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Abstract

Lipoproteins are a set of natural nanoparticles whose main role is the transport of fats within the 

body. While much work has been done to develop synthetic nanocarriers to deliver drugs or 

contrast media, natural nanoparticles such as lipoproteins represent appealing alternatives. 

Lipoproteins are biocompatible, biodegradable, non-immunogenic and are naturally targeted to 

some disease sites. Lipoproteins can be modified to act as contrast agents in many ways, such as 

by insertion of gold cores to provide contrast for computed tomography. They can be loaded with 

drugs, nucleic acids, photosensitizers or boron to act as therapeutics. Attachment of ligands can re-

route lipoproteins to new targets. These attributes render lipoproteins attractive and versatile 

delivery vehicles. In this review we will provide background on lipoproteins, then survey their 

roles as contrast agents, in drug and nucleic acid delivery, as well as in photodynamic therapy and 

boron neutron capture therapy.
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1 Introduction

There is a tremendous need for safe and effective delivery vehicles in both the fields of 

imaging and therapeutics. Medical imaging benefits from the use of contrast agents to allow 

additional and improved diagnoses. In particular, the field of molecular imaging has recently 

emerged, where precise details of pathologies, such as levels of certain cells or disease 

phenotype, can be determined via the use of contrast agents.[1] The agents used for 

molecular imaging are frequently targeted via some kind of ligand such as an antibody, 

protein, peptide or aptamer. For many imaging techniques, such as magnetic resonance 

imaging (MRI), computed tomography (CT), photoacoustics, fluorescence imaging, surface 

enhanced Raman spectroscopy (SERS) imaging and others, nanoparticle based agents have 

been shown to be particularly effective as contrast agents.[1–5] Nanoparticles offer 

advantages such as high payloads, contrast that is not available with small molecules or 

greatly enhanced contrast, ease of integration of multiple properties, long circulation times 

and efficient targeting.[6]

In the case of drug delivery, nanoparticle based agents are starting to form a significant part 

of our array of disease treatments.[7] For example, Abraxane is a nanoparticle formed from 

albumin with a payload of paclitaxel, approved for treatment of breast, lung and pancreatic 

cancers, among others.[8] The sales of this nanoparticle drug alone are estimated to be $1 

billion for 2015.[9] Nanoparticle delivery vehicles offer solutions to a number of problems, 

such as rapid clearance of injected or ingested drugs, poor bioavailability, low drug 

solubility, metabolism in circulation, lack of access to target sites and so forth. Therefore, 

there are enormous efforts in both academia and industry to develop nanoparticle-based 

therapeutic systems.

Due to the tremendous interest in nanoparticles as delivery vehicles for both contrast media 

and therapeutics, numerous synthetic nanoparticle platforms have been explored for these 

purposes. These include lipid-based systems such as micelles, liposomes and emulsions.[10–

13] The first nanoparticle to be FDA-approved for medical use was Doxil, a liposomal 

formulation of Doxorubicin.[7] Other synthetic nanoparticle based platforms that have been 

proposed include polymer platforms such as PLGA (poly lactic-co-glycolic acid),[14, 15] 

polymer-lipid hybrid nanoparticles,[16, 17] dendrimers,[18] graphene,[19, 20] gold 

nanoparticles,[4, 21] iron oxides,[22–25] and silica,[26, 27] among others. While many of 
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the platforms have met with success, there are general concerns over synthetic nanoparticles, 

such as the potential for immunogenicity, biocompatibility, excretion and degradation. These 

concerns have inspired investigations of natural nanoparticles as delivery platforms, since 

natural nanoparticles would be likely to be non-immunogenic, biocompatible and 

degradable.[28] Lipoproteins,[29–32] viruses,[33, 34] ferritin[35–37] and, more recently, 

vault proteins[38] have been considered as natural nanoparticle delivery candidates.

Amongst these platforms, lipoproteins have been the focus of much of the research. This is 

because they are endogenous, they can deliver a range of payloads (contrast media, drugs 

and nucleic acids),[28–32] they naturally accumulate at several important targets [e.g. 

macrophages, the low density lipoprotein (LDL) receptor, scavenger receptor type B1 (SR-

B1)],[39–41] they can be re-routed to other targets,[42, 43] they can carry lipophilic drugs,

[44, 45] they can be modified in numerous different methods and imaging their behavior is 

of fundamental importance. Lipoproteins, based on their size and surface composition, may 

demonstrate relatively long circulating half-lives, compared with non-lipoprotein 

nanoparticles.[46, 47] The progress to date in the use of lipoproteins to deliver contrast 

media or therapeutics will be the topic of this review article. We will first discuss the 

composition, different classes and natural roles of lipoproteins. We then consider some of 

the characteristics that classify synthetic nanoparticles as mimetics of lipoproteins. 

Following is a description of the use of lipoproteins as contrast agents for medical imaging 

techniques such as MRI, CT, fluorescence imaging, positron emission tomography (PET) 

and so on. We then review the work in drug and nucleic acid delivery, photodynamic therapy 

(PDT), as well as boron neutron capture therapy (BNCT). Some studies are discussed in 

detail in order to give the reader a better understanding of how delivery agents can be 

developed based on lipoproteins.

2 Lipoproteins

There are several classes of lipoproteins: chylomicrons (80–1200), very low density 

lipoprotein (VLDL; 35–80 nm in diameter), intermediate density lipoprotein (IDL; 27–30 

nm in diameter), low density lipoprotein (LDL; 22–27 nm in diameter) and high density 

lipoprotein (HDL; 7–13 nm in diameter).[48] The lipoproteins are thus named due to their 

differing densities and are frequently separated from plasma using a density-based 

ultracentrifugation procedure.[49] They all have similar structures where a core composed of 

triglycerides and cholesterol esters is covered with a layer of phospholipids, into which is 

embedded amphipathic proteins termed apolipoproteins (Figure 1).[50] The lipoproteins 

differ in their size, lipid composition, major apolipoproteins, function and, of course, 

density. The characteristics of the lipoproteins are summarized in Table 1.

Chylomicrons are the largest lipoprotein at 80–1200 nm in size.[51] Dietary fats taken up in 

the intestines by enterocytes are packaged into chylomicrons and transferred into the 

lymphatic system.[52] From there they move into the blood, depositing trigylcerides in 

peripheral tissues via interaction with lipoprotein lipase and the remnant particles are 

removed by the liver, with a half-life of only a few minutes.[53] As such, their major role is 

the transfer of dietary fat into the body.
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VLDL is formed in hepatocytes in the liver, via a complex, multi-step process.[54] It 

contains endogenously produced lipids. It also distributes triglycerides to the peripheral 

tissues via interactions with lipoprotein lipase.[55] This process forms IDL, which is 

hydrolysed by hepatic lipase to form LDL.[56] In the liver, LDL picks up cholesterol that is 

from the diet or has been synthesized in hepatocytes, with 3-hydroxy-3-methylglutaryl 

coenzyme A reductase (HMGCR) being the rate-limiting enzyme in cholesterol synthesis.

