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Abstract
The field of nanoscience is extending the applications of physics, chemistry and biology into
previously unapproached infinitesimal length scales. Understanding the behavior and manipulating
the positions and properties of single atoms and molecules hold great potential to improve areas of
science as disparate as medicine and computation, and communication and orbiting satellites. Yet,
in the race to develop novel, previously unavailable nanoparticles, there is an opportunity for
scientists in this field to digress and to apply their growing understanding of nanoscience and the
tools of nanotechnology to one of the most pressing problems in all of human biology—diseases
related to lipoproteins. Although not appreciated outside the field of lipoprotein biology, variations
in the compositions, structures and properties of these nanoscale-sized, blood-borne particles are
responsible for most of the variations in health, morbidity and mortality in the Western world. If the
lipoproteins could be understood at the nanometer length scale with precise details of their structures
and functions, scientists could understand a wide range of perplexing physiological processes and
also address the dysfunctions in normal lipoprotein biology that lead to such diseases as
hypercholesterolemia, heart disease, stroke and neurodegenerative diseases. Furthermore, if the
capabilities of nanoscience to assemble and manipulate nanometer-sized particles could be recruited
to studies of lipoproteins, these biological particles would provide a new dimension to therapeutic
agents, and these natural particles could be designed to carry out many specialized beneficial tasks.
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1. Introduction
Nanoscience is the new field embracing the sciences and engineering needed for designing,
synthesizing and describing materials and devices at the level of atoms, molecules and
supramolecular structures while leveraging on the unique properties and phenomena of matter
at the nanometer length scale. Nanoscience has great promise to revolutionize fields as
disparate as computer electronics, communication, energy production and medicine. Medical
research is beginning to explore nanoscience with applications to the development of
nanodevices as diagnostics, sensors and therapeutic delivery systems. Nanoscaled devices are
in many situations envisioned to be manufactured to resemble nature's nanodevices—proteins,
DNA, membranes (Table 1) and even to incorporate natural biomolecules in their assembly.
However, the potential to produce particles or constituents that are not found in nature raises
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the important consideration of their side effects and the environmental and/or personal hazards
associated with disseminating these particles into routine practice [7]. The potential long-term
toxicity of new classes of nanosubstances to biological organisms has yet to be assessed.
Therefore, building a regulatory infrastructure for this technology will be just one of the hurdles
that will delay bringing nanoscience applications to practice. However, nanoscience, if used
to understand existing biological structures at the nanometer length scale, would potentially
revolutionize several fields of biological science that are struggling with the challenges of
working at such small length scales. In particular, the field of lipoprotein biology is critical to
human health, but the field is substantially disabled by the lack of scientific tools to study the
basic structures that constitute the core of lipoprotein biology—the lipoproteins themselves.
The tools of nanoscience and the key questions of lipoprotein biology are well matched.
Nanoscience is striving to understand materials at the length scale of atoms and molecules with
sufficient clarity to assemble devices on this nanometer scale. Lipoprotein biologists would
like to understand lipoproteins on the same length scale. To achieve controlled assembly of
nanometer-sized devices and particles, nanoscientists will need to develop means of measuring,
isolating and manipulating molecules at this dimension. To understand the structures and
functions of lipoproteins, biologists need to be able to measure, isolate and manipulate in
quantitative and precise terms lipoproteins as individual nanometer-sized particles. Certainly,
it can be seen that the two fields of science potentially overlap; however, what are the arguments
that investing in understanding lipoproteins will bring greater value to the human condition
than racing ahead to the first proofs-of-principle of nanodevices using carbon nanotubes—self-
assembling synthetic particles and atomic-sized memory devices? This review highlights the
challenges and opportunities that could emerge from directing nanoscience towards biology's
most vexing nanoparticles—lipoproteins.

2. Nanoscience
The intent of this article is not to review or discuss nanoscience nor its applications to the
technologies of nanoparticles. Nonetheless, the vision provided by Richard Feynman [8••] that
is now being realized by scientists around the world provides an unprecedented path to improve
the human condition. Science is beginning to retrace the same steps, principles and complexes
that led to the emergence of life itself. Molecular evolution first mastered the nanoworld, and
from this mastery, emerged life. The optimism for this new science is justifiably high. But as
with all new scientific fields, the practical applications of the science are not usually as clear
as are the first questions of the basic research. Many of the most obvious benefits that can be
imagined by nanoscience, and particularly its applications into nanotechnology, have also been
recognized to be potentially hazardous and contribute to overall environmental toxicity [7].

Interestingly, nanoscientists have accurately grasped the principle that biology mastered the
nanometer length scale as the means to produce life and all its manifestations (espoused by
Richard Feynman in his seminal paper [8••]). As a result, scientists have appreciated that many
of the molecules of life are appropriate building blocks for nanodevices. However, although
the tools of biology are being used to build nanodevices, the tools of nanoscience are not yet
being used to understand biology. If the principles and technologies emerging from
nanoscience could be leveraged to address the subject of lipoprotein biology, these would form
the necessary enabling means to revolutionize our understanding of lipoprotein particles and
their roles in health. In fact, if nanoscience in this generation could provide solely an
understanding of lipoproteins sufficient for precise and accurate diagnostics, direct effective
therapeutics, and design prevention strategies to individual humans, the investment in
nanoscience would be more than returned.
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3. Lipoproteins
Lipoproteins, the colloidal particles that transport insoluble lipids within blood, lymph and
cerebral spinal fluid, are among the most studied structures in biology. There are excellent
reasons for this intense interest. Dysregulations of lipoprotein metabolism, even when
expressed as crudely as inordinately high or low concentrations of individual components of
these complex particles in human blood (e.g., cholesterol), are responsible for considerable
morbidity and mortality within human populations in the Western world. Literally thousands
of studies have followed the raising and lowering of the lipid constituents of lipoprotein
particles in humans and surrogate animal models as a function of experimental variables,
including genetics, diet, drugs, lifestyle, toxins and exercise. Despite this massive effort, very
little is understood of the precise structures and functions of lipoprotein particles in the
nanometer length scale at which they function.

