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Abstract High-density lipoproteins (HDL) are naturally-occurring nanoparticles that are biocompatible,
non-immunogenic and completely biodegradable. These endogenous particles can circulate for an
extended period of time and transport lipids, proteins and microRNA from donor cells to recipient cells.
Based on their intrinsic targeting properties, HDL are regarded as promising drug delivery systems. In
order to produce on a large scale and to avoid blood borne pollution, reconstituted high-density
lipoproteins (rHDL) possessing the biological properties of HDL have been developed. This review
summarizes the biological properties and biomedical applications of rHDL as drug delivery platforms. It
focuses on the emerging approaches that have been developed for the generation of biomimetic
nanoparticles rHDL to overcome the biological barriers to drug delivery, aiming to provide an alternative,
promising avenue for efficient targeting transport of nanomedicine.
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1. Introduction

High-density lipoproteins (HDL) are dynamic natural nanoparti-
cles that are composed of diverse biological macromolecules.
Many aspects of the nanoparticles such as size, shape and surface
chemical composition play a key role in their multiple biological
functions1. Compared with other lipoproteins, they have higher
density and smaller size ranging from 8 to 12 nm in diameter2. The
main protein constituent of HDL is apolipoprotein A-I (apoA-I)
which comprises almost 70% of the protein mass in HDL and is
occasionally accompanied by apoA-II, apoA-IV, apoA-V, etc.3,4.
ApoA-I, a 28 kDa protein, contains eight amphipathic α-helical
domains of 22 amino acids each that is responsible for scaffolding
the size and shape of natural HDLs4. In addition, apolipoprotein E
(apoE) is also a pivotal component of HDL which occurs in much
lower abundance than apoA. The interaction between apoA-I and
lipids determines the final shape and size of HDL with the
hydrophobic face of apoA-I mediating lipid interactions and the
polar face interacting with water5. Natural HDL particles include
discoidal subclass pre-β-HDL which is generated by exposure of
lipid-free apoA-I to ATP-binding cassette transporters A1
(ABCA1) with the cholesterol/phospholipid transfer activity, and
two spherical subclasses HDL2 and HDL3 which contain a neutral
lipid core composed of cholesteryl ester and triglyceride. HDL2
and HDL3 represent the dominant HDL forms in human plasma6.
HDL is referred to as “good cholesterol” by removing excess
cholesterol from peripheral tissues and transporting it to the liver
for catabolism or excretion via a process known as reverse
cholesterol transport (RCT)7. In addition, HDL particles possess
anti-inflammatory, anti-oxidative, anti-apoptotic and anti-infective
properties. Therefore, HDL has been regarded as a key component
which protects the cardiovascular system and reduces the risk of
coronary artery disease8.

Recently, the potential of using HDL particles as drug delivery
vehicles has been widely explored. Many biological properties of
HDL can be harnessed for opening an attractive avenue towards
optimal drug delivery. Firstly, these particles are completely
biodegradable and have excellent biocompatibility. Secondly, as
endogenous substances, they escape elimination by mononuclear
phagocyte system (MPS) and do not trigger immunological
responses. Furthermore, innate receptor-ligands present in HDL
and the corresponding cellular receptors of these ligands have
shown to help HDL exert their biological functions. HDL particles
which contain apoA-I are known to bind many cellular receptors
such as the scavenger receptor class B type 1 (SR-B1) and ATP-
binding cassette transporter G1 (ABCG1)9. The SR-B1 and
ABCG1 receptors have shown to mediate cholesterol transferring
to HDL particles from the peripheral cells including foam cells.
From the targeting delivery point of view, the SR-B1 receptor is
abundant in hepatic cells, macrophages and cancer cells and it is
thought to be a critical receptor for delivering HDL-cargo to those
cells10. It has been reported that endogenous HDL can transport
lipids, proteins and microRNA from donor cells to recipient cells,
suggesting that the intrinsic and functional targeting capability of
HDL makes it an ideal candidate for drug delivery and intracellular
communication11.

However, there are also several limitations for HDL-mediated
drug delivery. Firstly, the source of endogenous HDL is restricted
to the costly and laborious process of isolation and purification
from human plasma, which is difficult on a large scale. Secondly,
the safety concerns of blood borne pollution could be another
major challenge for HDL as a universal drug delivery system. To
address these issues, a great number of studies have focused on the
development of rHDL particles which are artificially synthesized
with phospholipids and apolipoproteins/apolipoprotein mimetic
peptides as alternative therapeutics or drug delivery platforms.
As the individual components of rHDL (lipid type, apolipoprotein
choice and lipid/protein stoichiometry) can be flexibly adjusted,
the physiochemical properties such as uniform size, zeta potential,
core and surface loading of rHDL can be easily controlled. In
terms of drug loading, hydrophobic drugs can be incorporated into
the core of rHDL, amphiphilic drugs can be inserted into the lipid
membrane and hydrophilic molecules can be carried either by
fused with a hydrophobic group to insert into the surface of rHDL
or by encapsulated into the core of rHDL with the help of certain
hydrophobic components (Fig. 1)2,12,13. In addition, rHDL can not
only harness the biology of HDL but also overcome the various
biological barriers to drug delivery. In this review, we focus on the
biological properties of these novel biomimetic nanoparticles and
summarize the biomedical applications of rHDL as a drug delivery
platform.
2. The biological properties of rHDL for drug delivery

