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Today, lipid nanoparticles (LNPs) are some of the main delivery systems for
MRNA-based therapeutics. The scope of LNP applications in terms of RNA is not
limited to antiviral vaccines but encompasses anticancer drugs and therapeutics
for genetic (including rare) diseases. Such widespread use implies high
customizability of targeted delivery of LNPs to specific organs and tissues.
This review addresses vector-free options for targeted delivery of LNPs,
namely the influence of lipid composition of these nanoparticles on their
biodistribution. In the review, experimental studies are examined that are
focused on the biodistribution of mMRNA or of the encoded protein after
MRNA administration via LNPs in mammals. We also performed a
comprehensive analysis of individual lipids" functional groups that ensure
biodistribution to desired organs. These data will allow us to outline prospects
for further optimization of lipid compositions of nanoparticles for targeted
delivery of mRNA therapeutics.

KEYWORDS
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1 Components of lipid nanoparticles (LNPs)

During more than three decades of research developments, approaches to the
fabrication of LNPs have undergone major changes. With the investigation of lipid-
based delivery systems, the composition of the nanoparticles has become more
complex: in addition to the cholesterol and phospholipid used in the first LNPs, new
components have come onto the scene that have improved desired properties of the
nanoparticles. All the LNPs approved to date for clinical use consist of four lipids: an
ionizable cationic lipid, cholesterol, a phospholipid (helper lipid), and a polyethylene glycol
(PEG)-conjugated lipid (PEGylated lipid). Due to this composition, it is possible to obtain a
monodisperse system of LNPs that allow to encapsulate nucleic acids with high efficiency
and are capable of efficiently delivering them into the cell (Kulkarni et al.,, 2019).

Among all the other components of LNPs, the cationic lipid constitutes the largest
proportion: ~50 mol% of the total lipids. Due to the large excess of a positive charge, there is
arisk of an immune response, which can dramatically reduce delivery efficiency of LNPs. To
attenuate the toxic effect, modern formulations of LNPs involve ionizable cationic lipids
designed in such a way that at physiological pH (7.4), the lipid is in a neutral state (Sato,
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2021). A structurally ionizable lipid is most often a tertiary amine
that is deprotonated in a neutral environment and positively charged
at pH below the acidity constant (pK,) of the lipid. Various
structures of cationic lipids are known that differ in polar groups
(mono- or polycation and linear or heterocyclic) and hydrophobic
moieties (cholesterol-based or linear). In the practice of LNP
preparation, linear monocationic lipids are used mostly. Ionizable
cationic lipids perform key functions in lipid particle systems: first,
they effectively bind to negatively charged nucleic-acid residues and
encapsulate them into particles; second, they ensure the neutral
charge of nanoparticles at physiological pH; and third, they improve
endosomal fusion by destabilizing the endosomal membrane when
the charge turns positive after endosome acidification (Cheng and
Lee, 2016).

Cholesterol is the second most abundant lipid (~40 mol%) in
LNPs. It performs two main functions: first, it extends effective half-
life of LNPs in the bloodstream by diminishing the amount of
surface-bound proteins; and second, it ensures preservation of the
encapsulated material and its delivery into the cell by altering the
rigidity of the particle membrane (Hald et al., 2022).

The most commonly used phospholipid is 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC), which has a high melting point
(55°C), which enables increased circulation time in the body and
higher stability of nanoparticles. The addition of 1,2-dioleoyl-sn-
(DOPE)
improves intracellular delivery. The DOPE molecule is a

glycero-3-phosphoethanolamine into  nanoparticles
truncated cone owing to the presence of a double bond in the cis
configuration in each alkyl chain and of a small polar group, which
allow for the formation of hexagonal layers. For this reason, during
an endosomal release of RNA, the presence of DOPE within LNPs
can accelerate the fusion of the two membranes, thus improving the
efficiency of de-encapsulation of nucleic acids. The phospholipid
content of modern LNPs is ~10 mol% (Hald et al., 2022).

Another important component of LNPs that is relevant to their
clinical use is the PEGylated lipid, whose proportion in LNPs is
~1.5 mol%. PEGylated lipids are responsible for some key properties
of LNPs (Hald et al., 2022; Evers et al., 2018): particle sizes and their
distribution as well as resistance to aggregation. The PEGylated lipid
also modulates the body’s immune response, determines the
pharmacokinetics and pharmacodynamics of the nanoparticles,
and affects the efficiency of nucleic-acid encapsulation.

