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inant high-density protein
nanocarriers for precision drug delivery

Wenpan Li, a Nan Jia, a Mengwen Li, a Yanhao Jiang a and Jianqin Lu *abcd

High-density lipoprotein (HDL) is a naturally occurring nanoparticle characterized by excellent

biocompatibility and intrinsic receptor-mediated targeting capabilities. Consequently, recombinant high-

density lipoprotein (rHDL) has emerged as a highly promising platform for precision drug delivery. This

review focuses on the latest advancements in rHDL design, highlighting how key parameters-such as the

stoichiometry of lipids to proteins, the engineering of apolipoproteins or mimetic peptides, and

interfacial functionalization-govern the nanoparticle's structure, payload integration, and biological

performance. We specifically demonstrate how these design principles enable the precise and tunable

control of particle size, stability, and targeting efficiency across diverse therapeutic applications,

including oncology, atherosclerosis, and neurodegenerative diseases. Compared to conventional

nanocarriers, rHDL exhibits distinct advantages by virtue of its biomimetic properties and receptor-

specific delivery pathways. In summary, these collective advancements establish rHDL as a “chemically

programmable” nanoplatform, underscoring its immense potential to drive the development of targeted

and multifunctional therapeutics.
1 Introduction

High-density lipoprotein (HDL) is a natural nanoparticle
composed of various biomacromolecules. Multiple physico-
chemical features such as particle size, morphology, and
surface chemistry play critical roles in determining its biolog-
ical functions.1,2 Compared with other lipoproteins (e.g., low
density lipoprotein and very low-density lipoprotein), HDL has
a higher density and a smaller diameter of approximately 8–
12 nm.3,4 Known as “good cholesterol,” HDL primarily removes
excess cholesterol from peripheral tissues and transports it to
the liver for metabolism or excretion through the reverse
cholesterol transport (RCT) pathway.5,6 In addition, HDL parti-
cles possess anti-inammatory, antioxidant, anti-apoptotic, and
anti-infective properties, making HDL an essential protective
factor in cardiovascular health and a key component in
reducing the risk of coronary artery disease.7–9

Recently, the exploitation of HDL particles as therapeutic
delivery vehicles has garnered substantial interest. HDL offers
several inherent advantages: it is fully biodegradable, exhibits
excellent biocompatibility, and, as an endogenous nanostructure,
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is less susceptible to rapid clearance by the mononuclear phago-
cyte system (MPS) and does not provoke undesirable immune
activation. Emerging evidence indicates that native HDL trans-
ports lipids, proteins, and microRNAs between donor and recip-
ient cells,10 underscoring its intrinsic targeting capabilities and
making it an attractive scaffold for drug delivery. Despite the
attractive biological properties of native HDL, its practical appli-
cation as a drug delivery vehicle is limited by scarce availability
from plasma sources, complex and costly purication procedures,
batch-to-batch heterogeneity, and difficulties in customizing cargo
loading for diverse therapeutics. Consequently, increasing atten-
tion has shied toward the fabrication of reconstituted HDL
(rHDL) nanoparticles engineered from phospholipids and apoli-
poproteins or apolipoprotein mimetic peptides as versatile and
scalable platforms for therapeutic cargo delivery.

The composition of rHDL including lipid species, apolipo-
protein selection, and lipid to protein ratios can be precisely
tuned, enabling ne control over key physicochemical proper-
ties such as particle homogeneity, zeta potential, and the
loading capacities of both the core and surface domains.
Hydrophobic therapeutics can be sequestered within the
hydrophobic core of rHDL; amphiphilic agents can be stably
integrated into the lipid bilayer; and hydrophilic cargos may be
incorporated by conjugation with hydrophobic moieties for
surface anchoring or by facilitated encapsulation within the
core.11,12 Collectively, these modular design features endow
rHDL with substantial versatility and position it as a highly
promising platform for drug delivery applications. Table 1
summarizes the major differences between native HDL and
Chem. Sci.
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Table 1 Comparison between natural HDL and artificial recombinant HDL (rHDL) as drug delivery platforms

Aspect Natural HDL Articial recombinant HDL (rHDL)

Source & scalability Endogenous (plasma-derived); limited supply Synthetic (recombinant components); highly
scalable; facilitates large-scale manufacturing
and clinical translation

Composition Heterogeneous (multiple apolipoproteins and
proteins)

Homogeneous; precisely tunable lipid: protein
ratio; enhances reproducibility and control over
properties

Size & morphology 8–12 nm; natural discoidal/spherical subclasses 8–50 nm; controllable (discoidal or spherical);
optimization for circulation time or tissue
penetration

Targeting specicity Natural selectivity via SR-B1, ABCG1etc. Retains SR-B1 targeting; easily' functionalized
with additional ligands (e.g., folate, EGFR);
improves tumor/lesion specicity and reduced
off-target effects

Cargo loading versatility Primarily lipophilic drugs; limited
customization

High efficiency for hydrophobic, amphiphilic,
and hydrophilic cargos; greater adaptability for
chemotherapeutics, nucleic acids, imaging
agentsetc.
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rHDL systems, highlighting why rHDL has become the
predominant and more translatable platform for precision drug
delivery across a wide range of biomedical applications.

Importantly, the rationale for a timely new review is not
merely the expansion of disease applications, but the emer-
gence of new chemical design logic in the rHDL eld over the
past three to ve years. Earlier generations of HDL-mimetic
systems largely emphasized biomimicry of native HDL struc-
ture and receptor engagement. By contrast, recent studies
increasingly treat rHDL as a programmable chemical nano-
platform, in which lipid–protein stoichiometry, apolipoprotein
or peptide architecture, lipid/surface chemistry, and assembly
method can be deliberately tuned to control particle
morphology, cargo integration, receptor interactions, and ulti-
mately biological fate. Recent progress in rational apoA-I
mimetic design, ligand- and cholesterol-based surface engi-
neering, and increasingly quantitative composition-property
analyses has therefore shied the eld from simple HDL
reconstruction toward modular and chemically engineered
lipoprotein nanocarriers. This conceptual transition provides
the main motivation for the present review.13
2 Structure and physiological
functions of high-density lipoprotein

HDL is predominantly synthesized in the liver and small
intestine, and its principal protein constituent is apolipoprotein
A-I (apoA-I), which represents roughly 70% of the total protein
content associated with HDL particles. ApoA-I is a 28 kDa
protein composed of eight amphipathic a-helical repeats, each
containing 22 amino acids, and these structural motifs play
a central role in dictating HDL's architecture and particle size.
The conformational dynamics and lipid binding interactions of
apoA-I ultimately govern the morphology and biophysical
characteristics of mature HDL particles.14

Natural HDL particles exist in several forms, including
discoidal pre-b-HDL and the two major spherical subclasses,
Chem. Sci.
HDL2 and HDL3, both of which contain a neutral lipid core
composed of cholesteryl esters and triglycerides. HDL2 and HDL3
constitute the predominant species in human plasma. Nascent
HDL produced in the liver is primarily composed of phospho-
lipids and apoA-I and initially adopts a discoidal conguration.
Through the catalytic activity of lecithin cholesterol acyl-
transferase (LCAT), free cholesterol is esteried and sequestered
into the particle core, driving the structural transition from
discoidal HDL to mature spherical HDL3. Subsequent remodel-
ing mediated by lipoprotein lipase (LPL) yields HDL2. HDL plays
a central role in reverse cholesterol transport (RCT), mobilizing
cholesterol from peripheral tissues to the liver for excretion. This
process maintains intracellular cholesterol equilibrium and
mitigates atherogenesis.15 By converting free cholesterol into
cholesteryl esters, LCAT not only supports HDL maturation but
also reduces plasma free cholesterol levels, establishes a favor-
able gradient for cholesterol efflux, and prevents pathological
cholesterol accumulation in peripheral tissues.16

Emerging evidence indicates that HDL particles possess
a broad spectrum of bioactive functions, including antioxi-
dant,17 anti-inammatory,18 anti-apoptotic,19 and anti-
thrombotic effects,20 as well as immunomodulatory activities.21

