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Targeting nanoparticle is a very promising therapeutic approach that can precisely target specific sites to
treat diseases. Research on nanoscale drug delivery systems has made great progress in the past few
years, making targeting nanoparticles a promising prospect. However, selective targeting nanoparticles
designed for specific organs still face several challenges, one of which is the unknown fate of
nanoparticles in vivo. This review starts with the in vivo journey of nanoparticles and describes the
biological barriers and some targeting strategies for nanoparticles to target specific organs. Then,
through the collection of literature in recent years, the design of selective targeting nanoparticles for
various organs is illustrated, which provides a reference strategy for people to study the design of
selective organ targeting nanoparticles. Ultimately, the prospect and challenge of selective organ
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1. Introduction

Targeting nanoparticles, which can deliver therapeutic mole-
cules to specific sites in the body, are a very promising drug
delivery system (DDS)." Especially after the COVID-19 pan-
demic, the widespread application of lipid nanoparticles (LNPs)
has attracted more and more people’s attention to this field,
and targeting nanoparticles to increase efficiency and reduce
toxicity has become a hot spot sought after by capital and the
market.” However, the fate of nanoparticles in vivo is very
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targeting nanoparticles are discussed by collecting the data of clinical trials and marketed drugs.

complex, current targeting strategies lack accuracy, and off-
target effects and side effects are still serious.? To successfully
deliver nanoparticles to target sites, delivery systems must
overcome limitations that render therapeutic molecules inef-
fective, such as biological barriers and low biodistribution at
desired sites. In order to solve the problem of limited delivery
of nanoparticles, a large number of scientists around the world
are paying attention to the fate of nanoparticles in the body.
There are many influencing factors that determine the fate
of nanoparticles in the body, including physical, chemical and
biological barriers.” There are physical and chemical barriers
on the surface of various organs, mainly composed of epithelial
cells and their secretions, which prevent foreign matter from
entering the body and damaging health.” After nanoparticles
enter the systemic circulation, they need to overcome biological
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barriers such as the blood-brain barrier (BBB) to enter the target
organ for targeted delivery. During this process, nanoparticles
are affected by biological processes in the body such as
inflammation,® nutritional deficiency,” immune phagocytosis,®
and liver/kidney clearance,” which ultimately determine their
distribution and fate in the body. Given that the physical and
chemical properties of nanoparticles determine how they are
affected by the aforementioned biological processes, under-
standing these processes and their mechanisms is important
for the design of organ targeting nanoparticles.’

Before designing organ targeting nanoparticles, it is necessary
to understand a key pharmacological concept, namely organ
targeting. Organ targeting is not about delivering all the doses
to the target organs, but about delivering enough of dose to
achieve the desired biological effects while limiting off-target
cumulative toxicity.” Although most of the injected doses do not
reach the target organs, it should also play an important role in
fully exerting physiological and therapeutic effects. Organ target-
ing has been studied for a long time, and most of the nano-
particles will be enriched in the liver after entering the systemic
circulation. Targeting organs other than the liver has been an
unsolved problem for a long time, and extrahepatic targeting will
be a very important direction for the future research of targeting
nanoparticles." In the past two years, a delivery strategy called
selective organ targeting has been reported.'® LNPs can be
selectively targeted to liver, spleen, lungs and other organs by
adding an auxiliary component called selective organ targeting
molecules to lipid nanoparticles.'® The report of this work makes
the study of organ targeting nanoparticles attract more scientists,
thus forming the concept of endogenous targeting.

This review mainly focuses on selective organ targeting
nanoparticles, briefly describes a series of barriers experienced
by nanoparticles after entering the body, and expounds the
mechanism of nanoparticle organ targeting, including active
targeting, passive targeting, endogenous targeting and stimuli-
responsive targeting (Fig. 1). Examples are given to illustrate
recent advances in nanoparticles targeting specific organs such
as brain, heart, liver, spleen, lungs, and kidneys. The promise
and clinical translation of selective organ targeting nano-
particles are also discussed. Since many reviews summarized
strategies for targeting tumors with nanomaterials, we did not
address tumors as a specific target in this review.

2. Several barriers to organ-targeted
nanoparticle delivery

Reaching the target is a very difficult process for nanoparticles,
which need to pass various barriers to be effective. For targeted
nanoparticles, the first thought is through injection, and oral
administration of targeted nanoparticles has long been con-
sidered impractical.®> However, oral administration has always
been the most widely used route of administration.'* Orally
administrated drugs need to pass through a series of barriers to
enter the systemic circulation.'” The intestinal barrier through
which oral drugs pass is composed of several parts: the physical
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barrier formed by the tight junction between intestinal mucosal
epithelial cells, the chemical barrier composed of mucus
secreted by intestinal epithelial cells, digestive juices secreted
by gastrointestinal tract and bacteriostatic substances produced
by intestinal symbiotic bacteria, the immune barrier composed
of intestinal associated lymphoid tissue and its immunoreactive
substances, and the microbial barrier composed of various
viruses, bacteria and their secretions (Fig. 2)."* After oral admin-
istration of micro/nanoparticles through intestinal epithelial
cells, they tend to leak out through lymphatic vessels and enter
the systemic circulation through the subclavian vein.> Other
non-intravascular administrations, such as intramuscular and
subcutaneous injections, need to overcome several barriers
before entering systemic circulation. For example, in intramus-
cular injection, nanoparticles need to overcome the extracellular
barrier and vascular endothelial barrier before entering systemic
circulation to avoid being phagocytized by non-targeted cells.
After the nanoparticles enter the systemic circulation, they
will experience the same biological barrier as the intravascular
nanoparticles (Fig. 3). When nanoparticles enter blood vessels,
various enzymes in the blood vessels may degrade the active
components of the nanoparticles, such as nucleic acid.'* In
addition, they are usually cleared by the reticuloendothelial
system (RES); nanoparticles smaller than 6 nm are filtered
through the kidneys, nanoparticles smaller than 25 nm are
taken up by Kupffer cells in the liver, and nanoparticles larger
than 150 nm are more likely to be filtered and phagocytosed by
macrophages in the spleen.”” During this process, the accumu-
lation of nanoparticles in the target and off-target organs,
phagocytosis by the mononuclear macrophage system (MPS),
renal filtration clearance, and hepatobiliary system excretion
occur simultaneously and compete dynamically.’® In addition
to various enzymes in blood vessels, when nanoparticles flow in
blood vessels, blood,'” immune cells® and vascular endothelial
cells™ also interact with nanoparticles and affect the fate of
nanoparticles. A study showed that blood flow conditions had
little effect on the binding of nanoparticles to B cells and that
charged and large nanoparticles were more likely to bind to B
cells in the blood.”® Another study showed that thiol-reactive
nanoparticles can bind to various cells and some plasma
proteins in human blood and trigger the activation of the
corresponding cells."” In short, nanoparticles will experience
a variety of events in blood vessels, interact with plasma
proteins, enzymes, blood cells, antibodies, immune cells, etc.,
and affect the circulation of nanoparticles in the body.
During long circulation, nanoparticles need to pass through
the vascular endothelial barrier to reach the target organ and
enrich at the treatment site.>” The integrity of the endothelial
barrier varies widely across tissues, organs, and pathophysio-
logical conditions.>® There is a large amount of fenestrated
endothelium in the liver vessels, so the nanoparticles perfuse and
accumulate in the liver.>* When tissue injury, infection, cancer
and other inflammatory diseases occur in the body, the vascular
endothelial cells in the lesion will become dysfunctional, resulting
in the opening of blood vessels similar to the liver, forming a large
number of relatively leaking blood vessels.>” This phenomenon,
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Fig. 1 Serial targeting strategies using nanoparticles. (A) Passive targeting, (B) active targeting, (C) endogenous targeting, and (D) stimuli-responsive
targeting. ApoE, apolipoprotein E; FA, folic acid; GlaNAc, N-acetylgalactosamine.
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Fig. 2 The intestinal barrier that oral drugs need to pass before entering
the systemic circulation. M cell, microfold cell; IL, Interleukin.