Two generations of scientists have attacked the complexity, diversity and physiology of
lipoproteins with brilliant insights and ingenuity in spite of the technological limitations. One
over-riding problem has been the inability to manipulate the critical lipoprotein variables–size,
composition and structure–in a truly scientific and independent manner. Scientists have had to
use ingenious methods to manipulate the biology underlying the synthesis, release and
clearance of the lipoproteins in order to generate information about them. Unfortunately, as a
result of the complexity of the biology itself, it has been impossible to isolate these particle
variables as orthogonal experimental variables. As a result, our knowledge is fragmented and
confounded. As one example, it has been suggested for over 10 years that low-density
lipoproteins (LDL), which differ in their size and density, are more or less atherogenic
(associated with heart disease) [9•]. However, it is still not known precisely why smaller size
is more atherogenic, nor what changes to the particles would reverse their increased risk. A
more detailed understanding will require fundamentally new means to isolate, describe,
manipulate and ultimately craft lipoprotein particles as independent scientific variables.

3.1. Isolation of lipoproteins
The methods to prepare lipoproteins (Fig. 1) have been pursued for decades, and the major
advances have been made in isolating the broad classes of particles based primarily on bulk
properties (e.g., diameter, density and charge). Notably, the methods are bulk and do not
recognize–much less take advantage of–the diversity of lipoprotein size and structure, and are
thus incapable at present of developing the level of structure/function understanding that is
necessary to predict function and metabolic dysfunction within individuals.

3.1.1. Density—Density gradient ultracentrifugation continues to be the “gold standard” for
isolation of lipoprotein fractions 50 years after publication of the method [10]. This method
relies on the observation that, depending on the ratios of the denser constituents (i.e., proteins)
compared with the less dense constituents (i.e., lipids, especially triglycerides (TG)), different
fractions of lipoproteins can be separated either with sequential centrifugation steps or with a
continuous density gradient. The TG-rich very low-density lipoproteins (VLDL) “float” first,
followed by intermediate-density lipoproteins (IDL), then by LDL and finally by high-density
lipoprotein (HDL) particles. It has long been recognized that there are always several subgroups
within each lipoprotein density class that must be resolved with further centrifugation or other
separation techniques, each of which creates potential problems as well.

3.1.2. Size—Separating lipoproteins by bulk properties limits the precise size differences that
can be ascribed to them—most obviously there is an overlap between equally dense particles
that belong to functionally different lipoproteins. Chylomicrons (lipoproteins that carry dietary
fats from the intestine) are relatively large and buoyant immediately following a meal, and are
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easily separated from smaller, more dense VLDL. However, as the TG from these chylomicrons
are hydrolyzed and taken up into tissues, chylomicron remnants are formed that closely
resemble VLDL and their remnants in density and diameter. Likewise, there can be overlap of
lipoproteins in various physiological states where impaired clearance from the blood and other
metabolic defects result in abnormal lipoprotein metabolism [10]. One of the challenges that
a new generation of nanotools must address is how to separate the lipoproteins by the multiple
criteria that distinguish them biologically. As early studies have shown, mixing different
species in any observational or interventional experiment confounds the biological information
that can be derived from measurements. Once isolated, subsequent steps can separate
lipoproteins to analyze their composition, properties, etc. (Fig. 1), but none is completely
satisfactory. Further ultracentrifugation can be performed to achieve separation of subgroups,
as has been done with LDL [11] and VLDL [12]. Non-denaturing polyacrylamide gel-gradient
electrophoresis [13], high-performance gel-filtration chromatography [14] and capillary
isotachophoresis [15] can be used to separate lipoproteins by diameter within a lipoprotein
fraction. There are several specific diameter subgroups within the LDL fraction, ranging from
18 to 28 nm [13]. However, agreement between methods remains difficult. For instance, when
the gel electrophoretic method was compared with particle sizing via nuclear magnetic
resonance, a poor correlation (r2 = 0.39) reflected differences in peak particle diameter
estimates of up to 5.38 nm [16].

3.1.3. Apoprotein-based separation—A more biologically based approach to separate
lipoproteins is to bind and remove them via affinity matrices built to recognize the proteins
(apolipoproteins) that are present on their surfaces. The apolipoproteins are the “brains” of the
lipoprotein system, regulating most of the myriad events in the dynamic processes of assembly
remodeling and uptake [17]. Apolipoproteins are proteins bound onto the surface of the
lipoprotein complex that in turn bind to specific enzymes or transport proteins on the cell
membranes, directing the lipoprotein to the proper site of metabolism. Apolipoproteins are
grouped by function in four classes—A, B, C and E (the former apoD is now apoAIII).
Apolipoprotein A is a class of apolipoproteins–apoA-I, -II, -III and -IV–that occurs primarily
in HDL and in lesser amounts in chylomicrons; apoA-I is the activator of lecithin–cholesterol
acyltransferase (LCAT), which forms cholesteryl esters in HDL. Apolipoprotein B is a class
of apolipoproteins recognized by specific cell-surface receptors that mediate endocytosis of
lipoprotein particles; apoB-100 on VLDL, IDL and LDL is recognized by LDL receptors on
liver and extrahepatic cells; apoB-48 on chylomicrons is recognized by chylomicron remnant
receptors on liver cells. The apolipoprotein C class of apolipoproteins–apoC-I, -II and -III–
occur in VLDL, HDL and chylomicrons; apoC-II activates lipoprotein lipase, which hydrolyzes
TG for transfer from VLDL and chylomicrons to tissues. Apolipoprotein E–apoE2, E3 and
E4–occurs in all classes of lipoproteins, and it may be involved in the conversion of VLDL to
IDL and its clearance from the circulation.