The use of nonviral systems of delivery of nucleic acids by means
of nanoparticles, especially LNPs, opens up unprecedented
opportunities for their targeted delivery to desired organs. The
classic four-component composition of LNPs (an ionizable
cationic lipid, cholesterol, helper lipid, and PEGylated lipid) helps
LNPs to get into most organs and tissues, with predominant
localization to the liver. Several in vivo studies have shown that
modifications of lipid composition help to “redirect” the
nanoparticles to the lungs and spleen (Meyer et al., 2022; Dilliard
et al, 2021; Gueguen et al., 2024). Pilot studies on rodents were
recently published that present successful targeting of LNPs to
various types of tumors, to the pancreas, placenta, brain, retina,
and spermatocytes (Blakney et al., 2019; Xiong et al., 2020; Liu et al.,
2022; Melamed et al., 2023; Young et al., 2022; Tuma et al., 2023;
Waggoner et al., 2023; Patel et al., 2019; Ryals et al., 2020; Du et al.,
2023). In addition to “targeting” of LNPs via the modifications of
lipid composition, the

incorporation of various protein
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macromolecules and antibodies into LNPs seems to be another
promising field (Lee et al., 2023).

Active targeting of LNPs can be achieved via incorporation of
presynthesized vectors (specific lipids or small-molecule compounds
conjugated to lipids) into the nanoparticles or via postmodification of
LNPs (attachment of antibodies) (Lin et al, 2023). Inclusion of a
mannose moiety leads to active transport of the nanoparticles into
dendritic cells, which is actively exploited to develop antitumor drugs
(Lei et al., 2024) or specific vaccines, for example, against African swine
fever (Gong et al., 2024), as well as to improve intradermal delivery of
LNPs (Goswami et al,, 2019). Another example of a small-molecule
compound for active delivery is the use of a neurotransmitter
conjugated with an ionizable lipid for designing LNPs for the
treatment of diseases of the central nervous system (Ma et al., 2020).
To decorate the nanoparticle surface with antibodies, postmodification
of preformed LNPs is carried out: in this case, antibodies are most often
conjugated with a functionalized PEGylated lipid (Tombacz et al., 2021;
Rurik et al., 2022; Zhou et al.,, 2022; Billingsley et al., 2024).

In the present review, we focus on discussing the progress of
improvements in LNP-based systems of delivery of mRNA owing to
either alterations of lipid composition or changes in lipid ratios,
without touching on the vast realm of protein macromolecules and
antibodies. Additionally, we show which functional groups and
physicochemical properties of lipids can ensure their targeted
delivery to desired organs.

2 Biodistribution of LNPs

Biodistribution of particles in vivo depends on the route of
administration, size, lipid composition of the particles, and the
animal model in question. pK, of a particle affects the binding of
blood proteins to its surface, thereby also influencing the
distribution among organs. Typical biodistribution of LNPs is
described in Section 2.1. The dependence of nanoparticle
biodistribution on the route of administration and other
parameters without changes in lipid composition or helper and
ionizable lipids is presented in Sections 2.2, 2.3 (Figure 1).

2.1 Typical biodistribution of LNPs

The lion’s share of various LNPs gets distributed to the liver and to a
lesser extent to the spleen, and the reason is the presence of a sinusoidal
discontinuous endothelium with pores of a ~100-200 nm diameter in
these organs (Kumar et al., 2023). After intravenous administration and
entry into the bloodstream, a protein corona forms on the surface of
LNPs, and this topic is investigated in detail in Dilliard et al. (2021). The
protein corona is capable of influencing the biodistribution of
nanoparticles among tissues in various organs owing to the
adsorption of the proteins on the tissue surface, leading to
internalization via specific receptors. The best-studied mechanism of
targeting of LNPs involves their uptake by hepatocytes via binding to
low-density lipoprotein (LDL) receptors on their surface (Paunovska
et al, 2022). The ApoE protein present in blood plasma is a ligand of
LDL receptors and binds to cholesterol on the nanoparticles’” surface
and ensures their predominant accumulation in liver cells (Paunovska
et al.,, 2022; Da Silva Sanchez et al., 2022). This mechanism is confirmed
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FIGURE 1

Commercially available lipids and administration routes that are employed in compositions of LNPs ensuring specific targeting to organs.

