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A new strategy for the extrahepatic delivery of
lipid-based nanomedicines: a protein corona-
mediated selective targeting system based on an
ionizable cationic lipid library
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Applying lipid nanoparticle (LNP) technology to ribonucleic acid (RNA) nanomedicines was integral to the
success of mMRNA vaccines against COVID-19. To expand the power of LNP technology, extrahepatic
delivery systems have been developed using specific ligands that target the cells in question. However,
recent increases in evidence support targeting without the need to attach specific ligands to nanocarriers.
In this review, we focused on protein corona-mediated extrahepatic delivery of nanoparticles as an
alternative to classic ligand-mediated active targeting. First, the interaction of LNPs with biological com-
ponents and the impact that the physicochemical properties of LNPs exert on their biological fate are dis-
cussed. Then, we highlight a new system that targets activated hepatic stellate cells (aHSCs) as a success-
ful model achieved through intensive optimization of LNPs based on an ionizable cationic lipid library. We

Received 21st March 2025,
Accepted 30th June 2025

DOI: 10.1039/d5pm00079¢

also discuss cumulative evidence that support the ligand-free extrahepatic delivery of nanoparticles to a
broad diversity of tissues, such as the spleen, lungs, brain, tumors, kidneys, placenta, pancreas, and bone
marrow. In conclusion, we propose protein corona-mediated extrahepatic delivery as a new strategy of
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1. Introduction

Lipid nanoparticles (LNPs) have recently revolutionized the
field of drug delivery owing to their versatile applicability to
the delivery of diverse cargoes that range from small molecules
to large nucleic acids and proteins." Furthermore, LNP-based
vaccines saved millions of lives during the COVID-19 pan-
demic.” Interest in the impact of the composition of LNPs on
their in vivo performance has undergone growth recently—par-
ticularly in the area of gene delivery. While the main lipids
(e.g., cationic or ionizable lipids) have received much attention
as the fundamental functional components of LNPs, a sub-
stantially lower level of interest has been directed to helper
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active targeting for RNA nanomedicines and inspire the future directions in this area.

lipids. Helper lipids are secondary components of LNPs, and
they include a diverse array of lipids and lipid-like materials,
such as phospholipids, cholesterol, or polyethylene glycol
(PEG)-modified lipids. These are often incorporated into LNPs
to assist with colloidal stability, control pharmacokinetics, or
promote the escape of cargoes from lysosomal degradation.’
Apart from their classic role, recent reports have revealed the
significant impact of helper lipids on the in vivo biodistribu-
tion of LNPs and subsequent intracellular events.*”

Active targeting has been the main strategy to achieve cell-
specific delivery of nanomedicines during the past two
decades.®” By exploiting the differential expressions of certain
receptors or unique features in the microenvironments of
target cells (e.g. pH, redox potential, enzymatic activity, etc.),
nanocarriers are equipped with targeting moieties that either
bind to these receptors or respond to such specific features to
increase their affinity to the cells in question.® A wide variety
of targeting moieties have been investigated, ranging from
small ligands to antibodies and chemical linkers.”'° Despite
their promising potential in vitro, the in vivo application of
ligand-based delivery systems is challenged by multiple
obstacles, including their poor stability in biological fluids,
improper pharmacokinetic performance, immunogenicity,
and difficulties in controlling ligand-receptor binding in the

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://rsc.li/RSCPharma
http://orcid.org/0000-0001-9722-3267
http://orcid.org/0000-0001-6382-6908
http://orcid.org/0000-0002-1568-9547
http://crossmark.crossref.org/dialog/?doi=10.1039/d5pm00079c&domain=pdf&date_stamp=2025-09-10
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5pm00079c
https://pubs.rsc.org/en/journals/journal/PM
https://pubs.rsc.org/en/journals/journal/PM?issueid=PM002005

Open Access Article. Published on 22 July 2025. Downloaded on 3/3/2026 2:11:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

dynamic three-dimensional in vivo environment, which is
much more complicated than the static two-dimensional cell
culture models. Moreover, the scale-up of such delivery
systems is limited by their intricacy and multiple preparation
steps. Collectively, the abovementioned factors reduce the
clinical translatability of ligand-based nanocarriers."* Thus,
innovative targeting approaches are necessary to cope with the
aforementioned challenges.

Recently, the role of the “protein corona” has been recog-
nized as an important factor in the in vivo distribution of
LNPs'? since LNPs are covered with plasma/serum proteins
once they enter blood circulation. Hajipour M. J. et al. reported
on 4022 unique proteins that were identified on nanoparticles
based on a literature search using physicochemical properties,
sizes, and protein sources.”? There is increasing information
available on the relationship between certain components of
the protein corona and tissue distribution of nanoparticles,
such as that for the liver (apolipoprotein E; ApoE), lung (serum
albumin and ApoE), spleen (complements and immunoglobu-
lins such as opsonins), and brain (ApoE4 and ApoB-100)."*
Therefore, a new strategy has emerged for tissue-selective tar-
geting based on the protein corona as an endogenous ligand
without the external introduction of artificial ligands.*®

In this review, we first explore the molecular mechanisms
of interactions between nanoparticles and biological com-
ponents from the viewpoint of using a library of ionizable cat-
ionic lipids. Subsequently, we highlight a successful case study
in which an active targeting system to the activated hepatic
stellate cells (aHSCs), a model of a specific minor cellular
population, was developed for potential clinical applicability
in the treatment of liver fibrosis. Furthermore, we summarize
recent strategies for protein corona-mediated delivery to
various extrahepatic tissues, such as the spleen, the lungs, the
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brain, tumors, kidneys, the placenta, the pancreas, and bone
marrow. Finally, we inspire future perspectives in this research
area.

2. Understanding the interactions
between nanoparticles and biological
components

Active targeting is a straightforward approach where ligands as
receptors and other proteins expressed on the surface of target
cells are decorated on the surface of LNPs. Decorating LNPs
with small molecular ligands, peptides or antibodies is not a
novel approach.'® Conversely, ligand-decorated nanoparticle
formulations are yet to be approved for practical use. Although
it is difficult to identify the specific causes for this lack of
acceptance, the complexity of the formulation process and for-
mulation characterization, along with the increased cost of for-
mulation, all are likely factors. Currently, it is impossible to
completely eliminate interactions between nanoparticles and
biological components.’”'® Thus, interactions other than the
desired ligand-receptor types could occur with ligand-deco-
rated nanoparticles. The lack of adequate control during
dynamic and complex interactions involving very large
numbers of proteins is likely the main reason for the above
problems. Nevertheless, it is becoming clearer that physico-
chemical properties such as particle size and charge are quite
relevant to the in vivo fate of LNPs.'® The following section
lists the results of our study, along with recently established
evidence of nanoparticle interactions with biological com-
ponents, and the relationships between physicochemical pro-
perties and the in vivo fate of LNPs.
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2.1. Biomolecular corona

Nanoparticles exhibit a so-called “synthetic identity”, which is
a property that is determined by the chemical structures and
combinations of the components, along with the manufactur-
ing process. Once a nanoparticle is administered into a living
organism, proteins and other biological components adsorb
onto the nanoparticle interface, which forms a biomolecular
corona that exhibits a so-called “biological identity” that is
defined by its properties. Incorrect control of the biomolecular
corona, which is a platform for in situ decoration of the syn-
thesized nanoparticles, reduces the quality of active targeting.
In contrast, intended control not only increases the quality of
active targeting, it programs the expected targeting ability in
nanoparticles that are not artificially ligand-decorated."
According to the Vroman effect, the nanoparticle interface is
initially dominated by proteins that are present in high con-
centrations in the surroundings, and the proteins with lower
affinity to the nanoparticles are replaced over time by proteins
in lower concentrations with higher affinity.>° The composition
of a biomolecular corona under static in vitro conditions
differs when under dynamic in vivo conditions due to the
effect of shear stress on the nanoparticles.>"*> The compo-
sition of a biomolecular corona differs depending on whether
it is located in the plasma, serum or whole blood.?*"** The type
of anti-coagulant agent used to obtain plasma also affects the
composition of the biomolecular corona.>® Furthermore,
differences in the plasma proteome due to disease and individ-
ual differences also influence the composition of the bio-
molecular corona.”®*” Thus, the biological identity of nano-
particles is not necessarily tied to their synthetic identity
because the aforementioned complicating factors are involved
(Fig. 1). Naturally, the route of administration would also
affect the biomolecular corona due to the fact that the pro-
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teome is completely different between biological fluids, and
because components of the biomolecular corona change after
nanoparticles translocate into a different biological fluid.”®
However, because the biomolecular corona is often highly
enriched with very low concentrations of proteins, attempts
are often made to use the proteome of the biomolecular
corona formed in a given nanoparticle as a useful tool for
detecting or identifying pathologies with better sensitivity
than what could be accomplished using the plasma
proteome.*’