2.1. Long circulation time and relative stability

Upon intravenous injection or absorption into the circulation,
drug-loaded nanoparticles are exposed to a highly dynamic system
in which the interaction between the particles and the blood
proteins can largely influence their physicochemical properties and
biofate. MPS, the macrophage system in the liver, spleen lymph
nodes and bone marrow, has a profound impact on the circulation
time and clearance rate of nanoparticles14. This process of
sequestration begins with opsonization of nanoparticles, involving
the adsorption of plasma proteins such as serum albumin,
complement components and immunoglobulins, onto the surface
of circulating nanoparticles15. Following opsonization, these
nanoparticles are recognized and captured by the MPS which
leads to their accumulation in the organs such as the liver and
spleen and their consequent removal from circulation16. In order to
achieve efficient delivery to the target sites, proper circulation time
and plasma stability are the key prerequisites. In the case of rHDL,
many of strategies have been developed to extend their systemic
circulation time and maintain their stability in plasma.

The circulation lifetime of nanoparticles is dependent on
opsonization and sequestration uptake by resident macrophages
of the MPS. Polyethylene glycol (PEG), a type of hydrophilic
polymer which has been approved for safety by the FDA for use in
human pharmaceuticals17,18, has been widely used as a strategy to
endow nanoparticles with stealth properties by inhibiting serum
protein binding to evade the MPS, improve pharmacokinetics19,20,
and enhance distribution to the target sites21. In the case of rHDL,
as an HDL biomimetic, it is capable of escaping from elimination
by MPS. Generally, the half-life of rHDL is comparable to the
commonly used drug delivery system, pegylated liposomes.
Recently, Murphy et al.22 found that pegylation of apoA-I in
rHDL also markedly improved their plasma half-life. The forma-
tion of monopegylated apoA-I (via the N-terminus) increased the
half-life of apoA-I approximately 7-fold in hypercholesterolemic
ApoE−/− mice compared with apoA-I in nonpegylated rHDL.
Furthermore, PEG-rHDL led to more pronounced suppression of
bone marrow myeloid progenitor cell proliferation and monocy-
tosis, reduced atherosclerosis and a stable plaque phenotype.



Figure 1 The schematic of discoidal and spherical rHDL as drug delivery systems. As depicted, hydrophobic drugs can be incorporated into the
core of rHDL, amphiphilic drugs can be inserted into the lipid membrane and hydrophilic molecules can be loaded either by fused with a
hydrophobic group to insert into the surface of rHDL or by encapsulated into the core of rHDL with the help of certain hydrophobic components.
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However, the chain length as well as the density of PEG should be
optimized for desirable effects because it may impact on the size,
stability and toxicity of nanoparticles23. In addition, the utility of
pegylation could be limited following repeated administration
owing to the "accelerated blood clearance (ABC) phenomenon"
induced by the spleen24.

Despite pegylation, altering lipid composition of rHDL could
also change the circulation time and stability of rHDL in vivo.
Lipid components account for approximately one-half the mass of
total HDLs25, and 40%–60% of the total lipids are phospholipids
which include phosphatidylcholines (PCs), phosphatidylinositol,
sphingomyelin (SM), and lysophosphatidylcholine (LPC)26. Lipid
components influence the density, size, shape, rigidity and surface
charge of HDL particles, and further determine their biological and
biophysical properties27. For example, SM enrichment has been
shown to induce an ordered and rigid liquid–lipid bilayer
environment in HDL particles and increase the circulation time
and stability of liposome28,29. In addition, Jayaraman et al.30 found
that cholesterol, an essential constituent involved in the process of
RCT, stabilized less stable lipoproteins by enhancing favorable
packing interactions, but had less or opposite influence on the
more stable complexes in which the packing interactions were
already optimized.

Furthermore, both the size and geometry of nanoparticles are
important for their flow, margination and adhesive properties in
blood vessels under normal flow conditions, and also play a key
role in determining the stability of rHDL in the circulation31.
Interestingly, discoidal particles tend to exhibit a higher margina-
tion propensity compared to quasi-hemispherical and spherical
particles, which would result in stronger interaction with vessel
walls32. During circulation in the blood system, natural HDL
particles exist in two different architectures including discoidal
HDLs (d-HDLs) and spherical HDLs (s-HDLs). These two HDLs
display different physical-chemical and biological properties.
d-HDLs are referred to nascent HDLs and can be converted to
mature s-HDLs catalyzed by lecithin-cholesterol acyltransferase
(LCAT)33. The remodeling effect of LCAT is the major
mechanism that mediates the instability of d-HDLs in their
metabolic process and results in the leakage of encapsulated drugs
before they reach the targeted cells34. Several approaches have
been developed for alleviating drug leakage of d-rHDLs induced
by LCAT. Wang et al.35 stably incorporated paclitaxel (PTX), a
lipophilic anti-cancer agent, into d-rHDLs and decreased PTX
leakage by covalently attaching mono-cholesteryl succinate (CHS)
to apoA-I to form CHS-modified rHDL. The resulting CHS-
modified rHDL did not remodel in the presence of LCAT, and
showed longer circulation time in blood, alleviated unnecessary
drug leakage and delivered more PTX to the cancer cells.

