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Recent advances in functional lipid-based
nanomedicines as drug carriers for organ-specific
delivery

Yeochan Yun,? Jeongmin An,+? Hyun Joong Kim,® Hye Kyu Choi® and
Hyeon-Yeol Cho (2 *?

Lipid-based nanoparticles have emerged as promising drug delivery systems for a wide range of thera-
peutic agents, including plasmids, mRNA, and proteins. However, these nanoparticles still encounter
various challenges in drug delivery, including drug leakage, poor solubility, and inadequate target specifi-
city. In this comprehensive review, we present an in-depth investigation of four distinct drug delivery
methods: liposomes, lipid nanoparticle formulations, solid lipid nanoparticles, and nanoemulsions.
Moreover, we explore recent advances in lipid-based nanomedicines (LBNs) for organ-specific delivery,
employing ligand-functionalized particles that specifically target receptors in desired organs. Through this
strategy, LBNs enable direct and efficient drug delivery to the intended organs, leading to superior DNA or
MRNA expression outcomes compared to conventional approaches. Importantly, the development of
novel ligands and their judicious combination holds promise for minimizing the side effects associated
with nonspecific drug delivery. By leveraging the unique properties of lipid-based nanoparticles and opti-
mizing their design, researchers can overcome the limitations associated with current drug delivery
systems. In this review, we aim to provide valuable insights into the advancements, challenges, and future
directions of lipid-based nanoparticles in the field of drug delivery, paving the way for enhanced thera-
peutic strategies with improved efficacy and reduced adverse effects.

compatibility, high drug-loading capacity, and ability to encap-
sulate both hydrophobic and hydrophilic drugs. Continued

Advancements in pharmaceutical research have led to the
development of a diverse range of drugs tailored to combat
specific diseases." While these efforts have yielded significant
clinical success, the delivery of certain drugs, especially those
with poor water solubility or lipophilic properties, remains a
critical challenge. For instance, over 40% of approved drugs
exhibit low water solubility, necessitating their dilution in
amphiphilic solvents for effective administration.> Conversely,
hydrophilic drugs often suffer from suboptimal loading
efficiencies in conventional drug carriers, highlighting the
need for novel delivery platforms.® These limitations have
spurred intensive research into lipid-based nanomedicines
(LBNs), which have demonstrated remarkable potential as ver-
satile drug delivery systems.” These LBNs have emerged as
promising drug delivery platforms due to their remarkable bio-
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drug delivery studies on LBNs aim to minimize the occurrence
of toxic side effects while maximizing the pharmacological
effects of the drugs.>®

The field of drug delivery research has undergone signifi-
cant advancements, particularly in the development of nano-
particle-based systems, which have demonstrated remarkable
improvements in targeted drug delivery by modifying physico-
chemical properties such as size and charge to enhance organ-
specific delivery efficiency.” Despite these promising develop-
ments, nanoparticles still face biological barriers that hinder
their precision, including nonspecific accumulation caused by
the enhanced permeability and retention (EPR) effect, which,
although widely studied as a passive targeting mechanism, has
shown limited efficacy in clinical contexts.*'* Lipid nano-
particles (LNPs), a prominent subclass of LBNs, have emerged
as particularly promising candidates for therapeutic appli-
cations due to their excellent biocompatibility, tunable
physicochemical properties, and ability to facilitate organ-
specific drug delivery. Recent studies have focused on improv-
ing LNP performance through surface functionalization with
ligands and polymers, which enhance circulation time, cellular
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Fig. 1 Illustration of versatile lipid-based drug carriers for drug delivery.

uptake, and targeting capabilities."*'* To overcome the
remaining challenges, researchers have developed diverse tar-
geting strategies, including small molecules, peptides, anti-
bodies, and cell-based approaches, to further improve the pre-
cision and therapeutic outcomes of these delivery systems."

This review highlights the transformative potential of lipid-
based nanomedicines in organ-specific drug delivery by
synthesizing the latest advancements in functionalization
strategies. By focusing on the development of liposomes,
LNPs, solid lipid nanoparticles (SLNs), and nanoemulsions,
this review underscores the versatility of these carriers in over-
coming current limitations in drug delivery (Fig. 1).
Furthermore, this work explores innovative engineering
approaches to improve drug stability, enhance biodistribution,
and reduce adverse side effects.

In this context, we provide a comprehensive overview of
recent advancements in lipid-based nanomedicines, with an
emphasis on their applications in treating diseases affecting
specific organs, such as the liver, lungs, brain, pancreas, and
spleen. Through this review, we aim to equip researchers with
the insights necessary to advance drug delivery systems and
foster the development of novel therapeutic strategies, ulti-
mately improving patient outcomes across a range of disease
areas.

Types of functional lipid-based
nanocarriers for drug delivery

The selection of nanocarrier formulations, including lipo-
somes, LNPs, SLNs, and nanoemulsions, is significantly influ-
enced by the type of payload, i.e. hydrophobic drugs, hydro-
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philic drugs, and nucleic acids.'® Hydrophobic drugs, for
example, are well-suited for liposomes and SLNs due to their
lipid-rich core, which enhances encapsulation efficiency and
stability, as demonstrated in the delivery of poorly water-
soluble chemotherapeutics.'” In contrast, hydrophilic drugs
benefit from nanoemulsions and LNPs with aqueous cores,
which improve solubility and bioavailability, particularly for
small-molecule hydrophilic compounds.’® Finally, nucleic
acids, such as mRNA or siRNA, require ionizable lipids in
LNPs to facilitate efficient encapsulation, endosomal escape,
and cytosolic delivery, making them ideal for gene therapy and
RNA-based therapeutics.'® The payload-specific requirements
emphasized in this context underscore the importance of
matching formulation properties with the physicochemical
characteristics of the payload, thereby optimizing delivery
efficiency and therapeutic outcomes. The following section
will delve into the detailed formulation characteristics of each
nanocarrier.

Liposomes

Liposomes, which are composed of lipid bilayers that can
encapsulate both hydrophobic and hydrophilic drugs, are a
type of nanocarrier widely used for drug delivery purposes.
The liposome structure, like biological membranes, can stabil-
ize drug compounds against external degradation and enable
their absorption and delivery to cells and tissues.>® Liposomes
are primarily composed of lipids (e.g., sphingolipids, phospho-
lipids, and glycolipids), sterols (e.g., desmosterol and chole-
sterol), polysaccharides (e.g., chitosan and hyaluronic acid
[HA]), and surfactants (e.g., polysorbate 80 and Span 80)
(Fig. 2A).*"

During the synthesis of liposomes via thin film formation,
a freeze-thaw protocol is employed to enhance the entrapment
efficiency of lipophilic drugs.** First, the lipophilic drug and
amphiphilic molecules are hydrated and mixed with an
organic solvent before transferring the mixture to a round-
bottom flask and evaporating the solvent using a rotary evapor-
ator under vacuum to form a lipid layer (thin film), which
includes the lipophilic drug. Subsequently, the lipid layer solu-
tion is sonicated at room temperature, frozen in liquid nitro-
gen, and then thawed at room temperature, resulting in the
fusion of liposomes as the liposome solution melts. This cycle
can be repeated up to 10 times to create large unilamellar vesi-
cles (LUVs). The nano size of the vesicles can be acquired by
sonication of the resulting solution at room temperature
(Fig. 2B). The formed lipid bilayer contains hydrophobic
drugs, while the middle layer accommodates hydrophilic
drugs (Fig. 2C). Depending on the synthesis method, lipo-
somes are typically synthesized in the range of approximately
100-200 nm (Fig. 2D).** Liposome structures are categorized
based on their surface features, resulting in a reduction in
nonspecific side effects and enabling a wide range of appli-
cations in drug administration.

As an example of liposomes synthesized using the freeze—
thaw-thin-film hydration technique, liposome encapsulation
of the iridium(ur) complex Ir(bzq)2(PYIP) (Irl, where bzq:

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Structure and synthesis of liposomes. (A) Four major chemical components required for liposome synthesis. Reproduced with permission
from ref. 21. Copyright 2021, Elsevier. (B) Representative liposome synthesis method. Reproduced with permission from ref. 22. Copyright 2014,
Elsevier. (C) Drug-loading location and structure of liposomes. (D) Cryo-TEM image of a liposome. Reproduced with permission from ref. 23.
Copyright 2020, The Author(s). (E) Photographs of tumor treated with iridium(i)-complex liposome (IrlLipo), and (F) in vivo antitumor activity of
IrlLipo. Reproduced with permission from ref. 24. Copyright 2021, Elsevier. (G) Liposomes modified by Ce6-CusS, and (H) relative tumor volume
curves of various mouse groups following different indicated treatments. Reproduced with permission from ref. 25. Copyright 2016, Elsevier.

benzo[]quinoline and PYIP: 2-(pyren-1-yl)-1H-imidazo[4,5-
fI[1,10]phenanthroline) has been used as a potent anticancer
reagent.”® These nanosized liposomes have a diameter of
approximately 121.6 + 2 nm, imparting easy penetration of cell
membranes. Regarding in vivo antitumor activity, the results
demonstrated a rapid increase in relative tumor volume on the
eighth day for the blank group, whereas the group treated with
the iridium(ur) complex-liposome (Ir1Lipo; 1.8 mg kg™") exhibi-
ted a minimal change in tumor volume, suggesting that
Ir1Lipo has an inhibitory effect (Fig. 2E and F).