[57] LDL then transports cholesterol to the peripheral tissues.[58] Immature HDL (i.e. 

discoidal, lipid deficient) is formed in the peripheral tissues. HDL matures by obtaining 

more cholesterol and lipids from peripheral tissues via interactions between apoA-I and 

ATP-binding cassette A1 (ABC-A1).[59] After interactions with cholesterol ester transfer 

protein and endothelial lipase, HDL deposits cholesterol in the liver via the SR-BI receptor 

for excretion or for redistribution via LDL.[60] Lecithin-cholesterol acyltransferase (LCAT) 

also plays a role in the maturation of HDL from discoidal into its more cholesterol rich 

spherical forms, by converting cholesterol into cholesterol esters, which then moves into the 

particle core.[61]

Beyond the major classifications of lipoproteins, there are sub-populations that are 

structurally, compositionally and functionally heterogeneous. For example, HDL can be 

divided into HDL2a, HDL2b, HDL3a, HDL3b and HDL3c by centrifugation and gel 

electrophoresis.[61] These sub-populations differ in size, amount of lipid and the 

proportions of various lipids in their composition. While the major apolipoprotein 

component of HDL is apoA-I, as many as 85 proteins have been identified as being 

associated with it.[62] Furthermore, the roles of lipoproteins continue to be revealed and are 

highly complex, with HDL having effects in oxidation, inflammation, hemostasis and 

immunity.[62]

The lipoproteins are known to play important roles in cardiovascular disease. Plasma levels 

of LDL-cholesterol are correlated with risk of coronary artery disease.[63] Lowering plasma 

levels of LDL-cholesterol has been shown to reduce the risk of coronary artery disease, and 

is widely done with a class of drug known as statins.[64] Statins inhibit the HMGCR 

enzyme, reducing cholesterol synthesis in the liver, which results in increased expression of 

the LDL receptor (LDLr) in the liver and greater clearance of LDL from the blood.[65, 66] 

More recently, antibodies against PCSK9 (proprotein convertase subtilisin/kexin type 9) 

have emerged as a new class of drug to reduce LDL levels.[67] On the other hand, the levels 

of HDL-cholesterol are inversely correlated with the risk of cardiovascular disease.[68] 

Significant efforts have gone into the development of drugs that raise HDL-cholesterol 

levels, however such drugs have not shown a therapeutic benefit to date.[69] Nevertheless, 

both LDL and HDL enter atherosclerotic plaques and interact with cells there, rendering 

them of interest for plaque imaging or drug delivery.[70, 71] In addition, certain types of 

cancer overexpress the LDLr and take up LDL at a rate of up to fifty times higher than 

normal tissue.[72] Therefore LDL is an attractive platform to deliver drugs or imaging 

agents to these tumors. The high affinity HDL receptor SR-B1 is expressed in the liver, 

adrenals and in macrophages.[73] SR-B1 has been implicated in cancer and serves as a 

mechanism for HDL-based agents to target tumors.[74]
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Currently, have been several HDL-based nanoparticles that have undergone clinical 

evaluation, most notably apoA-1 Milano, CER-001 and CSL-112 (recently reviewed in [75, 

76]). ApoA-1 Milano is a mutant version of apoA-1, with an amino acid substitution of 

arginine to cysteine at residue 173, whose expression correlates with decreased 

cardiovascular disease risk.[77] Recombinant apoA-1 Milano complexed with 

phospholipids, also referred to as ETC-216 or MDCO-216, has been tested in clinical trials. 

Administration of apoA-1 Milano/phospholipids weekly for 5 weeks significantly decreased 

the coronary atherosclerotic burden, as measured by intravascular ultrasound in a small 

clinical trial.[78] While these results are promising, especially given the relatively short 

length of the study, the ability to produce sufficient quantities of apoA-1 Milano has 

hindered its development as a therapeutic.[79] Two formulations of HDL, combining wild 

type apoA-1 with phospholipids, have progressed to clinical trials. CSL-112 (previously 

referred to as CSL-111) combines apoA-1 derived from human plasma with 

phosphatidylcholine isolated from soybeans to generate a reconstituted HDL mimetic 

(rHDL), with biological similarity to native HDL.[80] Intravenous administration of 

CSL-112 weekly for 4 weeks, similar to the ETC-216 study detailed above, did not alter 

atherosclerotic plaque burden compared to placebo, but did improve other measures, 

including the plaque characterization index and coronary score.[81] CSL-112 was well 

tolerated in healthy volunteers,[82] and induced enhanced cholesterol efflux, mediated 

through ABC-A1, after administration.[83] In a different clinical trial, CSL-112 was 

administered to type 2 diabetics, and shown to decrease platelet aggregation ex vivo, 

suggesting that CSL-112 may be an effective therapy for limiting vascular complications in 

individuals with type 2 diabetes.[84]

Similar to CSL-112, CER-001 is a reconstituted HDL mimetic, using recombinant apoA-1 

rather than apoA-1 isolated from human plasma. In a trial similar to the apoA-1 Milano 

study but with a larger study population, CER-001 was given intravenously and 

atherosclerotic burden quantified. While CER-001 was well tolerated in the patients, no 

quantifiable benefit of CER-001 administration was observed compared to placebo control.

[85] However, in a separate trial, CER-001 was found to decrease carotid artery wall 

thickness, which increases during the development of atherosclerosis, in patients with 

homozygous familial hypercholesterolemia,[86] implying that rHDL therapy may be more 

useful in patients where the current standard of care (e.g. LDL-lowering therapies) are 

insufficient to lower cardiovascular disease risk.

A major benefit of the injectable apoA-1 containing therapies is their potentially long 

circulating half-life. For these therapies, the circulating half-life of apoA-1 is on the order of 

48–72 hours,[75] suggesting that after the initial burst of cholesterol efflux to rHDL and its 

subsequent conversion to cholesteryl esters for transport to the liver, the injected apoA-1 can 

be recycled into the endogenous pool of apoA-1 for further reverse cholesterol transport.

The ways in which lipoproteins can be modified for delivery of contrast media or 

therapeutics are shown in Figure 2. Individual examples will be discussed below, but we will 

give a broad overview of the available modifications here. First, most delivery platforms 

have been based on LDL or HDL since their circulation times in the blood and penetration 

into disease sites is greater than for the other lipoproteins. HDL is somewhat easier to 
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modify than LDL, since HDL can be separated into its components and reconstituted with 

addition payloads, such as drugs or nanocrystals. This is because the apolipoproteins of 

HDL are composed of fewer amino acids than the major apolipoprotein of LDL (B-100), 

which irreversibly self-aggregates when isolated. Nevertheless, it has been shown that 

labeled lipids, drugs and even nanocrystals can be inserted into intact LDL.[39, 87, 88]

Lipoproteins are valuable as delivery platforms for a number of reasons. First, they have 

inherent biological importance, both in normal biological function and in diseases such as 

familial hypercholesterolemia and coronary artery disease. Second, the natural targets of 

lipoproteins (e.g. macrophages and the LDL receptor) are of considerable interest, both for 

imaging and therapeutic purposes. They are also highly biocompatible, biodegradable and 

non-immunogenic.[89] Next, it has been shown that lipoproteins can be re-routed to other 

targets via attachment of additional ligands to the apolipoprotein component[43] or the lipid 

coating.[90] Lipoproteins are also versatile, in that they can carry hydrophobic, lipophilic or 

hydrophilic payloads. This has allowed them to act as delivery agents for hydrophobic drugs,

[44] amphiphiles labeled with gadolinium chelates to act as MRI contrast agents,[91] and 

nucleic acids attached to the lipoprotein surface.[92] Lipoprotein delivery platforms have 

been used in cardiovascular diseases, cancer, Alzheimer’s, and others.[42, 93, 94] They have 

been used as imaging agents for MRI, CT, fluorescence imaging, PET and other methods.