Cross-linking strategy can also enhance the stability of nano-
lipoprotein particles under physiological conditions. Smith et al.36

found that inserting a gadolinium-binding chitosan fastener on the
liposome surface followed by covalent cross-linking of the lipid
bilayer provided a useful method to anchor the functional units to
the liposome surface and stabilized liposomes under physiological
conditions. Recently, Gilmore et al.37 also developed lipid cross-
linking nanolipoprotein particles (NLPs) to enhance their serum
stability by incorporating a polymerizable lipid into the lipid
bilayer. Compared with the non-cross-linking NLPs, cross-linking
NLPs exhibited greater stability in 100% serum with no degrada-
tion over 48 h. This method of intermolecular cross-linking did not
significantly affect the size of nanoparticles but powerfully
enhanced their in vivo stability.
2.2. rHDL-mediated targeting delivery

2.2.1. The innate targets and receptors for rHDL
The mechanisms by which HDLs interact with their specific
cellular receptors control the function and eventual fate of
endogenous HDL as well as rHDL particles. ApoA-I is the most
abundant protein in plasma HDL, and apoA-I/apoA-I mimetic
peptides are most commonly used for the construction of rHDL.
rHDL particles which contain the apoA-I/apoA-I mimetic peptides
are known to bind majorly to SR-B1, an integral membrane
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protein mainly expressed in the liver and steroidogenic tissues38.
As the endogenous receptor of HDL, SR-B1 is best known for its
role in facilitating the uptake of cholesteryl esters from HDL to the
liver and steroidogenic tissues. SR-B1 is also crucial in lipid
soluble vitamin uptake39. In addition, the overexpressed SR-B1 is
a relatively consistent marker in cancerous tissues. While SR-B1
normally mediates the transfer of cholesterol between HDL and
healthy cells, it also facilitates the selective uptake of cholesterol in
malignant cells. In this way, the upregulated of SR-B1 receptor
becomes an attractive target for tumor targeting as well40.

Another relatively common apolipoprotein component of HDL
is apoE, which has also been utilized for the synthesis of rHDL. In
peripheral tissues, apoE is primarily produced by the liver and
macrophages, and mediates cholesterol metabolism in an isoform-
dependent manner41. In the central nervous system (CNS), apoE is
mainly produced by astrocytes, mostly in the form of HDL, and
transports cholesterol to neurons via apoE receptors41. ApoE is
known to bind to members of the LDL receptor (LDLR) family
that includes more than 10 different receptors to mediate endocy-
tosis and uptake of the holo-particle. As the major receptor of
apoE, LDLR occurs in all nucleated cells, mainly in the liver, also
in the CNS and tumor tissues. In the process of cellular
internalization, LDLR are clustered in clathrin-coated pits, and
coated pits pinch off from the surface to form coated endocytic
vesicles that carry lipoprotein into the cells. After internalization,
the receptors dissociate from their ligands when they are exposed
to lower pH in endosomes. After dissociation, the receptor
folds back on itself to obtain a closed conformation and recycles
to the cell surface. The rapid recycling of LDLR provides an
efficient mechanism for delivery of cholesterol to the targeted
cells42.
2.2.2. rHDL for overcoming the blood–brain barrier
The existence of the blood–brain barrier (BBB) is a major limiting
factor for efficient delivery of therapeutic agents into the CNS.
BBB is constituted by endothelial cell tight junctions in the brain
microvessels and has a complex and highly organized multicellular
structure43,44. The BBB effectively protects the brain from most
harmful substances in the external environment, and also excludes
from the brain ∼100% of large-molecule neurotherapeutics and
more than 98% of all small-molecule drugs45. Therefore, although
acting as both morphological and functional barrier, the BBB also
hinders effective drug delivery to the brain and impedes the
therapy of various neurological disorders. Herein, development of
nanocarriers that possess BBB permeability is of great importance.
Figure 2 (A) Radioactivity in the brain homogenate at different density
administration of 125I-apoE3-rHDL. (B) Brain distribution of 125I-apoE
administration. (C) Percentage of 125I-apoE3-rHDL accessing the brain pare
2, 4, and 24 h after intravenous administration. (Reproduced with permiss
To address the limitation of crossing the BBB, many strategies
have been investigated. Receptor-mediated transcytosis has been
utilized as a key strategy for drug delivery across the BBB. The
LDLR on the brain endothelial cell surface is a major apoE
receptor that regulates the amount of apoE in the CNS46. Recent
studies found that targeting LDLR provided a rational strategy for
efficient transport across the BBB via receptor-mediated transcy-
tosis and subsequent drug release in the brain47. It has been found
that the bioactive apoE peptides were capable of binding to LDL
receptor-related protein 1 (LRP1) tightly in a purified system and
apoE could bind to LDLR family only after being incorporated
into lipids48. Therefore, apoE-rHDL holds great promise for
possessing BBB-penetrating activity and brain drug delivery via
LDLR-mediated transcytosis. For instance, Song et al.49 developed
apoE-rHDL as a biomimetic nanocarrier for the treatment of
Alzheimer's disease. They utilized apoE3, one of the predominant
apoE isoforms for construction of apoE-rHDL in which the
N-terminal domain of apoE3 interacted with LDLR to mediate
transcytosis. This biologically inspired nanocarrier successfully
crossed the BBB (Fig. 2), promoted microglial and astroglial
degradation of amyloid beta (Aβ) and rescued memory deficits in
Alzheimer model mice.

2.2.3. rHDL for penetrating plasma membrane
Many physiological barriers exist following systemic delivery of
therapeutic agents. Once the nanoparticles reach the target cells, they
need to penetrate plasma membranes and deliver cargo to targeted
subcellular sites. Plasma membranes, possessing a dynamic structure,
are critical borders between cells and the external environment.