HDL has also been reported to support pancreatic b-cell survival
and enhance insulin secretion, thereby contributing to glucose
homeostasis.22,23 Proteomic analyses have identied over 85
HDL associated proteins, which participate in interconnected
biological processes such as the acute phase response, inam-
mation, hemostasis, and immune regulation. A comprehensive
understanding of HDL's structural complexity and functional
diversity may facilitate the rational design of more effective and
precisely targeted rHDL based drug delivery platforms.
3 Endogenous receptors of high-
density lipoprotein

A detailed understanding of the ligands present on HDL parti-
cles and their corresponding cellular receptors is critical for
© 2026 The Author(s). Published by the Royal Society of Chemistry
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elucidating both the physiological roles of endogenous HDL
and its potential as a targeted drug delivery platform. HDL
function is closely linked to its apolipoprotein composition,
which includes apoA-I, apoA-II, apoA-IV, apoA-V, and apoC-M.24

Among these, apoA-I is the predominant component,
comprising approximately 70% of HDL's total protein content.
ApoA-I containing HDL interacts with a diverse array of cellular
receptors, including scavenger receptor class B type 1 (SR-B1),
ectopic F-ATPase, ABCG1, and cubilin, facilitating receptor
mediated uptake and signaling.

Cubilin, an endocytic receptor highly expressed in proximal
renal tubules, mediates the uptake of apoA-I/HDL, thereby
contributing to the recycling of HDL through endocytosis. Both
ABCG1 and SR-B1 facilitate cholesterol efflux from peripheral
cells to HDL; however, SR-B1 is particularly notable for its role
in the selective uptake of cholesteryl esters, enabling efficient
lipid inux. Consequently, SR-B1 is regarded as the principal
receptor mediating rHDL based cargo delivery to target cells.25,26

Beyond lipid transport, SR-B1 also functions as an endocytic
receptor, mediating the internalization of lipopolysaccharides
and facilitating hepatitis C virus entry.27,28 Furthermore, Tall
et al. demonstrated that SR-B1 mediates HDL endocytosis in
polarized hepatocytes.29

SR-B1 is highly expressed in the liver, adrenal gland, ovary,
and placenta,30,31 with the highest levels observed in the liver,
where it functions as the principal receptor mediating hepatic
uptake of HDL delivered cholesteryl esters during reverse
transport.32 Leveraging these receptor mediated interactions,
HDL represents a highly efficient and specic platform for tar-
geted drug delivery with considerable therapeutic potential.
However, the use of endogenous HDL is constrained by limited
availability, complex purication procedures, and the potential
for immunogenicity in allogeneic applications. These limita-
tions underscore the need for scalable strategies to engineer
HDL mimetic nanoparticles for clinical translation.
4 Advantages of rHDL nanocarriers
compared to other systems

While liposomes and polymeric nanoparticles remain domi-
nant in clinical nanomedicine, recombinant high-density lipo-
protein (rHDL) nanocarriers offer distinct advantages rooted in
their biomimetic nature, particularly for receptor-mediated
precision targeting in cancer, atherosclerosis, and neurode-
generative disease.

Liposomes are well-established delivery vehicles that excel in
biocompatibility and the encapsulation of both hydrophilic and
hydrophobic cargos, with several FDA-approved formulations in
clinical use (e.g., Doxil®).33–35 However, they are susceptible to
rapid clearance by the mononuclear phagocyte system (MPS),
limited tumor penetration due to their relatively large size (50–
200 nm), and payload leakage during circulation.36 In direct
comparisons using tumor spheroid models, rHDL nano-
particles (∼8–20 nm) demonstrated signicantly greater pene-
tration depth and intracellular accumulation than conventional
and PEGylated liposomes, attributable to their smaller size,
© 2026 The Author(s). Published by the Royal Society of Chemistry
favorable surface chemistry, and SR-B1-mediated uptake that
promotes cytosolic delivery while reducing endosomal
entrapment.2,37

Polymeric nanoparticles, such as PLGA-based systems, offer
controlled drug release, mechanical robustness, and tunable
degradation, making them well suited for long-term therapeutic
applications.38,39 Hybrid PLGA–rHDL architectures further
combine these properties with the targeting and stealth capa-
bilities of the rHDL corona.40,41 Nevertheless, polymeric carriers
can exhibit higher immunogenicity, potential cytotoxicity from
acidic degradation products, and comparatively slower cellular
internalization relative to lipid-based systems.42,43 In these
respects, rHDL holds clear advantages: negligible immunoge-
nicity, intrinsic anti-inammatory and antioxidant activity
conferred by apoA-I, and high receptor-mediated selectivity via
SR-B1 overexpression in tumors, macrophages, and blood–
brain barrier endothelium-enabling efficient targeted delivery
without extensive surface functionalization.

Taken together, rHDL addresses key limitations of both
liposomes and polymeric nanoparticles by exploiting endoge-
nous transport pathways to achieve superior tissue penetration,
reduced off-target effects, and inherent multifunctionality,
including theranostic applications through co-loading of
imaging agents. Although recombinant apoA-I production costs
and manufacturing scalability remain practical challenges,
rHDL's established translational safety prole and demon-
strated preclinical superiority in receptor-targeted applications
position it as a compelling next-generation platform for preci-
sion nanomedicine.
5 Preparation of recombinant HDL
(rHDL)

The preparation of recombinant HDL (rHDL) nanoparticles is
a critical step that determines their physicochemical properties,
structural integrity, and biological performance. A variety of
reconstitution strategies have been developed, each differing in
complexity, scalability, and control over lipid–protein interac-
tions. In this section, we summarize the most commonly used
fabrication approaches and highlight their respective advan-
tages and limitations in the context of drug delivery
applications.
5.1 Bile salt dialysis method

This method is currently the most widely used technique for
preparing rHDL particles.44 The process begins with dissolving
all lipid constituents in an organic solvent, which is then
evaporated under a gentle stream of nitrogen to produce
a uniform thin lipid lm. This step ensures homogeneous lipid
distribution and facilitates subsequent particle assembly. The
lipid lm is hydrated with an aqueous buffer containing bile
salt derivatives, most commonly sodium cholate, which acts as
a solubilizing agent to stabilize lipid aggregates during particle
formation and can be readily removed aerward. ApoA-I or
apolipoprotein mimetic peptides are then incubated with the
solubilized lipid mixture at 4 °C for approximately 12 h,
Chem. Sci.
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allowing the apolipoproteins to integrate with the lipid bilayer
and adopt their native a-helical conformation, which is critical
for structural stability and receptor recognition. The nal step
involves the removal of sodium cholate through extensive
dialysis against buffer, resulting in the self-assembly of discrete,
stable rHDL nanoparticles with dened size, morphology, and
surface properties.45 This method allows precise control over
particle composition, lipid to protein ratio, and the incorpora-
tion of therapeutic cargos, making it highly versatile for tar-
geted drug delivery applications.

5.2 Urea-assisted method

To enhance the efficiency and practicality of rHDL fabrication,
Fukuda et al. developed a rapid reconstruction approach known
as the urea-assisted method.46 This technique is simple, time
efficient, and does not require specialized equipment, making it
particularly attractive for scalable production. In this method,
DMPC is rst dissolved in ethanol, while apoA-I is solubilized in
PBS containing urea, which serves as a protein denaturant to
promote partial unfolding and facilitate lipid protein interac-
tions. The two solutions are then combined and incubated at
the gel liquid crystalline phase transition temperature of DMPC
for 6 h, allowing self-assembly into rHDL nanoparticles. The
yield obtained using the urea-assisted method is comparable to
that achieved with the conventional bile salt dialysis technique.