Because most apolipoproteins can, and are likely intended to, exchange between lipoprotein
particles while circulating in the blood, the strategy of using apolipoproteins as a means to
separate lipoproteins is not as discriminating as could be hoped. Nonetheless, the apoB proteins
are intrinsic, non-exchangeable structural elements of the lipoprotein particles on which they
are found (chylomicrons, VLDL, IDL and LDL) and are intimate to their structures. In humans,
chylomicrons are formed in the intestine with a truncated form of the protein—apoB-48. Thus,
chylomicron particles and their remnants can be differentiated from the VLDL lipoproteins
and their derivatives, which are synthesized with the full size protein, apoB-100.
Immunoaffinity chromatography [18–22], immunoaffinity gel electrophoresis [23] and
precipitation techniques [24,25] have been used to effect such separations. A tantalizing
glimpse of the information that could be acquired by examining lipoproteins, based not simply
on the content of apoB proteins but on the actual structure of the protein on a particular
lipoprotein, was reviewed by Gustafsson and Boren [26]. In a series of articles, it was revealed
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that alterations in the content/dimension of the lipoprotein contorted the apolipoprotein
sufficiently to modify its tendency to bind to endothelial cell surface glycoproteins. Because
such binding is thought to influence disease processes, knowing what the actual structure of
lipoproteins and the proteins on them–again in the dimensional detail anticipated for
nanoscience–is necessary to understanding the inter-relations between lipoprotein structure
and disease function.

3.1.4. Stability—The tools of nanoscience must address the problems of stability that bedevil
attempts to measure lipoproteins ex vivo. The basic nature of lipoproteins is to exchange
constituents during their circulation in plasma. Therefore, to accurately assess the
compositional status of lipoproteins at any point in time, it is necessary to measure their
composition as it occurs in blood. Unfortunately, ultracentrifugation can introduce artifacts by
modifying particles and their constituents due to the prolonged times and high g forces involved
during separation [27–29]. The sequential flotation method (density gradient
ultracentrifugation) requires extremely long ultracentrifugation times [30], with the isolation
of all major lipoprotein fractions requiring days (72 h) to complete.

3.1.5. Composition—Lipoprotein particles contain a variety of biomolecules depending on
a number of factors: (1) their synthesis within the cell that produces them, (2) active remodeling
within the blood or lymph compartment during their circulation and (3) artifactual
modifications occurring during isolation. Nonetheless, isolated populations of lipoprotein
particles have been analyzed for their molecular compositions (Table 2). All of the methods
currently in routine practice for isolating and measuring lipoproteins are designed to prepare
broad classes of particles. It speaks to the importance of the lipoproteins to overall metabolic
health that these broadly based and crude separation methods are still capable of distinguishing
dramatically different health outcomes associated with these lipoprotein measurements.
Discouragingly for the potential of lipoproteins as health assessment indicators, their separation
by the methods in both clinical practice and scientific investigation–the most selective of which
is still density gradient ultracentrifugation–is poorly quantitative. During the process of sample
preparation and handling, a substantial amount of lipid may be lost. Recovery is not uniform
across lipid classes, and an acceptable fractionation often recovers ~90% of cholesterol present
in whole plasma and ~70% of the triacylglycerol (Paul A. Davis, University of California,
Davis, personal communication).

To pursue a more detailed understanding of the lipoproteins as discrete particles and how their
specific compositions, structures and functions dictate health and disease, it will be necessary
to isolate, measure and ultimately engineer compositions and structures of lipoproteins.
Methods to date have relied on biological models of lipoprotein preparation, and invariably,
several compositional features end up confounded. If sufficient molecular dexterity could be
recruited to this task, lipoproteins could be constructed with precise compositions of lipids,
proteins and tracers, and their functions, fates and consequences studied in molecular detail.
What is known now about the structural diversity of lipoproteins and the consequences of this
diversity on health provides considerable confidence that greater understanding of lipoproteins
at the length scales at which they function, i.e., nanoscale, will provide a major advantage to
the study of the influence of lipoprotein structure on human health. The challenge and also the
opportunities to be gained by understanding lipoprotein biology can be seen in the extensive
scientific work to date on the broad classes of lipoprotein particles.

3.2. Very low-density and the triglyceride-rich lipoproteins
VLDL are the primary transport particles for delivering energy-rich but insoluble TG to tissues
throughout the body. VLDL are synthesized in the liver by a complex multi-step process
requiring multiple proteins to achieve the final structure and composition that is secreted into
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blood (for review see [37]). Although still being actively studied, the process is considered to
involve two discrete pathways to obtain ostensibly two separate particles that are then brought
together prior to secretion [38]. These various steps are thought to be responsible for ensuring
the integrity, composition and successful release of these marvels of biological engineering.
Nonetheless, depending on various genetic and environmental factors (diet, age, health, etc.),
a range of sizes of VLDL particles is secreted from the liver. Secreted VLDL particles are
typically between 30 and 80 nm in diameter, as estimated by electron microscopy, high-
performance gel-filtration chromatography, polyacrylamide gradient gel-electrophoresis,
light-scattering methods and nuclear magnetic resonance. Recognizing that VLDL are secreted
with different sizes and densities and varying compositions as a result of different metabolic
conditions has energized the field of TG-rich lipoproteins. Relatively crude separation by
density yields two distinct classes of VLDL termed VLDL1 (larger and less dense) and
VLDL2 (smaller and more dense). Recent research indicating that the condition of type 2
diabetes leads to greater production of VLDL1 [39•] will likely stimulate the development of
VLDL speciation as a clinical diagnostic.

3.2.1. Composition—The composition of VLDL is somewhat dependent on the metabolic
state of the liver synthesizing them, however, the general composition is relatively constant
(Table 2). They are ostensibly emulsion particles with a monolayer phospholipid surface,
around which is interwoven the major apolipoprotein on VLDL–apoB-100–and a core of
neutral lipids of TG, cholesterol esters and a variety of minor fat-soluble molecules depending
on the nutritional status of the individual. The relative proportions of TG and cholesterol esters
are emerging as a particularly important consequence of the metabolic status of individuals
and their diets. Interestingly, those with high carbohydrate diets tend to be associated with
larger, TG-rich VLDL1, and those with diets low in carbohydrates and higher in fat tend to be
smaller, but higher in cholesterol ester—VLDL2 [39•]. This variation in VLDL composition
is believed to be the causal mechanism behind the production of LDL of varying sizes as well
[4]. VLDL are assembled in a two-step process: in the first step, an apoB-100-containing
particle is assembled on the endoplasmic reticulum; subsequently, in the second step, the small
particle is joined with a large TG-rich, apolipoprotein-free particle to form the mature VLDL
destined for secretion. Considerable debate continues, however, as to how these assembly steps
are performed. Most of the elements that are thought to be involved (and there are dozens of
proteins at least) have been identified by ingenious experiments that genetically or
pharmacologically eliminate one of the participating proteins together with its enzymatic or
transfer activities. Nonetheless, however ingenious, such experiments are unable as yet to guide
scientists to a molecular, mechanistic understanding. The entire biological scientific
community would rejoice if the internal workings of the cell could be isolated and manipulated
with the dexterity promised by even very early stages of nanoscience.