LNPs are predominantly composed of lipids. Although
various models have been proposed for an improved internal
structure, these generally represent a structure with a large
number of lipid molecules inside.>® Although the specific
gravity of LNPs becomes slightly higher when nucleic acids are
encapsulated, these forms are much lighter than that of nano-
particles made of harder materials.*’ Therefore, LNPs exhibit
specific gravity similar to that of the various lipoproteins and
extracellular vesicles present in blood. In addition, the particle
sizes of these endogenous vesicles and LNPs are within a
similar range. Therefore, it is assumed to be difficult to highly
purify corona-formed LNPs from biological fluids by using a
single separation method, such as size exclusion chromato-
graphy (SEC) or centrifugation. The conventional approach dic-
tates that either a combination or the optimization of these
methods is necessary.’® At least two studies have reported on
affinity purification methods using antibodies against poly-
ethylene glycol (PEG); these methods typically use polymers to
control the particle size of LNPs and improve their stability in
blood.*** In other reports, Francia V. et al. demonstrated that
magnetic iron-oxide-loaded LNPs (IOLNP) allow for separation
of LNP-corona complexes from biological media through mag-
netic separation,®® and Baimanov D. et al. developed a rapid
affinity-based technique achieved by chemically immobilizing
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Fig. 1 Various factors on synthetic and biological identity. Owing to the influence of various conditions, including the type of biological fluid and
temperature, the biological identity of nanoparticles is not necessarily paired with the synthetic identity.

LNPs via carbodiimide cross-linking on the surface of bio-
sensors.®® The development of such new purification
approaches is expected to facilitate future elucidation of the
biomolecular corona of LNPs. In addition, a number of studies
have reported analyses of the biomolecular corona via LNP
purification from biological fluid using only simple centrifu-
gation or SEC.*”™° Criteria assuring the quality of the samples
measured are considered to be future issues. From another
perspective, it has also been noted that the results of analyses
differ depending on the facility under which the proteome
analysis is performed, and comparisons between independent
reports should understandably proceed with caution.*®

2.2. Physicochemical properties of LNPs that affect the
in vivo fate: impact of the lipid library

LNPs are typically composed of ionizable lipids, phospholi-
pids, cholesterol, and PEG-lipids. As mentioned above, the
in vivo fate of LNPs is controlled by the chemical structure of
the lipid components. In this section, the effects of ionizable
lipids and phospholipids are described, and the effects of the
fundamental physicochemical properties such as charge and
particle size also are discussed.

Phospholipids are the structural lipids in LNPs, and are pre-
ferentially localized at the interface of LNPs due to their rela-
tively bulky hydrophilic head group.*! Therefore, their chemi-
cal structure and content has a significant impact on the inter-
facial properties of the LNPs. Chander et al. found that when
the phospholipids in LNPs were replaced with egg sphingo-
myelin (ESM), their content could be increased by 40 mol%,
which resulted in decreases and increases in functional mRNA
delivery in the liver and secondary lymphatic tissues (spleen
and bone marrow), respectively, compared with LNPs contain-
ing the typical 10 mol% of 1,2-distearoyl-3-sn-glycero-phospho-
choline (DSPC).** The ESM improved both blood stability and
blood half-life, which is attributed to increases in the opportu-
nities for mRNA delivery into extrahepatic tissues. Hashiba
et al. compared DSPC content from 5 to 25 mol% and found
that LNPs containing 25 mol% DSPC improved the functional
mRNA delivery to extrahepatic tissues, including the spleen,

© 2025 The Author(s). Published by the Royal Society of Chemistry

the lungs, and kidneys.*? Substitution of DSPC with DSPG bio-
centrically tilts the selectivity of LNPs towards reticuloendothe-
lial system (RES) cells, which includes liver sinusoidal endo-
thelial cells (LSECs) and Kupffer cells.** Since phospholipids
are also involved in the pH-change-induced reorganization of
LNPs and have significant impact on the level of functional
mRNA delivery,*® the role of phospholipids in enhancing func-
tion and diversifying applicability of the LNPs will be signifi-
cant in the future.

Recently, Fei et al. proposed a SELECT platform (simplified
LNP with engineered mRNA for cell-type targeting), which is
different from the usual LNP without phospholipids, that can
still deliver mRNA to the lung effectively.*® They started from a
5-component system (SM-102, DOTAP, DSPC, Chol, PEG) and
found no effect of DSPC on the transfection activity in the
lung. They examined a 4-component system (SM-102, DOTAP,
Chol, PEG) excluding DSPC, and found no effect of cholesterol.
Finally, they found that a 3-component system (SM-102,
DOTAP, PEG) can exert the highest transfection activity in the
lung compared to those of the 4- and 5-component systems.
Therefore, the precise role of phospholipids in the transfection
activity of mRNA should be carefully examined in each tissue
of concern with specified ionizable lipids.

The apparent value for the acid dissociation constant (pK,)
of LNPs could be controlled depending on the chemical struc-
ture of the ionizable lipids.*”*® The pK, is an important prop-
erty for functional RNA delivery, and has an optimal range of
6.2-6.5 in the liver.*® Sato et al. have developed various ioniz-
able lipid libraries with a wide range of pK, values, and
reported the effects on both the cell and tissue selectivity of
LNPs. Comparisons of the intrahepatic distribution of LNPs
with different pK, values have shown that LNPs with a pK,
below 6.0 selectively accumulated in liver parenchymal cells,
and showed a significant change in selectivity towards liver
sinusoidal endothelial cells (LSECs) and even Kupffer cells
with increases in the pK,."”” Modulation of the pK, by a combi-
nation of two ionizable lipids with different pK, values results
in similar LSEC-specific accumulation and gene silencing after
siRNA delivery, suggesting that the LSEC-tropic properties of
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the LNPs are pK,-dependent rather than ionizable lipid chemi-
cal structure-dependent.’® Compared with the aforementioned
DSPG-LNPs, the signs of the charges are opposite, which
suggests different accumulation mechanisms. By using our
original ionizable lipid library, Younis et al. showed that acti-
vated hepatic stellate cells (aHSC) efficiently take up LNPs with
a pK, of around 7.>°' This pK, range is similar to what is
optimal for LSECs, but the use of 1,2-dioleoyl-3-sn-glycero-
phosphoethanolamine (DOPE) as a phospholipid was also
important. Interestingly, the same LNPs were also shown to be
spleen-tropic in healthy mice, but aHSC-tropic only in liver-
fibrosis models. This phenomenon could be due to changes in
the biomolecular corona associated with plasma proteome
changes during pathological conditions (i.e., changes in the
biological identity of LNPs), as described above. Furthermore,
Hashiba et al. developed an ionizable-lipid library that focuses
on branched scaffold structures, which includes the total
carbon number and symmetry. The results found in this
library suggest that the symmetry of branching significantly
contributes to physical stability during storage and fusogeni-
city. Interestingly, these results suggest that the structure of
ionizable lipids, specifically the total carbon number of
branched scaffolds, significantly changes the tissue tropism of
functional mRNA delivery between the liver and the spleen.’
The fact that the head structure of ionizable lipids is constant
and that there is no significant difference in the pK, of LNPs
suggests that any change in biological identity could be due to
changes in membrane fluidity or to other physicochemical
properties.