Liposomes can also be engineered to generate photother-
mal effects for photodynamic therapy (PDT).>® PDT relies on a
photosensitizer to transfer photon energy to surrounding
oxygen molecules, leading to the generation of reactive oxygen
species (ROS), including singlet oxygen (*0,), upon irradiation,
ultimately targeting and eliminating tumor cells. In this
experiment, thermosensitive liposomes (TSLs) serve as a nano-
carrier to enhance the solubility, stability, and biocompatibil-
ity of the photosensitizer chlorin e6 (Ce6) (Fig. 2G).

This journal is © The Royal Society of Chemistry 2025

Furthermore, copper sulfide (CuS) functions as a photother-
mal agent to induce heat release. In vivo testing revealed that
the groups treated with Ce6-CuS-TSL (comprising photother-
mal therapy [PTT], PDT, and PTT/PDT) exhibited a noteworthy
delay in tumor growth compared to the saline-treated group.
Particularly, the combined PTT/PDT group displayed superior
therapeutic efficacy compared to standalone PTT or PDT treat-
ments, indicating a synergistic effect. Additionally, the com-
bined PTT/PDT approach significantly extended the survival
rate of mice, with a 14.29% survival rate up to 60 days.
Conversely, the saline-, PTT-, and PDT-treated groups showed
shorter median survival times (21, 29, and 40 days, respect-
ively) (Fig. 2H).

Liposomes and LNPs are both lipid-based nanocarriers, but
they differ in structural complexity and application. Liposomes
are spherical vesicles composed of one or more phospholipid
bilayers surrounding an aqueous core, whereas LNPs are more
advanced lipid-based nanocarriers typically designed with a
multi-component structure, including ionizable lipids, chole-

Nanoscale, 2025,17, 7617-7638 | 7619


https://doi.org/10.1039/d4nr04778h

Published on 24 February 2025. Downloaded on 3/26/2026 11:34:27 PM.

Review

sterol, phospholipids, and PEG-lipids. These components
work synergistically to encapsulate and deliver various pay-
loads, including genetic materials such as mRNA and siRNA.
The ionizable lipids in LNPs are particularly critical for nucleic
acid delivery as they enable efficient endosomal escape, a
feature not typically optimized in conventional liposomes.>®
More detailed information on LNPs is introduced in the next
section.

Lipid nanoparticles (LNPs)

Liposomes have demonstrated remarkable efficacy as delivery
vehicles for small-molecule drugs. In contrast, the successful
encapsulation, delivery, and controlled release of macromol-
ecular drugs present formidable challenges, impeding the
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attainment of sufficient drug delivery levels.”” To overcome
these limitations, novel LNPs have been developed as promis-
ing carriers capable of providing stable and efficient delivery of
macromolecular and gene-based therapeutics,**>° with dis-
tinctive charge characteristics.

Traditional lipid nanoparticles (LNPs) are composed of four
key lipid components, each serving an essential and comp-
lementary role to enable efficient drug delivery (Fig. 3A).
Ionizable lipids are critical for encapsulating nucleic acids
through electrostatic interactions at acidic pH and facilitating
endosomal escape by disrupting the endosomal membrane
after internalization. Amphiphilic lipids, such as phospholi-
pids, contribute to the structural integrity of LNPs and
promote fusion with cellular and endosomal membranes,
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Fig. 3 Structure and synthesis of LNPs. (A) Schematic illustration of the components and structure of LNPs. Reprinted with permission from ref. 31.
Copyright 2021, Elsevier. (B) Schematic illustration of microfluidic devices used in LNP synthesis. Reproduced with permission from ref. 36.
Copyright 2021, Elsevier. (C) Schematic of drug loading into LNPs. Reprinted with permission from ref. 38. Copyright 2018, Elsevier. (D) Cryo-TEM
images of empty LNPs. Reprinted with permission from ref. 39. Copyright 2022, The Author(s). (E) Confocal immunofluorescence microscopy of
platelets (red) transfected with LNPs containing biotin-labelled RNA (green). Representative images from four separate donors are shown. Scale
bars: 2 ym. Reproduced with permission from ref. 40. Copyright 2019, The Author(s). (F) Luciferase expression 6 h after injections of mRNA-loaded
MC3-, SM-102-, and ALC-0315-based LNPs. Reproduced with permission from ref. 41. Copyright 2023, The Author(s).
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enabling the release of the encapsulated cargo into the
cytosol. Cholesterol enhances LNP stability by modulating
membrane fluidity and packing, ensuring the structural
robustness of the nanoparticles during systemic circulation.
Poly(ethylene glycol) (PEG) lipids provide a steric barrier to
reduce non-specific protein adsorption, thereby improving col-
loidal stability and minimizing clearance by the reticuloen-
dothelial system (RES), which prolongs circulation time.*!
These lipid components work synergistically to confer the
chemical and physical properties necessary for efficient drug
delivery, from systemic stability and endocytosis to intracellu-
lar release and cytosolic delivery.*>

LNPs are produced primarily through the microfluidic
mixing method. Mixing of lipids in ethanol and drug-contain-
ing buffer creates an emulsion, and cholesterol and PEG help
to maintain the structure, forming stable particles.**”*?
Increasing the flow rate of the buffer creates smaller particles
and enhances cellular delivery efficiency, but an excessively
fast rate can affect drug encapsulation (Fig. 3B). Thus, it is
essential to identify an appropriate buffer flow rate for each
drug.***> The methods shown in Fig. 3B (staggered herring-
bone micromixer [SHM] devices, bifurcating mixing, baffle
mixing, and T-junction mixing) are used to change the struc-
ture of the microfluidic mixing device to alter the flow rate.>®
Each method has its own merits. SHM devices show good
efficiency in generating particles smaller than 100 nm. In
bifurcating mixing, the encapsulation efficiency is over 90%.
Baffle mixers can fine-tune particle size, and T-junction
mixing has an efficiency suitable for large-scale production.
Creating an LNP using a suitable device can improve the
results.

LNPs can load both hydrophobic and hydrophilic drugs.
The properties of phospholipids allow the creation of aqueous
cores inside the particles. Hydrophilic drugs are loaded into
the aqueous core through electrostatic interactions or reverse-
evaporation vesicle (REV) methods. The outer layer of the
hydrophilic core forms a lipophilic space due to the lipophilic
tails of the lipids.’” In this way, hydrophobic drugs become
attached to the lipid tails during particle formation and are
loaded into the lipophilic space. For example, LNPs developed
using  1,2-dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC),
which induces a stable vesicle structure, are suitable for deli-
vering the hydrophobic PDT drug 2-[1-hexyloxyethyl]-2-devinyl
pyropheophorbide-o (HPPH) (Fig. 3C).*® Successful delivery is
accomplished by capitalizing on the inherent ability of HPPH
to bind selectively to DPPC cluster pockets. The strategic modi-
fication of PEGylated lipids in LNPs can enable efficient
loading of hydrophobic drugs, facilitating targeted delivery, as
evidenced by Cry-TEM images of the empty interior of LNPs
(Fig. 3D).38%°

Efficient cell transfer of LNPs can be achieved using various
types of lipids. As shown in Fig. 3E, the degree of expression of
fluorescent messenger RNA (mRNA) delivered to the platelets
changes depending on the type of lipid: LNPs containing a cat-
ionic lipid that remains positively charged at physiological pH
(cLNPs), LNPs containing an ionizable cationic lipid that is

This journal is © The Royal Society of Chemistry 2025
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neutral at physiological pH but becomes positively charged in
acidic conditions (icLNPs), or LNPs lacking cationic lipids
(nLNPs).*® Treatment with cLNPs showed better effects than
other types of LNPs, and it has been confirmed that icLNPs
also became cationic under acid conditions. As described
above, when the ionized lipid is changed, the degree of
expression of fluorescent mRNA when administered by the
intravenous (IV) route to mice.*" These findings show that it is
possible to increase the efficiency of the experiment by chan-
ging the ionized lipids to suit the target organ or cell (Fig. 3F).