Once released into the circulation, VLDL become active participants in the highly dynamic
process of blood flow in which apolipoproteins are removed or added, lipid constituents are
transferred in and out and, within seconds, the VLDL encounters a capillary bed on which is
sitting the most active agent in all of lipid delivery—lipoprotein lipase. Lipoprotein lipase is
a surface-active 1,3-triacylglycerol esterase that binds along one of its surfaces to the
glycoprotein-rich endothelial face, and by another of its faces to the surface of a passing VLDL.
An active complex of lipoprotein lipase and an activating protein, apoCIII, on the VLDL
surface then cooperate to hydrolyze the TG from the VLDL, converting these insoluble lipids
to soluble products that apparently diffuse unaided through the blood and to the adjacent
endothelial surface where fatty acid transport proteins prompt their uptake. What wonders
could be learned by a molecule-by-molecule disassembly of these capillary wall events. When
done successfully at the blood interface to adipose, muscle, mammary, skin and lungs, these
tissues are fueled, rebuilt and remodeled. When any aspect appears to fail, the consequences
to the overall health can be devastating.

German et al. Page 6

Curr Opin Colloid Interface Sci. Author manuscript; available in PMC 2010 June 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.2.2. Functions—The biological genius of VLDL particles is their ability to deliver both
their energy-rich TG and other insoluble components (e.g., fat-soluble vitamins) to various
tissues according to the structure of the lipoproteins, their composition and the acute demands
of the tissues through which they circulate. Perhaps one of the most perplexing directions of
multi-tissue animal evolution was to develop the pathway that hydrolyzes VLDL particles at
the blood vessel wall surface rather than taking them up intact into cells. Remarkably, many
of the components necessary to this regulated off-loading of constituents at the vessel wall are
not part of the particles when produced, but are acquired during their circulation within the
blood. This highly dynamic remodeling process remains poorly understood even though it is
critical to such physiological processes as energy metabolism, nutrient delivery, immune
functions and cholesterol trafficking. If methodologies with the spatial precision needed by
nanoscience could be recruited to analyzing how lipoproteins are dynamically remodeled in
blood, considerable insights could be gained into how the processes work and why they fail.
Furthermore, learning how biology remodels lipoproteins would provide insights to innovative
biological ways to restructure a variety of multi-molecular aggregates in highly dynamic states
in various subsequent applications of nanoscience in medicine and pharmaceuticals.

3.2.3. Consequences of size—The TG-rich lipoproteins begin as large (in nanoterms)
emulsion particles and are progressively reduced in size during clearance, hence, variations in
size and composition were not originally thought to be critical to their functions and health
risks. Recent research is proving that simplifying assumption is wrong. Subfractions of TG-
rich lipoproteins isolated from healthy males were studied for their interaction with
macrophages—the immune cells involved in the pathogenesis of atherosclerosis [40]. Particles
corresponding to the larger VLDL1 fraction induced significantly more TG accumulation
within macrophages, and exhibited greater binding affinity compared with the smaller
VLDL2 fraction. Disease states also appear to influence VLDL properties. In patients with
apoB mutations, hepatic VLDL secretion is impaired and often leads to fatty liver—the
excessive accumulation of fat in the liver (steatosis). The extent of steatosis is related to the
size and number of VLDL particles produced within this patient population [41]. Depending
on the particular apoB mutation, either smaller particles carrying lower than normal amounts
of TG or a smaller number of particles carrying higher than normal amounts of TG are secreted.
These two types of particles display different kinetics in the blood compartment, and cause
different types of dyslipidemia.

3.3. Low-density lipoproteins
LDL are not only among the most studied molecular aggregates in science, but their relationship
to health has anointed them among the most recognized of scientific terms by the public. Early
epidemiological studies documented that levels of blood cholesterol predicted heart disease
[42]. Subsequent studies that made it possible to separate the insoluble metabolite cholesterol
into the colloidal lipoprotein particles that carry it throughout the body further documented
that LDL was the lipoprotein culpable in this quantitatively impressive prediction of future
health and disease accounting for 50% of atherosclerotic heart disease [42]. LDL are not
synthesized in any organ or tissue, but are the product of extracellular remodeling activities.
The remnants of VLDL, termed IDL, when returning to the liver, are either taken up via
receptor-mediated endocytosis specifically by the LDL receptor, or are substrates for the lipase
expressed on the surface of hepatocytes—hepatic lipase. According to current models, if
hepatic lipase acts upon IDL to remove the remaining TG from the core of the lipoprotein
particle, the cholesterol ester-rich, apoB-100-containing particle emerges from the liver as
intact LDL. The first clinical indication that LDL do not all provide the same risk was provided
by Austin et al. [43]. These investigators first demonstrated that individuals with LDL particles
that were smaller and denser were at 3-fold elevated risk of heart disease. Since that seminal
paper was published, the concept of varying lipoprotein size and health risk has been pursued
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for all lipoproteins. The mechanisms to explain the basis of the different risks associated with
small, dense particles are still being debated. Ostensibly, the questions are, “Are small, dense
particles genuinely more atherogenic, or does a disproportionate number of small, dense LDL
in an individual reflect a metabolic state that is itself the basis of higher risk? Can one individual
have small, dense LDL that are atherogenic and other small dense LDL that are not?”