Characterization of the resulting nanoparticles indicates
that they exhibit diameters and heights of approximately 19 ±

3 nm and 3.1 ± 0.3 nm, respectively, closely matching those
produced via bile salt dialysis (18 ± 4 nm and 4.0 ± 0.5 nm).
Importantly, comparative drug loading studies demonstrated
that the urea-assisted method achieves similar encapsulation
efficiencies for hydrophilic, hydrophobic, and amphiphilic
agents, including doxorubicin (DOX), all-trans retinoic acid
(ATRA), and amphotericin B. This indicates that the structural
integrity and functional versatility of rHDL particles are
preserved, regardless of the preparation technique.

The urea-assisted approach also offers additional advantages
beyond efficiency. By promoting controlled partial denaturation
of apoA-I, it may enhance the exposure of amphipathic a-
helices, facilitating more uniform lipid protein interactions and
potentially improving nanoparticle stability and drug loading
capacity. Moreover, this method could enable easier incorpo-
ration of sensitive or labile therapeutic cargos, as it avoids the
extensive dialysis and prolonged handling associated with bile
salt methods. Collectively, these attributes highlight the urea-
assisted technique as a robust, scalable alternative for rHDL
fabrication, supporting its application in both preclinical
studies and potential clinical translation.

5.3 Ultrasonication method

In this approach, phospholipids and cholesteryl oleate are rst
dissolved in chloroform and dried under a stream of nitrogen,
followed by dehydration in a vacuum oven for 1 h to generate
a uniform lipid lm. The lm is then hydrated with PBS buffer
and vortexed for 5 minutes to produce a lipid suspension. To
achieve particle size reduction and homogeneity, the
Chem. Sci.
suspension is ultrasonicated for 60 minutes at 48 °C under
a nitrogen atmosphere. ApoA-I or apolipoprotein mimetic
peptides dissolved in PBS are subsequently added, and the
resulting mixture is ltered through a 0.2 mm membrane and
further puried by gel ltration chromatography.

Ultrasonication plays a critical role in controlling particle
size and uniformity. The alternating compression and rarefac-
tion waves generate microbubbles that undergo cavitation upon
reaching a critical size, leading to localized high energy forces
that reduce lipid aggregates into discrete nanoparticles. This
method typically produces spherical rHDL particles with well-
dened size distribution.47 Beyond size control, ultra-
sonication may enhance lipid protein interactions, promoting
efficient incorporation of therapeutic cargos and stable particle
assembly. The combination of ultrasonication and gel ltration
purication ensures both structural integrity and reproduc-
ibility, making this technique a reliable alternative for the
preparation of rHDL nanoparticles for drug delivery
applications.
5.4 Microuidic reconstitution method

Microuidic devices are engineered to manipulate uids within
nanoscale channels, offering precise control over processing
parameters. In conventional preparation techniques, uid
behavior is dominated by inertial and viscous forces,48 oen
leading to nonlinear ow phenomena, including turbulence.49

In contrast, microuidic systems operate under laminar ow
conditions with negligible inertial forces, enabling highly
controlled mixing.

Nanoparticle formation typically involves a change in solvent
environment, such as transitioning from an organic solvent to
an aqueous phase. Optimal mixing achieved through rapid and
homogeneous blending of solvent and antisolvent is critical for
controlling particle size. If mixing occurs more slowly than the
nucleation and polymer chain self-assembly processes, nano-
particles form under heterogeneous solvent conditions, result-
ing in broad size distributions, structural instability, and
aggregation. Conversely, rapid mixing that outpaces nucleation
ensures self-assembly under uniform conditions, allowing
hydrophilic polymer segments to stabilize the nanoparticles
and yield a narrow, monodisperse size distribution.50

Microuidics exploits this principle by enabling ultrafast,
homogeneous mixing, thereby facilitating the formation of
uniform nanoparticle populations. Compared with conven-
tional approaches such as bile salt dialysis and ultrasonication,2

microuidic techniques offer superior scalability, continuous
operation, and high reproducibility, supporting continuous
ow, high-throughput nanoparticle production while main-
taining stringent control over particle quality. Several micro-
uidic strategies including hydrodynamic ow focusing,
micromixing, droplet based systems, and turbulent ow reac-
tors have been applied to nanoparticle fabrication.49 Micro-
uidic platforms (e.g., NanoAssemblr™) are already widely
applied for the fabrication of liposomes,51 polymeric nano-
particles,52 and lipid–polymer hybrid nanoparticles.53 This
© 2026 The Author(s). Published by the Royal Society of Chemistry
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technology has also been extended to the large-scale synthesis
of bioactive HDL like particles.

In a typical three-inlet microuidic setup, rHDL nano-
particles are generated via micromixing driven self-assembly.
An ethanolic phospholipid solution ows through the central
channel, anked by aqueous streams containing apoA-I. This
conguration enables precise control of lipid to apolipoprotein
ratios, yielding nanoparticles that closely mimic the size,
morphology, and functional properties of native HDL.54 Micro-
uidic platforms also allow the incorporation of imaging agents
or therapeutic cargos, expanding their versatility for both
diagnostic and therapeutic applications.

Moreover, this approach has been extended to the develop-
ment of radiotherapeutic rHDL systems with enhanced target-
ing and therapeutic efficacy. For instance, microuidic
synthesis has been employed to fabricate 225Ac-loaded rHDL
nanoparticles by incorporating a lipophilic 225Ac-chelate into
the lipid phase, enabling controlled assembly and high repro-
ducibility. In this system, rHDL facilitates selective recognition
of scavenger receptor class B type I (SR-BI) and direct cyto-
plasmic delivery, resulting in efficient deposition of high radi-
ation doses within tumor cells. The resulting 225Ac-rHDL
nanoparticles exhibit high radiochemical purity and serum
stability, along with signicant tumor retention and potent
anticancer effects in vitro and in vivo (Fig. 1).55

While a variety of methods have been developed for rHDL
fabrication, including bile salt dialysis, urea-assisted assembly,
ultrasonication, and microuidic reconstitution, these tech-
niques exhibit distinct trade-offs in terms of chemical repro-
ducibility, scalability, and preservation of biomolecular
integrity. Bile salt dialysis remains the most established and
widely adopted approach, offering excellent control over lipid–
protein stoichiometry and particle composition. However, the
multistep nature of detergent removal and prolonged
Fig. 1 (a) Synthesis of lipid micelles. Preparation of micelles via a microfl
chip that allows the diffusion of lipids in water, as well as water in alcoh
triggering the formation of lipidmicelles. (b) rHDL synthesis. In the second
formation of rigid rHDL.55

© 2026 The Author(s). Published by the Royal Society of Chemistry
processing time may introduce batch-to-batch variability and
limit scalability. In contrast, the urea-assisted method provides
a simplied and time-efficient alternative, enabling rapid
assembly with comparable structural and loading characteris-
tics, although partial protein denaturation may inuence
apolipoprotein conformation. Ultrasonication-based
approaches facilitate particle size reduction and uniformity
through cavitation-driven energy input, but the associated
mechanical stress and localized heating may affect sensitive
biomolecules and compromise structural integrity under
certain conditions. Microuidic reconstitution represents
a signicant advancement toward controlled and scalable
manufacturing. By enabling rapid and homogeneous mixing
under laminar ow conditions, microuidic platforms provide
improved control over nanoparticle size, dispersity, and
composition, resulting in enhanced reproducibility. Moreover,
continuous-ow operation and precise tuning of mixing
parameters make microuidics particularly attractive for large-
scale production and translational applications. Importantly,
these fabrication methods not only inuence particle size and
morphology, but also impact protein structure, lipid organiza-
tion, and ultimately biological performance. As such, the
selection of an appropriate reconstitution strategy should
consider the balance between compositional precision, process
scalability, and preservation of biomolecular functionality,
depending on the intended application.
6 Chemical design principles and
therapeutic applications of
recombinant HDL nanocarriers

Recent advances in rHDL research have made increasingly clear
that biological performance is governed not by cargo identity
uidic system with hydrodynamic flow focusing, using a 5-way glass 3D
ol, until its concentration decreases below the limit of lipid solubility,
step, the incorporation of apolipoprotein Apo AI was performed for the