2.2.3.1. Receptor-mediated rHDL cellular internalization. SR-
B1, the major receptor for HDL, mediates transport of selective
cholesterol esters from HDL to cytosol50. SR-B1-mediated inter-
actions between rHDL and target cells have been investigated as
an ideal strategy for drug delivery through the plasma membrane
barrier. For example, Rui et al.51 developed rHDL nanoparticles
that co-delivered PTX and doxorubicin (Dox) for improving
anticancer efficacy. Co-delivery of multiple chemotherapeutics
has become a versatile strategy in recent cancer treatment, but has
been limited by the differing physiochemical properties of the
agents. In order to solve this problem, rHDL nanoparticles that
were capable of interacting with the receptor SR-B1 on the cell
surface during cellular internalization were used to combine the
two anticancer drugs into one delivery system by passively
incorporating hydrophobic PTX, and subsequently remotely
fractions after ultracentrifugation at 0.17, 2, and 12 h after intravenous
3-rHDL at 0.17, 0.5, 1, 2, 4, 8, 12, and 24 h after intravenous
nchyma compared with that remained in the brain blood capillary at 1,
ion from Ref. 48. Copyright 2014, American Chemical Society.
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loading hydrophilic Dox into the same nanoparticles. This
biomimetic nanocarrier successfully enhanced the accumulation
of nanoparticles in the tumor region and increased their uptake in
cancer cells. Both drugs were transported into the cytoplasm of
cancer cells through the non-aqueous “channel” of SR-B1. This
prominent strategy improved drug delivery into cells without
endocytosis and degradation. In addition to intracellular delivery
of small molecular therapeutics, SR-B1 also mediates efficient
transmembrane delivery of macromolecular drugs. For example,
Shahzad et al.52 incorporated siRNA into rHDL and successfully
delivered siRNA in vivo to effectively inhibit tumor cell prolifera-
tion. Ding et al.53 also used rHDL to transport cholesterol-
conjugated siRNA (Chol-siRNA) across the plasma membrane
for direct cytosolic delivery via the SR-B1-mediated process.

2.2.3.2. Cell penetrating peptides-mediated rHDL cellular inter-
nalization. In addition to SR-B1-mediated cellular internalization,
cell penetrating peptides (CPPs) have also been utilized as an
effective strategy to help rHDL overcome the cellular plasma
membrane54. It has been reported that CPPs possess the ability to
interact with various cell surface molecules including membrane
lipids and proteoglycans55. CPPs, which can themselves serve as
carriers to transport protein, nucleic acids and nanoparticles into
cells, have been extensively exploited for cancer therapy56. By
taking advantage of the pH gradient between the tumor milieu (pH
6.4) and physiological environment (pH 7.4)57, pH-responsive
CPPs can respond to tumor acidic microenvironment and have
therefore been useful for mediating specific and efficient intracel-
lular delivery to tumor cells. TH peptide [AGYLLGHINLHH-
LAHL(Aib)HHIL–NH2], an α-helical CPP that can efficiently
enter cells under acidic environments, was found to significantly
increase the tumor cells internalization of the pH-responsive CPP-
modified drug delivery system, effectively inhibited tumor growth
and largely improved the therapeutic efficacy58. R6H4
(RRRRRRHHHH), a pH-sensitive CPP with the ability of pH-
responsive cellular uptake owing to histidine and cell penetration
owing to arginine, has been used to improve direct cytosolic
delivery of agents loaded by liposome59. Ding et al.60 recently
designed a dual-functional biomimetic nanocarrier pH-responsive
CPP-functionalized rHDL (cp-rHDL) by incorporating R6H4 into
apoA-I rHDL, in which apoA-I enables attractive tumor-homing
property, and the lipophilic anchored R6H4 offered a pH-
controlled penetrating ability. The use of coumarin-6 as the
fluorescent probe showed this hydrophobic molecular probe
encapsulated in cp-rHDL to be efficiently transferred into the
cytoplasm of tumor cells.
2.2.4. rHDL for delivery to subcellular targets
Targeting delivery of nanocarriers at the subcellular level has now
become cumulatively important and is of increasing interest as
more subcellular targets are identified. Once internalized, the
nanocarriers are sorted and may then be exocytosed out of the
cells or trapped in endosomes. The trapped carriers in the
endosomes would subsequently be transported to lysosomes that
are highly acidic and rich with enzymes, and finally result in
degradation with little drug release into the cytosol61. To overcome
intracellular delivery barrier, the common strategies are to deliver
drugs into cytosolic organelles by promoting endosomal/lysosomal
avoidance or escape.
2.2.4.1. rHDL with endosomal/lysosomal avoidance capacity. It
is important to transport therapeutic molecules into cytosolic
compartments because cytosolic organelles are usually the sites
of action62. A delivery strategy for targeting at the subcellular level
has been developed based on the fact that cholesterol esters are
transported from HDL to cells in a SR-B1-mediated process in
which a hydrophobic channel formed in the cell membrane. To
further exploit this unique non-endocytic uptake mechanism for
the direct cytosolic delivery of therapeutics, Zhang et al.62 created
a peptide-phospholipid nanocarrier (NC) and trapped DiR-BOA, a
hydrophobic fluorescent molecule, in the core-shell of NC, finding
that the cargo DiR-BOA highly accumulated in the tumor cell
cytosol (Fig. 3). Furthermore, this nanocarrier was highly bio-
compatible, exhibited long circulation half-life in serum and the
size could be controlled precisely, providing a useful nanoplatform
for efficient delivery of either small or large molecules. This
carrier has been used to deliver a lipophilic drug, paclitaxel oleate,
to attenuate its toxicity to non-targeted cells63.
The same approach has been utilized for the delivery of nucleic
acids, especially for RNAi. The main challenge for RNAi
therapeutics lies in systemic delivery of siRNA to the correct
tissues and transporting them into the cytoplasm of target cells at
safe and therapeutic levels. The NC described above was further
developed for siRNA delivery in which siRNA was modified with
cholesterol and the chol–siRNA was efficiently loaded by inserting
into the lipid membrane of NC. The resulting nanoformulation
demonstrated direct cytosolic delivery of siRNA in vitro, thereby
bypassing endosomal trapping. It prolonged the blood circulation
time of chol–siRNA by a factor of four, improved its biodistribu-
tion and facilitated its uptake in SR-B1-overexpressed tumors. The
nanoformulation carrying BCL-2 siRNA efficiently downregulated
BCL-2 protein, induced enhanced apoptosis in tumor cells and
significantly inhibited tumor growth64. Shahzad et al.52 loaded
siRNA into the core of rHDL by preincubation with oligolysine,
and also achieved SR-B1-mediated highly efficient systemic
delivery of siRNA in vivo.
SR-B1-mediated endosomal/lysosomal avoidance has also been
exploited for addressing the intracellular hurdles of protein
delivery. Kim et al.65 developed a biomimetic nanocarrier com-
posed of 1,2-dioleoyl-trimethylammonium (DOTAP), 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine (DOPE) and apoA-I to
enable successful protein delivery to intracellular targets. By
conjugating cytochrome c (cytc) with a membrane permeable
sequences peptide to enhance protein association with the lipid
bilayer of rHDL, cytc was efficiently loaded and delivered to the
cytosol of cancer cells. Kuai et al.66 demonstrated that high-
density lipoprotein-mimicking nanodiscs coupled with antigen
(Ag) peptides and adjuvants markedly improved Ag/adjuvant co-
delivery to lymphoid organs and sustained Ag presentation on
dendritic cells. The strategy was based on rHDL nanodiscs,
composed of phospholipids and apoA-I-mimetic peptides, in
which the nanodiscs elicited up to 47-fold greater frequencies of
neoantigen-specific cytotoxic T-lymphocytes (CTLs) than soluble
vaccines and even 31-fold greater than perhaps the strongest
adjuvant in clinical trials.