3.3.1. Composition—LDL particles are considered to be the primary carriers of cholesterol
in the plasma, and their composition reflects this dedication to purpose (Table 2). These are
particles with remarkably little complexity in spite of their well-described deleterious
properties. In contrast to the other lipoproteins in which a complex suite of apolipoproteins
alternately “jump” onto and off of the lipoprotein surfaces at various times during synthesis,
circulation and disassembly, LDL are seemingly just apoB-100 plus the surface lipids left from
VLDL, plus a core of cholesterol esters. Their basic structure has been studied for decades with
increasingly detailed models, but the distance yet to go was highlighted by Teerlink et al.
[44], who recently provided evidence that LDL are discoidal rather than spherical.

3.3.2. Functions—The primary function of LDL appears to be the delivery of cholesterol to
cholesterol-requiring tissues in a quantitatively impressive, receptor-mediated process. Indeed,
cells that require cholesterol for such processes as growth, hormone synthesis or metabolism
to bile acids express significant quantities of the LDL-specific receptors on the surfaces of their
cells. Unlike TG, which are delivered by enzymatic hydrolysis to fatty acids, upon leaving the
lipoprotein in the blood compartment, LDL-cholesterol is delivered as the intact lipoprotein
particle with all of its free cholesterol and cholesterol ester in one impressive package.

3.3.3. Consequences of composition and size—The fact that LDL were associated
epidemiologically with heart disease, and could be shown histologically to be present in
atherosclerotic plaques, did not explain how these normally benign carriers of cholesterol, a
valuable cellular building block and precursor for many biological functions and compounds,
could become so devastating to the health of artery walls in humans. The major conceptual
breakthrough was provided by Steinberg et al. [45] when it was shown that, indeed, normal
LDL were not taken up by cells in the artery wall, but that compositionally modified LDL
were. The compositional modification of LDL that Steinberg documented was initiated by the
oxidation of the polyunsaturated fatty acids in the particles, but the principle has been
generalized since that time. The resulting LDL modification theory states that the normal, i.e.,
compositionally normal, LDL circulate and are taken up in a highly regulated, receptor-
mediated process consistent with the requirement (or lack thereof) of cholesterol by tissues.
However, compositionally modified LDL are not substrates for uptake by the LDL receptor
but are removed by scavenger receptors on phagocytes, most notably for the development of
atherosclerosis on macrophages in the subendothelium of artery walls. The cellular dilemma
of the macrophages in the subendothelial space is that whereas they do not express LDL
receptors and thus do not typically acquire cholesterol-rich LDL particles, they constitutively
express (i.e., cannot shut down) scavenger receptors on their surface. In essence, according to
the LDL modification theory [45], once an LDL is compositionally modified, it is rapidly taken
up by cells that are ill-suited to manage the bolus of cholesterol that it contains. Because this
bolus of cholesterol, accompanied–according to the theory–by oxidized lipids, etc., is an
activating and disrupting stimulus to the subendothelial macrophages, a progressive,
inflammatory and ultimately destructive chain of events in the artery wall eventually leads to
a debilitating plaque.

The LDL modification theory has become so well established that a large range of scientific
pursuits has been designed solely to block various steps in the modification process. Most
notably, antioxidants that are capable of slowing oxidation of LDL are among the most studied
of dietary components in the past 10 years. What is particularly disturbing, given the investment
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in this research, is how little evidence exists to support the modification process in molecular
and mechanistic detail. Literally dozens of clinical trials have attempted to “prove” the
antioxidant theory of atherosclerosis prevention with conspicuously little success. Once again,
the discouraging lack of detailed knowledge at the nanolength scale of the composition,
structural and functional consequences of LDL modification, such as could occur in vivo, is
blocking sufficient understanding to act therapeutically in this direction. Although oxidation
of LDL certainly occurs in vitro, attempts to document the same process in vivo have been
unsuccessful. If oxidation is so critical in vivo, why are antioxidant therapies/preventatives
such failures [46]? Is simple oxidation genuinely the problem or are related events ultimately
the cause? Or, are antioxidants, either through diets or at pharmacological doses, simply unable
to work their way through the complex metabolic steps needed to enrich the actual protection
of LDL in vivo? Interestingly, in the case of LDL, composition and size are both metabolically
and physically confounded.

Differences in LDL particle size that can be detected with current methods capable of
discriminating on the level of 1–4 nm were proposed to make a significant difference in disease
risk [47]. Such differences were shown, for example, by the increased incidence of coronary
artery disease in men and women with smaller, denser LDL (pattern B with peak diameter 24–
25.5 nm) compared with larger and less dense LDL (pattern A with a peak diameter 26–28 nm)
[47]. Furthermore, in the postprandial state–the period of time immediately after consumption
of a meal–individuals with pattern B had larger increases in the levels of cholesterol and TG
in the VLDL1 compared with pattern A individuals [48]. This difference in response to a dietary
fat load may be what leads to the formation of the small, dense-LDL pattern B as opposed to
the large, buoyant LDL-pattern A in this metabolic setting. However, even though metabolic
factors of VLDL assembly can be shown to produce LDL with different sizes and densities,
this is not the only way that LDL can “get small.” Another school of thought has proposed that
because LDL are continuously acted upon by blood-borne and surface-attached catalytic and
transfer activities, LDL that circulate for longer periods get smaller. Furthermore, LDL that
circulate longer become more susceptible to oxidation [49•]. Hence, at the present time, even
though good evidence has shown that LDL can be of different size due to metabolic differences
in their formation and in their clearance, it is not yet established whether either of these
mechanisms is truly the basis for increased risk. In fact, since smaller LDL are likely to circulate
longer, the truth may be that the explanation for the causes of small LDL being more
atherogenic is a combination of both altered metabolic production and delayed clearance.
Methods to characterize LDL at the scale on which they are importantly different (nanolength)
do not yet exist.

Studies have attempted to bring lines of evidence to explore the variation in LDL size with
risk. A logical conclusion is that the ability of an individual particle to penetrate the endothelial
barrier into the subendothelial space is dependent on its size. The tendency of particles to adhere
to subendothelial surfaces, which in turn depends on the structure of the apoB protein on the
LDL particle, is likely the critical aspect of particle properties [50,51]. Thus, it has been
proposed that the basis of size-dependent changes in risk of disease associated with LDL can
be linked to very specific structural events. However, due to a lack of precision in assessing,
much less creating, these defined differences as experimental variables, it is still not understood
why different sizes of LDL are associated with such variations in risk, and, therefore, what the
most effective means to reverse it would be.