Chem. Sci.
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alone, but by a constellation of underlying chemical design
variables that collectively determine nanoparticle structure and
function. What distinguishes modern rHDL platforms from
earlier HDL-inspired systems is precisely the degree to which
these variables are now treated as deliberate engineering
parameters rather than passive formulation choices. Lipid-to-
protein stoichiometry has emerged as a quantitative determi-
nant of particle size, morphology, and remodeling behavior;
apolipoproteins andmimetic peptides are rationally engineered
to control receptor recognition and structural stability; and
lipid and interfacial chemistry has been expanded through
ligand conjugation, cholesterol-derived anchors, and multi-
functional surface modications. Taken together, these devel-
opments signal a transition from empirical formulation toward
a more principled, composition-driven design logic. While fully
predictive models linking particle composition to in vivo fate
remain at an early stage, recent work has begun to establish
a quantitative formulation-to-function framework-one that
positions rHDL nanocarriers as a chemically tunable and
increasingly rational class of nanomedicine.
6.1 Control of lipid-to-protein stoichiometry and its impact
on physicochemical properties and targeting

A major recent advance has been the recognition that lipid-to-
protein stoichiometry is not merely a formulation parameter,
but a programmable chemical variable that inuences particle
remodeling, receptor interactions, and in vivo transport
behavior. Importantly, recent studies have further demon-
strated that rHDL composition directly governs particle
remodeling through dynamic interactions with endogenous
lipoproteins, establishing a clear link between compositional
design and biological fate.56 One of the most powerful chemical
design levers in rHDL nanocarrier engineering is the precise
control of lipid-to-protein stoichiometry (i.e., the molar ratio of
phospholipid molecules to apolipoprotein A-I or its mimetic
peptides). This ratio, typically tunable between 50 : 1 and 150 : 1,
serves as a fundamental parameter that dictates nearly all key
physicochemical properties of the resulting nanoparticles. At an
optimal ratio of approximately 100 : 1, rHDL particles consis-
tently form highly uniform nanostructures with diameters of 8–
12 nm.56,57

The ability to ne-tune stoichiometry is readily achieved
through established preparation methods. For instance, the
bile salt dialysis method allows exquisite control by varying the
initial lipid-to-apoA-I feeding ratio, while microuidic recon-
stitution enables continuous and highly reproducible adjust-
ment of this parameter in a single step.54,58 Recent advances in
controlled production and characterization further suggest that
formulation parameters can be quantitatively linked to bi-
odistribution proles, reinforcing stoichiometry as a central
determinant of in vivo performance rather than a purely
synthetic variable.59 Higher lipid : protein ratios not only
expand the hydrophobic core volume, thereby increasing
loading capacity for poorly water-soluble drugs, but also
promote the formation of hybrid architectures such as PLGA–
rHDL nanoparticles. In these systems, an enlarged lipid corona
Chem. Sci.
surrounding a polymeric core confers sustained drug release
while preserving SR-B1-mediated macrophage targeting, as
demonstrated in atherosclerotic plaque models.58 This struc-
tural control also governs the encapsulation of hydrophobic
therapeutics. For example, peptide-based HDL (pHDL) nano-
discs with dened hydrophobic cores enable efficient loading of
lipophilic compounds such as curcumin and tanshinone IIA,
while preserving nanoparticle integrity and enhancing
bioavailability.60 Conversely, lower ratios yield smaller, more
discoidal particles with enhanced tissue penetration and faster
cellular internalization.

This stoichiometric tunability translates into broad thera-
peutic versatility across disease contexts. In solid tumors,
∼10 nm rHDL particles optimized at ∼100 : 1 ratios exhibit
superior extravasation and deep penetration into tumor spher-
oids compared with larger counterparts, signicantly improving
delivery of chemotherapeutics and cytolytic peptides (Fig. 2).61,62

More importantly, emerging evidence demonstrates that
compositional variations-particularly lipid species and surface
charge-can dominate lymphatic transport efficiency and lymph
node retention, even when particle size and morphology are
comparable, underscoring the decisive role of chemical
composition in governing in vivo biological disposition.63 Thus,
rational manipulation of lipid-to-protein stoichiometry repre-
sents a foundational chemical strategy that unies rHDL
design, enabling tailored size, stability, cargo capacity, and
receptor-mediated targeting for diverse precision medicine
applications.
6.2 Apolipoprotein selection and mimetic peptides:
structure–function relationships in receptor recognition and
targeting

Another important shi has been the move from simple apoA-I
reconstitution toward rationally engineered mimetic peptides
and modular protein architectures with tunable structure–
function properties. The protein component of rHDL
nanocarriers-primarily apolipoprotein A-I (apoA-I) or its engi-
neered mimetic peptides-serves as the critical structural scaf-
fold that not only stabilizes the phospholipid monolayer but
also governs receptor-mediated targeting and biological func-
tionality.14 The structure–function relationships of apoA-I are
rooted in its unique amphipathic a-helical repeats (eight 22-mer
helices in the full-length 243-amino-acid protein), which enable
lipid binding on one face while presenting polar/charged resi-
dues on the opposite face for receptor interactions. These
helices adopt exible, belt-like conformations around the
particle perimeter, facilitating high-affinity binding to scav-
enger receptor class B type 1 (SR-B1), the principal receptor
mediating selective uptake of rHDL cargos in hepatocytes,
steroidogenic cells, macrophages, tumor cells, and brain
endothelial cells.25,26,30

Full-length recombinant apoA-I preserves the native confor-
mational dynamics essential for optimal SR-B1 recognition,
cholesterol efflux promotion, and anti-inammatory signaling,
making it the preferred choice when maximal biomimicry is
required. However, its production cost, purication complexity,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Preparation and characterization of pGpC-rHDL. (A) pGpC-rHDL was prepared mainly through reverse microemulsion and thin film
hydration. (B) The mean size of pGpC-rHDL and pGpC-LCP characterized by dynamic light scattering. (C) Morphology of pGpC-rHDL and
pGpC-LCP observed by TEM. Scale bars, 100 nm.62
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and potential for batch variability have driven the development
of shorter apoA-I mimetic peptides (typically 18–22 amino acids
per helix, oen arranged as single or bihelical constructs).64

These peptides retain the core amphipathic a-helical motif,
lipid-binding capability, and SR-B1 affinity while offering
advantages in scalability, chemical modication, and reduced
immunogenicity. In addition, emerging work highlights the
importance of peptide valency and spatial display, showing that
multivalent presentation of apoA-I-derived peptides can signif-
icantly enhance lipid binding, structural integrity, and receptor
engagement, underscoring the role of higher-order architecture
as a key chemical design parameter.65

These structure–function principles are further reected in
modular peptide engineering strategies. Sequence-level modi-
cations of apoA-I mimetic peptides further illustrate the
importance of structure–function relationships. For example,
engineered variants of the 22A peptide, including 22A-F and
22A-P-18A, have been shown to enhance cholesterol efflux,
improve plasma stability, and increase LCAT activation without
disrupting HDL remodeling behavior. These ndings highlight
that subtle sequence variations can modulate multiple func-
tional pathways, reinforcing peptide engineering as a powerful
strategy for tuning rHDL performance (Fig. 3).66 In neurode-
generative diseases, substitution with ApoE-derived peptides or
full ApoE-rHDL exploits SR-B1/transcytosis pathways for blood–
brain barrier penetration and targeted Ab clearance in Alz-
heimer's models, or macropinocytosis in Ras-hyperactivated
glioblastoma cells.67–69 In atherosclerosis, apoA-I mimetics
enhance macrophage uptake and cholesterol efflux without
triggering immune activation.70,71

Recent work further illustrates peptide-apoA-I synergy: co-
assembly of full-length apoA-I with CIGB-258 (a 3 kDa HSP60-
derived altered peptide ligand) at apoA-I : CIGB-258 ratios of
1 : 0 to 1 : 1 produced dose-dependent size increases (∼60 nm to
83 nm) and markedly enhanced resistance to urea
© 2026 The Author(s). Published by the Royal Society of Chemistry
denaturation, antioxidant activity against LDL oxidation, and
inhibition of CML-induced HDL glycation (up to 34% at 1 : 1). In
zebrash models of CML toxicity, higher CIGB-258 content
improved survivability, reduced inammation/apoptosis, and
lowered serum markers (triglycerides, AST/ALT, IL-6). These
results show CIGB-258 reinforces apoA-I helical stability and
anti-inammatory function by binding phospholipids/
cholesterol, exemplifying how HSP60-derived peptides can act
as multifunctional structural adjuvants.72 More broadly, these
developments indicate a transition from biomimetic recon-
struction toward programmable protein–lipid nanostructures,
in which apolipoproteins and peptides are no longer passive
structural components but active chemical design elements
that govern nanoparticle assembly, stability, and biological
performance.