[42, 88, 95, 96] Highly lipoprotein-like nanoparticles can be made by using peptides in place 

of apolipoproteins.[97–99] Interestingly, it has been recently shown that PLGA, a 

biodegradable polymer frequently used in drug delivery systems, can be used as the core of 

HDL in place of triglycerides.[100] On a practical level, the materials needed to form 

lipoprotein delivery agents are easy to obtain, with the different lipoproteins available to 

purchase, as well as individual lipids and some of the apolipoproteins. Furthermore, 

lipoproteins can be isolated by sequential ultracentrifugation from human plasma (excess 

human plasma is frequently available from blood banks).[49] In addition, as alluded to 

above, peptides that mimic some of the apolipoproteins can be synthesized or purchased.[97, 

101]

With the large number of modifications of lipoproteins available, and the plethora of studies 

published on nanoparticles, it is reasonable to ask the question, when is a nanoparticle a 

lipoprotein?[102] Given the characteristics listed for lipoproteins above, lipoprotein-based 

nanoparticles should have a coating largely composed of natural phospholipids, into which is 

embedded either apolipoproteins or peptide mimics of apolipoproteins. This coating should 

cover a hydrophobic core (optional for HDL). For example, an emulsion where a PEGylated 

phospholipid coated a triglyceride core, might have some general similarities to lipoproteins 

in terms of size, density and hydrophobic core. However, lack of an apolipoprotein or 

peptide apolipoprotein mimic and a predominately non-natural lipid coating indicate that 

this is not a lipoprotein-based nanoparticle. These were the criteria that we used to select 

studies to discuss in this review article. A criterion that could be used is that the nanoparticle 

should possess some functional aspect(s) of the natural lipoprotein it is mimicking, such as 

the ability to efflux or influx cholesterol or cholesteryl esters from cells, or bind to 

lipoprotein receptors. However, relatively few studies investigate such functionality, 

therefore we used a more expansive definition.
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3 Lipoprotein-based contrast agents

3.1 High density lipoprotein contrast agents

3.1.1 Labeled native HDL contrast agents—HDL has been adapted as a contrast 

agent in numerous studies. The first report of HDL as an imaging agent was that of Shaish et 

al., who radiolabeled the protein components of HDL with I-125.[103] They used this 

radiolabeled HDL to study its clearance from blood in the apoE knockout (apoE KO) mouse 

model of atherosclerosis. They found the clearance to be relatively slow, with 30% of the 

dose still remaining in the blood at 24 hours (although it must be noted that this half-life is 

for the protein component which is recycled – others have shown the half-life of the lipids of 

HDL to be shorter, i.e. 2–3 hours).[44, 104] The authors also examined the biodistribution of 

HDL, finding that most of it was found in the heart, liver, kidney, aorta and lung at 24 hours. 

Last, autoradiography was done to visualize the accumulation of HDL in the aorta. HDL was 

shown to accumulate in the arch and in the abdominal aorta, close to the renal arteries and 

bifurcation, areas where significant amounts of plaque typically develop.

3.1.2 Reconstituted HDL contrast agents—Subsequently, a group led by Fayad, 

Mulder and Fisher reported a large number of studies where HDL was adapted as a contrast 

agent for imaging techniques such as MRI, CT, fluorescence and PET.[40, 91, 94–96, 105, 

106] The approach for these agents was to disassemble HDL into its protein and lipid 

components and then reconstitute it with a variety of payloads that provide image contrast. 

Interestingly, this group recently reported a novel method of HDL reconstitution where a 

microfluidic chip was used to form HDL in a fast, one step procedure, which may facilitate 

scale up of HDL synthesis.[107] This group’s first papers on this topic focused on including 

gadolinium labeled and fluorescent lipids in the nanoparticle in order to create a contrast 

agent active for MRI and fluorescence imaging methods.[91, 94] This agent was injected 

into apoE KO mice. MRI scans performed post-injection revealed significant increases in 

contrast in the aortas of these mice. Confocal microscopy and histology showed that this 

labeled HDL accumulated in macrophage-rich areas of the plaque, which is of interest since 

macrophages have been linked to plaque instability and risk of heart attacks.[63] A number 

of steps were taken to enhance this platform, such as the use of higher relaxivity gadolinium 

chelates to label the lipids.[108] In addition, it was reported that the inclusion of a 

lipopeptide that was based on the LDLr binding domain of apoE resulted in greater uptake in 

macrophages in vitro than without the lipopeptide and also resulted in stronger MRI contrast 

in vivo.[109] Other groups have confirmed the utility of HDL labeled with gadolinium 

chelating lipids as MR contrast agents.[110, 111] Additional approaches to form 

gadolinium-labeled HDL include attachment of gadolinium chelates to apoA-I and inclusion 

of gadolinium chelates conjugated to cholesterol in the lipid layer.[112–114] Recently, Wang 

et al. reported a europium labeled HDL nanoparticle (using a phospholipid that was 

conjugated to a europium chelate) that produced contrast for a type of MRI known as 

chemical exchange saturation transfer (CEST).[115]

In 2009, the Zheng lab reported reconstituted HDL loaded with bacteriochlorin e6 bisoleate, 

a fluorophore that emits in the near-infrared (NIR) region of the visible spectrum.[116] 

Tissue transmits light relatively well in the NIR region (650–900 nm) and therefore 
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fluorescence imaging systems typically operate in these wavelengths.[117] The authors 

showed that these nanoparticles were taken up in the KB cancer cell line that expressed the 

SR-BI receptor (a receptor for HDL).[60] It was also shown that the nanoparticles 

accumulated in tumors that formed when KB cells were inoculated in the flank of mice, via 

fluorescence imaging.

Most recently, HDL has been developed into an agent for PET imaging. A study from the 

Reiner group used deferoxamine conjugated either to phospholipids or apoA-I to complex 

the radioisotope Zr-89 for PET contrast.[95] The fluorophore DiO was included to allow 

detection by fluorescence methods. The agent was administered to mice bearing breast 

tumors and was found to avidly accumulate in the tumors at up to 17% injected dose/gram 

tissue. Microscopy and flow cytometry showed that the nanoparticles preferentially bound to 

tumor-associated macrophages, an important cell type in cancer.

3.1.3 Peptide mimetic HDL contrast agents—Interest in HDL-based therapeutics has 

stimulated many years of research into synthetic peptides that can mimic the properties of 

apoA-I. A number of peptides (e.g. 18A, 37pA, D4F) have been developed that form 

amphiphatic α-helices and interact with lipids to form HDL-like or HDL-mimicking 

nanoparticles.[97, 118] These nanoparticles recapitulate many of the features of HDL, such 

as size, shape, macrophage cholesterol efflux and binding to ABC-A1. Cormode et al. 

reported HDL-like nanoparticles formed from natural phospholipids, gadolinium labeled 

phospholipids, fluorescent lipids and either 18A or 37pA.[98, 104] The authors found that 

these nanoparticles were taken up by macrophages in vitro in a saturable, receptor-like 

manner, similar to labeled nanoparticles formed from native HDL. In vivo imaging 

experiments with MRI also showed that these nanoparticles accumulated in the macrophages 

in the aortas of apoE KO (atherosclerotic) mice, indicating that synthetic HDL nanoparticles 

performed comparably with native HDL.

The Zheng lab reported the formation of HDL-like nanoparticles loaded with the NIR 

fluorophore known as DiR (1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine 

iodide).[99] These nanoparticles were formed using the apoA-I mimicking, amphiphatic 

peptide 18A. The authors found that these nanoparticles were taken up by cells that express 

the SR-BI receptor in vitro and in tumor models by fluorescent imaging, as well as 

demonstrating direct cytostolic delivery of the payload. DiR-labeled HDL has also been used 

to image the macrophage content in atherosclerotic lesions.[119] In another study from the 

Zheng group, HDL-like nanoparticles were formed using natural phospholipids, porphyrin-

labeled phospholipids and R4F, an apoA-I mimicking peptide, creating a nanoparticle 20 nm 

in size (Figure 3A, B).[120] The radioisotope Cu-64 can be complexed in the porphyrin 

groups, to make the nanoparticle PET-active. The porphyrin group also renders the 

nanoparticle active for PDT and NIR fluorescence imaging. PDT is a cancer treatment 

modality where molecules known as photosensitizers that have accumulated in the tumor are 

irradiated with light. The light interacts with the photosensitizer to generate singlet oxygen, 

which kills the nearby tumor cells. Injection of the agent in mice bearing glioma tumors, 

combined with laser irradiation, resulted in significant cell death in the tumors via PDT, as 

assessed by a form of histology known as TUNEL (terminal deoxynucleotidyl transferase 

dUTP nick end labeling) staining (Figure 3C). This agent was shown to permit the detection 
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of prostate cancer via both PET/CT and fluorescence molecular tomography imaging 

(Figure 3D,E). Furthermore, the agent was used to aid in tumor resection via intra-operative 

imaging, as shown in Figure 3F.