Recent studies using cryoelectron microscopy showed that variations in the ratio of TG to
cholesterol in the core of LDL particles resulted in overt differences in the lamellar structure
of the particle, its transition temperature and surface component composition [52]. This
difference in cholesterol to TG ratio in the core of the particle may also alter protein
conformation, which can in turn affect the affinity of the apolipoprotein for its receptor [53].
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3.4. High-density lipoproteins
The lipoprotein class that epitomizes the treasure to be gained by mastering the nanoworld is
HDL. The benefits of HDL to protection from heart disease are increasingly well understood
[54]. However, HDL are also protective against other health problems, particularly infection.
The apoA protein on HDL binds to bacterial lipopolysaccharide (endotoxin) and, once bound,
the HDL-endotoxin complex is either removed by the liver and the lipopolysaccharide excreted
as bile or, apparently benignly, taken up by macrophages. Interestingly, when HDL become
limiting during severe infection, these endotoxin-clearing properties are apparently also carried
out by the other lipoproteins [55]. Because of the unique physical and chemical properties of
HDL, combined with their myriad biological roles, HDL research holds considerable potential
for improving health. The challenges to that research are proportionately high as well. HDL
are heterogeneous in every aspect of their composition, (apolipoproteins, phospholipids,
cholesterol, cholesterol esters and TG), they are in every physical and biological sense dynamic,
they are unstable and very, very small. HDL particles are so remarkably heterogeneous as a
result of the disparate synthetic steps that produce them, and the continuous dynamic metabolic
processes that remodel them within the circulation. Each particle undergoes remodeling
resulting in multiple apolipoprotein and lipid compositions, size, density and charge. The
precise means of assembling HDL are still being studied. However, it is clear that HDL are
not formed de novo within cells but rather are assembled largely within the dynamic
bloodstream itself.

3.4.1. Composition—The basic composition of HDL (Table 2) does not reflect their
diversity, their dynamic nature, nor the consequences of this diversity. Whereas size is
implicated in directing the metabolic fate of HDL, the protein and phospholipid composition
of the particle greatly influence its metabolic outcome. The most commonly studied HDL–
reconstituted HDL (rHDL)–are discoidal particles containing apoAI and a single type of
phosphatidylcholine (PC) [3]. However, PC composition of native HDL is complex. HPLC
analysis demonstrated stark differences in the fatty acid composition of PC in plasma of humans
that are deficient in the lecithin–cholesterol acyltransferase protein compared with normal
controls containing this enzyme [56]. Preβ1-HDL circulate throughout interstitial fluid and
acquire PC from association with apoAI and the cell membrane's transport system (ABCA1).
Prior to complexing with the cell membrane's lipid transporter, sphingomyelin concentrations
of discoidal HDL are high and PC concentrations are low. Subsequently, the converse is
observed, sphingomyelin concentrations decrease and PC concentrations increase [57]. Plasma
LCAT activity is inefficient on HDL with a high sphingomyelin content [58]. The phospholipid
composition of HDL may act as a signal that reflects the metabolic state of HDL. Particles with
a higher PC content that acquire cellular cholesterol may, in turn, be preferentially acted on by
LCAT. This regulation would increase the efficiency of reverse cholesterol transport. If HDL
particles with specific compositions could be produced in vitro, in vivo studies infusing rHDL
with phospholipid concentrations would be able to resolve which compositions were most
effective for particular functions.

Various combinations of apolipoproteins that are associated with HDL particles will exert
unique metabolic effects. HDL2 are predominantly associated with apoAI and less with apoAII,
whereas HDL3 contain appreciable quantities of both [59]. ApoAII exhibits metabolic roles
not shared with apoAI. ApoAII is less efficient than apoAI at activating LCAT, inhibits lipid
transfer between HDL and TG-rich lipoproteins and, paradoxically, increases hepatic lipase
association with HDL while inhibiting lipid hydrolysis [60•]. The association of apoAI may
implicate HDL2 as the driving particles in the reverse cholesterol transport process and partially
explain why this subclass is associated with improved cardiovascular health [58]. Other
exchangeable apolipoproteins found on HDL might influence the metabolic fate of HDL
particles. Enzyme kinetic studies demonstrated increased rates of TG and phospholipid
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hydrolysis from hepatic lipase when apoE (isoform dependent) was present on spherical human
rHDL [61]. Thus, apolipoprotein compositional differences associated with HDL subclasses
may reflect metabolic differences between particles.

3.4.2. Functions—The process of reverse cholesterol transport involves the dynamic
acceptance of cellular lipids by HDL in the interstitial space, exchange of lipids between
lipoproteins and HDL within the plasma compartment and final delivery of HDL lipids to the
liver for excretion. The size and composition of HDL influences the success of this process.
Reverse cholesterol transport involves circulation of lipid-poor HDL particles containing
apoAI. These particles acquire cellular free cholesterol and phospholipids by engaging with
ATP-binding cassette transporter protein (ABCA1) present on the cell's exofacial membrane.
The active plasma enzyme LCAT esterifies the cellular-derived free cholesterol associated
with the small HDL particle, and facilitates the transformation of lipid-poor discs into mature,
spherical, larger particles. The plasma proteins, cholesterol ester transfer protein and
phospholipid transfer protein facilitate the transfer of lipids between lipoproteins and HDL
particles, furthering the maturation of HDL. Mature HDL transfer cholesterol to the liver via
docking to the SR-B1 receptor, and HDL TG and phospholipids are hydrolyzed by hepatic
lipase. Subsequently, large, mature HDL particles are converted to smaller HDL and apoAI
lipid-poor particles [62].