Solid lipid nanoparticles (SLNs)

SLNs are characterized by a solid lipid matrix, which results in
enhanced interparticle interactions and structural stability.
Additionally, the presence of surfactants facilitates the for-
mation of a hydrophilic layer on the particle surface, promot-
ing electrostatic repulsion. These attributes confer SLNs a sig-
nificant advantage in mitigating particle aggregation com-
pared to LNPs, which possess a mixed solid-liquid lipid struc-
ture associated with weaker interparticle interactions and
greater fluidity.** SLNs have a solid lipid core surrounded by a
shell layer composed of phospholipids. The SLN core consists
of lipids such as mono-, di-, and triglycerides, fatty acids,
waxes, steroids, and other solid lipids.”*** The incorporation
of these lipids enhances biocompatibility and increases resis-
tance to drug release, allowing for precise control over drug
delivery (Fig. 4A).*

Two conventional techniques have been used to synthesize
SLNs: (1) hot homogenization and (2) high-pressure homogen-
ization. Hot homogenization entails the fusion and emulsifica-
tion of lipid materials through the use of a mixer and hom-
ogenizer,’® whereas high-pressure homogenization involves
the application of force to liquid substances by passing them
through a narrow gap at high speed.”” As a result, SLNs are
formed with an average particle size ranging between 100 and
200 nm. These SLNs exhibit the capability to encapsulate both
hydrophilic and hydrophobic drugs, rendering them suitable
for efficient drug-loading purposes (Fig. 4B).*7>°

The incorporation of hydrophilic drugs within SLNs can be
facilitated by modifying PEG to directly link with drug mole-
cules, enabling the hydrophilic drugs to be efficiently delivered
through the bloodstream. Conversely, hydrophobic drugs can
be dissolved or dispersed in lipid melts or integrated into the
bulk lipid matrix during particle formation, allowing them to
co-exist within the solid lipid core of SLNs. This versatile
approach ensures effective encapsulation and delivery of both
hydrophilic and hydrophobic drugs using SLNs as carriers."’

SLNs have been used to encapsulate and deliver hydro-
phobic drugs, such as rapamycin and docetaxel (DTX).
Hydrophobic drugs, such as rifampicin and dapsone, can be
loaded into the lipid core using lactonic sophorolipid and dis-
persed as SLNs by adding poloxamer, which assists with the
generation of the particles (Fig. 4C and D). SLNs have the
ability to release drugs at 37 °C (normal human body tempera-
ture). The resulting lactonic sophorolipid-SLNs have shown
improved cellular delivery and exhibit excellent antimicrobial,

Nanoscale, 2025, 17, 7617-7638 | 7621
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nation. Reproduced with permission from ref. 53. Copyright 2015, The Author(s). (F) Confocal laser-laser optical microscopy of Caco-2 cells in four
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ref. 54. Copyright 2020, MDPI.

antiviral, antifungal, anti-inflammatory, and anticancer
activities.>"®> SLNs can also load and deliver aspirin (ASP),
an anti-inflammatory drug, and ferulic acid (FA), an anti-
oxidant, simultaneously. In this regard, SLNs can be con-
sidered a useful drug carrier when two drugs must be used
simultaneously for a disease. For example, it has been con-
firmed that treatment with ASP + FA-SLNs resulted in a
reduction in pancreatic cancer cells of more than 45% com-
pared to treatment with ASP-SLNs and FA-SLNs, respectively
(Fig. 4E).>?

7622 | Nanoscale, 2025,17, 7617-7638

Delivery of drugs through SLNs is a cell absorption method
that is dependent on cholesterol and energy. To confirm
whether SLNs can enhance intracellular delivery, a fluorescent
microscopy experiment was performed using Caco-2 cells.
Florescent dye coumarin 6 (Cou-6)-loaded SLNs with methyl-
B-cyclodextrin inhibitors made intracellular infiltration using
cholesterol impossible. Moreover, when Caco-2 cells cultured
at 4 °C were treated with Cou-6-loaded SLNs, the cell absorp-
tion efficiency was low. Therefore, in the above two cases, it
was confirmed that the fluorescence intensity was significantly

This journal is © The Royal Society of Chemistry 2025
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reduced compared to when Cou-6-loaded SLNs were easily deli-
vered (Fig. 4F).>*

Nanoemulsions/oleosomes

Through surface coating with PEG, LNPs can be functionalized
with peptides, antibody molecules, or specific drug moieties to
facilitate targeted drug delivery while mitigating the risk of
myocarditis, a potential side effect induced by LNPs.'*> From
this perspective, ionized lipid-based nanoemulsions represent
an alternative material. A nanoemulsion is a type of emulsion
with droplets ranging in diameter from 20 to 200 nm, which is
much smaller in structure compared to conventional emul-
sions. A nanoemulsion is thermodynamically stable, meaning
that it can remain dispersed without separation or aggregation
for an extended period.”> Due to their high biocompatibility
and physical-chemical structural stability, nanoemulsions
have been widely used in the fields of foods, cosmetics, phar-
maceuticals, and chemical industries. Generally, nanoemul-
sions consist of an oil phase, a water phase, and an emulsifier
and form either oil-in-water (o/w) or water-in-oil (w/o) emul-
sions, depending on the type of emulsifier (Fig. 5A).”°

When a nanoemulsion is used as a drug carrier, it is mostly
used as an o/w type.”” The method for producing an o/w
nanoemulsion involves preparing the aqueous phase by incor-
porating emulsifiers into distilled water. To illustrate, in one
study, two combinations were used, both of which maintained
a 70:30% w/w ratio. One combination involved the incorpor-
ation of maltodextrin (MD) with octenyl succinic anhydride
(OSA)-modified starch capsule (MD-CAP), and the other combi-
nation used sodium caseinate (MD-SC). Mixtures (MD-CAP or
MD-SC) were stirred magnetically. Subsequently, Tween 80
(1%, w/w) was added to the aqueous phase and stirred for a
further 30 min. Then, the organic phase (1%, w/w), comprising
lipophilic vitamin (A or E), was incorporated dropwise into the
aqueous phase while it was homogenized using a homogenizer
operating to obtain a coarse emulsion (o/w). Finally, to obtain
the nanoemulsion, the coarse emulsion was homogenized by
ultrasonication at 80% of the amplitude with a stainless-steel
ultrasound probe (Fig. 5B).

Oleosomes are oil droplets surrounded by a sophisticated
membrane consisting of a lipid monolayer and embedded
oleosin proteins, forming a spherical structure with sufficient
interfacial properties to stabilize o/w nanoemulsions.
Oleosomes have been used in the cosmetics field and, more
recently, for drug delivery applications due to their robustness
in physiological conditions.® A highly functional oleosome
capable of targeting and tracking was developed by using a
recombinant protein consisting of immunoglobulin-binding
protein LG fused to a green fluorescent protein (GFP-LG) to
couple the oleosome to a HER2 antibody (specific to human
breast carcinoma cells, SK-BR-3 cells) without chemical treat-
ment-based conjugation (Fig. 5C). Atomic force microscopy
(AFM) was performed to validate the structural integrity of the
produced oleosomes. The stability of the oleosomes was
evident from the uniform ellipsoidal structure of the phospho-
lipid-(oleosin-hydrophilic domain linker-nanobody of GFP,

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

OHNG) membrane in ambient conditions, displaying a dia-
meter of 276 nm and a height of 5.9 nm (Fig. 5D and E). In
vivo testing on mice confirmed that the oleosome selectively
delivered drugs to the target cancer cells, and the oleosome
which contained magnetic nanoparticles exhibited a killing
efficiency of approximately 40% via magnetic hyperthermia in
comparison to equivalent concentrations of the carmustine
oleosome (Fig. 5F).

Another example of a nanoemulsion is the use of
astaxanthin-a-tocopherol as a drug for wound healing
(Fig. 5G).”° In this experimental study, astaxanthin was
loaded into nanostructured lipid carriers to synthesize nanoe-
mulsions through two distinct methods, namely the spon-
taneous emulsification method (SENE) and the ultrasonication
method (USNE), with the resulting nanoemulsion samples
designated as SENE and USNE samples, respectively.
Subsequently, the synthesized nanoemulsion containing
astaxanthin-o-tocopherol was shown to promote wound
closure in CT26 cells, as assessed by the in vitro scratch assay
(also known as the monolayer wound assay). The nanoemul-
sion methods employed in this study include both SENE (a-c)
and USNE (d-f) (Fig. 5H). Following cell adhesion, a noticeable
reduction in wound size was observed as early as 6 h post-
scratching. It is important to note that in long-term wound
healing assays (>24 h), distinguishing between cell prolifer-
ation, changes in cell survival, and cell motility becomes chal-
lenging. The cells exhibited various migration patterns, includ-
ing single-cell migration, migration as loosely connected popu-
lations, or collective migration as sheets of cells, particularly
in the case of epithelial cells (Fig. 5H). Furthermore, in HeLa,
CT26, and T24 cells, the rate of wound closure was signifi-
cantly higher at a concentration of 25 mg mL™" within 12 h
compared to other concentrations, likely due to the presence
of viable cells in the wounded tissue area (Fig. 5I). The syn-
thesized nanoemulsion/oleosome can provide a versatile and
effective drug delivery system with significant potential to
advance cancer therapy.

Functionalization of LBNs for organ-
specific delivery

Recently, receptor-targeting studies have been actively
conducted,®”®" in which the aforementioned LBNs are being
used with ligands for target-specific delivery. Therefore, many
scientists identified how LBNs could be targeted to each organ
and used this mechanism to introduce the target-specific
delivery system to each organ, including the liver, lung, pan-
creas, brain, and spleen, by functionalizing the ligands on the
surface of LBNs (Fig. 6 and Table 1).