3.1.4 Nanocrystal labeled HDL contrast agents—Another development in the field 

of HDL contrast agents was the inclusion of nanocrystals in the core of HDL.[40] This was 

achieved by use of various hydrophobically-coated nanocrystals such as gold, iron oxide or 

quantum dots. The nanocrystals were co-dissolved with lipids in chloroform and dropped 

into hot water, forming a suspension of the nanocrystals in lipid micelles. Addition of apoA-

I to the resulting solution, followed by purification, yielded HDL-like nanoparticles with 

single nanocrystals encapsulated in the core. Inclusion of fluorescent (rhodamine) and/or 

gadolinium labeled lipids rendered these nanoparticles active for several modalities. 

Multimodal contrast agent nanoparticle formulations have the potential for enhanced 

imaging through synergies achieved by combining data from multiple imaging techniques 

[recently reviewed in [121]]. For example, HDL with a gold core and fluorescent and 

gadolinium labeled lipids in the coating were shown to provide contrast for CT, MRI and 

fluorescence imaging techniques (contrast in CT is provided by elements that have high 

atomic numbers, such as gold, iodine, bismuth, etc). Nanocrystal loaded HDL targeted 

macrophages in atherosclerotic plaques similarly to the formulations described above. Iron 

oxide core HDL has been probed in detail for its biological interactions.[105] The quantum 

dot core HDL was modified with a Cy5.5 lipid fluorophore such that Förster resonance 

energy transfer (FRET) occurred between the quantum dot and the Cy5.5.[106] This system 

was used to study the biointeractions of the HDL nanoparticle with other lipoproteins and 

cells. Last, the gold core HDL was used as a contrast agent for a novel CT imaging 

technique known as spectral CT.[96] In this type of CT, the contrast arising from different 

materials can be distinguished. It was shown that gold, iodine, calcium and soft tissue could 

be distinguished, which could be highly valuable for determining atherosclerotic plaque 

composition.

3.1.5 Re-routed HDL contrast agents—In all the studies mentioned above, HDL-based 

platforms were used to deliver contrast media to the natural targets of HDL in either 

cardiovascular disease or cancers. However, it has also been shown that HDL can be 

redirected from its natural targets to alternative targets.[42, 90, 122] Chen et al. conjugated 

the arginine-glycine-aspartic acid (RGD) peptide to apoA-I on HDL labeled with 

gadolinium and the NIR fluorophore DiR. In vitro experiments with activated endothelial 

cells and macrophages, showed that the nanoparticles had been successfully re-routed to the 

αvβ3-integrin (the target for RGD), since the nanoparticles bound preferentially to the 

endothelial cells, which overexpress the αvβ3-integrin. MRI and fluorescence imaging 

studies revealed that the re-routed HDL more rapidly accumulated in tumors (where αvβ3-

integrin expression is high) than control HDL. Confocal microscopy showed that the RGD-

targeted HDL localized at endothelial cells in the tumors at 1 hour post-injection, proving 

that the targeting effect occurred in vivo. A similar platform was re-routed to collagen and 

used to image the collagen content in atherosclerosis with MRI (in atherosclerosis collagen 

is a marker for plaque stability).[90] Endothelial growth factor (EGF) conjugation to 

fluorescent HDL nanoparticles was used to distinguish tumors that overexpress the EGF 
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receptor from those that do not.[123] Folate has been used to re-route HDL to ovarian cancer 

(where the folate receptor is overexpressed), as demonstrated by fluorescence imaging.[122] 

Interestingly, the authors found that the most successful route of administration was via 

intraperitoneal injection rather than intravenous injection. Another study, using iron oxide 

core HDL, also showed that intraperitoneal injection was viable to perform imaging with 

HDL-based agents.[124] This indicates that use of these agents may be streamlined by use 

of via intraperitoneal injections,[89] which is more straightforward than intravenous 

injection.

3.2 Low density lipoprotein contrast agents

3.2.1 Labeled native LDL contrast agents—Adaption of LDL as a contrast agent is 

also an active area of research. Similar to HDL, the first work in this area involved 

radiolabeling LDL and performing imaging with nuclear techniques.[103, 125–128] A 

number of different radionuclei have been used to labled LDL, i.e. I-123, I-125, In-111, F-19 

and Tc-99m. For example, Iuliano et al. labeled oxidized LDL (oxLDL) with Tc-99m.[129] 

They found that the Tc-99m-oxLDL was cleared from the blood more rapidly than native 

LDL and that uptake in the liver was more extensive. Furthermore, gamma camera images of 

patients with carotid artery disease revealed significantly more uptake of Tc-99m-oxLDL in 

the plaque compared to controls.

LDL was subsequently adapted for use as a fluorescence imaging agent as reported in a 

series of publications in the early 2000s.[130–132] For example, native LDL was labeled 

with a lipophilic fluorophore named DiI by incubation (DiI-LDL).[132] Binding of DiI-LDL 

to LDLr was proven via fluorescence microscopy experiments with differing concentrations 

of DiI-LDL and with an excess of unlabeled LDL. Fluorescence imaging was performing 

using B16 and HepG2 tumor models (both types of cancer cells that overexpress the LDLr). 

Uptake was observed in both tumor types, although accumulation was found primarily at the 

tumor rim in B16 tumors, whereas the distribution was more uniform in HepG2 tumors.

LDL has also been adapted to act as an MRI contrast agent. The first study in this area used 

managanese ions complexed in a hydrophobic porphyrin molecule to label LDL via 

incubation.[133] Manganese has five unpaired electrons and is therefore quite paramagnetic 

and has often been considered as an element upon which to base MRI contrast agents.[134] 

This Mn-LDL was incubated with foam cells (a cell type that avidly takes up LDL in 

atherosclerotic plaques). MR imaging of pellets of these cells revealed that the cells 

incubated with Mn-LDL gave a stronger signal than cells incubated with unlabeled LDL, 

indicating the efficacy of Mn-LDL as an MRI contrast agent. LDL has also been labeled 

with gadolinium chelates. Li et al. labeled LDL with a gadolinium chelate conjugated to a 

fluorophore (similar in structure to Cy3.5), via incubation.[135] The authors demonstrated 

the efficacy of the agent via in vitro fluorescence microscopy and in vivo MRI experiments. 

T1 MR maps of B16 tumors (a cell type that overexpresses the LDLr) indicated the uptake of 

the Gd-LDL in the tumors at 16 hours post-injection. The same group also labeled LDL 

using gadolinium chelate conjugated lipids.[136] More recently this group has applied this 

platform for imaging plaque in a mouse model of atherosclerosis [137, 138] The Aime group 

labeled LDL with lipids whose headgroup contained either rhodamine or a gadolinium 
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chelate known as AAZTA.[88] This chelate gives almost twice the MRI contrast of a typical 

gadolinium chelate since two water molecules can be coordinated instead of one.

3.2.2 Re-routed LDL contrast agents—The next major advance in the field of LDL 

contrast agents was the development of LDL re-routed to targets other than the LDLr. In 

2005, Zheng et al. reported LDL that was fluorescently labeled with DiI and modified with 

folate attached to the lysine residues of LDL.[43] The authors showed via in vitro studies 

that the nanoparticle had been successfully re-routed to the folate receptor. In a follow-up 

study, the same group reported folate re-routed LDL that was loaded with the fluorophore 

DiR (a fluorophore similar in structure to DiI, but with emission in the NIR).[139] The 

authors demonstrated the targeting of the folate-conjugated LDL in an elegant in vivo 

imaging experiment. Two types of tumors were inoculated in mice, one that expressed the 

folate receptor and another type that does not. Greater contrast was observed in the tumor 

that over-expressed the folate receptor than in the tumor that did not, confirming the 

targeting effect in vivo.