by experimental data where LNPs incubated with ApoE have been
found to be targeted to hepatocytes (Johnson et al., 2022); on the other
hand, particles with a protein corona composed of albumin are
distributed preferentially into Kupffer cells instead of hepatocytes
(Johnson et al.,, 2022). Overall, the delivery of LNPs into cells by an
ApoE-independent mechanism leads to their accumulation in cells
other than hepatocytes (Wadhera et al, 2016). A decrease in the
proportion of cholesterol also impairs the delivery of LNPs to
hepatocytes (Kawaguchi et al, 2023). Because of the fairly
widespread expression of LDL receptor in human tissues (https://
www.proteinatlas.org/ENSG00000130164-LDLR/tissue), ~ delivery —of
nanoparticles containing cholesterol and ApoE (either contained in
the particle or immobilized from blood plasma) to all the above tissue
types may be promising, e.g., to tissues of the lungs, stomach, liver, and
kidneys. The second pathway of LNP uptake in the liver involves
Kupffer cell scavenger receptors. For macrophages, there is in vitro
evidence that they employ clathrin-mediated endocytosis to internalize
LNPs (Hou et al., 2020a).

2.2 Correlation between the size of LNPs and
their biodistribution

The size of LNPs also influences targeting efficiency of delivery.
When administered intramuscularly, the nanoparticles end up in the
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liver and spleen, especially if the LNP size is less than 100 nm (Di
et al., 2022). Larger nanoparticles, 320 nm, remain at the injection
site because they do not seem to be able to penetrate capillaries
effectively (Di et al., 2022). Furthermore, the biodistribution of LNPs
may differ among animal species (Lam et al., 2023). It is believed that
the optimal particle size for nonhuman primates (50-60 nm) is
smaller than that for rodents (70-80 nm), possibly indicating a need
for further optimization of LNP size for use in humans (Lam et al.,
2023; Hassett et al., 2021).

2.3 Uncommon methods of LNP injection

Recent research (Labonia et al., 2023; Hou et al., 2023; Yu et al.,
2023) shows that for some tissues/organs, such as the heart, kidneys,
and cartilage, a desired protein’s expression can be achieved via
injection of an mRNA-LNP complex directly into a target organ
(Figure 1). To deliver an mRNA-LNP complex to the retinal
pigment epithelium, the subretinal and intravitreal routes of
administration have been used, which ensure high expression of
a reporter protein (Patel et al., 2019). Expression of the luciferase
reporter gene in the retinal pigment epithelium has been observed
with the standard four-component composition of LNPs: ionizable
lipid:DSPC:cholesterol:DMG-PEG2000 at 50:10:38.5:1.5. The lipid
compositions guaranteeing reporter gene expression in the pigment
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epithelium have contained an ionizable lipid with a tertiary amine
(Dlin-MC3-DMA  [MC3], Dlin-KC2-DMA [KC2], or 1;2-
dioleyloxy-3-dimethylaminopropane [DODMA]).
nanoparticles based on cationic lipids, N-(4-carboxybenzyl)-N,N-
dimethyl-2,3-bis(oleoyloxy)propan-1-aminium (DOBAQ), 1,2-di-
O-octadecenyl-3-trimethylammonium propane (DOTMA), 2-

By contrast,

dioleoyl-sn-glycero-3-ethylphosphocholine (18:1 EPC), or 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP), have not led
to the expression of a reporter protein in the retinal pigment
epithelium (Patel et al., 2019). MC3 and KC2 molecules with
pK, = 6.4 and two double bonds in each hydrocarbon tail have
shown higher transfection activity as compared to DODMA with
pK, of 7.0 and one double bond in each lipid tail. Researchers
attribute this outcome to the fact that the high unsaturation of
hydrocarbon radicals in combination with pK, within the pH range
of endosomes (5.5-6.5) promotes membrane destabilization and
facilitates the exit of nucleic acids from endosomes (Patel et al.,
2019). Most of the reporter protein expression in that study was
found in the retinal pigment epithelium and only weak expression in
Miiller glial cells. Because various types of blindness are associated
with the retinal pigment epithelium dystrophy caused by monogenic
diseases (Chawla and Vohra, 2023), genetic modification of the
retinal pigment epithelium may hold promise for the fight against
such diseases. In another study (Ryals et al., 2020), investigators
developed nanoparticles based on ionizable MC3 that were able to
transfect Miiller glial cells, the optic nerve head, and trabecular
meshwork with less traumatic (intravitreal) injection. For
intravitreal administration, a higher concentration of mRNA is
required relative to subretinal administration: 1,500 ng of RNA
per dose of the therapeutic agent versus 200 ng. The best efficiency
was manifested by particles with 0.5% of PEG and a size of ~150 nm,
which continued to express the fluorescent reporter in retinal cells
even on the seventh day (Patel et al., 2019). Particles with a size of
150 nm were too large for phagocytosis, but with a size of <500 nm,
they can still be taken up via endocytosis. Of note, reducing particle
size to 50-60 nm for retinal delivery impaired reporter protein
expression as compared to the larger particles. Similar deterioration
of reporter protein expression was also observed when the molar
percentage of PEG in the LNPs was increased to 5% (Patel et al.,
2019). Five-component particles based on another ionizable lipid,
LP01 (Gautam et al,, 2023), have been successfully used for gene
editing in the retina.