known as enhanced permeability and retention (EPR) effect,
is particularly important for nanoparticle therapy at tumor and
inflammatory sites.>®

After the nanoparticles are enriched in the target organs,
due to the combination of treatment sites, corresponding
barriers need to be faced. Nanoparticles may need to pass
through the extracellular matrix (ECM) to reach target cells in
order to be effective, and some parts of the ECM are relatively
dense, making it difficult for larger nanoparticles to pass
through.?’ When there is a disease, changes in ECM may create

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Intravascular nanoparticles encounter serial biological barriers,
including the intravascular barrier, vascular endothelial barrier, extra-
cellular barrier, cellular barrier and endosomal barrier. Copyright 2020.
Reproduced with permission from the Elsevier.?

Nanoscale Horiz., 2023, 8, 1155-1173 | 1157


https://doi.org/10.1039/d3nh00145h

Published on 27 June 2023. Downloaded on 6/1/2024 4:48:09 PM.

Review

additional biological barriers, such as high pressure at the
tumor site due to poor lymphatic reflux, thereby hindering
the action of nanoparticles.” Some nanopatrticles need to cross
the cell barrier to enter the cell. Drugs also need the endosome
escape to overcome the danger of nanoparticle degradation
through the endosome pathway.>” Nanoparticles that need to
enter other organelles such as nucleus or mitochondria also
need corresponding localization signals to help cross the
barrier and enter the target site."

3. Nanoparticle targeting mechanism

In this section, the targeting mechanisms of various targeted
nanoparticles are discussed, providing guidance for the design
of nanoparticles. Because nanoparticles need to pass through
the above-mentioned series of barriers to play a role in the
body, the number of nanoparticles that eventually reach the
target site is very small.” Therefore, it is very necessary to design
nanoparticles that are combined with multiple targeting stra-
tegies in practical applications.

3.1 Passive targeting

Passive targeting is mainly unmodified nanoparticles, which
exploit the surface properties of nanoparticles, such as size,
shape, charge, stiffness, etc. (Fig. 4).>® It is a targeting strategy to
transfer nanoparticles to the target area through endocytosis and
adsorption of various tissues and cells, capillary entrapment or
exploiting the high permeability of blood vessels in diseased
tissues.”® The study of passive targeting in tumor delivery is
widely used in nanomedicine. Most of the tumor nanomedicines
approved for marketing are passive targeting drug delivery. The
theoretical basis of tumor passive targeting (EPR effect) has
encountered many challenges in clinical trials.*® EPR effect varies
among different tissues, organs and species. To address this
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Fig. 4 A schematic illustration of passive targeting nanoparticles.
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challenge, a large number of literature studies have adopted
various methods to enhance the EPR effects. Rodriguez et al
designed a minimal “self” peptide based on CD47 to prevent
phagocytosis and enhance drug delivery.*’ Deepagan et al.
designed a nitric oxide (NO)-producing nanoparticle that releases
NO at the target site. NO can relax vascular smooth muscle and
increase local blood flow and vascular permeability, thereby
enhancing passive targeting.’®> In addition to cancer, passive
targeting can also be used for organ targeting therapy for other
diseases, mainly by utilizing its own surface properties, such as
small-size nanoparticles for acute kidney injury treatment.*®

The size of nanoparticles is one of the distinguishing
features of passive targeting. Nanoparticles in blood circulation
accumulate in different organs due to their different sizes.®*
Since the heart and brain are not sensitive to the size of
nanoparticles, passive targeting nanoparticles rarely enter the
heart and brain.>* Nanoparticles smaller than 10 nm are easily
filtered and captured by kidneys, and nanoparticles larger than
200 nm can activate RES to remove nanoparticles and eventually
accumulate in liver and spleen.*® Muscle-targeted drug delivery
study showed that 11-32 nm poly(ethylene glycol) (PEG) graft
copolymers increased permeability in Duchenne muscular dystro-
phy mice.*® When designing nanoparticles targeted to other
organs, nanoparticles with a size of 50-200 nm are suitable for
long-term circulation in the blood and can be more enriched in
other targeted organs. For example, a study using poly(lactic-co-
glycolic acid) (PLGA) nanoparticles showed that small nanoparticles
(~120 nm) could enhance uptake in lung and bone marrow.**

The shape of nanoparticles also plays an important role in
organ-based passive targeting as nanoparticle shape affects
their opsonization, internalization, migration, and circulation
time.*” For example, the internalization of nanoparticles with a
high aspect ratio in cells is more efficient than that of nano-
particles with a low aspect ratio.*® The shape of particles is
important to avoid opsonization and promote long circulation.*
Compared with spherical nanoparticles, rod-shaped nanoparticles
have a higher aspect ratio, less phagocytosis, and a longer circula-
tion time.'® Therefore, the accumulation of rod-shaped nano-
particles in the liver is less than that of spherical nanoparticles
because the elongated shape is better able to escape phagocytosis
by Kupffer cells.*® Similar to rod-shaped nanoparticles, disk-
shaped nanoparticles have a significantly longer circulation time
than spherical nanoparticles and accumulated more in lung and
heart.*® Spherical, elliptical, and cylindrical nanoparticles are more
likely to be enriched in the liver, while irregular nanoparticles are
more likely to be enriched in the spleen.*

Passive targeting also takes advantage of the stiffness and
charge of nanoparticles.”® Macrophages tend to engulf stiffer
nanoparticles, so less stiffness nanoparticles circulate in the
body longer. For non-phagocytic cells, positively charged nano-
particles are taken up higher by cells due to the negatively
charged cell membrane.?* The mobility of nanoparticles also
affects the passage of drugs through the biological barriers.
Wang et al. designed a nanoparticle formed by polymer-coated
edible oil droplets, which is deformable and can effectively
penetrate biological barriers such as BBB, deep brain tissues

This journal is © The Royal Society of Chemistry 2023
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and mucus layers.*' However, only using the characteristics of
nanoparticles, the passive targeting effect is not ideal, so people
design nanoparticles and put forward the second generation of
targeting nanoparticles.

3.2 Active targeting

Active targeting nanoparticles are the second generation of target-
ing nanoparticles, which are loaded with therapeutic molecules
through surface modification, and transport therapeutic molecules
to the target area so as to play a therapeutic role. Active targeting
nanoparticles mainly include three parts, ligands, linker and cargo
(Fig. 5). The cargo includes a variety of therapeutic molecules, such
as small molecular drugs, nucleic acids, therapeutic peptides, etc.
Ligands include targeting small molecules, aptamers, targeted
peptides, antibodies or antibody fragments, cells and others.”"
Therefore, active targeting is divided into the following strategies.