To achieve target-specific delivery, we aim to exploit ligand-
receptor interactions by introducing ligand-functionalized
LBNs on the surface. This approach is designed to enhance
the specificity of delivery to the intended target. In addition,
non-ligand-functionalized LBNs can also contribute to target-
specific delivery by leveraging other mechanisms, such as
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Fig. 5 Structure and synthesis of nanoemulsions. (A) Schematic diagram showing the structure of a nanoemulsion. Reprinted with permission from
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MDPI. (C) Schematic illustration of a functionalized oleosome, (D) AFM image of an oleosome, (E) measurement of the cross-sectional area was per-
formed along the marked line shown in the inset of (D), and (F) the cytotoxic effects on MDA-MB-231 cells following combined treatment with car-
mustine and hyperthermia delivered by oleosomes. Reproduced with permission from ref. 58. Copyright 2018, American Chemical Society. (G)
Schematic illustration of an ATNE nanoemulsion, (H) in vitro wound healing process of ATNE nanoemulsions by scratch assay, and (I) cell migration
area in wound healing process of nanoemulsions. Reproduced with permission from ref. 59. Copyright 2018, Elsevier.

physicochemical interactions (e.g., charge) or the unique
microenvironmental conditions of the target site. These comp-
lementary strategies enable a multifaceted approach to achiev-
ing precise and efficient delivery.

Liver-specific ligand-based drug delivery

The liver plays a crucial role in detoxification of the human
body. Liver-associated diseases, such as liver fibrosis, viral
hepatitis, and hepatocellular carcinoma (HCC), affect approxi-
mately 800 million people worldwide, resulting in more than
2 million deaths annually.®” The mortality of liver-associated
diseases has steadily increased over the past 20 years, with
chronic liver disease (CLD) and related cirrhosis currently
accounting for approximately 1 million deaths annually.®® Due
to limitations in drug treatment, liver resection and transplan-
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tation have been assessed as the most successful therapeutic
approaches for progressive liver diseases.®*

The main drawbacks of standard pharmacological therapies
for liver treatment include the inability to deliver sufficient
drug concentrations to the diseased liver and nonspecific
delivery due to systemic circulation. Additionally, drug delivery
to specific cells within the liver, such as hepatitis B virus
(HBV)-infected cells or hepatic stellate cells (HSC) in liver
fibrosis, is required. Therefore, there is a pressing demand for
modern chemotherapies that not only enhance the stability of
therapeutic agents but also exhibit target specificity for dis-
eased liver cells.®

Saccharides. Ligands, such as GalNAc,°>°” lactose,®
sylated cholesterol derivative cholesten-5-yloxy-N-(4-((1-imino-
2-B-p-thiomannosylethylJamino)butyl )formamide (Man-C4-

manno-

This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of targeting ligands for organ-specific delivery
Targeting ligands
Target Delivery
organs Category Ligand name Particle type method  Ref.
Liver Saccharide  GalNAc (N-acetyl galactosamine) LNP SC/Iv 66 and 67
Lactose Liposome v 68
Man-C4-Chol Liposome v 69
Galactose SLN v 70
Mannan SLN v 71
DSPE-PEG2000-APM (DPM) Liposome v 72
DSPE-PEG2000-APF (DPF)
Peptide HBV N-terminal myristoylated preS1/21-47"™"-PEG Liposome v 74 and 75
CKNEKKNKIERNNKLKQPP-peptide Liposome v 76
Protein Apolipoprotein A-I Liposome v 77
Asialofetuin Liposome v 78
Human serum albumin (HSA) derivatized with cis-aconitic anhydride Liposome v 79
Lung Saccharide  Mannose LNP IT 80
Chemical p-a-Tocopheryl polyethylene glycol-1000 succinate (TPGS) Liposome SC 85
Nano-calcium phosphate (nano-CaP) LNP v 86
Peptide Chol-GALA peptide (WEAALAEALAEALAEHLAEALAEALEALAA) Liposome v 87
IRQ peptide (IRQRRRR) Liposome v 88
Pancreas Chemical PFOB and polymeric CXCR4 antagonists (PCX) Nanoemulsion  IP 92
N,N-Dimethyl-1,3-propanediamine Liposome v 94
Thermoresponsive polymer Liposome v 95
Diethyldithiocarbamate-copper complex Cu(DDC), and hyaluronic acid (HA)  Liposome v 96
Peptide TMA4SF5 peptide Liposome SC 97
Protein Anti-tissue factor (TF) antibody Liposome v 98
Brain Saccharide  Glucose Liposome v 109
Peptide RGD peptide Liposome v 110
AP-1 peptide Liposome v 111
RGD tripeptide and lactoferrin Liposome v 112
Protein TPGS-Tf Liposome v 116
8D3 antibody Liposome v 117
Others Cell membrane fragment (CMF) Liposome SC 118

This journal is © The Royal Society of Chemistry 2025
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Chol),* galactose,”® mannan,”* and 4-aminophenyl-oa-p-man-
nopyranoside (APM)/4-aminophenyl-p-L-fucopyranoside
(APF),”* can be used to achieve specific delivery to the liver.
Among these, GalNAc stands out due to its strong affinity for
the asialoglycoprotein receptor (ASGPR), a liver-specific recep-
tor predominantly expressed on hepatocytes. ASGPR plays a
pivotal role in receptor-mediated drug delivery by facilitating
cellular internalization through clathrin-mediated endocytosis.
Its high specificity for hepatocytes and minimal expression in
extrahepatic cells make it an attractive target for achieving
precise liver targeting with reduced off-target toxicity.®®”>
Through the recognition of exposed galactose by ASGPR,
GalNAc-PEG-LNP (prepared by conjugating GalNAc to LNPs
with PEGylation) achieves liver targeting through the process
of endocytosis. The GalNAc-LNPs, with particle sizes ranging
from 50 to 70 nm, were administered through IV injection.
Approximately 90% of the injected LNPs accumulated in the
liver, while the remaining were accumulated in the spleen
(Fig. 7A-C).

Additionally, APM and APF have been used to interact with
the mannose/fucose receptors highly expressed in Kupffer cells
(KCs).”> For the synthesis of the dual-ligand modified
PEGylated liposomes (MFPLs), APM and APF were mixed with
the PEGylated derivative of phospholipid 1,2-distearoyl-sn-
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glycero-3-phosphorylethanolamine  (DSPE) DSPE-PEG2000-
NHS. The resulting DSPE-PEG2000-APM (DPM) and
DSPE-PEG2000-APF (DPF) were mixed with liposomes to
finally synthesize MFPLs with a size of 180-200 nm (Fig. 7D).
Flow cytometry analysis of KCs treated with nicotinamide ribo-
side (NR) liposomes for 4 h at 37 °C revealed that the MFPL5-
5 group (with an HSPC:CH:DPM:DPF ratio of
3.0:1.0:0.5:0.5), exhibited the highest targeting efficiency
among all the formulations (Fig. 7E). Following their IV injec-
tion into rats, the synthesized MFPLs demonstrated signifi-
cantly superior liver targeting compared to a control without
ligands (Fig. 7F).

Peptides. Another approach for targeting the liver involves
using peptides, such as myristoylated preS1/21-47 (preS1/21-
47"7%75 and CKNEKKNKUERNNKLKQPP,”® as ligands. The
preS1/21-47™" peptide mimics the surface protein of HBV and
targets the scavenger receptor class B type 1 (SR-B1), promot-
ing the cellular uptake of drugs.”* The preS1/21-47™" peptide,
synthesized through PEGylation of liposomes and maleimide-
thiol coupling reaction, is approximately 120 nm in size. When
administered by IV, pre-S1/21-47"™" liposomes demonstrated
enhanced targeted delivery to the liver compared to the control
group without preS1/21-47™", indicating significantly
improved liver targeting.
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Fig. 7 Particle functionalization using ligands for targeting the liver. (A) LNP modified by GalNAc for liver-specific delivery, (B) the efficiency of
GalNAc(+) LNPs. IV injection of GalNac(+) LNPs delivers particles specifically to the liver, and (C) tissue distribution of the LNPs was determined
30 min after LNP injection. Reproduced with permission from ref. 66. Copyright 2017, Elsevier. (D) Liposome functionalized by a dual-ligand, (E)
cytometry analysis of KCs treated with NR liposomes, and (F) the biodistribution of dual-ligand liposomes in multiple organs. Compared to the
control, IV-injected dual-ligand liposome shows greater liver specificity. Reproduced with permission from ref. 72. Copyright 2018, American

Chemical Society.
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Proteins. Similarly, proteins, such as apolipoprotein A-I
(apoA-1),”” asialofetuin,”® and human serum albumin, can be
used as ligands for targeting the liver.”® Using apoA-l as a
ligand, high-density lipoprotein (HDL) employs a mechanism
that takes advantage of its hydrophobic cholesterol ester-
loading properties to serve as a carrier for delivering lipophilic
antitumor drugs to human HCC cells.”” ApoA-I, which is a
protein component of HDL, guides the transportation of chole-
sterol from arterial wall cells to the liver and steroid-producing
organs. ApoA-I can be employed to deliver drugs to the liver
through cell-surface receptors, such as SR-BI (for mice) or cyto-
solic iron-sulfur protein assembly (CIA-1; for humans).
Moreover, as apoA-I is an endogenous product of the liver,
its use as a ligand in HDL-based drug delivery systems does
not induce immunological side effects during clinical
applications.

