that not only
are HDLs capable of initiating mass transport across the
blood-brain barrier but they themselves may enter the
brain through endothelial cell caveolae, providing a
physiological pathway for treatment.133 Thus rHDL and
apoA-I mimetics not only offer cardiovascular protec-
tion but may be potential therapeutics for Alzheimer’s
disease where no current treatment exists.

Medical Imaging. Medical researchers are exploring
both biological and synthetic molecular structures for
use as in vivo diagnostic tools. Currently, fully artificial
systems are composed of heavy metals such as colloi-
dal gold nanoparticles for imaging tumors134 or poten-
tially toxic polymers used to encapsulate magnetic
contrast agents in magnetic resonance imaging
(MRI).135 The safety to human health and occupational
hazards that may manifest during construction, imple-
mentation, and disposal of synthetic nanoparticles is
cause for concern. Also, the long-term toxicity of new
classes of synthetic nanosubstances and their ecologi-
cal impact has yet to be assessed. As a result, some re-
searchers are turning toward more biocompatible sys-
tems centered around reconstituted lipoproteins. While
these approaches can include metals such as gadolin-
ium or iron oxide, these materials are widely considered
to be safe for use as MRI contrast agents, and complex-
ing with HDLs enables in vivo biodegradation via cus-
tomary bodily clearance mechanisms.136,137 Once again
size plays a crucial role as the nanoscale dimensions of
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HDL allow it to pass through the endothelial barrier
and access specific tissues for imaging.138

OUTLOOK AND CONCLUSIONS
The rapidly growing appreciation for the enabling

nature of reconstituted lipoprotein, inspired by na-
ture’s own nanotechnology, is fueling interest in both
fundamental studies and exploration of their use in
technological applications. Both research scientists and
engineers have put rHDL-based nanostructures to use
for many purposes: to investigate receptor�ligand in-
teractions, for structural studies of difficult-to-isolate
membrane proteins, to pursue potential therapeutic ap-
plications, and to build functional devices that are ca-
pable of efficient conversion of energy and molecular
materials. The adaptability and robustness of HDL both
in vitro and in vivo make this biomimetic nanotechnol-
ogy attractive for a diverse group of applications.

Of course there are issues and concerns with syn-
thetic lipoprotein that need addressing. While rHDLs
permit isolation of membrane proteins in their in vivo
conformation, their presence can complicate physical
measurements performed with NMR, X-ray scattering,
and infrared spectroscopy. For therapeutic or diagnos-
tic applications, many cell types contain receptors such
as ABCA-I or SR-BI that bind HDL and may result in the
delivery of therapeutic agents to undesirable locations.
While these concerns are not trivial, the advantages
provided by reconstituted HDL over alternative ap-
proaches are multifold; robust stability, long storage
life, high biocompatibility, limited toxicity, adaptable
or rigid structure, and of course the nanoscopic dimen-
sions of the assembled complex.

In the immediate future, researchers are likely to fo-
cus on broadening the catalog of membrane compo-
nents compatible with synthetic lipoproteins. In the
slightly more distant future, it is reasonable to expect
demonstration of new types of functional lipoproteins,
incorporated in artificial constructs yet compatible with
biological systems. For instance, in therapeutic applica-
tions the development of targeting agents that can be
added to rHDL is highly critical. The ability to identify
and limit drug interactions to pathogens, tumors, or
other disease-causing factors would drastically enhance
current treatments by improving efficacy and limiting
adverse drug interactions. In other applications, limited
research has shown considerable promise in the de-
ployment of biomimetic technologies in fields such as
chemical synthesis and energy harvesting, yielded in-
sights into the structure of cellular membrane compo-
nents and demonstrated the ability to successfully in-
corporate and replicate the function of biomolecules in
inorganic devices. And finally, reconstituted lipopro-
tein has also shown promise as a diagnostic and thera-
peutic in cultured cell and animal models and early
phase clinical trials. The pharmaceutical industry will
undoubtedly continue to pursue, develop, and patent

these new approaches. With a lipid platform of tun-
able composition, a size-adaptable scaffolding protein
and proven versatility, these biomimetic nanoparticles
can influence and replicate biological functions in a
wide variety of technological applications.
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