The targeting strategy based on small molecules uses small
chemical molecules such as vitamins, monosaccharides and
hyaluronic acid as warheads to accurately target the corres-
ponding receptors. FA, one of the vitamins, is the most widely
used small-molecule targeting agent, which is highly expressed in
nearly half of tumors and activated macrophages.”’ Thus, there
are a large number of nanoparticles using the FA-targeting
strategy. FA receptor-targeted two-dimensional palladium nano-
particles have been reported for multimode imaging of athero-
sclerosis using folic acid to target activated macrophages that are
closely related to high-risk plaques.”” A similar tumor study

Ligands : : Cargo
O E : ()
Small molecules Small molecules
@ Nucleic acids
Aptamers 5 Linker :
' : Nanocarriers
Peptides Peptides
Antibodies and '\ Antibodies and
fragments ] ! fragments
Cells Cells

Fig. 5 A schematic illustration of active targeting nanoparticles involving
ligands, linker, and cargos. Copyright 2020. Reproduced with permission
from the Elsevier.?!
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showed that FA-modified lipid nanodisks avoided IgM-mediated
opsonization and effectively targeted the FA receptor positive
tumors in vivo.*® In addition to vitamins, monosaccharides are
also excellent targeting ligands. For example, glucose can target
the GLUT1 receptor, which is overexpressed in the BBB.** Lectin-
like receptors such as mannose-6-phosphate receptors respond to
carbohydrates, and galactose can target asialoglycoprotein (ASGP)
receptors.”” In addition, there are many small molecules that can
be used for targeting. For example, urea derivatives such as
glutamate urea can target prostate specific membrane antigen
(PSMA), glycyrrhetinic acid (GA) and its derivatives can target
hepatocyte surface protein kinase C (PKC), and bisphosphate
can be used to target bone.*"

Aptamers are also important molecules for potential target-
ing strategies. An aptamer is a structured oligonucleotide
sequence (RNA or DNA) obtained using the in vitro screening
technique: systematic evolution of ligands by exponential
enrichment (SELEX). It can bind with high affinity and specificity
to corresponding target molecules (proteins, metal ions, small
molecules, peptides and even whole cells). Aptamers are easy to
produce and have low immunogenicity, making them good
candidates for organ targeted delivery.”’ However, aptamer-
based targeting strategies face enormous challenges and there
are no drugs in the market. Among them, the degradation in
organisms is the biggest problem,”" and some research groups
have carried out research on this problem. Tan et al. designed
and prepared a nucleic acid aptamer-multidrug conjugate, and
the aptamer was placed on the shell of the nanomicelle to
enhance its resistance to nuclease.’® Niu et al. designed a
bone-targeting nanoparticle using PEGylated dendritic meso-
porous silica nanoparticles to protect anti-sclerosing protein
aptamers for the treatment of osteoporosis.!”

The antibody-based targeting strategy is a promising clinical
targeting strategy. FDA has approved a number of antibody-drug
conjugates (ADCs), which are effective for tumor treatment.*® Ge
et al. reported an antibody-modified DNA origami nanostructure
for targeted therapy of prostate cancer."® Current clinical studies
on ADCs are mainly in the field of oncology, and antibodies
against chronic inflammation and autoimmune diseases are
being studied.’® Bertheloot et al. developed nanoantibodies
and demonstrated their efficacy in disassembling post-
pyroptotic inflammasome and treating inflammatory diseases
in animal models.>*

The peptide-based targeting strategy is another very repre-
sentative targeting strategy, and a large amount of studies has
focused on this field. The most commonly used method for the
discovery of targeted peptides is through bioinformatics and
biomolecule identification to find the corresponding target
protein homologous sequence and synthesize the peptide
library for screening.>* In vivo or in vitro phage display is
another common method for finding targeted peptides.?*
Through the targeted combination of the random peptide
sequences displayed on the phage surface, peptide sequences
targeting specific tissues and organs can be screened out.>* For
example, THRPPMWSPVWP peptide could target human trans-
ferrin receptor (TfR) positive cells, CMPRLRGC peptide could

Nanoscale Horiz., 2023, 8,1155-1173 | 1159
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target low-density lipoprotein (LDL) receptors, and peptides
with GFE motifs could target membrane dipeptides in alveolar
capillaries.>®> Homing peptides and cell penetration peptides
were also screened for targeting delivery, such as TAT, NGR and
RGD.>* Among them, RGD is the most commonly used target-
ing motif, which can bind to o,8; and o,f5 integrin receptors,
including cyclic RGD, bicyclic RGD and iRGD.>® Other peptides
were also developed to target integrin receptors. Dan Peer et al.
reported recombinant fusion protein-modified lipid nano-
particles that recognized the high-affinity conformation of
integrin o,4B, for the treatment of colitis in mice.”*

Cell-based targeting strategies take full advantage of the
natural targeting process in the body. By utilizing a variety of
cellular structures, including red blood cells, white blood cells,
platelets, extracellular vesicles and even bacteria, nanoparticles
or drugs can be delivered to specific organs.>® This strategy can
be divided into cell membrane biomimetic delivery and living
cell delivery. Cell membrane biomimetic delivery has a longer
circulation time and better targeting ability, which mainly
depends on homing mechanism and masking immune
recognition.”® Cell membrane biomimetic delivery began in
2011. Zhang et al. reported for the first time that red blood cell
membranes and PLGA were coextruded into a core-shell structure
to facilitate drug delivery in vivo.”” Since then, a large number of
studies have poured into this field, and cell membrane biomi-
metic delivery has sprung up in the fields of tumor therapy,*®
inflammation targeting,” antibacterial,”® detoxification®" and
immunotherapy.®® Then, some research groups began to study
its internal mechanism. Fan et al constructed a membrane-
derived plasma probe for targeted imaging. Experimental obser-
vations suggested that the integrin-mediated targeting is a uni-
versal mechanism independent of the core wrapped in the cell
membrane.”® Lehto et al used the fluorescence quenching
method to detect the integrity of the cell membrane coating
and proposed that the integrity of the coating affected the
internalization of biomimetic nanoparticles. The more complete
the membrane coating, the better the internalization.®* Bacterial
cell membranes can also be used to coat nanoparticles, and
related research is mainly focused on the field of immunotherapy.
Nie et al. constructed a personalized tumor vaccine platform
based on bacterial outer membrane vesicles (OMVs), which could
quickly display a variety of tumor antigens and achieve “Plug-and-
Display” of tumor vaccines.®® In addition, cell membrane biomi-
metics can also target specific organs, such as the ability of aging
red blood cell membranes with high expression of phosphatidyl
serine to be targeted to the spleen.®® Other immune cells such as
macrophages and neutrophils can also target brain and other
organs.”’ Living cell delivery is also a good targeting strategy.
Engineered stem cells can encode therapeutic proteins in the
targeted area, and platelets can be used as the drug delivery
system to target injured sites.”" Li et al. co-assembled doxorubicin
with a cyclin-dependent kinase 5 inhibitor into platelet membrane
fragments and delivered them to residual tumors after surgery.
The nanosystem effectively disrupted the negative feedback
loop between the recovery of interferon-y and the upregulation
of programmed death ligand-1 during postoperative adjuvant
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chemotherapy and resolved the problem of postoperative tumor
progression.®” Zhang et al. used click chemistry to load biomi-
metic nanoparticles carrying drug cores onto microalgal cells and
used the movement of microalgal cells to infiltrate deep tissues to
treat acute bacterial pneumonia.®® In short, active targeting can
equip drug missiles with automatic targeting and tracking sys-
tems to help target the interest site, which is of great significance
in the design of targeting nanoparticles.