Collectively, the ability to modulate apolipoprotein
structure-from full-length apoA-I for native-like function to
rationally engineered mimetic peptides for scalable and cus-
tomizable systems-represents a central chemical design strategy
in rHDL engineering. This exibility not only preserves intrinsic
receptor recognition but also enables modular enhancements
in targeting delity, cargo integration, and disease-specic
adaptation, underscoring the platform's versatility for preci-
sion nanomedicine.
6.3 Surface functionalization and emerging multifunctional
enhancements

Surface functionalization represents a critical dimension in the
chemical engineering of rHDL nanocarriers, enabling the inte-
gration of targeting ligands, imaging agents, and therapeutic
functionalities. A dening recent advance in rHDL design is the
diversication of lipid and interfacial chemistry, shiing these
systems from native HDLmimics toward chemically engineered
interfaces with programmable biological functions. In this
Chem. Sci.
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Fig. 3 Design of amphipathic peptides viamodification of the 22A apoA-I mimetic peptide sequence. (A) Helical wheel plots of the peptides and
their sequences used in this study, generated using the online server NetWheels. Hydrophobic amino acids are color-coded in gray. (B) A
snapshot frommolecular dynamics simulations of an sHDL particle, illustrating its molecular arrangement. (C) A heatmap (top view) depicting the
spatial distribution of peptide chains within the sHDL particle.66
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context, rHDL nanoparticles are increasingly understood not as
passive biomimetic carriers, but as modular platforms whose
biological behavior is governed by interfacial chemical design.73

The phospholipid monolayer and exposed apolipoprotein
helices provide versatile sites for covalent and non-covalent
modication, allowing incorporation of ligands, stimuli-
responsive moieties, imaging agents, and bioactive compo-
nents without compromising particle stability or receptor
recognition. Importantly, such modications should be regar-
ded as interfacial chemical strategies that actively regulate
nanoparticle–cell interactions, receptor engagement, and
downstream biological responses, rather than simple func-
tional add-ons.74

Ligand modication expands targeting specicity beyond
endogenous SR-B1-mediated recognition. Functionalization
with EGFR-targeting ligands enhances selective accumulation
in receptor-overexpressing tumors,75 while GM1-modied ApoE-
rHDL improves Ab recognition and promotes microglia-
mediated clearance in neurodegenerative models.69 ROS-
responsive ANG-modied PEGylated lipids further enable
Chem. Sci.
blood–brain barrier penetration and concurrent mitigation of
oxidative stress.76 Recent advances further demonstrate that
ligand chemistry can be used to modulate immune cell speci-
city. For example, mannose-functionalized rHDL nano-
particles selectively target tumor-associated macrophages
(TAMs), illustrating that interfacial ligand design can actively
reprogram nanoparticle–immune interactions rather than
merely enhance receptor binding (Fig. 4).74

Beyond ligand conjugation, chemically engineered
anchoring strategies introduce an additional level of structural
and functional control. In particular, cholesterol-derived
chemical anchoring strategies enable stable incorporation of
imaging agents, radionuclides, and therapeutic cargos into
rHDL without disrupting particle architecture, thereby sup-
porting modular and multifunctional theranostic design. Such
approaches exploit the intrinsic affinity of cholesterol for lipo-
protein assemblies, allowing functional components to be
integrated while preserving nanoparticle stability and pharma-
cokinetic behavior (Fig. 5).77
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Optimization of rHDL-DPM-DMXAA nanoparticles with increasing DPM ratios, while EYPC, cholesterol, and ApoA-I were held
constant; particle size, PDI, zeta potential, and loading efficiencies were evaluated. (b) Intensity-weighted particle size distribution with or
without DPM (no DPM). DPM ratios denote molar ratios to total phospholipids. (c) Z-Average particle size.74
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In parallel, rHDL design has expanded beyond native lipid
composition through the deliberate incorporation of non-
natural lipid analogs. Synthetic lipid components, such as
porphyrin-conjugated lipids, introduce intrinsic optical,
photodynamic, and diagnostic functionalities, representing
a transition from biomimetic systems toward chemically
reprogrammed lipoprotein nanostructures. This strategy
enables direct encoding of new physicochemical properties into
the lipid framework, substantially broadening the functional
landscape of rHDL platforms.78–80 Beyond structural modica-
tion, rHDL nanoparticles exhibit intrinsically dynamic behavior
in biological environments. During systemic circulation, rHDL
can interact with endogenous lipoproteins and plasma
© 2026 The Author(s). Published by the Royal Society of Chemistry
components, leading to compositional remodeling through
lipid and cargo exchange processes. These interactions are
mediated by circulating lipoproteins, lipid transfer proteins,
and enzymes, and may inuence both structural integrity and
drug retention.

Importantly, the extent of this remodeling is strongly
dependent on particle composition, lipid–protein stoichiom-
etry, and the chemical nature of the incorporated payload.
Labile hydrophobic cargos or lipid-associated probes may
partially dissociate during circulation, whereas more stable
formulations-such as those incorporating conjugated lipids or
optimized lipid compositions-can reduce exchange dynamics
and improve retention. In parallel, emerging evidence indicates
Chem. Sci.
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Fig. 5 Schematic methodology for the preparation of a suitable platform for theranostic applications. (a) Synthesis of cholesterol derivatives; (b)
HYNIC–rHDL or DOTA–rHDL nanoparticles radiolabeled with 99mTc and 177Lu.77
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that surface and compositional chemistry governs protein
corona formation and, consequently, biological fate.81 Studies
in nanomedicine have shown that nanoparticle composition
dictates protein corona signatures, which in turn regulate
cellular uptake pathways, biodistribution, and therapeutic
performance. Together, these ndings highlight an emerging
paradigm in which rHDL delivery efficiency arises from
a balance between structural stability and dynamic remodeling,
rather than from static particle integrity alone, and that
composition-protein interaction-ate relationships are becoming
central design principles for predictive nanocarrier
engineering.82

Building on these chemical strategies, multifunctional rHDL
systems have been developed through the integration of tar-
geting, imaging, and therapeutic components within a single
nanoparticle. For example, bioactive lipid incorporation-such as
GM3-functionalized rHDL for enhanced anti-atherosclerotic
efficacy-demonstrates how lipid composition can synergize
with apoA-I-mediated targeting to improve therapeutic
outcomes.83 Similarly, theranostic platforms combining
imaging agents and drug payloads enable simultaneous disease
detection and treatment,69,84 while co-delivery of drugs in HDL-
mimicking nanodiscs has been shown to dramatically amplify
therapeutic efficacy (Fig. 6).85 Although stimuli-responsive
features (e.g., pH- or enzyme-triggered release) remain under-
explored, the modular phospholipid/apoA-I architecture
provides a versatile framework for future integration of
responsive elements, enabling on-demand drug release in
pathological microenvironments.86,87
Chem. Sci.
Collectively, these advances demonstrate that surface func-
tionalization in rHDL has evolved from simple ligand decora-
tion into a sophisticated chemical design space encompassing
ligand engineering, anchoring strategies, synthetic lipid
components, and interface-mediated biological regulation. This
progression toward chemically programmable and multifunc-
tional lipoprotein nanocarriers establishes a unied framework
linking interfacial chemistry to biological function and thera-
peutic performance, and highlights the potential of rHDL
systems as next-generation platforms for precision nano-
medicine (Table 2).
7 Immunogenicity, safety, and clinical
translation of rHDL