The particle size of LNPs has a significant impact on func-
tional RNA delivery, and reducing the diameter of LNPs to
below ~50 nm significantly reduces the level of functional
RNA delivery, which is only observed in the presence of
serum.*”*>** While this could be explained as membrane
destabilization due to sparse lipid packing and increased inter-
facial energy with decreasing particle size, differences in the
biomolecular corona are also suggested. Indeed, the effect of
particle size on the biomolecular corona of nanoparticles
made of various materials has been clarified.”>”® In particular,
the larger the particle size, the greater the amount of protein
adsorbed and the thicker the corona layer.”> A correlation
between the amount of protein and cellular uptake has also
been reported. Adsorption of immunoglobulin also results in a
complement reaction on the nanoparticle interface, which pro-
motes uptake into phagocytes (i.e., clearance from the blood)
via the complement pathway.’”*® We have shown that the par-
ticle size of RNA-loaded LNPs could be largely controlled by
adjusting either the amount of PEG modification or the salt
concentration during the manufacturing process, which leads
to increased levels of functional RNA delivery to peritoneal
macrophages or to splenic dendritic cells following either
intraperitoneal or intravenous administration,
respectively.’®®! Kranz et al. have shown that mRNA-lipoplexes
with diameters of approximately 200 nm, and without ligand
decoration, efficiently delivered mRNA into splenic dendritic
cells, and clinical trials are underway by BioNTech as mRNA
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cancer vaccines for melanoma patients.®>®® The particle size
of mRNA-LNPs also appears to influence the induction of
antigen-specific antibody expression following intramuscular
administration.®*

Thus, the chemical structure and physical properties are
positively correlated with the in vivo fate of nanoparticles. An
understanding of the biomolecular corona reveals these corre-
lations. The chemical space of nanoparticles is practically infi-
nite, and currently only a small fraction of it has been
explored. Although this indicates the enormous potential of
nanoparticles, it would be difficult to randomly explore all of
them. It is important to search for nanoparticle formulations
that show efficient and wuseful properties via biocentric
approaches and machine learning based on inspiration from
researchers.

3. Modifying nanocarriers for ligand-
free targeting of specific cellular
populations: a successful case study

Tremendous efforts have been exerted toward understanding
the mechanisms and composition of nanomedicines-associ-
ated protein coronas, as well as the impact of this phenom-
enon on the in vivo fate of nanocarriers, which includes their
stability, biodistribution, and biosafety.®>*® A growing amount
of evidence shows that the composition of the protein corona
varies depending on the nature of the nanocarrier, which sub-
sequently affects the in vivo performance of the nanocarrier in
question. Thus, the concept of protein corona-based targeting
has come to the forefront."”®” By modifying the composition
and physico-chemical properties of nanocarriers, the nature of
the protein corona can be manipulated to harness the
endogenous transport pathways for a ligand-free targeting of
the cells in question. Thus, the necessity of attaching targeting
ligands to the LNPs could be eliminated to promote the scal-
ability and clinical translatability of the developed nano-
carriers.'’ This concept could be applied to target certain
tissues (e.g., liver, spleen, or lung), or even to selectively target
specific cellular populations within the tissue of interest.

Liver fibrosis is a chronic disorder that can proceed into
irreversible and life-threatening complications. Activated
hepatic stellate cells (aHSCs) are the fundamental players in
the development and progression of liver fibrosis. In response
to a chronic liver injury, the hepatic stellate cells transform
from a quiescent phenotype (qHSCs) into activated myofibro-
blasts (aHSCs), with a subsequent deposition of extracellular
matrix (ECM).®®®° While gene therapy sounds promising for
the treatment of liver diseases, the gene delivery to aHSCs is a
challenging process owing to the stroma-rich microenvi-
ronment of a fibrotic liver that restricts the access of nano-
carriers to their target cells.”” Moreover, the hard-to-transfect
nature of fibroblast-based aHSCs is a formidable barrier to
efficient gene transfer.”! Furthermore, the vast majority of the
reported drug-delivery systems to aHSCs have relied on ligand-

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5pm00079c

Open Access Article. Published on 22 July 2025. Downloaded on 3/3/2026 2:11:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

based approaches (e.g., targeting peptides, retinoid derivatives,
or antibodies) that exert a negative impact on the in vivo stabi-
lity and pharmacokinetic performance of such systems.”"”?
We introduced a novel concept for the ligand-free targeting
of aHSCs via the use of a protein corona-based approach for
the gene therapy of liver fibrosis, which is outlined in Fig. 2.
To develop this approach, a library of molecularly diverse
ionizable lipids was recruited for the delivery of either mRNA
or siRNA to aHSCs, both in vitro and in vivo. A microfluidic
device, which is referred to as an invasive lipid nanoparticle
production device (iLiNP), was applied to achieve scalable and
precise control of the physico-chemical properties of the pro-
duced LNPs. Interestingly, the apparent acid dissociation con-
stant (pK,) of the LNPs was found to play a pivotal role in
determining the intrahepatic tropism of the LNPs,”® where a
semi-neutral pK, (~7.25) favored aHSCs, but an acidic pk,
(5.8-6.7) was more favorable for hepatocytes. Subsequently,
two ionizable lipids, CL15A6 and CL15H6, were recognized for
their high selectivity to aHSCs. In addition, the particle size of
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the LNPs was a key factor in determining the RNA delivery
efficiency to aHSCs in vivo, where a sub-hundred nm size was
essential for an efficient penetration through the stroma
barrier of the fibrotic liver, which emphasized the value of
recruiting microfluidics technology in the preparation of LNPs
that encapsulate RNA therapeutics.>”' Moreover, the nitrogen/
phosphate (N/P) molar ratio, by which ionizable lipids and
RNA are mixed, had a substantial impact on the RNA delivery
efficiency. An optimum N/P ratio was required to achieve a
balance between the RNA encapsulation efficiency, the endo-
somal escape capability, and bioavailability of the RNA cargo.
Low N/P ratios resulted in poor packaging of the RNA cargo in
question, particularly that of mRNA. Furthermore, LNPs with
low N/P ratios demonstrated a poor level of functional RNA
delivery efficiency, probably because of their low endosomal
escape capabilities, which is the critical factor that determines
the fate of a nucleic acid payload following the cellular uptake
process. High N/P ratios also had a negative impact on the
RNA delivery efficiency, owing to the extensive packaging of
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Fig. 2 A schematic of a novel strategy to reprogram aHSCs and reverse liver fibrosis using self-homing LNPs. The composition of LNPs and their
physico-chemical properties were tweaked using a combination of ionizable lipids and helper lipids. Following intravenous administration, the LNPs
harness endogenous serum proteins to generate a protein corona that houses aHSCs in a fibrotic liver. Tuning the particle size using a microfluidic
device allows LNPs to penetrate the stroma-rich microenvironment and access their target. Subsequently, the LNPs deliver a cocktail of siRNAs to
reprogram aHSCs into qHSCs and reverse liver fibrosis. The figure is adapted from Younis et al.,>>* with permission from Elsevier (Copyright 2023,

Elsevier).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the anionic RNA, which limits its intracellular release and
availability.”* The results revealed that an N/P ratio of 8-12 is
optimum for mRNA delivery to aHSCs. Meanwhile, a lower N/P
range of 4-8 is favorable for siRNA delivery. The discrepancies
of the optimum parameters between mRNA and siRNA could
be attributed to the different molecular size, which affects
their packaging into the LNPs and their subsequent intracellu-
lar release from them. It is also noteworthy that the mRNA-
loaded LNPs had a larger particle size (~80 nm) compared
with that of their siRNA-loaded counterparts (~50 nm), which
subsequently affects the surface area of LNPs, and potentially
affects the nature of the protein corona adsorbed to them.>>!
Eventually, the helper lipids incorporated into the LNPs dra-
matically affect their in vivo performance. LNPs incorporating
phosphoethanol amine derivatives of either 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) or 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine (DPPE) were superior to those
with a phosphatidyl choline moiety. This probably could be
attributed to their ability to undergo conformational tran-
sitions from lamellar to inverted hexagonal orientations,
which promotes interactions with the endosomal membrane
and subsequently the capability for endosomal escape.”>”®
Interestingly, incorporating phosphatidyl cholines into the
LNPs shifted their tropism from aHSCs to hepatocytes, where
the unsaturated derivative 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC) demonstrated a higher efficiency compared
with that of the saturated derivative 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC).*!