3.3 Endogenous targeting

Endogenous targeting refers to designing of the composition of
nanoparticles to bind to different plasma proteins in the blood,
thereby guiding them to target organs and promoting uptake by
specific cells.® In the past two years, the research on endogenous
targeting has mainly focused on LNPs.” As an FDA-approved drug
delivery vehicle, LNP is well suited for therapeutic nucleic acid
delivery.” There have been a large number of literature studies on
the active targeting of LNPs to adapt to various diseases, and its
commercial prospects are very broad.”* The endogenous targeting
of LNPs can be optimized by adjusting parameters such as
structure, type, proportion, pH and others (Fig. 6).°

The surface composition of nanoparticles has a great influ-
ence on organ targeting, and surface lipids affect the fate of
nanoparticles in vivo, especially in selective organ targeting.”*
A research team found that when delivering plasmid DNA
(pDNA), 3% Tween 20 (a surfactant connected to the short lipid
tail by branched PEG) was highly selectively transfected in the
lymph nodes compared with the traditional LNPs stabilized
by linear PEG and two saturated lipid tails.”®> The first siRNA
drug patisiran (trade name: Onpattro) was approved by FDA in
2018.”* During the development of patisiran, the ionizable
cationic lipids were optimized from the initial 1,2-dilinoleyl-
N,N-dimethyl-3-aminopropane (DLinDMA) to 2,2-dilinoleyl-4-
(2-dimethylaminoethyl)-[1,3]-dioxolane (DLin-KC2-DMA) and
finally selected as heptatriaconta-6,9,28,31-tetraen-19-yl-4-(dimethyl-
amino) butanoate (DLin-MC3-DMA). Recently, a research group has
investigated the delivery of pDNA by LNPs composed of 1,2-dioleoyl-
3-dimethylammoniumpropane (DODAP), DLin-KC2-DMA, or
DLin-MC3-DMA.”® The results showed that the transfection
efficiency of DLin-MC3-DMA, which worked best in patisiran,
was lower than that of DLin-KC2-DMA, which may be due to the
difference in the length of the negatively charged backbone of
siRNA and pDNA.

Siegwart et al. were the first to report the modulation of
organ targeting LNPs by adding components.'® They added
supplementary “SORT” molecules to LNPs, adding different
SORT molecules to target different organs (Fig. 6A). Ionizable
cationic lipids enhanced targeting to the liver, anionic lipids
could be delivered specifically to the spleen, and permanent
cationic lipids with quaternary ammonium salt headgroups
increased lung targeting. Different ratios of the same SORT
molecules also affected the organ targeting of LNPs. As the
molar percentage of ionizable cationic lipids increased, the
organ targeting of LNPs shifted from the liver to the spleen and
then to the lungs. Using changes in the ratio of ionizable
cationic lipids, they constructed modified LNPs for selective

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 The composition of LNPs alters organ targeting. (A) “SORT” molecules
with different charges added. Copyright 2020 The Authors. Reproduced with
permission from Springer Nature 1° (B) Altered chemical structure of functional
phospholipids. Copyright 2021 The Authors. Reproduced with permission from
Springer Nature.”? (C) Structural changes of lipidoid tail groups. Copyright
2022 The Authors. Reproduced with permission from National Academy of
Science.”®

organ targeting of the liver and lungs to deliver Cas9/sgRNA
ribonucleoprotein complexes for gene editing.”” This strategy
has become a well-established method, and the preparation
protocol has been published.”®

In addition to compositional changes affecting organ targeting,
the chemical structure of functional phospholipids can also con-
trol efficacy and organ selectivity in vivo (Fig. 6B).”> The best
ionizable phospholipids have two lipid tails for the tertiary amino
group and one lipid tail for the phosphate group. Changing the
length of the lipid tail on the phosphate group switched organ
targeting from the liver to the spleen to the lungs.”® Using this
ionizable phospholipid, Siegwart et al. reported a series of new
phospholipids with strong endosome escape properties, in which
the length of the lipid tail of the phosphate group determined its
organ targeting. Ionizable phospholipids with 12 carbon chains

This journal is © The Royal Society of Chemistry 2023
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selectively delivered mRNA to liver for expression, and ionizable
phospholipids with 13 to 16 carbon chains could deliver mRNA to
the spleen for expression.”> On the basis of the above studies,
Siegwart et al. proposed the mechanism of LNP organ targeting by
studying the liver targeting mediated by apolipoprotein E (ApoE).*°
After LNPs enter the blood, specific plasma proteins adsorb and
recognize exposed SORT molecules, and surface binding proteins
interact with homologous receptors highly expressed in specific
tissues and organs to achieve organ targeting.

Regulating the formation of protein corona on nanoparticles
to control the organ targeting holds great promise. The for-
mation of protein corona can be tuned by adjusting the surface
properties of nanoparticles,’ including shape,®’ charge,?
roughness,*® hydrophobicity®* and others. A recent study has
found that LNPs tailed with ester bonds tended to target the
liver, and LNPs tailed with amide bonds could adsorb
coagulation-related proteins such as fibrinogen to selectively
target the lung, and lipids based on imidazole gave priority to
target the spleen (Fig. 6C).”*

In addition to the endogenous targeting of LNPs, other nano-
materials can also use the endogenous targeting mechanism
to adsorb other endogenous proteins to form protein corona for
targeting.®® Lin et al reported that gold nanoparticles
might bind to activated platelet factor 4 through injured blood
vessels and then interact with heparan sulfate proteoglycans on
endothelial cells to promote uptake.®® Huang et al. designed and
synthesized hemoglobin conjugated poly(e-caprolactone) poly-
mers and self-assembled into biomimetic nano red blood cells.®”
Hemoglobin could bind to endogenous plasma haptoglobin to
specifically target M2 macrophages through CD163 surface
receptors; therefore, nano red blood cells specifically targeted
M2 tumor-associated macrophages.

3.4 Stimuli-responsive targeting

Stimuli-responsive targeting is an intelligent targeting strategy
that utilizes the properties of the nanomaterial itself, which can
be switched under specific conditions. When stimulated by
conditions such as light, ultrasound, temperature, magnetic
field, chemical reaction, etc., the size, surface groups, and
motion of the nanoparticles will change, allowing the nano-
particles to target the designed site.*®*°

This strategy has broad applications in tumors and inflam-
mation and can target small molecule, tissue, cellular and
organ levels. Gu et al. developed a glucose concentration-
dependent insulin release LNPs (Fig. 7A).”° They formed an
LNP complex from phenylboric acid-modified quaternary ammo-
nium cationic lipids with negatively charged recombinant
human insulin. When encountered with a high concentration
of glucose, the decrease of positive charge of nanoparticles
triggered insulin release. Ji et al. coupled the N-terminal of pH
response penetrating peptide to the Fc segment of specific
antibodies and injected it into the body to selectively assemble
on the tumor cells in response to tumor acidity, thereby enhan-
cing NK cell immunotherapy.®" Nie et al. designed PLGA nano-
particles modified with different phenolic compounds based on
the property of phenolic groups to form free radicals and cross-
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linked polymers under the action of excess myeloperoxidase
(MPO) and reactive oxygen species (ROS).° Inflamed tissues
can be targeted by in situ accumulation stimulated by excessive
enzymes and ROS in the inflammatory pathological microenvir-
onment. It was determined that tyramine modification could
significantly enhance the target ability and aggregation of nano-
particles in the inflammatory region.® Wang et al. reported a
magnetically targeted nano-carrier that activated peroxisome
proliferator-activated receptor gamma agonists, which can be
targeted by a magnetic field and enriched in the cerebral
hematomas after intravenous injection (Fig. 7B).>

The above four strategies constitute the commonly used
nanoparticle targeting strategies, and it has been reported that
one or more of them are always used in the treatment of diseases.
Similarly, in the design of organ targeting nanoparticles, the
above-mentioned targeting strategies can be combined to exert
a better organ targeting effect.