3.2.3 Reconstituted LDL contrast agents—Reconstitution of LDL is a much less 

favored approach than for HDL, since it is a more difficult process. Nevertheless, 

reconstituted LDL contrast agents have been reported. For example, Hill et al. synthesized 

iodinated triglycerides to label LDL to form a contrast agent for x-ray based imaging 

techniques such as CT.[140] Labeling was done via the Krieger method,[141] which 

involves lyophilization of LDL, extraction of the original triglyceride core, addition of the 

iodinated triglycerides in toluene, removal of the solvents and reconstitution of the LDL in 

buffer. CT imaging of solutions of this labeled LDL and of pellets of HepG2 cells that had 

been incubated with the labeled LDL demonstrated that this formulation could act as a CT 

contrast agent.

3.2.4 Nanocrystal labeled LDL contrast agents—Allijn et al. recently reported a 

method to load LDL with nanocrystals of various types (i.e. gold, iron oxide or quantum 

dots) or other hydrophobic substances, such as fluorophores (i.e. BODIPY [boron-

dipyrromethene] and DiR).[39] This was done by first suspending the nanocrystal or 

fluorophore in a micelle formed from the phospholipid myristoyl-hydroxy-

phosphatidylcholine. These micelles were sonicated together with native LDL, which 

resulted in transfer of the nanocrystal or fluorophore cargo into the core of LDL (Figure 4A). 

Via inclusion of both nanocrystals and fluorescent lipids in the micelles, LDL active for 

multiple imaging modalities could be formed, such as gold and rhodamine labeled LDL, 

which was active for both CT and fluorescence techniques. The authors focused on gold core 

LDL (Au-LDL) for most of the experiments. Negative stain electron microscopy confirmed 

the loading of gold cores into LDL (Figure 4B–D). In vitro fluorescence microscopy 

experiments showed that B16-F10 cells (a melanoma cell line that overexpresses the LDL 

receptor) avidly took up Au-LDL, but that the uptake was reduced when with incubated with 

Au-LDL and an excess of unlabeled LDL (Figure 4E–G). This experiment showed that Au-

LDL was specifically taken up by the LDL receptor. Furthermore, in vivo experiments 

showed that Au-LDL circulated approximately twice as long in LDL receptor knockout 

(LDLr KO) mice than wild type mice (Figure 4H). This confirmed that Au-LDL was 
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functioning in a similar fashion to native LDL, since a lack of the LDLr would reduce the 

rate of clearance of LDL from the blood as has been previously reported.[142] In vivo tumor 

imaging was performed with this agent using CT, fluorescence imaging and spectral CT. As 

can be seen in the spectral CT images, Au-LDL accumulation in the tumor of a mouse 

(Figure 4I) and in the liver (Figure 4J), an important organ for LDL clearance, could be 

observed. Ex vivo TEM on tumor tissue confirmed the uptake of Au-LDL.

3.3 Very low density lipoprotein contrast agents

VLDL has only rarely been adapted for use as a contrast agent. It has been labeled with 

I-123 for nuclear imaging techniques.[143] Such radiolabeled VLDL was studied in normal 

and Watanabe-heritable hyperlipidemic (WHHL) rabbits, a strain of rabbit that does not have 

the LDLr. Radiolabeled VLDL was taken up in the liver of WHHL rabbits more slowly than 

in normal rabbits, indicating the importance of the LDLr for hepatic uptake of VLDL in 

rabbits. More recently Barazza et al. labeled VLDL with fluorescent or gadolinium-chelate 

lipids, to form a contrast agent active for MRI and fluorescence.[144] In this study, the 

authors were investigating the in vivo mechanism of contrast generated from gadolinium 

labeled lipoproteins. It was found that there was significant transfer of the gadolinium label 

to LDL and VLDL from HDL, indicating a role of LDL and VLDL in the delivery to target 

tissues.

3.4 Chylomicron contrast agents

Chylomicrons have also only rarely been studied as contrast agents. While they have been 

radiolabeled and labeled with gold nanoparticles, no imaging has been done with such 

agents, to the best of our knowledge.[145, 146] However, in 2009, Bruns et al. published a 

study where chylomicron-based nanoparticles were formed that were labeled with quantum 

dots and iron oxides in the core, creating contrast for fluorescence and iron oxides, 

respectively.[147] Chylomicron-like emulsions loaded with these diagnostically active 

nanocrystals were formed from lipids and triglycerides extracted from native lipoproteins. 

Incubation with ApoE and lipoprotein lipase gave the nanoparticles chylomicron-like 

properties. This platform facilitated the study of the metabolism of chylomicrons via 

fluorescence imaging and MRI.

4 Drug delivery with lipoproteins

4.1 Drug delivery with high density lipoprotein

There is considerable interest in utilizing HDL as a drug delivery vehicle, particularly for 

new anti-cancer drugs. A large percentage of anti-cancer therapeutics that have been 

developed do not specifically target malignant cells; rather, the drugs indiscriminately affect 

both malignant and healthy tissues, leading to harsh side-effects and poor cure rates. Due to 

their size, nanoparticles frequently preferentially accumulate in tumors due to leaky 

vasculature, a phenomenon known as the enhanced penetration and retention (EPR) effect,

[148–150] although, solid tumors are heterogeneous, and the EPR effect does not always 

occur.[151] Furthermore, increasing nanoparticle circulation time increases tumor 

accumulation.[152] Since HDL and LDL are in the right size range for extravasation in 

tumors (~400 nm or less, depends on the tumor type) and have lengthy circulation times, 
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they are well suited to deliver substantial drug payloads to tumors via the EPR effect. 

Beyond any potential EPR effect, HDL may be actively targeted to malignant cells, 

depending on the tumor type. Due to their reliance on cholesterol and cholesteryl esters, the 

HDL receptor SR-B1 is upregulated in numerous malignancies,[153–158] providing an 

attractive target for drug delivery. Recent reports have demonstrated the ability of both 

discoidal HDL, and mature, spherical HDL to bind to SR-B1.[159] Uptake of HDL cargo, 

including anticancer drugs, occurs through a non-endocytic pathway.[74, 160] This is highly 

desirable for drug delivery, as endosomal uptake of drug-loaded nanoparticles typically leads 

to lysosomal degradation of both the drug and the delivery vehicle.

As mentioned above, lipoproteins possess a hydrophobic core, which can be loaded with 

drugs that have poor water solubility. It has been estimated that ~40% of new therapeutics 

have solubility issues,[161] limiting the amount of drug that can be administered. 

Incorporation of drugs with solubility issues into the hydrophobic core of HDL allows for an 

increase in the concentration of drug that can be administered.

In a recent report, the anti-cancer drug paclitaxel, a widely used chemotherapeutic, was 

loaded into discoidal HDL synthesized with monocholesteryl succinate (CHS).[162, 163] 

Discoidal HDL interacts with cholesteryl ester transfer protein (CETP), leading to increased 

cholesteryl ester content and maturation into spherical HDL. This transformation can lead to 

release of some of the drug cargo;[164] therefore, CHS was incorporated into the synthesis 

to maintain the discoidal conformation of the HDL after contact with serum. The modified 

discoidal HDL increased the circulation half-life of paclitaxel in rats, and showed increased 

efficacy in breast cancer tumor xenografts compared to liposomal or free paclitaxel.[162, 

163]

Spherical HDL has been used as a drug delivery vehicle, typically by loading the lipophilic 

core with drugs with poor water solubility. In a recent report, Lacko et al. sequestered the 

poorly water soluble drug valrubicin into spherical HDL.[74, 165] This drug loaded HDL 

had significantly increased toxicity against SR-B1 expressing ovarian and prostate cancer 

cell lines, compared to valrubicin alone. Drug toxicity in normal prostate and ovarian 

epithelial cell lines was reduced in the HDL-drug formulation compared to drug alone. 