Although most research has focused on their role in reverse cholesterol transport, HDL appear
to be multi-functional transporters that move lipids, proteins and insoluble vitamins around the
body. Both native HDL and rHDL protect against atherosclerosis by preventing oxidation of
LDL [63], promote endothelial production of nitric oxide [64], prevent inflammation [63], bind
and neutralize lipopolysaccharide of Gram negative bacteria [65] and modulate the expression
of endothelial cell adhesion molecules [66]. Understanding how the structure and composition
of each HDL reflect the particle's disparate functions would be invaluable to diagnosing the
consequences of varying HDL and for designing strategies to improve HDL functions for
particular health problems.

Generating rHDL has shed light on the metabolic outcomes of HDL in reverse cholesterol
transport and other metabolic functions. Methods have been developed for the preparation of
small micellular complexes of apoAI and phospholipids to mimic discoidal and spherical HDL
in diameter, shape, composition and functional properties. Reconstituted HDL have proven to
be useful tools in building the understanding of HDL as it now exists. However, these are at
best blunt tools to date. They are spontaneously synthesized by generating mixed micelles
between detergent and phospholipids of choice, followed by adding an exchangeable
apolipoprotein. The diameter of rHDL particles is manipulated by the ratio of PC/apoAI [3].

3.4.3. Consequences of size—Longitudinal, cross-sectional and mechanistic studies
demonstrate the myriad functions of HDL subclasses in reverse cholesterol transport. Striking
is the heterogeneity of its size (7–12 nm). The varying efficiencies of HDL sizes and transport
have been suggested to reflect the necessity to reach various intercellular spaces [67]. Based
on their β-migration on the gel, spherical, lipid-rich HDL particles are fractionated into five
subclasses ranging from small, dense HDL3c, HDL3b and HDL3a to larger HDL2a and
HDL2b (Table 3) [68], whereas lipid-poor HDL exhibit preβ-mobility and are distinguished as
preβ1, preβ2 and preβ3 [69]. The smallest, preβ-HDL and preβ1-HDL, are avid acceptors of
cellular free cholesterol. Subsequent to its interaction with LCAT and plasma proteins involved
in exchanging lipids, nascent discoidal preβ1 HDL transform into mature spherical HDL2.

HDL subclass distribution is associated with the progression of cardiovascular disease. In
dyslipidemic patients with insulin resistance and visceral obesity, HDL subclass distribution
is altered to contain an increased concentration of small, dense HDL (HDL3 subclass) and
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decreased large HDL particles (HDL2 subclass) [13]. Case control studies demonstrate an
inverse relationship between coronary heart disease risk and HDL2b levels and a positive
relationship to HDL3c and HDL3b levels [68]. Studies suggest that HDL subclass distribution
may result from differential rates of clearance from circulation, in which case the rate of
HDL2 catabolism may exceed the rate of synthesis [13].

Even though scientists do not yet have precise means to accurately assemble HDL particles,
studies that have attempted to do so have given a glimpse of the knowledge that could be gained
were it possible. Pulse chase studies of free cholesterol efflux from 3H free cholesterol-labeled
cells identified that the major acceptor of cell-derived cholesterol was preβ1-HDL followed by
larger preβ particles. Mature, spherical HDL rich in cholesterol esters were poor acceptors of
cellular cholesterol compared with lipid-poor HDL [57]. Alternatively, Lamarche et al. [70]
demonstrated that large human HDL radiolabeled and injected into rabbits was cleared more
rapidly than small HDL.

3.4.4. Structure determines function—HDL phospholipid composition influences the
metabolic fate of the particle, yet studies implicate that structure and composition of HDL's
exchangeable apolipoproteins may also be involved. ApoAI plays a prominent role in the anti-
atherogenic activity of HDL as it is involved in the myriad processes involved in reverse
cholesterol transport. ApoAI is the preferential acceptor of cell cholesterol–a cofactor for
LCAT–and is a ligand for SRB1, the HDL receptor [71]. ApoAI over-expression in animals
increases circulating HDL particles and is protective against diet and gene-induced
atherosclerosis. The amino acid sequence of ApoAI contains 11 repeat units of amino acids
that form amphipathic helical structures conferring active binding with lipid structures and to
the HDL receptor.

Apolipoproteins on HDL particles appear to be flexible molecules whose conformation
changes in response to changing lipid content and composition of the particles. In rHDL
particles, the alpha helix content of associated apoAI molecules is increased in response to
increased phospholipid to apoAI ratio of the particle [67]. Increasing the protein's alpha helix
content increases the protein's hydrophobic binding capacity. ApoAI configuration is also
regulated by the degree of unsaturation of PC acyl chains and by concentration of cholesterol
in the rHDL particle. Synthetic amphipathic helical segments whose primary sequence is
unrelated to that of native apoAI can be effective mimics of native apoAI in binding
phospholipid, promoting cholesterol efflux from cells and activating the formation of
cholesterol esters by LCAT [57]. Thus, apolipoprotein structure mediates the metabolic
outcome of the HDL particle.

An improved understanding of the structural interactions between lipids and apolipoproteins
on HDL would clearly provide targets for modulating metabolic effects. Interestingly, natural
mutations of the apoAI gene associated with improved cardiovascular health have received
significant attention in determining the role of apoAI in lipoprotein metabolism. The
apoAIMilano mutation is a naturally occurring single amino acid mutation of the apoAI gene,
whereby a cysteine amino acid is substituted for an arginine residue forming a disulfide dimer
[72••]. The distinctive attributes shared by all carriers of this mutation include elevated plasma
TG and very low levels of plasma HDL (10–30 mg/dl) [72••]. Paradoxically, these individuals
have less or no increased risk of cardiovascular disease [5]. These findings indicate that its
unique structural and functional properties may mediate anti-atherogenicity beyond that of
apoAI. Recombinant HDL particles that contain apoAIMilano may be more efficient in
promoting cholesterol efflux from cells, less reactive substrates for LCAT and cleared from
circulation at a slower rate compared with apoAI particles [71]. Studies in mice and rabbits
demonstrate reductions in atherosclerotic plaques in response to infusion of recombinant
apoAIMilano complexed to phospholipids [72••]. The results of a prospective, randomized,
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double-blinded, placebo-controlled clinical trial in which recombinant apoAIMilano complexed
to phospholipids was infused into patients with acute coronary syndromes were remarkable.
Intravascular ultrasound and angiographic analysis demonstrated that five weekly infusions of
recombinant apoAIMilano significantly reduced atheroma volume in just 2 weeks compared
with placebo treatment [72••]. However the fact that the placebo was a saline injection rather
than a control HDL particle infusion makes it difficult to interpret the specific active
components in these potentially biotherapeutic particles.