4. Nanoparticle targeting specific
organs and their design

The design of nanoparticles targeting specific organs is impor-
tant for drug delivery." Each organ has its own characteristics,
and designing nanoparticles according to the characteristics
of organs is the key to the design of organ targeting
nanoparticles.’ In the design process, it is generally necessary
to use a variety of targeting strategies comprehensively to
achieve the best organ targeting effect as summarized in
Table 1.*
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4.1 Brain

Due to the tight junction of the cerebrovascular BBB, brain-
targeted drug delivery is relatively difficult to achieve.”® Most
brain disease treatments are administered locally through
invasive means, such as intracerebroventricular and intrathecal
injections.”* Except for local injection, other intravascular
administrations face the problem of the BBB.*

The active targeting strategy is one of the most used strate-
gies for brain-targeted drug delivery.”® Generally, transferrin,
low-density lipoprotein, lactoferrin, rabies virus glycoprotein
and others can be modified on the surface of the carrier to
bind to specific receptors of BBB for enhancing the active
transport of drugs.”> Zhong et al. designed a nanoparticle
consisting of Angiopep-2 targeting peptide-linked polyamidoa-
mine (PAMAM) for synergistic neuroprotection and oxidative
stress treatment in Alzheimer’s disease (AD).°® Nanoparticles
leverage the ability of Angiopep-2 to target low-density lipopro-
tein receptor (LDLR)-associated protein-1 on the BBB and the
ability of PAMAM to selectively target hyperactive microglia for
delivery of Prussian blue. Prussian blue can efficiently scavenge
ROS from microglia to treat AD.’® Also, using the Angiopep-2
targeting peptide that has a higher transcytosis ability than
other proteins,”” Zhao et al. modified Angiopep-2 with liraglu-
tide and assembled it with PEG into a nanostructure to target
the brain and inhibit inflammatory pathways, thereby alleviat-
ing AD induced by AB.?® In this peptide-based active targeting
strategy described above, the stability and affinity of the ligand
play an important role in the BBB transport of nanoparticles. In
another study, Li et al. demonstrated that nanoparticles with
higher ligand stability and affinity had a significantly higher
ability to cross the BBB than peptides with lower affinity.>® They
used D-type amino acid ligands with a large number of inter-
acting hydrogen bonds to compare with L-type ligands and
found that the ability of D-type ligand-modified nanoparticles
to cross the BBB was significantly improved compared with
L-type ligand-modified nanoparticles.

In addition to peptide-based active targeting, cell-based
active targeting can also be used for brain-targeted drug
delivery.”® Li et al. designed a biomimetic nanoplatform
camouflaged by red blood cell membranes to selectively deliver
mRNA across the BBB to target glioblastoma (GBM).'% The
delivery platform consists of mRNA, cationic polyethyleneimine
(PEI), charge-switching citraconic anhydride-grafted poly-1-
lysine (PLL-CA), and ApoE peptide-modified erythrocyte mem-
branes. ApoE has high affinity for the LDLR family on the
surface of endothelial cells in the BBB and GBM, so ApoE can
mediate nanoparticles crossing the BBB and targeting GBM.'*°
The red blood cell membrane coating protects nanoparticles
from opsonization in the blood, reduces immunogenicity and
improves blood circulation time.”® PLL-CA can disrupt the red
blood cell membrane and release mRNA under acidic condi-
tions after the tumor internalization of nanoparticles. PEI is
mainly used to effectively compress mRNA and achieve endo-
somal escape.'® Chen et al. constructed lipopolysaccharide-
free biomimetic nanoparticles by exploiting the ability of
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Table 1 Targeting strategies, target organs, and diseases treated by selective organ-targeting nanoparticles
Target
organ  Targeting strategy Targeted disease Nanoparticle type Ref.
Brain Active targeting Intracranial malignancies Membrane biomimetic nanoparticle 101
Endogenous targeting Alzheimer’s disease Liposome 102
Stimuli-responsive targeting  Parkinson’s disease Piezoelectric nanoparticle 103
Heart Active targeting Chronic heart failure Porous silicon nanoparticle 104
Chronic heart failure Extracellular vesicles 105
Myocardial Infarction Liposomal nanoparticle 106
Stimuli-responsive targeting ~ Myocardial hypertrophy/ventricular Polyphenol-based functional nanoparticle 107
fibrillation cardiac arrest
Liver Passive targeting Type 2 diabetes Silicon nanoparticle 108
Active targeting Diabetes Polymer nanoparticle 109
Endogenous targeting Polyneuropathy LNP 74
Stimuli-responsive targeting  Acute liver injury Phenol-functionalized nanoparticle 6
Spleen  Endogenous targeting Cancer LNP 110
Lung Passive targeting Chronic lung disease Tetra(piperazino)fullerene epoxide-based nanoparticle 111
Active targeting Lung cancer LNP 112
Endogenous targeting Pulmonary lymphangioleiomyomatosis ~ LNP 73
Stimuli-responsive targeting  Acute lung injury Phenol-functionalized nanoparticle 6
Kidney Passive targeting Acute kidney injury Ultra-small tungsten-based nanodot 33
Renal ischemia-reperfusion injury Ceria nanoparticle 113
Active targeting Renal fibrosis Polymer nanoparticle 114
Acute kidney injury Membrane biomimetic nanoparticle 115
Eye Active targeting Inherited retinal degenerations LNP 116
Bone Active targeting Osteoporosis Mesoporous silica nanoparticle 47
Stimuli-responsive targeting Upconversion nanoparticle 117
Bowel  Active targeting Inflammatory bowel disease LNP 54

Escherichia coli (E. coli) K1 to bind and invade BBB endothelial
cells in native bacterial meningitis."®* Crossing the BBB using
bacterial outer membrane protein A and gp96 has great
potential for the treatment of gp96-overexpressing tumor cells.

Other targeted delivery strategies may also play a role in
brain targeting.”® Zhang et al. modified the targeting ability of
liposomes by manipulating the protein corona, modified a short
peptide of AB;_4, to the surface of liposomes, and used it to
adsorb apolipoproteins A1, E, and J to bind to the receptor
binding domain of apolipoproteins for brain targeting.'®> Chen
et al. combined passive targeting with endogenous targeting,
exploiting the ability of discoid nanoparticles to escape acceler-
ated blood clearance."® It was found that discoid LNPs could
adsorb apolipoproteins and selectively target the brain. Whether
it is active targeting or endogenous targeting, the corresponding
targeting protein is required on the surface, so the target protein
is very important in this process. By varying the type and density
of nanoparticle surface modifications, Li et al. were able to bind
nanoparticles to more targeted motifs, which maximized the
permeability of nanoparticles through the BBB.*"’

Zhou et al designed an enzyme-responsive nanoparticle,
which used the ability of the nanoparticle to change size in the
presence of an enzyme to improve the delivery efficiency of
nanoparticles at the target site, thereby improving the therapeutic
effect of stroke disease (Fig. 8A)."*° Using the same strategy, they
further optimized the nanoparticles with brain permeability and

This journal is © The Royal Society of Chemistry 2023

antioxidant activity for effective stroke treatment (Fig. 8B)."*' Not
only can the properties of nanoparticles be used to target the
brain but also other auxiliary means can be used to help nano-
particles cross the BBB non-invasively."* For example, ultrasound
is used to temporarily open the BBB for therapeutic delivery,****>*
primarily through the paracellular pathway across the BBB.'**
Rezai et al. reported that magnetic resonance-guided low-intensity
focused ultrasound could reversibly open the BBB and facilitate
brain-targeted delivery.">> Kim et al. also used ultrasound-assisted
nanoparticles that triggered NO release, temporarily opening the
tight junctions of the BBB and allowing nanoparticles to accumu-
late into the brain parenchyma (Fig. 8C).'*

In addition to intravascular delivery, there are other alter-
native delivery strategies that can bypass the BBB, such as
intranasal administration.”* Whether it is a pathway through
the BBB or an alternative pathway, the design of these nano-
particles is based on the characteristics of the biological barrier
that needs to be crossed, and a combination of methods can be
used to achieve the best targeting effect.