Similar work has been reported, with HDL loaded with fenretinide,[165] a retinoid 

derivative, and doxorubicin.[166, 167] In both cases, encapsulation of the drug in HDL 

enhanced cytotoxicity of neuroblastoma and hepatocellular carcinoma cells, respectively, 

while reducing off-target effects in healthy, normal cells.

Asides from anti-cancer drugs, HDL has been used to encapsulate other lipophilic drugs, 

such as rapamycin.[168] Rapamycin, also known as sirolimus, has seen extensive use in 

organ transplantation as an immunosuppressive drug, as well as in coronary stent coating to 

prevent neointimal hyperplasia following vascular intervention. Rapamycin is poorly soluble 

in water, limiting the effective dose that can be delivered. Incorporation of rapamycin into a 

recombinant HDL decreased cellular senescence in primary human dermal fibroblasts and 

human umbilical vein endothelial cells in vitro, and demonstrated a stronger anti-

inflammatory activity in vivo, compared to rapamycin alone or reconstituted HDL alone.

[169]
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More recently, Duivenvoorden et al. reported simvastatin loaded HDL ([S]-rHDL), which 

was used as a treatment for atherosclerosis.[44] While statins are widely used to lower LDL-

cholesterol levels, when taken as an oral drug their effects are primarily in the liver. 

Formulation into an injectable HDL nanoparticle allows delivery of the statin to 

atherosclerotic plaque for direct local action. Uptake in plaque was evidenced by 

additionally loading the HDL nanoparticle with gadolinium chelates and DiR/Cy5.5 

fluorophores and performing MRI or fluorescence imaging, as can be seen in Figure 5B,C. 

The therapeutic effect of this treatment was assessed via MR imaging of plaque volume, 

histology and mRNA analysis. Sample histology images and quantification of thousands of 

such images are displayed in Figure 5D–F. As can be seen, from a single week of high dose 

[S]-rHDL infusions, the plaque area was significantly reduced and CD68 staining (a 

macrophage marker) was very substantially reduced. In a follow-up study, the mechanism of 

action was found to be inhibition of macrophage proliferation, rather than inhibition of 

monocyte recruitment, as well as suppression of inflammation in resident macrophages.

[170] Furthermore, it was demonstrated that the combination of a brief period of [S]-HDL 

injections followed by oral statin therapy was an effective therapeutic approach to control 

atherosclerosis.

While SR-B1 is the major receptor for HDL, incorporation of various targeting moieties 

allows for HDL uptake through non-SR-B1 receptors. As mentioned above, HDL has been 

modified by covalently adding folate and other targeting ligands to the lysine residues in 

apoA-I.[42, 90, 122, 171] One can imagine that similar preferential targeting to folate 

receptor-alpha positive malignant cells would be seen in anti-cancer drug loaded folate-

containing HDLs.

4.2 Drug delivery with low density lipoprotein

Low density lipoprotein is attractive as a drug delivery vehicle for both cancer and 

atherosclerosis due to the prevalence of the LDLr on malignant cells and the macrophages 

that comprise atherosclerotic plaques. As with HDL, drug payloads can be encapsulated in 

the hydrophobic core of LDL or incorporated into the amphipathic phospholipid layer.[172]

Dexamethasone has been investigated as a therapeutic to prevent atherosclerotic plaque 

development,[173, 174] however, prolonged dexamethasone administration is associated 

with significant adverse side effects.[175] Tauchi et al. incorporated dexamethasone into 

LDL, improving delivery to atherosclerotic plaques and reducing progression of 

atherosclerosis in a mouse model.[176, 177] Loading this drug in LDL ameliorated the 

adverse side effects observed from repeated systemic administration of dexamethasone.

Drug loading of LDL for cancer has involved common, broad spectrum chemotherapeutics, 

such as doxorubicin[178] and paclitaxel,[179] as well as 5-fluorouracil (5-FU).[180] In each 

of these cases, drug loading into or onto LDL targeted the therapeutic to cancer cells and 

improved efficacy compared to free drug while also decreasing off target toxicity.

Finally, similar to HDL, targeting moieties can be conjugated to LDL to shift the targeting of 

the nanoparticles from the LDLr to a different receptor. Meng et al. reported on the use of 

lactoferrin to target curcumin loaded LDL (Lf-mNCL) to deliver therapeutics to brain cells 
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to delay the progression of Alzheimer’s disease.[181] The Lf-mNCL was able to 

successfully cross the blood brain barrier and mitigate the damage associated with 

Alzheimer’s disease in a rat model. The ability of drug loaded LDL to cross the blood brain 

barrier offers the opportunity to deliver therapeutics to an immune privileged site while still 

retaining the benefits of drug encapsulation in lipoproteins.

4.3 Drug delivery with very low density lipoprotein

VLDL has rarely been studied for drug delivery purposes. In circulation, VLDL have 

relatively short half-lives (3–5 hours)[182], and interact with a host of proteins that alter the 

composition of both the hydrophobic core and amphipathic coating.[54] Kader and Pater 

compared the ability of VLDL, LDL, and HDL to deliver hydrophobic anticancer drugs, 

including 5-FU, doxorubicin, vincristine and 5-iododeoxyuridine.[183] They found that 

formulations with HDL and LDL enhanced the toxicity of the chemotherapeutics against the 

breast cancer cell line MCF7 compared with free drug controls, while incorporation into 

VLDLs did not alter drug toxicity. The authors attributed this to inefficient internalization of 

VLDLs by the breast cancer cells. Given the prevalence of the LDLr and SR-B1, the high 

affinity receptors for LDL and HDL, respectively, on cancer cells, VLDL appears to be a 

poor fit for drug delivery.

4.4 Drug delivery with chylomicrons

Chylomicrons have short circulating half-lives,[184, 185] making them ill-suited as stand-

alone drug delivery vehicles. Rather, recent lines of investigation have utilized chylomicrons 

as a secondary delivery method to prolong bioavailabilty and circulating half-lives for 

nanoparticle-encapsulated drugs after oral ingestion.[186, 187] In a recent study, Makwana 

et al. demonstrated that a significant percentage of orally administered Efavirenz, an 

antiretroviral drug, encapsulated in solid lipid nanoparticles was able to escape the first pass 

metabolism by the liver.[188] The drug was found in the lymphatic system, having been 

internalized in chylomicrons. The solid lipid nanoparticles not only evaded metabolism by 

the liver but were targeted, via the chylomicron, to the lymphatics,[188] which act as a viral 

reservoir in HIV-infected patients and is typically inaccessible to therapeutic interventions.

[189]

5 Nucleic acid delivery with lipoproteins

RNA interference (RNAi) has incredible therapeutic potential across a wide range of 

diseases, and allows for the targeted knockdown of a specific gene. Several different RNAs, 

from short, interfering RNA (siRNA), short hairpin RNA (shRNA) and microRNAs 

(miRNA), can be utilized in RNAi.[190] While the ability to tailor RNAi therapeutics to 

specifically target a single gene is powerful, the resultant RNA molecules are inherently 

unstable, leading to the need for a mechanism to deliver the therapeutic RNA to the 

cytoplasm of target cells.[190–192] A variety of modifications have been made to the 

structure of RNA (reviewed in [193]) in order to improve nucleic acid stability and 

bioavailability in vivo. Conjugation of a cholesterol molecule to the 5′ or 3′ end of the 

antisense strand of siRNA allows the nucleic acid to bind to albumin and lipoproteins, such 

as HDL and LDL, prolonging the circulating half-life and improving the stability of the 
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siRNA.[194–197] In vivo, systemically administered cholesteryl-conjugated siRNAs are 

targeted preferentially to the liver[196, 198, 199], due to their binding to serum lipoproteins 

such as HDL, and trafficking to cells expressing SR-B1.[197]

Vickers, et al. have recently demonstrated that natural HDLs, isolated from human serum, 

contained miRNAs, and that these HDL-bound miRNAs displayed improved stability over 

naked miRNAs.[41] HDL appears to be the preferred lipoprotein carrier for miRNAs, as the 

miRNA content of LDLs was significantly lower, in both healthy patients and those with 

cardiovascular disease.[200] HDL’s role as a natural nucleic acid carrier makes it a highly 

attractive nanostructure for the delivery of therapeutic nucleic acids in vivo. There have been 

two major approaches to HDL mediated siRNA delivery, namely the use of either 

reconstituted HDL or synthetic HDL mimetics.