Following the systematic optimization described above, self-
homing LNPs were generated with high selectivity and efficient
RNA delivery to aHSCs. Mechanistic investigations have
suggested that such LNPs are delivered to the liver via apolipo-
protein E (ApoE)-independent machinery, and are potentially
recognized by endogenous platelet-derived growth factor
(PDGF), which is elevated in the serum in the case of fibrotic
diseases. Subsequently, the LNPs are taken up by aHSCs
through overexpressed platelet-derived growth factor receptor
beta (PDGFRP) via clathrin-mediated endocytosis. The admin-
istration of monoclonal antibodies targeting PDGFRf prior to
the administration of LNPs reduced the RNA functional deliv-
ery efficiency by approximately 90%, which supports the above
hypothesis.’

Finally, the abovementioned LNPs were loaded with a cock-
tail of siRNAs targeting smoothened homologues (SMO) and
transforming growth factor beta 1 (TGFf1) signaling in aHSCs.
Therapeutic assessment in mice undergoing thioacetamide
(TAA)-induced liver fibrosis revealed a significant reversal of
liver fibrosis and restoration of normal liver functions.
Analysis of the glioma-associated transcription factors (GLI)
suggested the reprogramming of aHSCs into qHSCs by the
simultaneous knockdown of Hedgehog (Hh) and TGFp1 cas-
cades, which are the key pathways involved in the activation of
hepatic stellate cells.”” Meanwhile, single-target monothera-
pies showed partial amelioration of the fibrotic status, but
failed to accomplish the therapeutic goals or restore the
healthy status of the liver.>"
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4. Protein corona-mediated extra-
hepatic delivery

Extra-hepatic delivery is an important issue in the field of
DDS. Tissue-selective delivery using specific ligands is the
main strategy, which is based on receptor-mediated
endocytosis.”'® Recently, there has been increasing research
studies regarding tissue-selective delivery without attaching
specific ligands, via the recruitment of endogenous
ligands."* ' Such a strategy is considered to be based on the
inter-organ trafficking mechanisms in the human body.
Herein, we summarize information from the literature on
tissue-selective delivery of nanoparticles without the use of
specific ligands. In some cases, the endogenous ligands have
been clarified. However, in others, no information is available
concerning the precise mechanism of tissue-selective delivery
and future analysis is required.

4.1 Spleen targeting

Specific and efficient delivery of therapeutic agents such as
RNA into the spleen is a key technology for the treatment of a
variety of diseases such as cancers, infectious diseases, auto-
immune disorders, and all immune-related conditions. The
addition of 20-30 mol% of the negatively charged phospholi-
pids that include either phosphatidic acid (PA) or bis(monoa-
cylglycerol)phosphate (BMP) as a fifth lipid component has
been used to significantly change the selectivity of LNPs from
the liver to the spleen, which is referred to as selective organ
targeting (SORT).”® B2-Glycoprotein I (B2-GPI) is preferentially
adsorbed by spleen-tropic LNPs and increases cellular uptake
into macrophage cell lines, while apolipoprotein E (ApoE) is
most frequently adsorbed by hepatotropic counterparts
(Fig. 3).® B2-GPI is known to bind phosphatidylserine (PS),
which is a negatively charged phospholipid that is exposed as
senescent red blood cells promote their clearance by splenic
macrophages. This suggests that spleen-targeting SORT LNPs
tend to target macrophages. However, further quantitative
examination of uptake and gene expression at the cellular level
has yet to be conducted. The spleen-targeting SORT LNPs had
a lower apparent pK, that fell between 2 and 6. Kranz et al.
carefully tuned the charge ratio between mRNA and cationic
lipid 1,2-di-O-octadecenyl-3-trimethylammonium propane
(DOTMA) of an mRNA-lipoplex (RNA-LPX) formulation to
achieve a negative net charge. A negatively charged RNA-LPX
specifically induced gene expression in the spleen, whereas its
cationic counterpart accomplished this in the lungs, as
reported elsewhere. Although the mechanism for targeting the
spleen was not elucidated, unknown adsorbed proteins could
act as endogenous ligands. Furthermore, Luozhong et al
reported that the incorporation of 5 mol% PS into DLin-MC3-
DMA (MC3)-based mRNA-loaded LNPs dramatically improved
gene expression in secondary lymphoid organs such as the
spleen and lymph nodes.”” The expression levels of the
PS-LNPs were significantly higher than that of negatively
charged  phospholipid 1,2-dioleoyl-sn-glycero-3-phosphate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The mechanism of SORT LNP tissue targeting, including the formation of unique protein coronas. Dilliard et al. investigated protein coronas
formed on the SORT LNPs. f2-GPI and vitronectin were determined to be the most abundant of proteins, and act as endogenous ligands for target-
ing the spleen and lungs, respectively. (A) A proposed three-step endogenous targeting mechanism for tissue-specific mRNA delivery by SORT LNPs
in which 1) PEG lipid desorption 2) enables distinct plasma proteins to bind SORT LNPs, 3) resulting in cellular internalization in the target tissues by
receptor-mediated uptake. (B) Ex vivo bioluminescence of major organs excised from C57BL/6 mice IV injected with liver, spleen, and lung SORT
LNPs incorporating either sheddable PEG lipids (C14-PEG,) or less sheddable PEG lipids (C18-PEG,y) (0.1 mg FLuc mRNA/kg body weight, 6 h).
Total luminescence produced by each organ is reduced when less sheddable PEG lipid is used, suggesting that PEG lipid desorption is a key process
for efficacious mRNA delivery by SORT LNPs. (C) Quantification of total luminescence produced by functional protein translated from FLuc mRNA in
target organs of C57BL/6 mice IV injected with liver, spleen, and lung SORT LNPs incorporating either C14- or C18-PEG,k (0.1 mg FLuc mRNA/kg
body weight, 6 h). (D) ELISA quantification of serum hEPO in C57BL/6 mice treated with liver, spleen, or lung SORT LNPs encapsulating hEPO mRNA
(0.1 mg hEPO mRNA/kg body weight, 6 h). Using a less-sheddable PEG reduces SORT LNP potency. (E) SDS—PAGE of the plasma proteins adsorbed
to the surface of mDLNP, liver SORT, spleen SORT, and lung SORT LNPs. LNPs with different organ-targeting properties bind distinct plasma pro-
teins. (F) The average abundance of proteins with distinct biological functions in the protein coronas of mDLNP and liver, spleen, and lung SORT
LNPs. The choice of SORT molecule leads to large-scale differences in the functional ensemble of plasma proteins which bind the LNP. (G)
Isoelectric point distribution for the most enriched proteins which constitute 80% of the protein corona of the LNPs. A SORT molecule’s headgroup
structure influences the pl distribution of the protein corona. (H) The top five most abundant plasma proteins that bind different SORT LNPs (n = 3).
The chemical structure of SORT molecule affects the number one plasma protein that is most highly enriched on the surface of SORT LNPs. Data
are shown as mean + SEM. Statistical significance was determined using an unpaired two-tailed Student's t test (*P < 0.05). The figure is reproduced
from Dilliard et al.*** with permission from Natl. Acad. Sci. USA (Copyright 2021, Natl. Acad. Sci. USA).

(18PA)-incorporated LNPs (consistent with the above-men-
tioned spleen-targeting SORT LNPs), suggesting that PS acts as
an efficient targeting lipid for secondary lymphoid organs.
Although endogenous ligands were not empirically elucidated
in this study, it is possible that the aforementioned p2-GPI acts
as a ligand to target secondary lymphoid organs.