4.2 Heart

It is reported that most cardiovascular diseases can be effectively
treated by the use of nanotechnology, and the use of cardiac-
targeted nanomedicines can increase drug efficacy and reduce
the side effects."®® Cardiac targeting nanocarriers are an effective
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way to treat cardiovascular diseases such as myocardial infarc-
tion and heart failure."”’

Cardiac-targeted nanocarriers require overcoming the intra-
vascular and endothelial barriers in vivo. Due to the high blood
flow velocity in the heart, the stability and adhesion of nano-
particles in high-velocity fluids need to be considered; that is, the
shape and size of nanoparticles need to be optimized."”® In
addition, the heart tends to repel nanoparticles due to the nature
of myocardial contraction, so the design of cardiac-targeted
nanocarriers requires more active targeting strategies.'*® Kim
et al. extracted small extracellular vesicles from an engineered
cell medium expressing high levels of cardiac targeting peptides
(APWHLSSQYSRT) to deliver siRNA to reduce the inflammatory
symptoms of myocarditis. The delivery efficiency was more
than two times higher than that of normal small extracellular
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vesicles.'??

Banik et al. designed dual-targeted nanoparticles for
the treatment of atherosclerosis, mainly composed of a polymer-
coated nuclear magnetic contrast agent.’*® The surface modifi-
cation of nanoparticles has three functional fragments, one
targeting M2 macrophages that constitute atherosclerotic pla-
ques and binding to mannose receptors overexpressed on their
surface and the other enhancing cholesterol recognition and
binding. The last fragment targets mitochondria to transport
bound cholesterol to mitochondria to initiate cholesterol meta-
bolism. Another type of nanoparticles integrating with diagnosis
and treatment is delivered by neutrophils, which exploits their
ability to target the site of ischemic inflammatory to deliver
cargo for myocardial ischemic injury treatment.’*" Neutrophils
carry iron oxide nanoparticles modified with CD34 antibodies.
After enrichment at inflammatory sites, neutrophils release
nanoparticles and CD34 antibodies can capture endothelial
progenitor cells and promote endothelial repair and neovascu-
larization. Iron oxide nanoparticles can monitor this process in
real time. It can be seen that nanocarriers play an important role
in the process of heart repair and regeneration.'

However, with the contraction of the myocardium, the intra-
cardiac pressure rises, the blood in the heart will be pumped out of
the heart, and the nanoparticles will also be pumped out of the
heart along with the blood. Therefore, nanoparticles are difficult to
retain at the target site due to myocardial contraction. In order to
solve this problem, Yang et al designed a mixed injectable
hydrogel containing microRNA for in situ injection; by modifying
the penetrating peptide on the nanoparticles, the transfection
efficiency can be significantly improved to improve myocardial
repair and myocardial infarction symptoms.*** In another study,
Liu et al. adopted a new approach to deliver nanoparticles for the
treatment of heart failure.”** They used triphenylphosphine-
modified ROS-scavenging nanoparticles for targeting mitochon-
dria by non-invasive inhalation. Taking advantage of the ability of
particles smaller than 100 nm to enter the pulmonary circulation
and accumulate in the heart through the air-blood barrier, nano-
particles deposited in the lungs were continuously delivered to the
heart through the pulmonary circulation, internalized to cardio-
myocytes, and scavenged ROS to treat heart failure. Although there
are still some difficulties to overcome,"?® cardiac-targeted nano-
carriers are still a promising direction worthy of investigation.

4.3 Liver

Generally, most nanoparticles accumulate passively in the liver
after systemic administration.* Therefore, nanopatrticles are a
natural liver targeted delivery system. The basic unit of liver
structure is the hepatic lobule, which is composed of hepatocytes
(HCs), hepatic stellate cells (HSCs), Kupffer cells (KCs), and liver
sinusoidal endothelial cells (LSECs)."** After nanoparticles reach
the liver, they can selectively target specific cells to play a
therapeutic role.**® This requires nanoparticles to target specific
receptors on different cells,"*® and these receptors are shown in
Table 2.

The asialoglycoprotein receptor is the most used receptor
when targeting hepatocytes (Fig. 9A).*> It is specifically
expressed in hepatocytes and can be targeted by a series of
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Table 2 Several targeted receptors on the surface of specific cells
of the liver

Cell type Specific receptor

HC Asialoglycoprotein receptor;
C-X-C chemokine receptor type 4;
Folate receptor;
Heparan sulfate proteoglycans;
Low-density lipoprotein receptor;
Scavenger receptor B1;
Transferrin receptors.

HSC Collagen type VI receptor;
Mannose-6-phosphate receptor;
Platelet-derived growth factor receptor-p;
Retinol binding protein.

KC Fucose receptor;
Fc receptors;
Galactose receptor;
Mannose receptor;
Scavenger receptors;

LSEC Hyaluronan receptor;
Low-density lipoprotein receptor;
Mannose receptor;
Scavenger receptor.

different ligands."®” After targeting, ligands can be quickly
swallowed and recycled."” N-Acetylgalactosamine (GalNAc) is
one of the targeting ligands for this receptor.”*” A variety of
GalNAc-nucleic acid conjugates have been introduced into
clinical practice.” GalNAc-based nucleic acid delivery has
emerged as one of the most promising delivery systems.’

In addition to active targeted delivery, endogenous targeting
also has a lot of room for development in the delivery of liver-
targeted nanoparticles (Fig. 9B). Ahn et al designed a DNA
tetrahedral to deliver antisense oligonucleotides containing three
cholesterol conjugates for the treatment of liver fibrosis."*®
Cholesterol-modified nanoparticles could induce enhanced inter-
actions with serum lipoproteins to selectively target hepatocytes.'*®
This design used endogenous targeting strategy to enhance the
affinity of specific proteins and regulate the binding proteins on
nanoparticles to control the targeting site. Siegwart et al. have long
studied the endogenous targeting of LNPs and found that adding
a small amount of cationic lipids can enhance the targeting
to the liver.'® Ionizable phospholipids with 9-12 carbon chains
in the phosphate tail can selectively deliver mRNA to the liver
for expression.”” It can also target specific cells in the liver
by adjusting the acid ionization constant (pK,)."® LNPs with pK,
of 6.2-6.5 are the most suitable for targeting HC. With the increase
of pK,, the targeting ability to LSEC is enhanced, and the targeting
ability is the best in pK, = 7.1. When pK, > 7.4, it will be isolated
by KC (Fig. 9C). There are still many problems to be studied in this
strategy, such as what kind of molecular structure can specifically
adsorb specific types of plasma proteins and then target specific
organs or cells.” Taking LNPs as an example, after the plasma
protein ApoE is combined with LNPs, the composition of LNPs will
be rearranged." It is still clear whether this composition rearrange-
ment affects the accumulation in the liver.” These issues still need
a great deal of research so that nanoparticles can intelligently find

This journal is © The Royal Society of Chemistry 2023
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Copyright 2022. Reproduced with permission from the Elsevier.!

the target sites in the body according to the design route and
accurately target specific organs or cells.