2.2.4.2. rHDL with endosomal/lysosomal escape capacity. rHDL
constructed with apoA-I and apoA-I mimetic peptide possesses
innate endosomal/lysosomal avoidance capacity. In contrast, apoE-
based rHDL undergo the endosomal–lysosomal intracellular
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pathway. In our recent work, siRNA entrapped by calcium
phosphate (CaP) nanoparticles were introduced as a solid core of
apoE-rHDL to enable high siRNA loading and efficient lysosome
escape. Such nanocarriers achieved highly specific and efficient
accumulation in glioblastoma cells via Ras activation-dependent
macropinocytosis. To determine the time course of siRNA escap-
ing from late-endosomes/lysosomes, we determined the colocali-
zation between FAM–siRNA and LysoTracker Red, and found
increasing fluorescence of FAM–siRNA spreading into the cyto-
Figure 3 Proposed direct cytosolic delivery mechanism60. (A) Proposed a DiR-BOA-loaded peptide-phospholipid nanocarrier (DNC) structures
and mechanism for the SR-BI-mediated cytosolic delivery of DNC cargo. (B) Confocal images of ldlA (mSR-BI) (SR-BIþ) cells showing the
fluorescein-labeled lipid (top) and peptide (bottom) localized on the cell surface and the DiR-BOA cargo in the cytosol. Scale bar is 10 μm.
(Reproduced with permission from Ref. 60. Copyright 2009, Wiley.
plasm of target cells over the elapsed time (Fig. 4)13. Thus, the
nanocarrier was able to release siRNA that was trapped in the late-
endosomes/lysosomes.
Another strategy for endowing nanoparticles with the ability to
fuse with endosomal membranes consists of a process which
mimics the viral mechanism of cellular entry by utilizing mem-
brane-based envelope or viral fusogenic peptides. Harashima et
al.67,68 utilized a fusogenic peptide to modify rHDL for efficient
accumulation in lung and delivery of encapsulated siRNA to the
cytoplasm via endosomal membrane fusion. The peptide (GALA)
enhanced endosomal escape by a mechanism similar to that of
HA2 in the influenza virus. Furthermore, Kim et al.69 developed
cationized HDL (catHDL) by utilizing cationic peptide and lipids,
in which the complexation of catHDL and anionic block copoly-
mer made it achievable for nanoparticles to be stable at neutral pH
in plasma and cargos to successfully escape endosomal entrap-
ment. Some neutral helper lipids such as DOPE, also demonstrate
the ability to regulate a hexagonal phase in the endosome lumen
for enhancing endosomal escape by disrupting the endosomal