Based on these results, recent approaches to LNP-based
spleen targeting has highly depended on the surface charge,
which includes several conditions such as the use of ionizable
lipid with a lower apparent pK, value, the formation of RNA-
rich lipoplexes to achieve a negative net charge, and the incor-
poration of negatively charged phospholipids. However, an
excessive negative charge decreases the functional delivery of

© 2025 The Author(s). Published by the Royal Society of Chemistry

mRNA due to electrostatic interactions with cationically
charged lipids, which leads to an inhibition of endosomal
escape. Therefore, with the exception of surface charge, an
alternative targeting strategy is desirable. Fenton et al. suc-
ceeded in developing an ionizable lipid, OF-Deg-Lin, that is
capable of delivering mRNA into splenic B lymphocytes.®®
Interestingly, intravenous injection of the OF-Deg-Lin LNPs
resulted in spleen-specific gene expression, while mainly
accumulating in liver tissue. The LNPs were taken up into
splenic B lymphocytes at a level consistent with that of splenic
monocytes/macrophages. The OF-Deg-Lin LNPs showed an
apparent pK, value of 5.7, which is lower than the typical value
suitable for liver targeting. However, detailed targeting mecha-

RSC Pharm., 2025, 2,982-1002 | 989


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5pm00079c

Open Access Article. Published on 22 July 2025. Downloaded on 3/3/2026 2:11:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

nisms such as an endogenous ligand/receptor were not eluci-
dated. By contrast, Suzuki et al. recently developed an ioniz-
able tri-oleoyl-Tris (iTOT) library. iTOT lipids consist of bulky
unsaturated scaffolds similar to that of OF-Deg-Lin, and are
more hydrophobic than commercially available ionizable
lipids. The authors discovered that increasing the molar ratio
of DSPC dramatically suppressed and improved the functional
delivery of mRNA in the liver and spleen, respectively.
Although this was commonly observed when using both the
iTOT and commercially available ionizable lipids, TOT-5,
which is one of the iTOT lipids and showed a lower pK,,
achieved maximal spleen-specificity. This suggests a greater
level of hydrophobic and near-neutral surface properties,
which is important. It is noteworthy that the DSPC-rich formu-
lation resulted in greater levels of both hydrophobicity and
microviscosity, which resulted in LNP interface-adsorbed pro-
teins that are more conducive to initiating complement path-
ways compared with the action of apolipoproteins. As a result,
the DSPC-rich LNPs functionally delivered mRNA into splenic
B (particularly marginal zone B and MZB) cells via the C3b-
CD21/35 pathway, which induced MZB-mediated antigen-
specific anti-tumor immunity following intravenous injection
and enabled the development of safer intramuscularly admi-
nistered mRNA vaccines.®>®? In the same context, Younis et al.
reported that DSPC-rich (20 mol%) LNPs based on an ioniz-
able cationic lipid CL15H6, with a nearly-neutral surface
charge, tend to travel to the splenic dendritic cells post-intrave-
nous administration. This creates a potential application as an
anticancer vaccine that could demonstrate performance
superior to the clinically relevant formulation, RNA-lipoplex, at
the same dose.®® Although the precise mechanism of selecti-
vity remains under investigation, the complement pathway is
expected to contribute to the delivery of such LNPs, owing to
the presentation of DSPC at the surface of LNPs.*!

Diverse cell types in the spleen and lymph nodes play
different and important roles in the complicated immune
cascade, and little is known about target selectivity for diverse
cell types. While selective targeting to various immune cell
types is important, the formulation of design strategies that
focus only on relatively simple properties such as surface
charge will face limitations. The discovery of physicochemical
properties that could overcome these limitations and the devel-
opment of novel chemical spaces, as well as advances in high-
throughput screening technologies, are highly desirable.

4.2 Lung targeting

The lung is an important organ that is associated with cancer
(including metastases from other organs), respiratory infec-
tions, and genetic disorders, which makes it an attractive
target for mRNA delivery.

Fehring et al. have reported on the development of a lung-
tropic siRNA-lipoplex (DACC lipoplex) composed of their orig-
inal cationic lipid AtuFECTO01 (f-L-arginyl-2,3-i.-diaminopropio-
nic acid-N-palmityl-N-oleyl-amide trihydrochloride), chole-
sterol, and mPEG2000-DSPE (1,2-distearoyl-sn-glycero-3-phos-
phoethanol amine-N (methoxy (polyethylene glycol)-2000)) at a
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molar ratio of 70:29:1.%* The DACC lipoplex showed a highly
cationic property (zeta potential of 40-50 mV). When the
DACC lipoplex formulation was used to deliver siRNA to lungs
in an injected dose of 40% per gram of lungs, a reduction of
greater than 80% in Tie-2 mRNA was documented following
consecutive tail vein injections. Improved survival of a lung
metastasis model mouse was achieved via CD31 inhibition of
the lung tissue. An incorporation of 50 mol% of permanently
cationic lipid, either 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP), dimethyldioctadecylammonium (DDAB) or
1,2-dimyristoyl-sn-glycero-3-ethylphosphocholine (EPC), into
ionizable lipid-based LNPs was prepared to deliver mRNA into
lungs (referred to as lung-targeting SORT LNPs).”® The lung-
targeting SORT LNPs had a higher (>9) apparent pK,.
Proteomic analysis of a protein corona revealed an enrichment
of vitronectin (Vtn) on the lung-targeting SORT LNPs (Fig. 3).*®
Vtn has a RGD motif and is known as an endogenous ligand
against o,f; integrin. Further investigation revealed that vari-
ations in the chemical structure of both the hydrophobic
scaffold and the hydrophilic headgroup structures impact the
quality of functional mRNA delivery to the lungs.®® The lung-
targeting SORT LNPs were able to access lung epithelial cells,
which are located in the deeper tissues. This indicates the
potential for diverse therapeutic applications such as thera-
peutic protein expression and genome editing. The lung-selec-
tive delivery of mRNA encoding broadly neutralizing anti-
bodies against SARS-CoV-2 variants by utilizing the lung-target-
ing SORT technology has achieved significant expression of
the encoded human monoclonal antibody 8-9D in the lungs
and in bronchoalveolar lavage fluid (BALF).*® Standard liver-
tropic LNPs induce high levels of 8-9D antibodies in serum,
but have failed to achieve a sufficient concentration of anti-
bodies in BALF. This is because IgG itself lacks the ability to
translocate from the bloodstream to mucosal tissues.
Importantly, the lung-targeting LNPs exhibited nearly com-
plete protection against beta and Omicron BA.2 strain chal-
lenges, whereas their liver-targeting counterparts failed, clearly
suggesting the importance of controlled and efficient
expression of antibodies in the lungs. As such, the incorpor-
ation of permanently cationic lipids into ionizable-based LNPs
is a promising strategy for targeting the lungs. However, Omo-
Lamai et al. reported that the lung-targeting highly cationic
LNPs induce massive thrombosis in the lungs and other
organs.?” The thrombosis occurs through the binding of LNPs
and changes the confirmation of fibrinogen, activating both
platelets and thrombin. The fibrinogen-mediated dangerous
clotting could be addressed by pre-treatment/conjugation of
the direct thrombin inhibitor bivalirudin and a reduction in
the LNP size. Qiu et al. discovered that lipidoids with amide
bonds (N-series) can achieve lung targeting. However, those
with ester bonds (O-series) target the liver.>® In this system,
permanently cationic lipids are not required for lung targeting.
Proteomic analysis revealed enrichment of fibrinogen and
fibronectin on the N-series LNPs, suggesting these enriched
proteins contribute to lung targeting. However, as mentioned
above, fibrinogen binding potentially leads to blood clotting.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Indeed, the N-series LNPs increase the plasma levels of throm-
bin-antithrombin (TAT), which is a marker of recent clotting
in the same manner as the lung-targeting SORT LNPs.®’”
However, the N-series LNPs achieved induction of genome
editing in lungs after co-delivery of Cas9 mRNA and single-
guide RNA, which suggests its potential as a radical treatment
for lung-related genetic diseases. Xue et al. screened combina-
torially synthesized cationic degradable lipids for lung target-
ing in vivo utilizing DNA barcoding technology, and identified
top-performing lipid CAD9.*® The LNP-CAD9 exhibited
superior functional delivery of Cre mRNA to the lungs com-
pared with the MC3/DOTAP-based SORT LNPs. No information
was available in this study regarding either endogenous
ligands or apparent pK, values of the LNP-CAD9.