4.4 Spleen

The spleen is one of the organs where nanoparticles naturally
accumulate after entering the body.'® After entering the body,
nanoparticles are easily swallowed by RES and accumulated in the
liver and spleen, but the accumulation of nanoparticles in the liver
can reach 80%." Therefore, the selective targeting of nanoparticles
to the spleen is not as easy as one might think, and uptake by
Kupffer cells needs to be avoided,' so nanoparticles need to be
modified to make them “invisible”. Jiang et al. delivered siRNA to
the spleen using nanocapsules made of hydrophobic oil coated
with arginine-modified gold nanoparticles.”*® Arginine modifica-
tion reduced the liver accumulation and increased the spleen
accumulation of the nanoparticles. Nanoparticles larger than
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200 nm have been reported to accumulate more in the spleen than
small nanoparticles, and thus, spleen-targeted nanoparticles are
large in size." Harris et al. added a peptide coating to nanoparticles
to form 200 nm nanoparticles in serum, which could selectively
deliver specific genes to the spleen.'*

The composition of nanoparticles also affects the ability to
target the spleen.®® After adding anionic liposomes into LNPs,
Siegwart et al. found that LNPs could selectively target spleen
and a few other organs.'® In addition to anionic lipids, the
addition of 10-15% permanent cationic lipids can also assist
spleen targeting delivery.’® Ionizable phospholipids with lipid
tails containing 13-16 carbon chains allow selective delivery of
nucleic acids to the spleen for expression.”” This “SORT”
strategy has been modified by changing the standard auxiliary
phospholipids in LNPs to negatively charged phosphatidylser-
ine, allowing more LNPs to be delivered to the spleen than the
liver (Fig. 10)."*" Kimura et al. greatly improved the ability of
LNPs to target splenic immune cells through the complement C3
receptor by adjusting the ratio of ionizable lipid DODAP and
helper phospholipid DOPE.'™ Sinegra et al. modified DNA on
the surface of LNPs and found that G-quadruplex-modified LNP
could selectively target the spleen, which may be due to the
change in protein corona.'** Zhao et al. screened a large number
of liposomes and found a class of imidazolyl-based liposomes,
which had the effect of spleen-targeted delivery of nucleic acid,
but the transfection effect in other organs was low.'*?

In addition, the stiffness and shape of nanoparticles also
affect trapping in the spleen, which tends to capture rigid
nanoparticles.! Similarly, the spleen can remove the hard aging
red blood cells in the body, and the aging red blood cells with
high expression of phosphatidylserine can be used as delivery
carriers to selectively target the spleen.>" In short, the design of
spleen targeting nanoparticles also requires certain strategies,
and it is not as simple as one might imagine.

4.5 Lung

After nanoparticles enter the blood vessels, some of them
accumulate in the lungs.'® Nanoparticles that actively target
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the lungs often contain targeting peptides, such as GALA
peptide.""* GALA peptide is a synthetic amphiphilic 30 peptide
that can target the asialoglycosidic chain on lung endothelial
cells." In addition to targeted peptides, monoclonal antibodies
can also be used to deliver nanoparticles to the lung and bind
to the corresponding overexpressed receptors, such as epider-
mal growth factor receptor (EGFR), epithelial cell adhesion
molecule receptor, etc."** Some monoclonal antibodies against
lung cancer have been reviewed for selectively targeting the
lung cancer after decorating on nanoparticles.'**

In addition to active targeting, endogenous targeting also
strongly influences the accumulation of nanoparticles in the
lung, where the composition and structure of nanoparticles
significantly affect their endogenous targeting.® Siegwart et al.
found that the addition of 50% permanent cationic lipids to
LNPs greatly increased the amount of LNPs in the lungs.'®
LoPresti et al. replaced the standard auxiliary phospholipids in
LNPs with the permanent cationic lipid DOTAP, thereby target-
ing the majority of nanoparticles in the body to the lungs than
the liver (Fig. 10)."*" Through library screening, Qiu et al.
screened out that LNPs with amide bonds in the tails could
adsorb coagulation-related proteins such as fibrinogen and
promote selective targeting of the lungs (Fig. 11).”*

In selective lung-targeted nanoparticle delivery, the use of
inhaled drug delivery enables local administration, maximizing
the accumulation of nanoparticles in the lung."*> But there are
also some biological barriers that prevent nanoparticles from
working during pulmonary drug delivery.'*® The mucus layer in
the upper airway is the first mechanical barrier."*® The gas-
blood barrier in the lung also hinders the treatment of nano-
particles, and the protein in the lung surfactant will form a
protein corona on the surface of the nanoparticles, hindering
its absorption.'®” The physiochemical properties of nano-
particles, such as size, hydrophobicity, and charge, affect the
ability of nanoparticles to pass through the biological barrier
and the formation of protein corona.'*® Zhang et al. used click
chemistry to attach neutrophil membrane-coated polymer
nanoparticles to the surface of natural microalgae and utilized
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Fig. 11 Different pulmonary cell types can be targeted by tuning the head
structure of N-series LNPs. LNPs with a 113-N16B head structure were
more capable of selectively targeting the lung. Copyright 2022 The
Authors. Reproduced with permission from National Academy of
Science.”®
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the movement ability of natural microalgae to evenly distribute
nanoparticles in deep lung tissues, providing a great opportu-
nity for deep lung tissue targeting.®®

4.6 Kidney

The kidney is mainly composed of renal corpuscles and asso-
ciated tubules."® Renal corpuscles are composed of glomeruli
and mesangium, and glomerular filtration barrier (GFB) is
located within the glomerulus.”>® Glomerular filtration and
tubular secretion are the main factors affecting the entry of
nanoparticles into the kidney.'>> The size, shape and material
density of nanoparticles affect whether they enter and accumu-
late in the kidneys."*® In general, nanoparticles with a diameter
of 1-160 nm can target the kidney and accumulate through
certain mechanisms."*® Nanoparticles below 8-10 nm are gen-
erally filtered (Fig. 12A), but some accumulate in the glycocalyx
on GFB, and nanoparticles of 10-20 nm can pass through GFB
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through slight deformation. Nanorods and nanodisks with one
dimension smaller than 10 nm can also pass through GFB
(Fig. 12C). Nanoparticles of 20-100 nm can enter GFB by
decomposing into smaller particles and accumulate in the
kidney through interaction with mesangial cells (Fig. 12D)."*°
Nanoparticles larger than 100 nm can enter the kidney through
exocytosis of capillary epithelial cells around renal tubules and
endocytosis of renal tubules (Fig. 12E).**° Han et al. used PEG-
PLGA polymer nanoparticles of 300-400 nm to deliver Toll-like
receptor 9 antagonists to alleviate ischemic acute renal
injury.”® In addition, low-density nanoparticles flow faster
and are easier to remove."”® Rod nanoparticles have a longer
circulation time than spherical nanoparticles, resulting in more
kidney accumulation.®® Positively charged nanoparticles easily
enter the renal tubules through GFB (Fig. 12B), but are also easy
cleared from the body, while negatively charged nanoparticles
can be retained for a longer period of time."°
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In addition to passive targeting, active targeting nano-
particles also play an important role in kidney targeting."*® A
variety of targeting peptides and antibodies have been reported,
such as CSAVPLC peptide, cyclo(RGDfC) peptide, PKNGSDP pep-
tide, ELRGD(R/M)AX(W/L) peptide, and anti-CD-31 antibodies that
bind to specific cells in the kidney."”® Among many targeting
peptides, renal targeting peptide (KKEEE);K has been widely
studied, and it can bind to the multiligand binding receptor on
the proximal tubule.”® Huang et al. studied in detail different
variants of this kidney targeting peptide and investigated the
effects of size, charge, and peptide length on kidney targeting.">

4.7 Other organs

In addition to the above-mentioned organs, there are many organs
in the body, such as eyes, bones, stomach, small intestine, large
intestine, pancreas, etc. These organs can also develop corres-
ponding nanomedicines for selective targeted delivery. Here are a
few examples to illustrate the design and application of other organ
selective targeting nanoparticles.