Figure 4 ApoE-rHDL with a calcium phosphate core (CaP-rHDL) to enable high siRNA loading and efficient lysosome escape. (A) The outline
for the preparation of siRNA-loaded CaP-rHDL (siRNA-CaP-rHDL). (B) Lysosome escape of FAM–siRNA (green) loaded by CaP-rHDL after
incubation for 2, 4 and 8 h at the siRNA concentration of 100 nmol/L in C6 glioblastoma cells. Lysosome was indicated by LysoTracker Red.
Nucleus was stained by Hoechst33342 (blue). (Reproduced with permission from Ref. 13. Copyright 2017, Nature.
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membrane65. Herein, by mimicking the endogenous shape and
structure of native HDL, adjusting the composition of lipids and
the ratio of different lipids opens new horizons to overcome the
limitations of endosome/lysosome entrapment for achieving suc-
cessful intracellular delivery.
The emerging approaches that utilize biomimetic nanoparticles
rHDL for overcoming biological drug delivery barriers are
summarized in Table 1.
3. The applications of rHDL for drug delivery

3.1. rHDL for cancer therapy

The following requirements should be considered for achieving
efficient tumor-targeting drug delivery. First, the desirable nano-
carrier should remain stable during circulation and efficiently
accumulate in tumor. Second, it should have ability to penetrate



Table 1 The emerging strategies that utilized reconstituted HDL nanoparticles for overcoming biological drug delivery barriers.

The biological barrier Strategy Strategy Cargo Delivery outcome Ref.

The mononuclear phagocyte system
(MPS) clearance and instability in the
circulation

Monopegylation of apoA-I in HDL
particles

Pegylated apoA-I A E7-fold increased plasma half-life of pegylated apoA-I in
rHDL

22

Altering sphingomyelin levels in HDL
particles

An apoA-I mimetic peptide, 5A A sphingomyelin-induced ordered and rigid liquid bilayer
environment in HDL

26

Covalently attaching mono-cholesteryl
succinate (CHS) to apoA-I to form CHS-
modified rHDL

Paclitaxel (PTX) Reduced drug leakage induced by LCAT, optimal tumor
targeting properties and anti-cancer efficacy

35

Curcumin Enhanced ability to inhibit HepG2 cell growth and to induce
apoptosis in Jeko cells

73,74

Cross-linking of the lipid bilayer in HDL
particles

Gadolinium More effective delivery of gadolinium and dramatically
enhanced MR signal per dose of liposome

36

DiynePC phospholipids No degradation over 48 h in 100% serum and greater uptake
into the human bladder cancer cell of cross-linked rHDL

37

Hindrance by the blood-brain barrier
(BBB)

LDL receptor (LDLR)-mediated
transcytosis

ApoE3 About 0.4% ID/g of ApoE3-rHDL gained access to the brain
after one hour administration

49

Hindrance by the plasma membrane SR-B1 receptor-mediated cellular
internalization

Paclitaxel (PTX) and
doxorubicin (Dox)

Increased the ratiometric accumulation of drugs in cancer cells
and enhanced antitumor response at synergistic drug ratios of
rHDL

51

siRNA Highly efficient systemic delivery of siRNA and effective
silencing the expression of two proteins

52

Chol-siRNA-VEGF Direct cytosolic delivery for target-specific anti-angiogenic
therapy in breast cancer.

53

Cell penetrating peptides (CPPs)-
mediated cellular internalization

TH peptide, paclitaxel (PTX) The rate of 86.3% for the tumor inhibition on C26 tumor-bearing
mice

58

R6H4 peptide, gambogic acid Approximately 5-fold increase in IC50 compared to free GA,
superior tumor accumulation and significant inhibition of tumor
growth

59

Endosomal/lysosomal entrapment SR-B1-mediated endosomal/lysosomal
avoidance

Hydrophobic molecules Direct transport of payload molecules into the cell cytoplasm
without entire particles internalization

62

Paclitaxel oleate (PTXOL) A 57% decreased tumor volume of nontargeted cells by PTXOL
treatment but a 1220% increased tumor volume by PTXOL
HPPS

63

BCL-2-siRNA Decreased BCL-2 protein, enhanced apoptosis (2.5-fold) in
tumors and significantly inhibited tumor growth with no adverse
effect

64

65
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within the tumor regions and be efficiently taken up by the tumor
cells. Moreover, it should release the drug once taken up by tumor
cells35. Based on the biomimetic design, rHDL maintains the
proper proportions of phospholipids and apolipoproteins and takes
the advantage of HDL to have high biocompatibility and relative
long circulation time. Given the high expression of SR-B1 and
LDLR in tumors compared with normal tissues, rHDL can be
efficiently taken up by tumor cells through the receptor-mediated
mechanism and mediate efficient cargo release afterwards, provid-
ing an excellent potential platform for cancer therapy.

rHDL has been utilized to deliver cytolytic peptides for cancer
therapy. The lytic property of melittin is attributed to its ability to
overcome tumor drug resistance, and the C-terminus of melittin
contains a cytotoxic domain which may lead to various adverse
effects in vivo. Huang et al.70 developed a hybrid cytolytic peptide
α-melittin by linking the N-terminus of melittin to the C-terminus
of α-peptide via a GSG linker. This hybrid cytolytic peptide
interacted with phospholipids to form HDL-mimicking nanoparticles
(α-melittin-NP) through the process of self-assembly. More than
80% α-melittin was found encapsulated in the nanoparticles.
Furthermore, α-melittin-NP exhibited an ultrasmall size which
enhanced solid tumors penetration. Once taken up by tumor cells,
melittin was released into the cytosol. More recently, as a versatile
drug delivery vehicle, rHDL nanoparticles have also been utilized to
encapsulate fenretinide for addressing the limitation of off target
toxicity. This formulation showed higher therapeutic efficiency than
free fenretinide for neuroblastoma therapy71. For ovarian cancer,
rHDL was applied to carry highly hydrophobic drug valcubicin
(AD-32) to overcome the solubility obstacles for improving efficient
intravesicular transport72. Also, d-rHDLs have been studied as
efficient delivery vehicles carrying curcumin, a hydrophobic mole-
cule with anti-inflammatory activity, to improve its anti-cancer effect
on HepG2 cell73–75. In general, this biomimetic nanocarrier exhibits
promising tumor-targeting delivery capacity and holds great potential
for clinical therapy of solid tumors.