4.3. Brain targeting

The brain is often considered the most critical organ in the
human body due to its extensive range of functions, and its
role in essentially every aspect of human life. It acts as the
command center for the nervous system and regulates both
voluntary and involuntary actions, such as movement, heart
rate, and breathing. It is also responsible for higher-order
functions such as cognition, emotions, and decision-making,
which are essential for learning, memory, and personality.
Given its diverse and critical roles, any damage to the brain
could significantly impact a person’s quality of life, which
makes its protection paramount. Thus, the development of
brain-targeted therapeutics is gaining increasing attention as a
crucial need for improving human health, particularly in the
context of an aging global population.®**°

Targeting the brain for drug delivery is particularly challen-
ging due to several physiological and biochemical barriers,
with the blood-brain barrier (BBB) being the most formidable.
Regarding macromolecular brain delivery, innovative thera-
peutic modalities for various neurodegenerative diseases and
brain-related genetic disorders have been developed. These
include systemically administered AAV vector, Zolgensma,”
intrathecal ~ administered  antisense  oligonucleotides,
Nusinersen,®” the anti-amyloid beta antibody drug, aducanu-
mab,” and the transferrin (Tf) receptor-targeted antibody-
protein conjugate Pabinafusp Alfa.! Strategies using nano-
particles containing LNPs have also been studied, but most of
them involve active targeting in which ligand molecules such
as antibodies or sugars are presented on the nanoparticle
surface.”®*® These have not been implemented as drugs, and
one of the reasons is that the formation of a protein corona
inhibits their targeting ability. For example, Tf-conjugated
silica nanoparticles bound to serum proteins mask the surface
Tf, which reduces the targeting of Tf receptors.”” Another
study reports that polymeric nanoparticles modified with the
HIV-1 trans-activating trans-activator peptide and/or alpha
neural/glial antigen 2—which are known to cross the blood-
brain barrier (BBB) and target oligodendrocyte precursor cells,
respectively—are unable to cross the BBB, likely due to the for-
mation of a protein corona.’® Conversely, the formation of a
protein corona is a double-edged sword with respect to target-
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ing, and factors that function positively in brain delivery have
also been reported. Certain surfactant- or peptide-modified
nanoparticles (NPs), such as poly(ethylene glycol)-, polysor-
bate-, or amyloid p-protein (AB)-CN peptide-modified NPs, can
absorb apolipoproteins (Apos) like ApoE or ApoB, forming
Apo-rich protein coronas. These absorbed proteins interact
with lipoprotein receptors on the blood-brain barrier (BBB),
thereby facilitating NP entry into the brain.*®™%*

The following is an example of protein corona-mediated
brain targeting using systemically administered lipid-based
carriers. We also discuss the delivery of small molecules and
macromolecules through structural optimization of the con-
stituent lipids, although there is no mention of the impact of a
protein corona. One example of protein corona-mediated tar-
geting involves modifying the binding pattern of apolipopro-
teins on the surface of liposomes, which has been shown to
enhance accumulation in the brain and demonstrate thera-
peutic effectiveness in a mouse model of glioma.'®® This
report details how the liposomal surface was altered using a
short, non-toxic peptide derived from beta-amyloid (AP;_4).
This modification specifically targets the lipid-binding domain
of apolipoproteins to control their adsorption patterns. This
engineered liposomal system enables brain-targeting proteins
to associate within the bloodstream, effectively exposing their
receptor-binding domains on the liposomal surface as they cir-
culate. The second example highlights a study on the lipid
derivatization of the neurotransmitter (NT) tryptamine. LNPs
containing these lipid derivatives were used for the delivery of
small molecules, antisense oligonucleotides (ASO), and pro-
teins to the brain via systemic administration.'®> The authors
selected three types of NTs—dimethyltryptamine, phenethyl-
amine, and phenylethanolamine—and synthesized NT-derived
lipidoids (NT1: dimethyltryptamine, NT2: phenethylamine,
NT3: phenylethanolamine). They examined brain accumu-
lation of these lipidoid-incorporated liposome-like nano-
particles using fluorescent labeling, which showed that NT1-
lipidoids enhanced brain accumulation more effectively than
either NT2- or NT3-lipidoids. NT1-lipidoid nanoparticles com-
bined with various lipids were used to deliver classic polyene
antifungal drugs (amphotericin B), tau-ASO, and GFP-Cre
fusion proteins to the brain. A possible mechanism of BBB
permeation by serotonin receptors and other receptors
expressed in brain vascular endothelial cells has been con-
sidered, but the details of this mechanism are unknown.
Other reports also have screened for brain-targeted LNPs using
ionizable lipid libraries conjugated with neuroprotective
factors (vinpocetine, berberine) or small molecule ligand struc-
tures (1-DOPA, p-serine, temozolomide, tryptamine, cinnamic
acid, MK-0752) that are able to pass through the BBB.'%*'°
These strategies are distinct in their simplicity of design com-
pared with that of more complicated methods of modifying
antibodies and other ligand molecules on the surface of nano-
particles. Furthermore, mRNA is known to be delivered to cer-
ebral vascular endothelial cells without the use of targeting
ligands, simply by altering the type and composition of lipids.
However, the role of the protein corona is not discussed, and
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details of the mechanism remain unknown.'’® The influence
of the protein corona on brain delivery and the BBB per-
meation mechanism are still relatively new research areas, but
are being vigorously studied, with progress
expected. %719

future

4.4. Tumor targeting

“Passive targeting” that relies on the enhanced permeability
and retention (EPR) effect to deliver nanoparticles to the
tumor tissues has been extensively reported in the literature.
Nevertheless, the EPR effect has recently faced a growing
number of critics, owing to discrepancies in the tumorous vas-
culature of experimental animals (mainly mice) and humans,
as well as the high levels of inter-patient variability, which
have collectively led to the clinical failure of a substantial pro-
portion of the investigated nanotherapeutics."'® On the other
hand, “active targeting” that relies on the attachment of target-
ing ligands (e.g., peptides, sugars, or antibodies) to the surface
of the nanocarriers has encountered several obstacles that
hamper its clinical translation, including poor pharmacoki-
netics, poor ex vivo and in vivo stability, and low scalability,
despite promising results in basic research.'* Therefore, inno-
vative targeting strategies are needed to address the shortcom-
ings of the two aforementioned approaches that have domi-
nated the literature for decades. Herein, the protein corona-
based approach provides a promising alternative.''* A protein
corona can exert two-edged roles in the area of tumor target-
ing. If the protein corona consisted mainly of dysopsonins
such as lipoproteins and albumin, this would promote the
escape of nanoparticles from the RES and increase the possi-
bility of their tumor accumulation. In addition, some com-
ponents of the protein corona are recognized by certain recep-
tors on cancerous cells, which thus promotes tumor targeting.
On the other hand, if the major components of a protein
corona are opsonins (e.g., coagulation proteins, complement,
and immunoglobulins), this would reduce the circulation time
of the nanoparticles and reduce their chance to reach the
tumor tissue. Moreover, the protein corona tends to increase
the particle size of nanocarriers, which negatively impacts
their ability to extravasate and penetrate tumors."*>