Recombinant high-density lipoprotein (rHDL) nanocarriers
exhibit excellent immunogenicity and safety, primarily due to
their biomimetic composition: biocompatible phospholipids
and recombinant apolipoprotein A-I (or a peptide mimicking
lipoprotein). These components are highly similar to endoge-
nous high-density lipoprotein and can be recognized as “self”
by the immune system. Preclinical animal studies have shown
that even at high doses, complement activation, cytokine
release, or antibody responses are minimal, and no hemolysis
or allergic reactions have been observed.88 This low immuno-
genicity supports repeated dosing without signicant clearance
by the mononuclear phagocyte system (MPS), a signicant
advantage over many synthetic nanoparticles. Extensive expe-
rience with rHDL-like formulations in humans, particularly in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Characterization of a-hederin/oxaliplatin dual-loaded rHDL modified liposomes. (A) Chemical and structure of a-hederin/oxaliplatin
dual-loaded rHDL modified liposomes (a-hederin-OXA-rHDL). (B) The appearance (a) and TEM image (b) of a-hederin-OXA-rHDL. The particle
size distribution (a) and surface zeta potential (b) of a-hederin-OXA-rHDLwith an average particle size from 42 to 120 nm, with an average size of
124.5 ± 3.5 nm. (C) Preparation scheme for dual-loaded liposomes with a-hederin and oxaliplatin conjugated soybean lecithin and cholesterol
with apolipoprotein A-I.85
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cardiovascular indications, strongly supports the clinical
translation of rHDL and provides direct insights for the devel-
opment of drug delivery platforms. CSL-112 (plasma-derived
© 2026 The Author(s). Published by the Royal Society of Chemistry
apolipoprotein A-I bound to phospholipids) demonstrated
excellent safety in both Phase II and Phase III trials. Weekly
infusion therapy for four consecutive weeks did not reveal
Chem. Sci.
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Table 2 Representative rHDL systems categorized by chemical design principles

Design principle rHDL system
Design
parameters

Key properties
(quantitative) Applications

Control of lipid-to-protein
stoichiometry

PLGA–rHDL
hybrid
nanoparticles

Lipid corona +
polymer core

Size and PDI varied with the
ratio of PLGA/lipids

Sustained release of hydrophobic agent (Nile Red);
targeting atherosclerosis lesions of ApoE−/− mice

PDI: N/A
pHDL
nanodiscs

Peptide HDL;
core loading

Size: 7.62–15.5 nm Improves the bioavailability and delivery of curcumin
and tanshinone IIA in atherosclerotic lesions of
ApoE−/− mice

Zeta potential: N/A
PDI: N/A

pGpC–rHDL
nanodiscs

Stoichiometry-
controlled
nanodisc
assembly

Size: ∼28.5 nm Enhances tumor penetration of cannabidiol and
gemcitabinein in pancreatic ductal adenocarcinomaZeta potential: −1.38 mV

PDI: ∼0.2–0.4

Apolipoprotein selection
and mimetic peptides

22A, 18A, and
5A peptide
rHDL

Mimetic peptide
design

Size: ∼8.54–11.26 nm Enhances the efficiency of reverse cholesterol transport
in cellsZeta potential: N/A

PDI: N/A
22A-F/22A-P-
18A

Sequence
engineering

Size: ∼8.9–10.1 nm Improve cholesterol efflux from macrophages cell and
structural stability of sHDL particles in human plasmaZeta potential: N/A

PDI: N/A
ApoE–rHDL
(ANC-a-M)

Full length
recombinant
ApoE3

Size: ∼35.95 nm Delivery of a-garcinone D in SAMP8 mice reduces
amyloid-b deposition, attenuates microglial
proliferation, and improves memory function

Zeta potential: −19.96 mV
PDI: 0.23

ApoE–rHDL
(siRNA-CaP-
rHDL)

Apolipoprotein
E3

Size: ∼20–40 nm Delivery of ATF5 siRNA to C6 glioblastoma model
Zeta potential: −15–25 mV
PDI: 0.2–0.4

CIGB-258 +
apoA-I rHDL

Peptide–protein
hybrid

Size: ∼60–83 nm Enhances antioxidant and anti-glycation activities in
vitro, while augmenting anti-inammatory effects in
zebrash via CIGB-258-loaded rHDL

Zeta potential: N/A
PDI: N/A

Surface functionalization
and emerging
multifunctional
enhancements

EGFR–rHDL EGFR ligand Size: ∼10–30 nm Enhances the targeting capability of rHDL in the KB
tumor modelZeta potential: ∼0.087 mV

PDI: N/A
aNAP-GM1-
rHDL

GM1
modication

Size: ∼25.42 nm Reduce Ab deposition, ameliorate neurological
dysfunction, and reverse memory loss in AD modelZeta potential: −15.7 mV

PDI: 0.218
Mannose–
rHDL

Mannose ligand Size and zeta potential
varied with the amount of
DSPE-PEG-mannose

Delivery of the immunomodulatory drug DMXAA to
macrophages cells

PDI less than 0.3
ANG-PEG–
rHDL

ANG ligand +
ROS sensitive

Size: ∼94.3 nm Delivery of RLA to ADmice improves cognitive function
through Ab clearanceZeta potential: −20.38 mV

PDI: N/A
GM3-
functionalized
rHDL

GM3-
functionalized

Size: ∼142.3 nm Enhances the macrophage-targeting capability of
lovastatin within atherosclerotic plaques in ApoE−/−

mice
Zeta potential: −34.7 mV
PDI: 0.46

Cholesterol-
anchored
rHDL

Cholesterol-
radionuclide

Size: ∼60–75 nm Delivery of various radionuclides for SPECT/PET
imaging or targeted radiotherapyZeta potential: above 18 mV

PDI: 0.85–0.97
Porphyrin-
lipid rHDL

Porphyrin–lipid Size: ∼10–30 nm Enable high-dose photosensitizer delivery for
photodynamic therapy in CHO cellsZeta potential: N/A

PDI: N/A
a-Hederin/
oxaliplatin
rHDL

Dual-drug
loading

Size: 125.6 nm Delivery of alpha-hederin and oxaliplatin in a colon
adenocarcinoma modelZeta potential: −15.82 mV

PDI: 0.217
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major organ toxicity, immunogenicity signals, or hypersensi-
tivity reactions other thanmild, transient events.89 Although the
AEGIS-II trial failed to meet its primary endpoint of reducing
the incidence of major adverse cardiovascular events (MACE)
over 90 days and no regulatory applications have been recently
submitted, safety was conrmed in all subgroups, with no
increase in adverse event incidence compared to the placebo
group. Exploratory analyses suggested potential benet in high-
risk subgroups (e.g., elevated baseline LDL-C or inammatory
Chem. Sci.
markers), but did not meet the primary efficacy.90 Earlier
recombinant formulations, such as CER-001 (apolipoprotein A-I
with sphingomyelin), were well-tolerated in clinical trials
without immunogenicity issues.91,92 These data demonstrate the
potential of rHDL for precision drug delivery, enabling high-
dose administration with minimal carrier-related toxicity and
facilitating the delivery of targeted payloads (e.g., chemothera-
peutic drugs, siRNA) via SR-B1 while minimizing off-target
effects.93
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Challenges include the high production cost of recombinant
apolipoprotein A-I (apoA-I), the scalability of preparation
methods (e.g., microuidics), potential interactions with
endogenous lipoproteins at high doses, and the need for
disease-specic efficacy trials in oncology or neurodegenerative
diseases (where preclinical applications of rHDL have shown
promise, but large-scale human data are lacking).94,95 Never-
theless, rHDL has demonstrated low immunogenicity, good
safety proles in thousands of patients, and inherent targeting
capabilities, making it a highly attractive and clinically viable
platform that promises to expand the application of precision
medicine beyond cardiovascular disease.96

8 Outlook and perspectives

The eld of recombinant high-density lipoprotein (rHDL)
nanocarriers has advanced signicantly as a versatile platform
for precision drug delivery, leveraging endogenous pathways for
enhanced targeting delity, biocompatibility, and multi-
functionality. While preclinical successes in cancer (e.g.,
synergistic multi-drug delivery and neoantigen vaccination),
atherosclerosis (e.g., macrophage-targeted anti-inammatory
and imaging agents), and neurodegenerative diseases (e.g.,
BBB-penetrating Ab clearance and gene silencing) underscore
its promise, several key directions will shape its future devel-
opment and clinical impact.