To synthesize particles that can be selectively delivered to
the liver, apoA-I was combined with nucleic acid-loaded cat-
ionic liposomes and suspended overnight in a 5% dextrose
solution at 4 °C. The synthesized apoA-I-liposomes were
approximately 180 nm in size. In a mouse model with HBV
replication, the administration of 2 mg kg™ of DTC-Apo/
siHBV nanoparticles resulted in a significant RNA interference
effect, with reductions in serum HBV surface antigen
expression by 65.1% on day 2, 63.4% on day 4, 74.9% on day 6,
and 72.8% on day 8. These findings suggest that siRNA-based
therapies utilizing apoA-I as a ligand represent a promising
approach for treating viral hepatitis such as HBV.

Lung-specific ligand-based drug delivery

Acute and chronic lung diseases have some of the highest mor-
tality rates, and obstructive lung diseases are considered one
of the top four leading causes of death worldwide.*
Furthermore, the lungs have relatively low levels of drug-meta-
bolizing enzymes compared to other organs, such as the liver,
pancreas, and spleen, leading to lower drug efficacy. Therefore,
there is a need to maximize the efficiency of drug delivery to
the lungs by increasing the amount of drug delivered through
specific targeting to the lungs.®! Over the years, researchers
have developed lung-specific ligand systems, such as chemical
ligands, peptides, proteins, and ionized lipids, to enhance
both the delivery efficiency and specificity of drug-loaded
nanoparticles.®’” For example, the a4f7 integrin has demon-
strated a superior ability to interact with vascular cell adhesion
molecule-1 (VCAM-1), a molecule expressed by lung-specific
epithelial cells. This interaction facilitates precise targeting
and efficient delivery of therapeutic agents to the lungs.®®
Saccharides. Mannose-functionalized LNPs have been devel-
oped for the treatment of pulmonary fibrosis.®* In this study,
PEG lipids containing a mannose ligand were incorporated
into the LNPs to target the CD206 receptor, which is over-
expressed during inflammatory processes. This design enabled
the mannose-LNPs to effectively deliver siRNA targeting G2
and S phase-expressed protein 1 (GTSE1), a fibrosis-related
protein, to epithelial, endothelial, and immune cells in a pul-
monary fibrosis animal model, resulting in approximately a

This journal is © The Royal Society of Chemistry 2025
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50% reduction in collagen accumulation. As a result, the epi-
thelial-mesenchymal transition (EMT) process was inhibited,
fibrosis-related protein expression decreased, and lung func-
tion showed significant improvement.

Chemicals. p-a-Tocopheryl polyethylene glycol-1000 succi-
nate (TPGS) and nano-calcium phosphate (nano-CaP) are
representative chemical agents used for targeted drug delivery
to the lungs.®®®* Therapeutic agents loaded into TPGS-lipo-
somes have demonstrated specific delivery in the lungs
through subcutaneous (SC) injection. TPGS is a non-ionic sur-
factant that inhibits P-glycoprotein (P-gp), a cause of multidrug
resistance (MDR), and can avoid recognition by the reticuloen-
dothelial system, leading to prolonged systemic circulation.
Following SC injection of TPGS-coated DTX-loaded liposomes
into mice with lung tumors, a tumor inhibition efficiency of
approximately 74.6% was achieved, which was significantly
increased compared to that of the control group.

Exploiting the pH-sensitivity of CaP, Sethuraman et al
developed LNPs loaded with lumefantrine (LF) and nano-CaP
(so-called LF-CaP-Ls) (Fig. 8A) for enhanced lung-targeted
delivery efficacy in treating lung cancer (Fig. 8B).*® Pulmonary
histopathology evaluation was conducted following the admin-
istration of LF-CaP-Ls in vivo (Fig. 8C). The results revealed
reduced tumor vasculature in blood vessels and inflammatory
cells, as well as a reduced rate of lung cancer progression in
the LF-CaP-Ls treatment groups compared to those treated
with LF, Ls, and LF-Ls. Additionally, no organ bleeding was
noted.

Peptides. To deliver drug-loaded nanoparticles to the lungs
unaffected by the bloodstream, peptides are commonly used
to create ligands with enhanced stability and targeted delivery
efficiency. The GALA (WEAALAEALAFALAEHLAEALAEALEALAA)
and IRQ (IRQRRRR) peptides are representative ligands used
in nanoparticles for lung-targeted delivery of therapeutics
(Fig. 8D and E).*”®® The GALA peptide is an endosomal desta-
bilizer inspired by viral mechanisms. During experiments,
liposomes containing the GALA peptide also exhibited the
functionality of the IRQ peptide in targeting the lung endo-
thelium. GALA peptide-liposomes recognize and bind to integ-
rin auP; on the surface of human lung microvascular endo-
thelial cells (HMVEC-Ls) with superior uptake in HMVEC-Ls
and human umbilical vein endothelial cells (HUVECs) com-
pared to HepG2, A549, and HeLa cells, suggesting that more
accurate lung-specific target delivery is possible (Fig. 8F). In
addition, the GALA peptide-liposomes recognize and bind to
the sialic acid-terminated sugar chains on the surface of
HMVEC-Ls. Upon IV administration, GALA peptide-liposomes
began to show lung accumulation within 5 min. After 6 h,
their accumulation in lung tissue was 24 times higher com-
pared to liposomes without the GALA peptide, highlighting
the effectiveness of the GALA peptide in achieving lung-
specific delivery and drug efficacy.

Pancreas-specific ligand-based drug delivery

Because of the pancreas’ anatomical location (intra-abdominal
region) and intricate composition, the process of detecting
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Fig. 8 Particle functionalization using ligands for targeting the lung. (A) Nano-CaP-loaded LNPs (LF-CaP-Ls), (B) graphical representation of the
lung weights in different treatment groups, and (C) histopathology examination of lungs from different treatment groups (normal, control, and
tumor-bearing mice treated with LF, LF-Ls, LF-CaP-Ls) using H&E staining and viewed under a light microscope at x10 magnification. Reproduced
with permission from ref. 86. Copyright 2021, Elsevier. (D) Liposome composed of PEG-lipid modified with IRQ peptide delivery to the lungs by IV
injection into the rat tail. Reproduced with permission from ref. 88. Copyright 2011, Elsevier. (E) Schematic diagram of GALA peptide-modified lipo-
some particle for lung-specific delivery, and (F) relative cellular uptake of GALA-LPs to LPs by nonendothelial cells (HepG2, A549, and Hela) and
endothelial cells (HMVEC and HUVEC). Reproduced with permission from ref. 87. Copyright 2013, American Chemical Society.

and localizing pancreatic diseases presents significant chal-
lenges, which can result in delays in the implementation of
suitable therapy and management strategies for disorders that
affect this organ.?® In addition, there is also a lack of well-
established medical therapies for many pancreatic diseases,
including pancreatitis, pancreatic cancer, and other pancreatic
disorders. Due to the inherent difficulties associated with
treating pancreatic diseases, the focus has been mainly placed
on palliative care as opposed to curative interventions. The use
of nanoparticles for drug delivery, with a particular focus on
targeting the pancreas, has significant potential to revolutio-
nize this prevailing paradigm.®>°" Nanoparticle-based therapy
presents a promising opportunity to provide treatment at
reduced dosages while concurrently attaining desired thera-
peutic effects, which are both targeted and particular.
Chemicals. When using ligands as chemicals for pancreatic
targeting, it is important to consider high pancreatic pene-
tration efficacy. Therefore, in the synthesis of nanoemulsions,
perfluorooctylbromide (PFOB) and polymeric C-X-C chemo-
kine receptor type 4 (CXCR4) antagonists (PCX) have been
used as they support pancreatic penetration efficacy and
provide stability to the nanoemulsion structure (Fig. 9A).°%
CXCR4 is a receptor for stromal cell-derived factor-1 (SDF-1).
By exploiting this interaction, SDF-1-coated particles enable
specific delivery to CXCR4" pancreatic cancer cells.”® The