For tumor cells without SR-B1 expression, tumor targeting
delivery of rHDL remains a challenge. One approach to address
this is to modify targeting ligands on the rHDL nanoparticles. For
example, adding targeting ligands to epidermal growth factor
receptor (EGFR) to HDL-mimetic nanocarriers was a desirable
strategy to protect therapeutic molecules during circulation and to
enhance tumor targeting76. The EGFR ligand-modified nanocar-
riers were composed of phospholipids, amphipathic α-helical
peptides and hydrophobic cargo through the self-assembled
interaction, contributing to higher tumor accumulation and tumor
cell internalization via an EGFR-mediated mechanism. Other
studies have demonstrated that conjugating tumor-targeting mole-
cules to the protein constituents of rHDL made it achievable to
reroute lipoprotein nanoparticles from their native receptors to
other disease-specific receptors. For instance, folic acid was used
to conjugate to the Lys residues of apolipoprotein in lipoprotein
for targeting lipoprotein to folate receptor (FR) versus its native
receptor77. This strategy endowed lipoprotein nanoparticles with
higher targeting efficiency to cancer cells and lower accumulation
in hepatocytes.
3.2. rHDL for theranostics of atherosclerotic cardiovascular
disease

Atherosclerosis is presently a worldwide cardiovascular disease
which has developed into a leading cause of death and disability.
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This devastating chronic disease is characterized by the develop-
ment of atheromatous plaques in the arterial walls and requires
novel therapeutic strategies for efficient anti-atherosclerosis treat-
ment78. Recent results suggest that RCTmediated by HDL
promotes the efflux of cholesterol from the lipid-laden plaque
macrophages and transports cholesterol to the liver for metabolism
and excretion79. It is well-known that macrophages are involved in
the progression of atherosclerosis and regarded as specific markers
for imaging the vulnerable plaques80. Recently, Sigalov et al.81

developed rHDL with methionine oxidized apoA-I peptides to load
Gd-based contrast agents for efficient macrophage imaging in vitro
and in vivo. Another strategy to detect vulnerable plaques was to
target macrophage apoptosis by imaging the collapse of mitochon-
drial membrane. Marrache et al.82 entrapped quantum dots in the
core of rHDL for optical imaging and modified the surface of
rHDL with triphenylphosphonium cations to target mitochondrial
membrane. As for delivering therapeutic drugs to the atherosclero-
tic plaques, it was found that many polymeric materials have been
used in nanoparticles to achieve targeting delivery and controlled
release of the therapeutic drugs83. Poly lactic-co-glycolic acid
(PLGA), a biodegradable polymer, can be employed for sustained
drug release. Sanchez-Gaytan et al.84 developed a HDL-mimetic
nanoparticle with its hydrophobic core incorporating PLGA as a
new biomimetic platform. Combining the advantages of the
intrinsic atherosclerotic plaque targeting property of HDL and
sustained drug release profile of PLGA, PLGA-HDL hybrid
nanoparticles displayed macrophage targeting and cholesterol
efflux abilities, delivered therapeutic agents to atherosclerotic
plaques and achieved controlled release of drug cargos. In
in vivo studies, PLGA-HDL hybird nanoparticles were found
colocalized with macrophages that accumulated at the athero-
sclerotic plaques, providing a new nanoplatform for atherosclero-
sis-targeting drug delivery and controlled drug release.

Inflammation is a key feature of atherosclerosis and a target for
therapy. Statins possess potent anti-inflammatory properties but
cannot be fully exploited due to their low systemic bioavailability.
Duivenvoorden et al.85 utilized biomimetic nanocarrier rHDL to
deliver statins to atherosclerotic plaques. The statin-loaded rHDL
nanoparticles protected statins from degradation, accumulated in
atherosclerotic lesions and produced inflammatory cytokines to
efficiently inhibit plaque inflammation without exerting toxic
effects in kidney, liver and myocytes. Considering inflammation
as a main feature and target for atherosclerosis therapy, this new
anti-atherosclerotic therapy is worth exploring and has high
potential for clinical translation.
3.3. rHDL for brain disease therapy

Brain diseases such as Alzheimer's disease (AD), stroke and brain
tumors have now become severe public health challenges which
urgently need novel therapeutic strategies. One of the main
limitations for brain disease therapy is restricted drug delivery.
Many recent preclinical studies showed that rHDL holds great
potential for efficient drug delivery and is therefore worth
exploring their potential in brain disease therapy.