3.4.5. Non-plasma high-density lipoprotein particle—HDL particles are highly
dynamic and heterogeneous lipoproteins whose most studied role entails accepting cholesterol
from peripheral tissues and delivering it via specific receptors primarily to the liver for
excretion in bile. Interestingly, cerebrospinal fluid contains lipoprotein particles distinct from
plasma particles and these comprise a unique subclass of HDL particles that are apoE and
apoAI rich [73]. ApoE lipoproteins are speculated to exert important roles in central nervous
system cholesterol metabolism, and this process is up-regulated in response to acute brain
injury. In vivo data are lacking, but conjecture confers apoE-containing lipoproteins deliver
cholesterol to injured neurons during the phase of recovery that facilitates synaptogenesis.
Compared with cerebrospinal fluid lipoprotein particle concentrations of controls, subjects
recovering from subarachnoid hemorrhage exhibited a dramatic increase in lipid and apoAI
content in addition to increased levels of smaller apoAI-containing particles. The authors
suggested that smaller diameter apoAI-containing lipoproteins identified in subarachnoid
hemorrhage cerebrospinal fluid would be preferred substrates for the formation of cholesterol
ester by LCAT and thus would facilitate efficient reverse cholesterol transport.

4. Potential for nanoscience to improve our understanding and applications
of lipoproteins

The study of lipoproteins has been one of the most active aspects of metabolic health research,
diagnostics and intervention over the past 50 years. During that time, the importance of varying
lipoprotein concentration, size and composition has been well recognized. However, the
complexity of understanding these colloidal particles has been a daunting research endeavor.
The most difficult aspects of lipoprotein research have been in understanding the particles at
the molecular scale. If the tools of nanoscience could be brought rapidly to bear on the study
of lipoproteins, several aspects could be rapidly implemented to the entire field. First,
nanoscience could revolutionize lipoprotein measurements as diagnostics. The variation in
human lipoproteins is clearly in part responsible for differences in health outcomes from all
chronic diseases, from heart disease to neurodegenerative diseases, from infections to cancer.
Until it is possible to measure the nanometer length scale differences reliably in routine human
samples, it will be impossible to assign these differences to cause and effect, or to identify
specific individuals with inordinately effective or ineffective lipoprotein particles. Second,
nanoscience could revolutionize our understanding of cause and effect of the myriad functions
of different particles. Why are small dense LDL so atherogenic? Why are small, PC-rich HDL
so effective in reverse cholesterol transport? Third, nanoscience could revolutionize
intervention. Because it has not been possible to measure lipoproteins with sufficient accuracy
to link assembly to composition to metabolism, it has been virtually impossible to design
strategies, either pharmacologic or dietary, to manipulate lipoprotein composition effectively.
With HDL this lack is particularly obvious in so much as there is not yet an effective means
to significantly increase HDL levels in general, much less enhance specific HDL functions.
Finally, nanoscience could revolutionize our ability to build lipoproteins as therapeutic agents.
It is not a coincidence that most non-polar biological molecules are transported, delivered and
removed from tissues by lipoproteins. If nanoscience could develop the means to assemble in
high throughput, with highly accurate compositions and structures, specific HDL, these
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particles would represent a next generation bio-delivery system matching the utility of the
natural particles in vivo.

5. Conclusions
The field of nanoscience will invariably produce novel molecular components bringing
considerable benefits to the human condition. Nevertheless, before these benefits can be
achieved, the field and the novel particles that can be produced will require a long period of
testing, validation and regulatory scrutiny. Instead of developing proofs-of-principle and
examples of breathtaking molecular dexterity with novel materials, the field of nanoscience
could embrace a very common, everyday example of particles whose very existence already
lies in the nanometer length scale—lipoproteins. Nanoscientists may not appreciate just how
powerful their new approaches would be to unraveling the mysteries of lipoprotein biology,
from their biosynthesis and assembly to their myriad functions in normal health. Furthermore,
variations and dysfunctions in lipoprotein biology are responsible for much of the chronic and
degenerative diseases that are plaguing the world today. Understanding the causes of these
diseases, and building effective therapies and preventative strategies will require considerable
dexterity in the nanoscience realm.
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ABCA1 ATP-binding cassette transporter protein

HDL high-density lipoproteins
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rHDL reconstituted high-density lipoproteins

TG triglyceride
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Fig. 1.
Analytical techniques for isolation and characterization of lipoprotein nanoparticles. FPLC,
fast protein liquid chromatography; CsBiEDTA, cesium bisethylenediaminetetraacetic acid;
TG, triglycerides; Chol, cholesterol; LC/GC, liquid chromatography/gas chromatography;
ESI/MS, electrospray ionization/mass spectrometry; HPLC, high pressure liquid
chromatography; MS, mass spectrometry; NMR, nuclear magnetic resonance.
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Table 1

Nanoscale lengths in biology

Biological structures Diameter or length (nm) References

Hydrogen atom 0.1 [1]

Sugars, amino acids, nucleotides 0.5–1 [2]

Phospholipid bilayer thickness 4.5–5.5 [3]

Globular proteins 2–10 [2]

HDL 7–13 [4]

LDL 21–27 [3]

Ribosome 30 [2]

VLDL 30–90 [5]

Lysosomes 200–500 [2]

Chylomicron 200–600 [3]

Mitochondrion 1000–2000 [1]

Nucleus 3000–10,000 [2]

Capillary diameter 8000 [6]

Animal cell 10,000–30,000 [2]
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Table 3

Principal HDL subclasses based on density and particle diameter [4]

HDL Density (g/ml) Diameter (nm)

2b 1.063–1.100 9.8–12.9

2a 1.100–1.125 8.8–9.8

3a 1.125–1.147 8.2–8.8

3b 1.147–1.167 7.7–8.2

3c 1.167–1.200 7.2–7.7
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