7628 | Nanoscale, 2025,17, 7617-7638

addition of PCX allows the nanoemulsion to specifically target
and bind to CXCR4, which is strongly expressed in pancreatic
cancer, allowing the encapsulated drug to diffuse into pancrea-
tic cancer cells. When administered IP, the prepared nanoe-
mulsion shows a more targeted and effective approach to treat-
ing pancreatic cancer compared to IV injection (Fig. 9B and C).
N,N,N'-Trimethyl-N'-(2-hydroxy-3-methyl-5-[***1Jiodobenzyl )-
1,3-propanediamine, abbreviated '*’I-labeled HMPDM, is used
as a pancreatic contrast agent and is highly effective for specific
pancreatic delivery, possessing a strong capability to penetrate
the blood-pancreas barrier. Additionally, N,N-dimethyl-1,3-pro-
panediamine (DMPA) is a ligand that enables the targeting of
1,2-distearoyl-sn-glycero-3-(1-1,2-distearin) (DSCP) to the pan-
creas.”* Liposomes created using these two chemicals can be IV
injected and exhibit remarkable improvements in pancreatic
cell-specific delivery efficiency compared to the control. Their
delivery efficiencies exceeded 1.7- and 2.1-fold, respectively.
Furthermore, the therapeutic effect of the drug delivered by
these liposomes demonstrated excellent signal detection.
Moreover, particles coated with a thermoresponsive
polymer on their surface have shown the ability to induce
specific delivery to the pancreas when administered by IV. In
addition, liposomes have been engineered to specifically target
the pancreatic stem cancer stem cell marker CD44 receptor by
encapsulating diethyldithiocarbamate-copper Cu(DDC),
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HA-decorated liposomes (Fig. 9D). HA is the principal
ligand of the CD44 receptor, which exhibits heightened
expression levels in pancreatic cancer cells as well as other pan-
creatic diseases. Following IV injection, the Cu(DDC),-loaded
HA-decorated liposomes exhibited targeted affinity toward the
pancreas, thereby improving the accuracy of drug delivery and
potentially augmenting the effectiveness of therapy.

Peptides. Using peptides that can specifically bind to sub-
stances that are overexpressed in a diseased pancreas offers a
promising approach to the synthesis of particles capable of
precise and specific pancreatic delivery. Previous studies have
confirmed overexpression of tetraspanin transmembrane 4
superfamily member 5 (TM4SF5) in pancreatic cancer tissues,
making it an attractive target for specific therapeutic interven-
tions. By leveraging this knowledge, researchers can create
suitable nanoparticles for targeting pancreatic cancer cells.®”
To achieve pancreas-targeted deliveryy, TMA4SF5 peptide
epitope-CpG-DNA-liposome complexes can be prepared such
that the liposomes are coated with the TMA4SF5 peptide or
TMA4SF5 cDNA. Moreover, these TMA4SF5-targeted nano-
particles can be administered by SC injection, providing a
minimally invasive route for drug delivery. Administration of
this complex vaccine to mice showed high specific delivery
efficiency to the pancreas and tumor growth inhibition com-
pared to the control group. The tumor weight also showed a
reduction of up to 2 g, indicating that the developed liposome
complex enhanced the effect of the vaccine.

This journal is © The Royal Society of Chemistry 2025

Proteins. The advantage of using antibodies as smart
ligands for nanoparticle-based drug delivery systems in cancer
treatment is their high affinity and specificity. Anti-tissue
factor (TF) is overexpressed on the surface of pancreatic cancer
cells and other cancer cells, and the TF antibody fragment (AF)
is a peptide that specifically binds to TF. By conjugating TF AF
to the surface of liposomes, these liposomes can effectively
recognize and bind to TF on the surface of cancer cells
(Fig. 9E). This tumor-targeting approach allows for the prefer-
ential delivery of liposomes containing the therapeutic drug to
cancer cells, such as those present in pancreatic tumors,
thereby enhancing the therapeutic effect and reducing off-
target effects on healthy tissues.”® AF-conjugated liposomes
have shown enhanced cellular uptake in pancreatic cancer
cells compared to non-targeted liposomes (Fig. 9F).
Furthermore, the drug delivered through AF-conjugated lipo-
somes exhibited significantly higher cytotoxic effects in pan-
creatic cancer cells compared to non-targeted drug delivery.

Brain-specific ligand-based drug delivery

1027104 9nd brain

Alzheimer’s disease,’®'°! Parkinson’s disease,
tumors'® have become major health issues worldwide, with
high mortality and morbidity rates, imposing a significant
burden on societies. However, current treatments mostly allevi-
ate symptoms of brain diseases without achieving satisfactory
therapeutic effects at the fundamental level.'°® Extensive

research suggests that the efficacy of brain disease treatments
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is primarily influenced by two factors: the preservation of the
BBB and the complexity of the brain’s microenvironment.""”
In an attempt to overcome these factors and facilitate delivery
to the brain, a method involving the exposure of ligands on
the surface of nanoparticles is being explored for targeted and
specific nanoparticle delivery. Therefore, in this section, we
introduce methods to overcome the challenge imposed by the
BBB in reaching the brain.

Saccharides. In the brain, glucose transporters (GLUT1-6
and GLUTS8) and Na'-p-glucose cotransporters (SGLT1) play a
critical role in facilitating glucose diffusion. These transporters
mediate the uptake of p-glucose across the blood-brain barrier
(BBB), offering a potential pathway for drug delivery systems
utilizing p-glucose as a transport mechanism to the brain.'*®
By displaying glucose on the surface of liposomes, targeted
delivery through the glucose transporters at the BBB can be
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achieved. To address the bidirectional transport limitation of
the BBB GLUT1, a thiamine disulfide system (TDS) with a
“lock-in” capability was conjugated to glucose and sub-
sequently linked to cholesterol.'®® This glucose-modified lipo-
some (L-TDS-G) was then employed to deliver docetaxel (DTX).
The results demonstrated that this approach was approxi-
mately 56.6% more efficient than using naked DTX, highlight-
ing the effectiveness of the glucose-modified liposome for
brain-targeted drug delivery.

Peptides. Peptides have been used as ligands as an alterna-
tive approach to facilitate drug delivery to the brain. Particles
have been improved by decorating their surfaces with RGD
peptides, activator protein 1 (AP-1) peptides, and other
variants.'*"'*> When RGD peptide was attached to the surface
of liposomes (Fig. 10A), it enabled passage through the cer-
ebral microvascular endothelial cells of the BBB via the integ-
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Fig. 10 Particle functionalization using ligands for targeting the brain. (A) Schematic illustration of brain-targeted liposomes functionalized by RGD
peptide and luciferin, (B) fluorescence microscopy images of cellular uptake in vitro, and (C) biodistribution of liposomes shows increased brain
delivery when ligands are conjugated. Reproduced with permission from ref. 112. Copyright 2021, Springer Nature. (D) Schematic illustration of
brain-targeted liposomes functionalized by AD-1 peptide, (E) comparison of the doxorubicin concentration in the brain between liposomes and
ligand-conjugated liposomes, and (F) bioluminescence image of a brain tumor shows a decrease in tumor size following administration of liposomes
with conjugated ligands. Reprinted with permission from ref. 111. Copyright 2012, Dove Medical Press Ltd. (G) Cryo-TEM image of a brain-targeted
liposome functionalized by antibody 8D3, (H) brain accumulation of bioPSL and 8D3bioPSL, and (I) analysis of ODN integrity in the blood or brain by
PAGE. Reproduced with permission from ref. 117. Copyright 2008, Elsevier.
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rin oyf; receptor, thereby promoting delivery to brain
tumors,"**'* and the addition of the glycoprotein lactoferrin
further enhanced BBB penetration through the lactoferrin
receptor; both ligands were conjugated to the liposome’s con-
stituent lipids using PEG, and these ligand-conjugated lipo-
somes increased the cellular uptake in vitro (Fig. 10B). In vivo
imaging of the orthotopic glioma taken from U87 MG orthoto-
pic tumor-bearing nude mice given a tail vein injection of the
RGD-modified DTX-loaded liposomes containing DiR dye
showed a 1.29-fold increase in the cerebral fluorescent signal
compared to that of the PEG-liposome, and a relative increase
of 3.35-fold was observed when RGD and lactoferrin dual-
modified liposomes were injected (Fig. 10C).""* Furthermore,
by binding maleimide to DSPE, a liposome component, lipo-
somes were functionalized through coupling with the AP-1
peptide through a thiol-maleimide reaction (Fig. 10D). In vivo
experiments conducted via IV injection confirmed that the
AP-1 peptide-conjugated liposomes exhibited increased deliv-
ery efficiency of doxorubicin to the brain compared to conven-
tional liposomes (Fig. 10E), and a reduction in brain tumor
size was observed through bioluminescence imaging (Fig. 10F).

Additionally, RVG29 peptide-functionalized SLNs have been
developed as a drug delivery system targeting Alzheimer’s
disease."® The RVG29 peptide selectively binds to nicotinic
acetylcholine receptors (nAchRs) expressed on neurons and
the BBB, thereby enhancing drug delivery efficiency across the
BBB. This system was designed to encapsulate quercetin, a
neuroprotective compound known for its antioxidant and anti-
inflammatory properties, effectively inhibiting amyloid-beta
(AB) aggregation associated with AD. The study demonstrated
that RVG29-functionalized SLNs exhibited a 1.5-fold increase
in BBB permeability compared to non-functionalized nano-
particles and successfully inhibited AP aggregation. These
findings showed promise for the use of RVG29-SLN as a drug
delivery system and neuroprotective strategy for the treatment
of Alzheimer’s disease in an in vivo model.