Reconstituted HDLs (rHDL), composed of apoA1, phospholipids, cholesterol and 

cholesteryl esters, have shown promise in siRNA delivery. Incorporation of siRNA into 

reconstituted HDLs by Shahzad et al. resulted in nanoparticles with a similar size to natural 

HDL, and that are effective for knocking down target gene expression.[158] The rHDL-

siRNA nanoparticles shown to be targeted to SR-B1, and were preferentially taken up by 

SR-B1 expressing tissues compared to SR-B1 negative tissues in vivo. Further, as mentioned 

above, SR-B1 is over-expressed in a variety of malignancies, as well as in numerous human 

cancer cell lines.[153–158, 201] In vivo, systemic administration of rHDL-siRNA 

nanoparticles resulted in effective target gene regulation in both colorectal cancer and 

ovarian cancer models.[202]

An approach combining nucleic acid delivery facilitated by cationic lipids and recombinant 

HDL was recently reported.[203] The authors refer to the particles as nanodisks (ND) due to 

the addition of bioactive reagents, namely the cationic lipid and siRNA, which are not 

typical of recombinant, discoidal HDL. The data demonstrated that NDs formulated with 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), the cationic lipid, 1,2-dimyristoyl-3-

trimethylammonium-propane (DMTAP), and apoA-I were able to bind and stabilize duplex 

siRNA. In proof-of-concept experiments, NDs carrying siRNA targeting GAPDH 

(glyceraldehyde 3-phosphate dehydrogenase) were shown to reduce target gene expression 

in hepatoma cells by 60%.

To generate a synthetic HDL mimetic, two different scaffold materials, a gold nanoparticle 

and HDL-mimicking peptide-phospholipid scaffold, have been utilized. First, bio-inspired 

HDL nanoparticles have been made using 5 nm diameter gold nanoparticles surface 

functionalized with apoA-I and phospholipids (Figure 6A).[204] These HDL nanoparticles 

have a similar shape, size, and composition as native mature, spherical HDLs, with ~3 

copies of apoA-I per nanoparticle and an outer phospholipid layer consisting of 1,2-

dipalmitoyl-sn-glyerco-3-phosphocholine (DPPC).[204, 205] Functionally, these HDL 

nanoparticles have been shown to engage SR-B1, as well as ABC-A1 and ABC-G1, and 

mediate cholesterol flux through the receptors in macrophages in vitro.[204, 205] These 

HDL nanoparticles were able to adsorb cholesterylated antisense DNA (chol-DNA) onto 

their surface, and deliver the functional nucleic acid to SR-B1 expressing cells in vitro to 

modify gene expression.[92] No adverse effects on cell viability were found from these 
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nanoparticles (Figure 6B). With a nucleic acid cargo directed against miR-210, the levels of 

this microRNA were reduced by 80%, comparing favorably with the 55% knockdown 

produced by the free nucleic acid (Figure 6C). Furthermore, this treatment resulted in 

upregulation of E2F3a, a target of miR-210 (Figure 6D). Cellular internalization of these 

chol-DNA HDL nanoparticles revealed that they were taken up in an endolysosomal-

independent manner, avoiding a major hurdle in cellular nucleic acid delivery. These HDL 

nanoparticles were also shown to bind cholesterylated RNA, which was effective at reducing 

the cellular expression of vascular endothelial growth factor receptor 2 (VEGFR2).[206] 

Systemic administration of these conjugates resulted in decreased VEFGR2 expression in 

SR-B1 expressing cells, leading to decreased angiogenesis and a marked reduction in the 

volume of lung tumor xenografts.[206] Regardless of the type of nucleic acid adsorbed to 

the surface of this HDL platform, no toxicity was observed in normal, healthy cells and 

tissues both in vitro and in vivo.[92, 206] These studies indicate that gold core HDL is an 

excellent carrier for therapeutic nucleic acids.

In addition of a gold nanoparticle core, HDL mimetics can be synthesized using a peptide-

phospholipid scaffold (HPPS).[207] Amphipathic peptides with α-helical structures similar 

to apoA-I are combined with phospholipids and cholesteryl oleate to form self-assembled 

nanoparticles similar to serum-derived HDL.[207] HPPS were loaded with chol-siRNA 

targeted against bcl-2, a prominent oncogene in a wide array of cancers. Chol-siRNA HPPS 

were able to successfully deliver functional siRNA to the cytoplasm of SR-B1 expressing 

KB cells, a HeLa cell variant, but not to HT1080 cells, which only minimally express SR-

B1.[207] As with the previously mentioned gold core HDL nanoparticles,[92] HPPS 

delivered nucleic acids independent of the endolysosomal pathway.

While HDL has been the predominant lipoprotein investigated in nucleic acid delivery, some 

reports have emerged in which LDL was used as the delivery vehicle.[208, 209] LDLs pre-

loaded with cholesteryl-siRNA were able to deliver these nucleic acids to LDLR expressing 

cells; however, it appears that the siRNA-LDL complexes are internalized via the 

endolysosomal pathway, providing for poor delivery of siRNA to the cytoplasm of cells.

[208] Complexation of siRNA loaded LDLs with drug loaded N-succinylchitosan 

nanoparticles resulted in delivery of functional siRNA to liver tumor cells in vivo;[209] 

however, this nanoparticle formulation was internalized through the endolysosomal pathway, 

again potentially limiting the amount of functional, available siRNA that can be delivered. 

Finally, Kuwakara reported that cholesteryl-siRNA loaded LDLs did not improve deliver of 

siRNA to brain capillary endothelial cells in vivo compared with free siRNA, while siRNA 

loading onto HDL did result in improved delivery, including delivery to cells beyond the 

blood brain barrier.[210] These reports suggest that, while LDL has shown efficacy as a 

small molecule drug delivery vehicle, its delivery efficacy is limited in the case of 

therapeutic nucleic acids.

6 Boron-neutron capture therapy with LDL

An Italian group has published a number of studies based around cancer treatment via 

boron-neutron capture therapy (BNCT).[211–214] This is an experimental cancer therapy 

approach, where a non-radioactive isotope of boron (B-10) is delivered to the tumor.[215] 
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This isotope captures neutrons at a rate many times higher than that of endogenous nuclei. 

The capture of a neutron results in fission of boron and damage to the tumor tissue. 

Geninatti-Crich et al. reported LDL that had been labeled with a lipid that has a gadolinium 

chelate in the head group, which is connected to a carborane (ten boron atoms) and a 

hydrocarbon chain.[213] Labeling was mediated with cyclodextrin, which served to disperse 

the gadolinium/carborane lipid micelles and make the lipid available to insert into LDL. This 

platform was studied in B16 tumor bearing mice. The gadolinium provided MRI contrast 

demonstrating the uptake of the labeled LDL in the tumor. Neutron irradiation of these mice 

resulted in highly reduced tumor growth compared with controls. Therefore this is a 

theranostic agent, since it combines both therapeutic and diagnostic properties. Subsequent 

developments include improved syntheses of the carborane lipids[211, 214] and success in 

use of carborane labeled LDL in conjunction with neutron irradiation to treat lung cancer.