A classic understanding of active targeting has attributed
the mechanism of nanoparticle delivery to the tumor solely to
the binding of the targeting ligand to its target receptor on the
cancer cells. However, we recently demonstrated a different
perspective. Upon decorating an LNP formulation with SP94
peptide, which has a strong selectivity to hepatocellular carci-
noma cells (HCC), the LNPs demonstrated a highly selective
delivery of siRNA to HCC in vitro.""® On the contrary, such a
formulation failed to induce significant gene silencing in the
tumor tissue in vivo. Our systematic optimization revealed that
the targeting ligand is not the sole player that affects the
in vivo fate of the nanocarriers. Indeed, the composition and
physico-chemical properties of the nanocarriers may exert
more important roles. In a stroma-rich tumor model like HCC,
ultra-small lipid nanoparticles (usLNPs) with an average par-
ticle diameter of 60 nm exerted powerful gene silencing activity
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in comparison with larger particles, owing to their high capa-
bility of penetrating the tumorous microenvironment. In
addition, the inclusion of a low ratio of PEG-lipid derivative
into usLNPs filled the gaps in the curved surface of the small-
sized nanoparticles, which subsequently masked their reco-
gnition by apolipoprotein E (ApoE) and reduced their off-target
delivery to healthy liver tissues. Furthermore, the ratio of the
ionizable lipid and the nature of the helper lipid incorporated
into the LNPs had a dramatic impact on their tumor-specific
siRNA delivery efficiency.”®

Another approach in the same context involves the syn-
thesis and screening of huge libraries of molecularly diverse
biomaterials, through which the structure-activity relationship
(SAR) of such materials could be understood, and materials
with intrinsic tumor-homing properties could be identified.
Siegwart’s group synthesized a library of 1500 biodegradable
materials via sequential orthogonal reactions, where biode-
gradability was imparted through the introduction of metabo-
lically labile ester bonds, and molecular diversity was applied
in the cores and peripheries. A candidate, 5A2-SC8, succeeded
in achieving a potent siRNA delivery in mice bearing an aggres-
sive MYC-driven HCC model. Moreover, it specifically delivered
a tumor-suppressor microRNA, let-7 g, which attenuated tumor
growth and improved the survival rate of the mice in
question.'**

Furthermore, functionalization of the nanocarriers with
bioinspired or biomimetic materials could generate an “artifi-
cial” protein corona that affects their in vivo fate. Huang et al.
functionalized nanoparticles with clusterin (Apo J) to serve as
an artificial protein corona, which reduced the hepatic and
splenic distribution of the nanoparticles and improved their
tumor accumulation.'™® In another study, Pan et al. reported
that the modification of nanocarriers with bovine serum
albumin (BSA) increases their homing to the tumor endo-
thelial cells via the albumin receptor, gp60."*® Cell-derived
coatings have also been investigated. For example, in their
natural setting, red blood cells (RBCs) evade RES through the
activation of an inhibitory molecule on the surface of macro-
phages, which is referred to as “signal regulatory protein alpha
(SIRPx)”. Therefore, functionalization of the nanoparticles
with RBC membranes is known to prolong their circulation
time by 10-fold compared with the classic PEG coatings.'®'"”
Similarly, Zhuang et al harnessed a platelet membrane
coating to selectively deliver siRNA against survivin genes in a
mouse model of breast cancer.''

4.5. Kidney targeting

The kidney is an important organ for eliminating drugs from
the human body, particularly that of small molecular weight
compounds. The functional unit of the kidney is a nephron
that filters blood to urine via a sieve composed of three layers:
an endothelium of glomerular capillaries (70-100 nm), a glo-
merular basement membrane (GBM: 8-10 nm), and a filtration
slit between podocytes (4-30 nm)."*® Therefore, the size of
nanoparticles is a critical factor in determining the fate of
nanoparticles in the kidney, as summarized in Fig. 4.
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Ultra-small size (<2 nm). Interestingly, ultra-small size nano-
particles (<2 nm) are known to become trapped by the endo-
thelial glycocalyx, the GBM, and podocytes.*°

Small size (5-30 nm). The smallest nanoparticles are filtered
by the glomerulus to the urine. In healthy mice, the cut-off
size in glomerular filtration is approximately 10 nm, but this
increases up to 30 nm in Adriamycin-damaged kidneys."**

Small size (30-130 nm). Size-dependent delivery to mesangial
cells has been reported using PEGylated gold nanoparticles
between 26 and 167 nm. Transmission electron microscopy has
revealed that 75 nm is the optimum size to target mesangial cells
in healthy mice.'*” The mesangium is a space outside the capillary
lumen that is surrounded by capillaries that are surrounded by
GBM, as shown in Fig. 4. Similar size-dependent delivery to
mesangial cells was also reported using albumin nanoparticles
(ANs) that are between 75 and 130 nm in size, with 95 nm proving
to be optimum for the highest rate of delivery to the mesangial
cells. All three sizes of ANs should theoretically pass freely through
the endothelial fenestrations and enter the mesangium.'*

Intermediate size (100-200 nm). This size range of nano-
particles cannot be filtered and pass through the glomeruli to
reach the peritubular capillaries. However, PEGylated iron oxide

© 2025 The Author(s). Published by the Royal Society of Chemistry

1., **° with permission from John

cubes/clusters with diameters of 140 nm were excreted in urine
via tubular epithelial cells rather than through glomerular fil-
tration. Intravital microscopy analysis has revealed the transpor-
tation mechanism: nanoparticles pass through glomeruli to
reach the peritubular capillaries, and some of them are endo-
cytosed/exocytosed by endothelial cells to the tubulointerstitium,
where they are endocytosed/exocytosed by the proximal tubule
epithelial cells."** These conditions suggest that endogenous
ligands play an important role in endocytic uptake by both peri-
tubular endothelial cells and proximal tubule epithelial cells.
Large size (300-400 nm). Polymeric mesoscale nanoparticles
(MNPs) have been examined intensively, and found capable of
targeting the tubular epithelium with a 26-fold specificity com-
pared with that of other organs.'”® Di-block polymers poly
(lactic-co-glycolic acid) conjugated to polyethyleneglycol with
diameters of 300-500 nm were localized in proximal tubular
epithelial cells. Researchers believe that MNPs are not filtered
by glomerular filtration and reach the peritubular capillaries,
whereupon they are transcytosed across the tubular endo-
thelial cells to reach the proximal tubular epithelial cells."*®
Further study is required to prove this transport mechanism,
as well as to identify the protein corona that could be the
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cause of this surprising mechanism. Han et al. synthesized
triptolide-loaded mesoscale polydopamine melanin-mimetic
nanoparticles (MeNP'",) as both an antioxidant and an anti-
inflammatory therapeutic platform to synergistically scavenge
reactive oxygen/nitrogen species, and inhibit the activity of
macrophages and dendritic cells to generate Treg cells for
acute kidney injury therapy.'”” The underlying mechanisms
that target kidneys without using a specific ligand should be
clarified in the near future. This phenomenon, however, could
also be further evidence for protein corona-mediated active
targeting.

The surface charge of nanoparticles is also an important
parameter in glomerular filtration. The filtration barrier has a
strong negative charge from heparan sulfate in the glycocalyx
and anionic proteoglycans on the GBM. These exert a strong
repulsive force on the negatively charged particles, which pre-

the glomerular passage of negatively charged
128

vents
particles.

Shape is another important factor that helps determine the
efficiency of glomerular filtration."*® Disk or rod-like nano-
particles have longer circulation times compared with that of
spherical nanoparticles because it is easier for macrophages to
internalize spherical shapes due to the higher probability of
interactions with the high curvature of membranes. Single-
walled carbon nanotubes with a molecular weight of
~350-500 kDa, a length of 100-500 nm, and a diameter of
1.2 nm were found to be similarly cleared via glomerular fil-
tration.”” As long as nanoparticle width is below the size
cutoff (~10 nm), different lengths follow an order of magni-
tude for clearance via glomerular filtration.