Proteins. The glycoprotein transferrin (Tf) was modified by
introducing carboxyl groups using succinic anhydride and then
coupled with TPGS through N-(3-dimethylaminopropyl)-N"-ethyl-
carbodiimide (EDC)/N-hydroxysuccinimide (NHS) coupling to
form TPGS-Tf. TPGS-Tf enables brain delivery by interacting
with Tf receptors present in the BBB.''® TPGS-Tf exhibited
approximately 4.41- to 8.91-fold greater delivery efficiency com-
pared to non-functionalized liposomes. Additionally, liposomes
were conjugated with 8D3, a rat antibody that binds to transfer-
rin receptor 1, TfR1 (Fig. 10G).""” When 8D3 antibody-conju-
gated liposomes were delivered to a mouse model via IV injec-
tion, brain-targeted efficacy was increased compared to conven-
tional liposomes (Fig. 10H). Subsequently, polyacrylamide gel
electrophoresis (PAGE) analysis, performed to determine intact
octadecaneuropeptide (ODN) in the brain at each time point,
confirmed that the *’P signal was similar to the radioactivity
counting shown in pharmacokinetic studies (Fig. 10I).

Others. Another approach involved using natural killer (NK)
cell membrane fragments (CMF) as ligands for specific brain
delivery.'*® Major histocompatibility complex (MHC) class I

This journal is © The Royal Society of Chemistry 2025
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polypeptide-related sequence A and B (MICA/B) and the
member of retinoic acid early transcripts-1 (RAET1H), both of
which are ligands of natural killer group 2 member D
(NKG2D), are upregulated on the surfaces on cells under oxi-
dative stress and they have a high affinity with NKG2D
expressed on NK cell membranes. With this in mind, curcu-
min-loaded NK cell membrane biomimetic nanocomplexes
were prepared for brain-targeted therapy through the menin-
geal lymphatic vessels (MLV) route. Nanoparticles coated with
CMF exhibited an intracellular delivery efficiency of more than
2-fold greater than that of conventional nanoparticles, while
the BBB permeability was also found to increase by approxi-
mately 20-fold.

Non-ligand functionalized LBNs for organ-specific delivery

Ionized lipids play a critical role in organ-targeted delivery by
enabling specific interactions with organ-specific cells or extra-
cellular environments, improving biodistribution, and enhan-
cing therapeutic efficacy. Through their unique charge-switch-
ing behavior, ionized lipids remain neutral at physiological pH
but become protonated under acidic conditions (e.g., within
endosomes or tumor microenvironments), facilitating
enhanced cellular uptake and endosomal escape. In the
context of organ-targeted delivery, ionized lipids are frequently
incorporated into LNPs to enable selective accumulation in
target tissues through active targeting strategies or passive
mechanisms.'® This section explores how ionized lipids are
utilized for organ-specific delivery to the liver, lungs, pancreas,
and spleen (Table 2).

Liver-targeted ionized lipids. Ionized lipids, such as cationic
selective organ-targeting (SORT) lipids,"*° can be employed as
liver-targeting ligands. It is thought that after IV adminis-
tration, nanosized particles are surrounded by a plasma
protein corona upon their interaction with biological fluids,
which can alter the surface properties of nanoparticles and
determine their in vivo fate. While the composition of this
corona is affected by factors such as the physical properties of
the nanoparticles and the physiological conditions, the
protein corona surrounding LNPs is typically rich in apolipo-
protein E (apoE). The interaction between LNPs and the
N-terminal lipid-binding region of apoE causes conformation-
al changes in apoE, which results in a high affinity to hepatic
low-density lipoprotein receptors (LDL-Rs), thereby facilitating
hepatocyte cell entry."”! The ionized lipid-based SORT LNPs
allow for different target organs depending on the charge of
the lipids. SORT LNPs are designed to selectively work target
cell types, including epithelial cells, endothelial cells, B cells,
T cells, and hepatocytes.'®° For liver hepatocyte-targeting, 1,2-
dioleoyl-3-dimethylammonium propane (DODAP) cationic
SORT lipids with tertiary amino groups were mixed at a ratio
of 20% with traditional LNPs. As a result, DODAP LNPs
showed a 20% efficiency of target-specific delivery to the liver
when administered through IV injection in mice.

LNP delivery platforms have been developed for gene
editing therapeutics. LNPs formulated with lipids containing
ester 306-012B (O-series) bonds in their tails were shown to
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Table 2 Summary of ionized lipid for organ-specific delivery
Target organs Ionized lipid name Particle type Delivery method Ref.
Liver Cationic selective organ-targeting (SORT) lipids (DODAP) LNP v 120
306-012B lipid LNP v 122
Lung Cationic SORT lipids (1,2-dioleoyl-3-trimethylammonium propane, DOTAP) LNP v 120
DOTAP Liposome P 123
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
306-N16B LNP v 124
Pancreas Cationic helper lipid (3060;, 51404 10) LNP 1P/IV 125
Spleen 1,2-Dioleoyl-sn-glycero-3-phospho-L-serin (DOPS) Liposome v 128
OF-Deg-Lin LNP v 129
Anionic SORT lipids (18PA) LNP v 120

deliver Cas9 mRNA and angiopoietin-like 3 (Angptl3)-specific
single-guide RNA (sgRNA) (sgAngptl3) efficiently to the hepato-
cytes for knockdown of the angpti3 gene, which is a promising
therapeutic target for the treatment of human lipoprotein
metabolism disorders.'** The optimal formulation for the
LNPs was determined to be 50% 306-0O12B, 38.5% cholesterol,
10% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and
1.5% 1,2-dimyristoyl-rac-glycero-3-methoxy PEG2000
(DMG-PEG) (molar basis), with a 7.5:1 weight ratio of
306-O12B to mRNA. Firefly luciferase mRNA (fLuc mRNA)-
encapsulated 306-O12B LNPs had an average diameter of
112 nm. The fLuc mRNA LNPs formulated with DOPC resulted
in significantly higher luciferase expression in the livers of
Ai14 reporter mice compared to that observed when the mice
were treated with formulations containing 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) and the original dis-
tearoyl phosphatidylcholine (DSPC) phospholipid. Then, wild-
type C57BL/6 mice were injected with 306-O12B LNP coformu-
lated with different Cas9 mRNA-to-sgAngptl3 mass ratios of
2:1, 1:1.2, and 1:2 at a total RNA dose of 3.0 mg kg .
Although the ratio was expected to affect the in vivo genome
editing efficacy, the results showed no significant differences
among the groups. It appears that the detailed ligand-receptor
mechanism has not been elucidated, indicating the need for
further research.

Lung targeted ionized lipids. Researchers have investigated
several modified ionized lipids for targeted delivery of drugs to
the lungs. The most effective agents for lung-specific delivery
among the examined SORT and N-series lipids (contain amide
bonds in their tails) are two unique modified ionized lipids:
dioleoyl trimethylammonium propane (DOTAP) and 306-N16B.
Two key components used in the synthesis of liposomes are
the cationic lipid, DOTAP, and the major pulmonary surfac-
tant, DPPC. It should be noted that the 306-N16B LNPs have
different organ tropism from 306-O12B LNPs, which is
thought to be due largely to the differences in the protein com-
positions, fractions, and biological functions of the coronas
between these two LNPs. Among the proteins in the corona of
DOTAP, vitronectin (Vtn) exhibits the most affinity for DOTAP.
Vtn recognizes asP; integrin, which is expressed primarily in
the epithelial cells of the lung."*" By encapsulating unmethyl-
ated cytosine-guanine dinucleotide (CpG) motifs within these
liposomes, they can be effectively targeted to the lungs
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through intraperitoneal (IP) injection. CpG motifs are powerful
immunostimulatory agents recognized by toll-like receptors
(TLRs) present in certain immune cells, including pulmonary
macrophages.'*® The loading of CpG motifs into cationic lipo-
somes and their administration through injection in a mouse
model of lung cancer demonstrated remarkable potential for
achieving localized delivery to the lungs and eliciting an anti-
tumor immune response."** By specifically targeting pulmon-
ary macrophages through IP injection, the CpG-loaded cationic
liposomes effectively delivered the immunostimulatory CpG
motifs to the lungs. Compared to the control group, a
reduction in tumor cell count of approximately 6-fold was
observed, and the capture of the liposomes in the lungs was
permanent, leading to a favorable prognosis.

The incorporation of 306-N16B with DOPC has proven to be
highly effective in inducing the highest fluorescence protein
expression efficiency in the lungs. LNPs modified with
306-N16B can efficiently adsorb onto unique plasma proteins
present on the lung surface upon IV injection.'** This led to a
transfection efficiency of 33.6%, resulting in excellent lung-
specific delivery and significantly improved
efficiency.