First, multifunctional and stimuli-responsive designs hold
strong potential. Integrating rHDL with responsive elements
(e.g., pH-, ROS-, or enzyme-triggered release) could enable on-
demand payload delivery in diseased microenvironments,
such as acidic tumor cores or inamed plaques.86,97,98 Hybrid
systems (e.g., PLGA–rHDL or peptide-mimetic variants) may
further combine sustained release with intrinsic SR-B1 target-
ing, improving pharmacokinetics and therapeutic indices.99,100

Advances in microuidic fabrication and scalable recombinant
apoA-I production will be critical to overcoming current cost
and batch-to-batch variability barriers.101,102

Second, personalized and precision medicine integration
emerges as a high-impact frontier. Patient-specic factors (e.g.,
SR-B1 expression levels in tumors or plaques, genetic variations
in lipid metabolism) could guide rHDL formulation optimiza-
tion.103,104 Combining rHDL with omics data (genomics/
proteomics) may enable tailored cargos, such as neoantigen
vaccines or siRNA for Ras-driven glioblastomas, advancing
toward individualized therapies in oncology and neurodegene-
ration.105,106 Third, expanded clinical translation requires
addressing remaining hurdles: long-term safety in non-
cardiovascular indications, interactions with endogenous lipo-
proteins at therapeutic doses, and rigorous efficacy demon-
stration in human trials beyond CVD (where related HDL
formulations like CSL-112 showed excellent safety but mixed
efficacy).107,108 Focused Phase I/II studies in high-need areas
(e.g., glioblastoma or pancreatic cancer) could accelerate prog-
ress, building on the validated low immunogenicity and high
tolerability from thousands of patients in cardiovascular trials.

Finally, interdisciplinary efforts-spanning nanotechnology,
lipid biology, immunology, and AI-driven design-will drive
© 2026 The Author(s). Published by the Royal Society of Chemistry
innovation, such as AI-optimized particle compositions or
theranostic rHDL (co-loaded imaging + therapy).109–111 With
these advancements, rHDL nanocarriers are poised to transi-
tion from promising biomimetic tools to transformative preci-
sion therapeutics, offering safer, more effective interventions
for lipid/inammatory-driven pathologies and broadening their
biomedical footprint in the coming decade.
9 Conclusion

Biomimetic nanoparticle systems have enabled a shi toward
exploiting endogenous transport pathways for precise thera-
peutic delivery. Recombinant high-density lipoprotein (rHDL)
exemplies this approach, combining dened composition,
intrinsic biocompatibility, and favorable pharmacokinetics to
support efficient and selective cargo transport. Beyond bi-
omimicry, advances in rHDL engineering now enable
programmable control over nanoparticle structure, targeting,
and functional integration. Preclinical and emerging clinical
studies further support its safety and translational potential
across diverse disease settings. Nevertheless, challenges in
scalable production, in vivo remodeling, and consistent thera-
peutic performance remain. Continued renement of
composition-driven design principles is expected to advance
rHDL toward clinically effective precision nanomedicines.
Author contributions

Wenpan Li: conceptualization, investigation, writing – original
dra. Nan Jia, Mengwen Li and Yanhao Jiang: writing – original
dra. Jianqin Lu: conceptualization, supervision, writing –

original dra, funding acquisition.
Conflicts of interest

There are no conicts of interest to declare.
Data availability

No primary research results, soware or code have been
included and no new data were generated or analysed as part of
this review.
Acknowledgements

This work was supported in part by Faculty Retention Funds
from the R. Ken Coit College of Pharmacy at the University of
Arizona (UArizona) and the National Institutes of Health (NIH)
grants (R35GM147002 and R01CA272487).
References

1 A. von Eckardstein, B. G. Nordestgaard, A. T. Remaley and
A. L. Catapano, High-density lipoprotein revisited:
biological functions and clinical relevance, Eur. Heart J.,
2023, 44, 1394–1407.
Chem. Sci.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc09151a


Chemical Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
1/

20
26

 1
0:

50
:4

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2 R. Kuai, D. Li, Y. E. Chen, J. J. Moon and A. Schwendeman,
High-density lipoproteins: nature's multifunctional
nanoparticles, ACS Nano, 2016, 10, 3015–3041.

3 B. He and Q. Yang, Recent development of LDL-based
nanoparticles for cancer therapy, Pharmaceuticals, 2022,
16, 18.

4 M. G. Damiano, R. K. Mutharasan, S. Tripathy,
K. M. McMahon and C. S. Thaxton, Templated high
density lipoprotein nanoparticles as potential therapies
and for molecular delivery, Adv. Drug Delivery Rev., 2013,
65, 649–662.

5 K. T. Trajkovska and S. Topuzovska, High-density
lipoprotein metabolism and reverse cholesterol transport:
strategies for raising HDL cholesterol, Anatolian J.
Cardiol., 2017, 18, 149.

6 H. J. Pownall, C. Rosales, B. K. Gillard and A. M. Gotto Jr,
High-density lipoproteins, reverse cholesterol transport
and atherogenesis, Nat. Rev. Cardiol., 2021, 18, 712–723.

7 M. Casula, O. Colpani, S. Xie, A. L. Catapano and
A. Baragetti, HDL in atherosclerotic cardiovascular
disease: in search of a role, Cells, 2021, 10, 1869.

8 X. Su, G. Zhang, Y. Cheng and B. Wang, New insights into
the emerging effects of inammatory response on HDL
particles structure and function, Mol. Biol. Rep., 2021, 48,
5723–5733.

9 A. Giammanco, et al., Hyperalphalipoproteinemia and
beyond: the role of HDL in cardiovascular diseases, Life,
2021, 11, 581.

10 K. C. Vickers, B. T. Palmisano, B. M. Shoucri,
R. D. Shamburek and A. T. Remaley, MicroRNAs are
transported in plasma and delivered to recipient cells by
high-density lipoproteins, Nat. Cell Biol., 2011, 13, 423–433.

11 H. Huang, W. Cruz, J. Chen and G. Zheng, Learning from
biology: synthetic lipoproteins for drug delivery, Wiley
Interdiscip. Rev. Nanomed. Nanobiotechnol., 2015, 7, 298–
314.

12 S. Busatto, et al., Lipoprotein-based drug delivery, Adv. Drug
Delivery Rev., 2020, 159, 377–390.

13 Z. Xie, et al., A natural nano-platform: advances in drug
delivery system with recombinant high-density
lipoprotein, Chin. Chem. Lett., 2024, 35, 109584.

14 Z.-C. Mo, K. Ren, X. Liu, Z.-L. Tang and G.-H. Yi, A high-
density lipoprotein-mediated drug delivery system, Adv.
Drug Delivery Rev., 2016, 106, 132–147.

15 C. L. Millar, Q. Duclos and C. N. Blesso, Effects of dietary
avonoids on reverse cholesterol transport, HDL
metabolism, and HDL function, Adv. Nutr., 2017, 8, 226–
239.

16 A. Ossoli, S. Simonelli, C. Vitali, G. Franceschini and
L. Calabresi, Role of LCAT in atherosclerosis, J.
Atheroscler. Thromb., 2016, 23, 119–127.