4.6. Placenta targeting

The placenta is considered an important organ from the view-
point of mRNA medicine, since pre-eclampsia affects 3-5% of
all pregnancies and is a leading cause of maternal and fetal
morbidity."*° Although mRNA delivery of VEGF via viral
vectors has shown positive results in preclinical studies, there
are serious problems to be solved before clinical translations,
such as immunogenicity, non-specific delivery and packaging,
and manufacturing limitations can be resolved.’*® Several
studies have been reported on LNP as an expected technology,
where they used a strategy of two-stage screening from in vitro
screening to in vivo optimization."*"**?> Recently, a new strat-
egy of in vivo screening using DNA barcodes (b-DNA) without
the need for in vitro screening has been reported.’*® The
authors proposed endogenous ligand-mediated delivery to the
placenta. A library of ionizable lipids was synthesized via an
Sx2 reaction between epoxide tails (C12/14/16) and eight polya-
mine cores. This 98-LNP library of 24 ionizable lipids was con-
structed by changing lipid formulations, including C12-200
and DLin-MC3-DMA as liver-tropic LNP references. In two
models of pre-eclampsia induced by inflammation or hypoxia,
LNP55 encapsulating mRNA of VEGF cured maternal hyperten-
sion and fetal health, and improved the serum level of the
clinical biomarker-soluble Fms-like tyrosine kinase-1. f,-

996 | RSC Pharm., 2025, 2, 982-1002

View Article Online

RSC Pharmaceutics

Glycoprotein I (B,-GPI) is suggested as an endogenous ligand
for placenta-targeting LNP55."33

4.7. Pancreas targeting

The pancreas is a small visceral secretory gland that plays vital
roles in digestion and metabolism, particularly through the
secretion of insulin and glucagon hormones that regulate the
blood glucose level. Subsequently, targeting the pancreas
holds promise for the treatment of various metabolic dis-
orders, such as diabetes mellitus and obesity."** In addition,
pancreatic cancer is one of the most aggressive life-terminating
cancers.””” Despite its clinical significance, there have been
very few studies in the literature targeting the pancreas, prob-
ably because of the difficulty in achieving selective drug deliv-
ery to it through non-invasive routes.'*®

In an interesting recent study, Whitehead’s group reported
a successful strategy for the selective delivery of mRNA to the
insulin-producing pancreatic f cells via the use of intra-perito-
neally (IP)-administered LNPs. These LNPs were formulated
using a combination of structurally diverse ionizable lipids
(lipidoids) and helper lipids, where the incorporation of a cat-
ionic helper lipid, DOTAP, improved the efficiency of mRNA
delivery to the pancreas. Interestingly, mechanistic investi-
gations suggested that LNPs were first taken up by peritoneal
macrophages, which subsequently facilitate the pancreatic
delivery of mRNA through an exosome-mediated horizontal
gene transfer.”?”

In another study, Shen and co-workers reported on the
delivery of interleukin-12 (IL-12)-encoding mRNA to an ortho-
topic model of pancreatic ductal adenocarcinoma following
the IP administration of LNPs based on a cationic lipid, P6CIT,
and a mixture of cholesterol, DSPC, and DMG-PEG 2000 as
helper lipids. The composition of LNPs was optimized using
the Design-of-Experiments (DoE) approach. The developed
therapy succeeded in the immunological reprogramming of
the tumor microenvironment from a “cold” to a “hot” micro-
environment, with a subsequent efficient eradication of the
tumor.'*® Although the precise mechanism of the LNP delivery
to the spleen was not revealed in this study, peritoneal macro-
phages could have played a role in mediating such a delivery,
in a manner similar to that of the above-mentioned study.

4.8. Bone marrow targeting

While many previous studies have reported the targeting of
endothelial cells in livers and lungs using LNPs, targeting
bone marrow endothelial cells (BMECs) has been considered
unreachable through systemic administration. BMECs modu-
late the signaling of pericytes, immune cells, and hematopoie-
tic stem cells. Therefore, they offer an interesting target for the
treatment of hearth diseases, blood disorders, and many of
the effects of aging."*’

Dahlman’s group applied the concept of protein corona-
based targeting to deliver either siRNA for gene silencing or
single-guide RNA (sgRNA) for genome editing to BMECs post
systemic administration. A barcoding strategy was introduced,
in which LNPs were labelled with specific short DNA barcodes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to enable high-throughput screening of more than 100 LNPs
in a single mouse. Subsequently, next-generation sequencing
(NGS) was used to track the in vivo fate of the administered
LNPs. Through an in vivo-directed evolution strategy, an
enriched LNP (referred to as BM1) was identified. BM1 had a
simple composition of an ionizable lipid, 7C1, cholesterol,
and C18PEGyk. Interestingly, the particle size of LNPs did not
affect their in vivo tropism. By contrast, the chemical compo-
sition of LNPs, mainly the cholesterol ratio and the length of
the PEG-lipid tail, had a dramatic impact on the in vivo
tropism toward BMECs. The authors hypothesized that the
selectivity to BMECs could have been attributed to a combi-
nation of two potential factors. First, the length of the PEG-
lipid tail could have affected the pharmacokinetics of LNPs
and shielded them from the reticulo-endothelial system (RES),
with a subsequent escape from hepatic and splenic accumu-
lations. Second, the introduction of cholesterol could have
affected the binding of serum proteins to the surface of LNPs,
which subsequently would have affected the composition of
the formed protein corona.'*°

5. Conclusions and perspectives

During the COVID-19 pandemic, LNP technology contributed
significantly to the development of mRNA vaccines, which
saved the whole world. The next step of LNP technology is to
expand the therapeutic area from liver hepatocytes to other
tissues/cells in our body. Active targeting has been developed
based on specific receptor-mediated endocytosis via introdu-
cing specific ligands on the surface of nanoparticles. However,
a clinically established active targeting system has not been
achieved, although there are many successful reports of pre-
clinical situations. As described above, the in vivo biodistribu-
tion of nanoparticles is influenced remarkably by the compo-
sition and properties of the nanocarrier, although underlying
mechanisms are not precisely identified yet. Therefore, there is
increasing information regarding the potential impact of
protein corona on the tissue distribution of nanoparticles.
However, it is still analytically difficult to identify an endogen-
ous ligand, which enhances biodistribution to a specific
tissue. In this literature review, we attempted to gather the
available information on the reported LNP formulations for
ligand-free delivery of nucleic acids to a wide variety of extrahe-
patic tissues and cell populations, extracting their physico-
chemical properties, and trying to correlate such properties
with their in vivo tropism. The information is summarized in
Table 1.

Although ligand-based active targeting relies on a concrete
knowledge of specific pathways and receptors, making it more
reliable from the theoretical point of view, the clinical trans-
lation of such delivery systems is hampered by their low stabi-
lity, complexity, and scalability issues.'* On the other hand,
protein corona-based targeting simplifies the composition and
production of nanoparticles, which can address the above
challenges and contribute to the improvement of the clinical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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translatability of nanomedicines. Nevertheless, there are still
multiple challenges that encounter such a promising
approach, including the inter-subject variability in the levels of
the endogenous ligands in question as well as their alterations
depending on the physiological and pathological conditions,
which subtracts from the reproducibility of the developed
delivery systems.'*' In addition, the limited precise infor-
mation on the interactions between such delivery systems and
the endogenous macromolecules and their physiological con-
sequences raises some concerns on the biosafety of this emer-
ging technology, and complicates its adoption from a regulat-
ory point of view."*?

In the present article, we highlighted a successful delivery
system to activated hepatic stellate cells in fibrotic liver, which
has been developed based on screening a library of ionizable
cationic lipids with an intensive optimization of LNP formu-
lation. This strategy can be extended to other tissues/cells to
find a protein corona-mediated selective system to the spleen,
the lungs, the brain, tumors, kidneys, etc. In the human body,
there are well organized network systems via blood circulation
for the cell-to-cell transport of macromolecules such as hor-
mones (insulin, growth factors), lipid particles (HDL, LDL),
and exosomes. We believe that by the end of the 21° century,
researchers will have harnessed the power of the endogenous
mechanisms of the human body for trafficking to achieve the
highest possible level of drug targeting.
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