Glioblastoma is the most aggressive cancer that begins in the
brain86. Many drugs for glioblastoma treatment are limited by
inefficient brain delivery. Our group recently developed a novel
nanoplatform apoE-rHDL that specifically and efficiently delivered
tumor-targeting siRNA to glioblastoma cells via Ras activation-
associated macropinocytosis13. This biomimetic nanocarrier
achieved efficient tumor-targeting drug delivery via the following
mechanism: Firstly, apoE3 interacted with the receptors that
overexpressed in the BBB, so that apoE-rHDL possessed BBB
permeability to reach the tumor regions. Next, Ras-dependent
macropinocytosis provided a desirable mechanism for glioblas-
toma-targeting cellular uptake of the nanocarrier. Moreover, high
siRNA loading was achieved by entrapping siRNA into a CaP core
of apoE-rHDL. The resulted apoE-rHDL with a CaP core
protected siRNA from degradation, and underwent efficient late
endosome/lysosomes escape and direct cytosol siRNA release.
Addition of activating transcription factor-5 (ATF5) siRNA as the
cargo permitted the nanoformulation to specifically and efficiently
stimulate apoptosis in glioblastoma cells. Taken together, this
biomimetic nanocarrier shows great promise in overcoming the
physiological barriers to efficient drug delivery and provides a new
strategy for the therapy of brain tumors.

Alzheimer's disease (AD), a highly prevalent neurodegenerative
disorder, exerts a heavy burden on modern society due to its
complex pathological changes and lack of effective therapy
strategies. It has been shown that accumulation of Aβ in the brain
is crucial in AD pathogenesis, and accelerating Aβ clearance is a
disease modifying strategy in AD therapy. By mimicking HDL in
the CNS, we constructed a biologically inspired nanostructure
apoE3-rHDL. This agent, which showed BBB permeability and
high binding affinity to Aβ, may serve as a novel nanomedicine for
disease modification in AD by accelerating Aβ clearance. ApoE3-
rHDL was further developed as an efficient nanocarrier with Aβ-
targeting ability for the delivery of α-mangostin (α-M), a poly-
phenolic xanthone derivative from mangosteen87. The resulted
nanoformulation efficiently penetrated the BBB, accumulated at
the surrounding of Aβ aggregation in both cortex and hippocam-
pus, and more efficiently facilitated Aβ degradation. The treatment
rescued memory impairment88. Furthermore, we incorporated
monosialotetrahexosylganglioside (GM1) into lipid membrane of
apoE3-rHDL to construct a new nanocarrier GM1-rHDL to further
enhance the affinity to Aβ and accelerate Aβ degradation in
microglia cells89. GM1-rHDL presented excellent brain distribu-
tion following intranasal administration. By incorporating NAP
(NAPVSIPQ), a neuroprotective peptide which exerts protective
function for damaged neurons, into the surface of GM1-rHDL, the
resulting nanoformulation not only facilitated Aβ clearance but
also alleviated neurologic changes, providing a multifunctional
nanoplatform for the combination therapy of AD.

In addition to apoE-rHDL, apoA-I-rHDL has also been shown
to lower Aβ levels following intravenous administration in
symptomatic APP/PS1 mice, a well-characterized preclinical
model of amyloidosis. Robert et al.90 demonstrated that in an
acute study, rHDL containing human apoA-I decreased soluble
brain Aβ levels after a single dose within 24 h. Caveolae-located
SR-B1-mediated transcytosis is thought to account for the apical-
to-basolateral transport of apoA-I-HDL holoparticles91. In addi-
tion, Handattu et al.92 reported that D-4F, an apoA-I mimetic
peptide, had the ability to bind Aβ and inhibit Aβ deposition after
oral administration. Herein, D-4F rHDL provides a promising
alternative for cognitive function repair and AD treatment.
4. Conclusions

The development of biomimetic nanoparticulate drug delivery
systems is an emerging field and holds great potential for efficient
drug delivery by exploiting of the exceptional delivery



Reconstituted high-density lipoprotein as novel biomimetic nanocarriers for drug delivery 61
mechanisms in mammalian cells. There is a growing realization
that the sequential biological barriers usually limit the accumula-
tion of therapeutic molecules at diseased sites. Extended circula-
tion time and relative stability of nanoparticles in plasma are
critical for clinical applications and are often affected by MPS-
mediated clearance. In addition, the blood system barrier, the
plasma membrane barrier for cellular internalization, intracellular
endosome/lysosome escape and intracellular organelles targeting
all have an impact on efficient and adequate targeting transport of
drugs. Herein, advances in the development of novel biomimetic
drug delivery technologies have attracted increased attention. The
resulting nanoplatforms, which are distinct from conventional
nanoparticle formulations, provide great potential for overcoming
these biological hurdles.

rHDL nanoparticles are mimics of natural lipoprotein which are
easy for mass-production and scale-up. A better understanding of
the beneficial biological properties and the overall dynamics of
rHDL is important for utilizing rHDL as drug delivery systems.
We have summarized the key biological factors of rHDL to
overcome the physiological barriers for optimized drug delivery. A
series of studies have demonstrated that rHDL combined physio-
logical properties of native HDL and emerging strategies to
achieve following requirements: First, the enhanced stability of
these nanoparticle carriers upon exposure to blood extends their
circulatory half-life. Secondly, delivery of the agents through
plasma membrane barriers to target intracellular sites of disease.
Finally, avoidance or escape from endosomal and lysosomal
degradation of these agents produces efficient cytosolic drug
release. Incorporation of innovative design features into rHDL
can successively overcome each of biological barriers and create a
new generation of biomimetic nano-drug delivery systems.
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