[212]

7 Discussion

In the past decade there has been tremendous progress and innovation in the field of 

lipoprotein delivery vehicles. The array of applications for lipoproteins is now very broad, 

with nucleic acid delivery, BNCT, CT and PET added in the past ten years.[40, 92, 95, 213] 

The range of diseases that lipoproteins have been applied to has widened to include 

atherosclerosis, cancer and Alzheimer’s.[42, 93, 94] The targets of lipoproteins have 

increased in number from their natural targets, to include the folate receptor, the αvβ3-

integrin and collagen.[42, 90, 139] The expansions in applications and targets have been 

facilitated by innovations in the synthesis of labeled lipoproteins, such as methods to insert 

nanocrystals in the core of lipoproteins[39, 40, 147] or microfluidic synthesis of HDL.[107] 

For example, the development of insertion of gold nanoparticles into lipoproteins has led to 

in vivo applications in CT.[39, 40, 96] A number of studies have reported theranostic 

lipoproteins, where both therapeutic and diagnostic properties are included in the same 

agent. These include agents active for fluorescence imaging and PDT,[45] agents that 

provide contrast for MRI and regress atherosclerosis via localized statin delivery,[44, 170] or 

provide contrast for MRI and treat tumors via BNCT.[212]

Since there are numerous groups active in the area of lipoprotein delivery vehicles and due 

to the enduring importance of these natural nanoparticles, we expect that the next ten years 

will see much additional progress. Can lipoproteins be adapted to function for other 

applications such as photoacoustic imaging, SERS imaging, ultrasound, radiosensitization, 

in vitro diagnostics or as biomaterials? Both radiosensitization and SERS imaging could be 

achieved using modifications of gold core HDL, for example. Photoacoustics-active 

lipoprotein agents could be formed by inclusion of molecules that absorb in the NIR region. 

Will we see use of lipoprotein vehicles in additional diseases and directed against additional 

targets? Given the utility of lipoproteins in imaging and drug delivery to date, we expect 

expansion of the diseases and targets lipoproteins are directed against. Clinical trials of some 

of the agents developed in the past ten years would be expected. Underpinning these 

advances will likely be new particle components such as new peptide mimics of 

apolipoproteins and new materials with which to label lipoproteins. Novel methods to form 
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labeled lipoproteins will probably emerge, and may include streamlined approaches such as 

in vivo labeling via injectable or orally consumable materials.

While there are many potential avenues for progress in this area, challenges remain in the 

field. Among the panoply of formulations that have been reported, which hold the most 

promise for clinical translation? Once agents have been selected, what method would be best 

to synthesize them? Lipoproteins could be isolated from individual patients, labeled and then 

re-administered to the same patient, however this approach would likely be cumbersome and 

expensive. If lipoproteins were isolated from the blood of donors, there might be risks of 

disease transmission. Bacterial expression of the lipoprotein or apolipoprotein might be an 

effective approach to avoid disease transmission, although it is expensive. Basing a platform 

on a peptide mimetic of apolipoproteins may also be an advantageous approach, since such 

peptides can be easily synthesized in pathogen-free, GMP processes. Scalable and 

commercially viable synthesis will have to be developed. Despite the natural origins of any 

selected agent, safety will have to be proven via in vitro and animals experiments prior to 

clinical trials. However, given the implementation of clinical trials of reconstituted HDL as 

anti-atherosclerosis therapies,[216] it should be possible to find practical paths to clinical 

trials for lipoprotein delivery agents. The most likely next lipoprotein based agents to enter 

the clinic are lipoproteins loaded with already approved drugs such as HDL loaded with 

simvastatin or LDL loaded with doxorubicin. The known biocompatibility (or tolerability) of 

the individual components would de-risk a novel therapy based on their combination, 

encouraging investment and lowering FDA concerns. Clinical translation of lipoproteins 

delivering novel drug molecules, nucleic acids, fluorophores or biodegradable nanocrystals 

such as iron oxides is likely somewhat further down the road due to the need for further 

research to optimize and/or conduct extensive toxicological assessments. Testing in man of 

lipoproteins labeled with gadolinium seems least likely at this time, due to the concerns over 

the adverse health effects caused by gadolinium retention such as nephrogenic systemic 

fibrosis.[217, 218]

8 Conclusions

Lipoproteins have proven themselves to be effective and versatile delivery agents. They can 

be modified in numerous ways, such as loading with drugs, paramagnetic lipids, 

fluorophores, nanocrystals, radioactive nuclei, boron compounds and nucleic acids. 

Lipoproteins have a number of natural targets, while addition of ligands results in re-routing 

to other targets. These attributes have led to applications in imaging and therapy of 

cardiovascular diseases, cancer and Alzheimer’s. Lipoproteins have certain inherent 

advantages over other delivery vehicles, such as biodegradability, biocompatibility and a 

lack of immunogenicity. Furthermore, imaging and studying lipoprotein behavior in vivo is 

of fundamental interest due to their important roles in biology. Tremendous innovation has 

been made in this technology over the last decade and we expect to see significant progress 

in the coming years.
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Figure 1. 
Schematic depiction of the different lipoproteins, indicating their different compositions (not 

to scale). Figure reproduced with permission from reference [50].
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Figure 2. 
Illustration of the numerous ways in which lipoproteins can be modified to act as contrast 

agents, therapeutics, or both. Multiple of these modifications can be made on the same 

platform, e.g. inclusion of a targeting ligand and a fluorophore.[43]

Thaxton et al. Page 34

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
HDL-based nanoparticle active for PET, NIRF and photodynamic therapy. A) Schematic 

depiction of the HDL-based nanoparticle. B) Negative stain TEM characterization of the 

nanoparticles (scale bars are 100 and 20 nm in the larger view and inset, respectively). C) 

Analysis of photodynamic therapy effects on glioma tumors (PLP is the term for the 

nanoparticle). D) PET imaging of prostate cancer. E) Fluorescence molecular tomography of 

prostate cancer. F) Interoperative imaging aiding prostate cancer resection i) before and ii) 

after resection. Figure reproduced with permission from reference [120].
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Figure 4. 
Gold-core LDL (Au-LDL) as a contrast agent for computed tomography. A) Schematic 

depiction of Au-LDL. B–D) Negative stain TEM images of lipid-coated gold nanoparticles 

(Au-MHPC), LDL and Au-LDL. E–G) Fluorescence microscopy images of B16-F10 cells 

that have been incubated with various agents. H) Gold content of blood of wild type (WT) 

and LDL receptor knockout (LDLr KO) mice injected with Au-LDL. I, J) Spectral CT 

images of a mouse bearing a B16-F10 tumor. Bones are denoted in grayscale and gold is 

given a yellow color. This figure is reproduced with permission from reference [39].
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Figure 5. 
Statin loaded HDL as a therapeutic in atherosclerosis. A) Schematic depictions of statin 

loaded HDL, as well as TEM characterization. B) MR imaging of the aorta of an 

atherosclerotic mouse pre- and 24 hours post-injection with [Gd-dye-S]-rHDL. C) 

Fluorescence imaging of the excised aortas of atherosclerotic mice that had been injected 

with either saline or [Gd-dye-S]-rHDL 24 hours previously. D) Histology of the aorta roots 

of atherosclerotic mice. E,F) Quantitative analysis of histology images. Figure reproduced 

with permission from reference [44].
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Figure 6. 
Gold core HDL for DNA delivery. A) Schematic depiction of gold core HDL. B) Results 

from an LDH assay showing that the formulation is biocompatible. C) Suppression of 

miR-210 by DNA-HDL conjugates. D) Western blot of E2F3a (an miR-210 target) levels. 

Figure reproduced with permission from reference [92].
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Table 1

Summary of lipoprotein characteristics. Data sourced from [48].

Lipoprotein Size (nm) Major apolipoprotein Density (g/dl) Major role

Chylomicron 80–1200 B-48, A-I, A-II, C, E <0.95 Transport of dietary fats

VLDL 35–80 B-100, C, E 0.95–1.006 Transport of fats from the liver

IDL 27–30 B-100, C, E 1.006–1.019 Transport of fats from the liver

LDL 22–27 B-100 1.019–1.063 Delivery of fats to peripheral tissues

HDL 7–13 A-I, A-II, C, E 1.063–1.25 Removal of cholesterol from peripheral tissues
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