Pancreas targeted ionized lipids. Another approach to mini-
mize the off-target delivery of LNPs designed for IP injection
and enable specific delivery to the pancreas is by modifying
the charge of the helper ionized lipid. Several experimental
studies have demonstrated that the inclusion of both cationic
and anionic helper lipids in LNP formulations is crucial for
achieving effective pancreatic-specific targeting. While cationic
lipids alone may contribute to improved targeting to some
extent, they are insufficient to achieve optimal results. The
addition of ionizable lipids to the LNP formulation is essential
to enable specific delivery and expression in the pancreas.
LNPs that contain the anionic lipid 1,2-dioleoyl-sn-glycero-3-
phosphate (sodium salt) (18PA) cause p2-glycoprotein I (p2-
GPI) to occupy the largest portion of the protein corona, where
it interacts with THP-1 marcrophages and is delivered to the
spleen.’”" Therefore, LNPs composed of the anionic helper
lipid 18PA and ionizable lipids can be employed for treating
pancreatic diseases through mRNA delivery facilitated by
macrophages. Using the ionized lipids 3060, 5140 10, lipid
nanoparticles with 3060;;, showed the highest level of protein
expression in the pancreas, whereas 5140¢;, showed no

expression
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specific delivery efficiency when administered IV but increased
to 52% when administered IP.

mRNA expressed via particles made from ionized lipid
modification showed the highest expression level after 6 h of
incubation.'® The expression of the delivered mRNA in the
pancreas was sustained for more than 12 h, and it exhibited
up to 137-fold higher expression compared to that in other
organs. Additionally, the safety of mRNA-LNP administration
was confirmed by H&E staining, which showed no tissue
damage. This approach restored insulin production in pan-
creatic p-cells, demonstrating its potential for diabetes
treatment.

Spleen targeted ionized lipids. The spleen is the largest lym-
phoid organ and plays a crucial role in regulating various
aspects of the immune system, including antibody production,
cytokine secretion, and activation of T cells. The spleen serves
as a site for maturation and proliferation of B lymphocyte.'*
However, dysregulated B lymphocyte proliferation can lead to
the development of lymphoma, which is responsible for 20 000
deaths in the United States annually. Additionally, B lympho-
cytes significantly impact autoimmune disorders, sclerosis,
and cancer, underscoring the importance of regulating their
activity for maintaining immune system balance.

To address these challenges, targeted drug delivery systems,
such as liposomes and LNPs, are being developed for spleen-
specific applications. For example, drug delivery systems
coated with autoantibodies leverage Fc receptor-mediated pha-
gocytosis to target the spleen. When particles are coated with
immunoglobulin G (IgG), they are absorbed by FcyIIA recep-
tors, enabling precise and effective delivery to the spleen.?’

Modified ionized lipids, such as 1,2-dioleoyl-sn-glycero-3-
phospho-i-serine (DOPS)'*® and OF-Deg-Lin,"** both of which
are anionic lipids,'*® are used when targeting the spleen.
Anionic nanoparticles are generally known to have poor cellu-
lar uptake compared to cationic nanoparticles’*® due to the
negative charge repulsion of anionic nanoparticles with the
negatively charged cell membrane. Nevertheless, the aforemen-
tioned negative charge also serves a crucial function in facili-
tating precise and directed transportation to the spleen.
Anionic nanoparticles have limited absorption by organs such
as the liver or lungs, which typically demonstrate a strong pro-
pensity for nanoparticle uptake owing to their ionized charac-
teristics."*® In contrast, they have an affinity for selective
accumulation and uptake inside the spleen. The spleen pos-
sesses specialized cells known as macrophages, which are
responsible for scavenging and clearing foreign particles from
the blood. Macrophages exhibit the ability to identify and pha-
gocytose anionic nanoparticles, hence enhancing the targeted
uptake of anionic nanoparticles and their accumulation in the
spleen.”*® Specifically, OF-Deg-Lin-LNP, which has cationic
ester bonds and is an anionic particle, is widely used. When
OF-De-Lin was formulated into LNPs with DOPE, C14-
PEG2000, cholesterol, and FLuc mRNA and subsequently
injected IV into the tail vein of C57BL/6 mice, it showed fluo-
rescence in the spleen (with more than 85% specificity) and
induced more than 85% protein expression in the spleen.'?

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

Therefore, this approach holds significant promise for enhan-
cing specific target delivery efficiency.

Future perspective

While oral administration of nanoparticles offers potential
benefits such as improved patient compliance,*""3?
convenience,*>** and cost-effectiveness,'*> it may not always
be superior when considering pharmacokinetic factors. Unlike
intravenous (IV) injection, which provides a high area under
the curve (AUC) and rapid drug delivery through direct access
to the bloodstream,"*® oral administration faces significant
challenges, including variable absorption influenced by food,
gastric acid, and digestive enzymes. These factors can impact
drug bioavailability and efficacy, making oral administration
less predictable in pharmacokinetic terms. Additionally, drugs
delivered orally often target multiple organs due to systemic
circulation, which can complicate tissue-specific delivery.

To address these challenges, recent advancements have
focused on leveraging ligand-modified LBNs to enhance
tissue-specific targeting during oral delivery."®” For example,
aptamers have been conjugated with cholesterol in liposome
formulations to target membranous cells (M cells) in the small
intestine, utilizing receptor-mediated mechanisms to improve
absorption."*®"*° While promising results have been observed
in ex vivo studies, in vivo validation remains necessary to estab-
lish efficacy and reliability.

In addition, microneedle patch systems, which incorporate
LBNs, have emerged as a transformative approach to overcom-
ing barriers associated with drug delivery."*>'*" These mini-
mally invasive systems enable precise delivery by bypassing the
stratum corneum and providing direct access to the dermal
microcirculation, thereby enhancing bioavailability and redu-
cing first-pass metabolism. For instance, microneedle-
mediated delivery of curcumin-loaded solid lipid nanoparticles
has exhibited enhanced pharmacokinetics and therapeutic
outcomes in neurodegenerative disease models, such as
Parkinson’s disease, by promoting sustained drug release and
targeting efficiency.'*> Similarly, microneedles have been uti-
lized to deliver lipid-based nanoparticles encapsulating com-
pounds like rutin'*® and resveratrol,'** demonstrating
enhanced local bioavailability and reduced systemic side
effects in models of obesity and neuroprotection. These
systems have been shown to minimize patient discomfort and
increase compliance by offering a convenient and effective
alternative to conventional delivery routes. As research pro-
gresses, the optimization of microneedle design, nanoparticle
composition, and formulation stability will be crucial for
advancing these systems into clinical applications.

Further research is also required to optimize factors such as
ligand density and specificity, which play a critical role in
ensuring precise targeting and minimizing off-target effects.
Additionally, integrating multi-omics approaches can provide
insights into receptor expression patterns and tissue-specific
absorption pathways, guiding the rational design of ligand-
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modified nanoparticles. These strategies not only have the
potential to overcome the limitations of oral delivery but also
pave the way for the development of personalized and effective
drug delivery systems tailored to individual patient needs.

Conclusion

In summary, advancements in LBNs have significantly
improved drug absorption and delivery efficiency. Recent
developments in LBNs, such as LNPs used in mRNA vaccines
for COVID-19 by Pfizer-BioNTech and Moderna,"*> and liposo-
mal formulations like Doxil®'*® and AmBisome® '*” for
cancer and antifungal treatments, highlight their clinical and
industrial relevance. Clinical trials for SLNs and nanoemul-
sions targeting neurodegenerative disorders, viral infections,
and cancers further demonstrate their adaptability to various
therapeutic needs. However, challenges remain, including the
scalability of nanocarrier production, the long-term safety of
repeated use, and off-target effects. These challenges must be
addressed to ensure broader clinical adoption and efficacy.

The incorporation of ligands has emerged as a promising
approach to enhance target specificity and improve drug deliv-
ery to specific organs or disease sites. Several types of ligands,
including chemicals, saccharides, peptides, proteins, and
ionized lipids, have demonstrated promise in facilitating tar-
geted delivery through receptor- or pathway-mediated mecha-
nisms. Notable examples include the incorporation of the
GalNAc ligand in LNP systems, which has significantly
improved the targeted delivery of drugs to the liver. Such
advancements highlight the potential to discover new ligands
based on organ-specific cellular absorption processes or the
overexpression of disease-associated receptors. In the future,
the ongoing investigation of ligand-based approaches and the
development of novel combinations of multiple ligands will
provide opportunities to attain greater efficacy in target-
specific delivery. These advancements will play a crucial role in
reducing adverse effects associated with nonspecific adminis-
tration and transforming the management of diseases
affecting various organs. Future work will focus on optimizing
nanocarrier systems, addressing production challenges, and
integrating ligand-based strategies for targeted therapies.
These efforts aim to advance precision medicine by enabling
therapeutics tailored to specific diseases or organs, improving
outcomes and expanding treatment options.
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