17 A. Kontush, et al., Preferential sphingosine-1-phosphate
enrichment and sphingomyelin depletion are key features
of small dense HDL3 particles: relevance to antiapoptotic
and antioxidative activities, Arterioscler., Thromb., Vasc.
Biol., 2007, 27, 1843–1849.
Chem. Sci.
18 S. Patel, et al., Reconstituted high-density lipoprotein
increases plasma high-density lipoprotein anti-
inammatory properties and cholesterol efflux capacity in
patients with type 2 diabetes, J. Am. Coll. Cardiol., 2009,
53, 962–971.

19 J. A. De Souza, et al., Small, dense HDL 3 particles attenuate
apoptosis in endothelial cells: pivotal role of apolipoprotein
A-I, J. Cell. Mol. Med., 2010, 14, 608–620.

20 J. R. Nofer, M. F. Brodde and B. E. Kehrel, High-density
lipoproteins, platelets and the pathogenesis of
atherosclerosis, Clin. Exp. Pharmacol. Physiol., 2010, 37,
726–735.

21 K. T. Creasy, J. P. Kane and M. J. Malloy, Emerging roles of
HDL in immune function, Curr. Opin. Lipidol., 2018, 29,
486–487.

22 A. von Eckardstein and C. Widmann, High-density
lipoprotein, beta cells, and diabetes, Cardiovasc. Res.,
2014, 103, 384–394.

23 B. G. Drew, K.-A. Rye, S. J. Duffy, P. Barter and
B. A. Kingwell, The emerging role of HDL in glucose
metabolism, Nat. Rev. Endocrinol., 2012, 8, 237–245.

24 W. Annema and A. von Eckardstein, High-Density
Lipoproteins–Multifunctional but Vulnerable Protections
from Atherosclerosis, Circ. J., 2013, 77, 2432–2448.

25 R. Johnson, N. Sabnis, X. Sun, R. Ahluwalia and A. G. Lacko,
SR-B1-targeted nanodelivery of anti-cancer agents:
a promising new approach to treat triple-negative breast
cancer, Breast Cancer: Targets Ther., 2017, 383–392.

26 S. Acton, et al., Identication of scavenger receptor SR-BI as
a high density lipoprotein receptor, Science, 1996, 271, 518–
520.

27 C. Voisset, et al., High density lipoproteins facilitate
hepatitis C virus entry through the scavenger receptor
class B type I, J. Biol. Chem., 2005, 280, 7793–7799.

28 T. G. Vishnyakova, et al., Binding and internalization of
lipopolysaccharide by Cla-1, a human orthologue of
rodent scavenger receptor B1, J. Biol. Chem., 2003, 278,
22771–22780.

29 D. L. Silver, N. Wang, X. Xiao and A. R. Tall, High density
lipoprotein (HDL) particle uptake mediated by scavenger
receptor class B type 1 results in selective sorting of HDL
cholesterol from protein and polarized cholesterol
secretion, J. Biol. Chem., 2001, 276, 25287–25293.

30 W.-J. Shen, S. Asthana, F. B. Kraemer and S. Azhar,
Scavenger receptor B type 1: expression, molecular
regulation, and cholesterol transport function, J. Lipid
Res., 2018, 59, 1114.

31 G. Cao, et al., Structure and localization of the human gene
encoding SR-BI/CLA-1: evidence for transcriptional control
by steroidogenic factor 1, J. Biol. Chem., 1997, 272, 33068–
33076.

32 M. Krieger, Charting the fate of the “good cholesterol”:
identication and characterization of the high-density
lipoprotein receptor SR-BI, Annu. Rev. Biochem., 1999, 68,
523–558.
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc09151a


Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
1/

20
26

 1
0:

50
:4

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
33 R. Eugster and P. Luciani, Liposomes: Bridging the gap
from lab to pharmaceuticals, Curr. Opin. Colloid Interface
Sci., 2025, 75, 101875.

34 Y. C. Barenholz, Doxil®—The rst FDA-approved nano-
drug: Lessons learned, J. Controlled Release, 2012, 160,
117–134.

35 Y. Jiang, W. Li, Z. Wang and J. Lu, Lipid-based
nanotechnology: liposome, Pharmaceutics, 2023, 16, 34.

36 C. Stavnsbjerg, et al., Accelerated blood clearance and
hypersensitivity by PEGylated liposomes containing TLR
agonists, J. Controlled Release, 2022, 342, 337–344.

37 K. K. Ng, J. F. Lovell and G. Zheng, Lipoprotein-inspired
nanoparticles for cancer theranostics, Acc. Chem. Res.,
2011, 44, 1105–1113.

38 M. Alvi, A. Yaqoob, K. Rehman, S. M. Shoaib and
M. S. H. Akash, PLGA-based nanoparticles for the
treatment of cancer: current strategies and perspectives,
AAPS Open, 2022, 8, 12.

39 A. K. Shakya, et al., Review on PLGA polymer based
nanoparticles with antimicrobial properties and their
application in various medical conditions or infections,
Polymers, 2023, 15, 3597.

40 J. Chen, et al., High density lipoprotein mimicking
nanoparticles for atherosclerosis, Nano Convergence, 2020,
7, 6.

41 Z. Song, et al., Biologically responsive nanosystems
targeting cardiovascular diseases, Curr. Drug Delivery,
2021, 18, 892–913.

42 A. Narmani, et al., Biomedical applications of PLGA
nanoparticles in nanomedicine: advances in drug delivery
systems and cancer therapy, Expert Opin. Drug Delivery,
2023, 20, 937–954.

43 J. Yang, et al., Recent applications of PLGA in drug delivery
systems, Polymers, 2024, 16, 2606.

44 A. N. A. Jonas in Methods in Enzymology, Elsevier, 1986, vol.
128, pp. 553–582.

45 W. J. McConathy, M. P. Nair, S. Paranjape, L. Mooberry and
A. G. Lacko, Evaluation of synthetic/reconstituted high-
density lipoproteins as delivery vehicles for paclitaxel,
Anti-Cancer Drugs, 2008, 19, 183–188.

46 R. Fukuda, et al., Urea-Assisted Reconstitution of Discoidal
High-Density Lipoprotein, Biochemistry, 2020, 59, 1455–
1464.

47 X. Zhang and B. Chen, Recombinant high density
lipoprotein reconstituted with apolipoprotein AI cysteine
mutants as delivery vehicles for 10-hydroxycamptothecin,
Cancer Lett., 2010, 298, 26–33.

48 T. Chen, A.-P. Hynninen, R. K. Prud’homme,
I. G. Kevrekidis and A. Z. Panagiotopoulos, Coarse-
grained simulations of rapid assembly kinetics for
polystyrene-b-poly (ethylene oxide) copolymers in aqueous
solutions, J. Phys. Chem. B, 2008, 112, 16357–16366.

49 J. Ahn, et al., Microuidics in nanoparticle drug delivery;
From synthesis to pre-clinical screening, Adv. Drug
Delivery Rev., 2018, 128, 29–53.

50 P. M. Valencia, O. C. Farokhzad, R. Karnik and R. Langer,
Microuidic technologies for accelerating the clinical
© 2026 The Author(s). Published by the Royal Society of Chemistry
translation of nanoparticles, Nano-Enabled Med. Appl.,
2020, 93–112.

51 J. S. Hong, et al., Microuidic directed self-assembly of
liposome− hydrogel hybrid nanoparticles, Langmuir,
2010, 26, 11581–11588.

52 R. Karnik, et al., Microuidic platform for controlled
synthesis of polymeric nanoparticles, Nano Lett., 2008, 8,
2906–2912.

53 A. J. Mieszawska, et al., Synthesis of polymer–lipid
nanoparticles for image-guided delivery of dual modality
therapy, Bioconjugate Chem., 2013, 24, 1429–1434.

54 Y. Kim, et al., Single step reconstitution of multifunctional
high-density lipoprotein-derived nanomaterials using
microuidics, ACS Nano, 2013, 7, 9975–9983.
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