Drugs targeting the gastrointestinal tract are usually admi-
nistered orally."”® Zhang et al. designed a micro-nano robot
targeting gastrointestinal inflammation for oral delivery of
nanomedicines.'”” They loaded nanomedicines into yeast
microcapsules, coupled glucose oxidase and catalase to half
the surface area of yeast microcapsules, and prepared a micro-
nano robot with an asymmetric structure. In the intestine, it
generates energy by catalyzing high concentrations of glucose
and product hydrogen peroxide, crosses through the intestinal
epithelial barrier, and is phagocytosed by macrophages at
Peyer’s patches. Utilizing the inflammatory chemotaxis of
macrophages, the drug can precisely target inflammatory sites
of the gastrointestinal tract.

For bone metabolic diseases such as osteoporosis, it is usually
necessary to design selectively targeted bone nanoparticles for
treatment. Modification of aspartic acid-rich peptides and bispho-
sphonates on nanoparticles can selectively target bone tissue.'”®
Ye et al. designed a bone-targeting nanoparticle for the treatment
of osteoporosis.""” They used upconversion materials to prepare
nanoparticles, coated nanoparticles and NO donors with meso-
porous silicon, and modified the outer layer with bisphospho-
nates for targeted delivery to bone. When irradiated with laser
(808 nm), upconversion nanoparticles converted light into higher-
energy light to stimulate NO production, promoted bone regen-
eration and reversed osteoporosis to some extent.

Drug delivery to the pancreas has been a challenge, especially
for nanomedicines."> Melamed et al. injected LNPs containing
cationic lipids into the peritoneal cavity by intraperitoneal injec-
tion and used nanoparticles to interact with negatively charged
mesothelial cells so that nanoparticles were retained in the
peritoneal cavity."> Then, nucleic acid drugs were enriched in
pancreatic cells through extracellular vesicles of macrophages to
engulf LNPs, achieving selective targeting of the pancreas.'*

In addition to normal organs, nanoparticles can also be
used to target diseased sites such as tumors and thrombus. As
there are already many reviews summarizing cancer targeting
strategies, this part will not be discussed in this review.>*°
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Passive targeting nanoparticles can be used to treat thrombus,
and it has been reported that disc-shaped nanoparticles similar
to red blood cells can deliver drugs to thrombus.'®® Active
targeting nanoparticles are always designed to target the high
concentrations of hydrogen peroxide and fibrin in blood
clots.'®® Lee et al. successively prepared two kinds of fibrin-
targeting nanoparticles, which can respond to hydrogen per-
oxide and enhance the diagnostic and therapeutic effects.'®>**
In addition, stimuli-responsive nanoparticles also play an
important role in thrombus therapy. It has been reported that
nanoparticles combined with high-intensity focused ultra-
sound can selectively destroy blood clots and avoid the for-
mation of postoperative microembolism."®*

In summary, when designing selective targeting nanoparticles,
regardless of organs targeted, the choice of drug delivery modality
requires an understanding of the biological barriers that need to
be delivered to the corresponding organ. Depending on the
corresponding biological barrier, a variety of targeting strategies
can be selected to achieve ideal organ targeting.

5. Prospects and challenges of organ
targeting nanoparticles

Nanoparticle-based drugs can not only act as therapeutic
agents themselves but also serve as carriers to deliver thera-
peutic molecules to various organs. These nanomedicines can
enhance the therapeutic effect of therapeutic molecules, selec-
tively target specific organs, and reduce adverse reactions
caused by non-specific distribution.’®> Compared with tradi-
tional drugs, nanomedicines can increase the solubility of
water-insoluble drugs, reduce systemic toxicity and the total
dose of drugs, and exhibit better safety and effectiveness.'®®

In the past two decades, drug research based on nano-
particles has become more and more popular, and research
papers are increasing year by year. There are many papers being
published to act as a reference for the clinical translation of
nanomedicines, with a solid research foundation and broad
prospects for clinical translation. FDA has approved about 100
nanomedicines;'®® the market for nanomedicines is still very
broad. In particular, the approval of LNP vaccines for COVID-19
pandemic has led to an upsurge in nanomedicine research. A
large amount of capital has poured into this track, and many
pharmaceutical companies are full of expectations for nano-
medicine research and development. Up to now, there are 2313
clinical trials on liposomes, 57 on LNPs, 57 on micelles, 30 on
nanocrystals, 14 on dendrimers, and 8 on carbon nanotubes.
Overall, there is a great deal of scientific research on nanome-
dicine, but the clinical translation is still very limited.

Despite the ability of nanomedicines to selectively target
specific organs, the laboratory scale of scientific research is
disconnected from the need and production of clinical translation.
At present, most of the approved nanomedicines target the liver or
tumor tissue. The design of nanomedicines targeting other organs
is complicated, and clinical translation has encountered many
difficulties. Almost all active targeting nanoparticles have failed
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the clinical trials, which is largely related to the complexity of
the design of active targeting nanoparticles. The clinical trans-
lation of nanomedicines selectively targeting to other organs is
an unresolved issue that requires the participation of more
researchers.

In the design of nanoparticles for disease treatment, it is
necessary to understand what process the nanoparticles have
experienced in the whole process of arriving at the disease site
and which delivery method is more suitable. So far, the fate of
nanomedicines in the body is still unknown,* which requires
more people to participate in the study of the fate of nano-
particles so that the design of nanoparticles becomes easier.
In addition, the failure of many actively targeting nanoparticles
to pass the clinic is also related to their failure to fully consider
their journey in vivo. Protein corona plays an important role in
determining the fate of nanoparticles. As soon as nanoparticles
enter the body, a large amount of serum proteins are adsorbed
on their surface. The types of these serum proteins vary
according to the composition and structure of the nano-
particles, and different serum proteins will play different roles.
As a result, nanoparticles are cleared or selectively targeted to
different organs. Therefore, the role of protein corona is
extremely important in the design of selective organ targeting
nanoparticles. Knowing which structure of nanoparticle will
adsorb which protein is the basis for clinical translation of
selective organ targeting nanoparticles. In addition, a series of
issues need to be considered, such as the cost and complexity
of scale production, the stability and safety of nanoparticles
and others.

In conclusion, the clinical translation prospects of selective
organ targeting nanoparticles are very broad, but there are still
a series of problems to be overcome, which are worth further
studying. As long as the changes of nanoparticles in the body
are discovered, people can regulate them, and the clinical
translation of selective targeting nanoparticles based on nano-
particles can embark on a rapid development path.
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