A separate difficult task is the delivery of mRNA therapeutics to
the brain or fetal tissue because they are protected by the
blood-brain barrier and blood-placental barrier. The passage of
LNPs—without additional modifications—through the blood-brain
barrier is still a matter of debate (Pardridge, 2023; Pateev et al.,
2023). These data suggest that the delivery of LNPs to the brain
remains an unsolved problem, and only a few authors have detected
their trace amounts (Pateev et al., 2023). After traumatic brain
injury, the permeability of the blood-brain barrier is disturbed, and
delivery of LNPs up to 100 nm in size to the brain becomes possible
(Waggoner et al., 2023). MC3-based four-component nanoparticles
carrying luciferase mRNA were administered intravenously in the
work just cited, with major distribution to the liver and spleen.
When the content of DSPE-PEG was diminished from 1% to 0.1%
(and accordingly the particle size was increased), the difference
between the damaged and undamaged brain in distribution
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increased by more than an order of magnitude in the period
4-24 h. After administration of a Cy5-labeled mRNA-LNP
complex into the brain via convection-enhanced delivery, the
particles diffused only 1 mm away from the injection site and
were found in neurons, microglia, and astrocytes (Waggoner
et al., 2023). A relatively wide distribution of LNPs in the brain
has been achieved only with the help of stereotactic injections of a
reporter mMRNA-LNP complex (Tuma et al., 2023). Administration
of Cre mRNA as an mRNA-LNP complex into the striatum and
hippocampus of Ail4 mice in that report led to the expression of the
tdTomato reporter within a month in these brain regions (Tuma
et al.,, 2023). Expression of the reporter protein was observed within
a radius of up to 3 mm from the injection site, with the greatest
intensity in the range 750-1,250 pum in the striatum, and as far away
as 2,500 um (with the greatest intensity in the range 1,250-2,250 um)
in the hippocampus; in this context, the system of single guide RNA
and Cas9 induced tdTomato expression in fewer cells as compared
to the Cre mRNA system. Furthermore, the expression of the
reporter protein was observed there in different types of cells:
neurons, astrocytes, and microglia.

LNPs also do not cross the blood-placental barrier (Pateev et al.,
2023). To deliver mRNA within LNPs into embryonic tissues, direct
injection into the liver of embryos is performed in pregnant mice (Gao
et al., 2023). This route of administration leads to wide biodistribution
of LNP-bound mRNA throughout organs of the embryo
(Cy5 fluorescence of mRNA is observed in the heart, lungs, liver,
kidneys, gastrointestinal tract, and brain) and is also detectable in the
liver of a pregnant mouse but not other organs. After administration of
Cre mRNA in utero to Ail4 mice in that study, mTomato fluorescence
was observed in the same organs, with the exception of the brain,
indicating the entry of the LNPs into the brain without the expression of
the reporter protein (Gao et al, 2023). Notably, in that paper, of all
embryonic organs, the highest percentage of cells expressing the
reporter protein was observed in the heart: up to 7% (Gao et al,
2023). An analysis of embryonic cell populations after the
administration of LNPs there revealed that CD90-positive stem cells
get transfected most often in all organs (Gao et al,, 2023).

Switching to the intratracheal method of LNP delivery (Massaro
et al., 2023) has made it possible to eliminate the expression of the
reporter protein in the spleen and liver and to ensure the delivery of
LNPs that are based on ionizable lipid MC3 and on phospholipid
DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) exclusively
to the lungs. An analysis of lung cell populations there indicated
that Cy5-labeled mRNA is detectable in approximately half of all
type 1 and type 2 alveolar epithelial cells as well as in half of
fibroblasts. Of note, targeting to the lungs after intratracheal
administration was not dependent on particle size. In Massaro
et al. (2023), nanoparticle size was 34 nm; in another study
(Zhang et al, 2020), where the particles were also effectively
targeted, their size was ~150 nm. Thus, several different
compositions of four-component particles based on the
MCS3 lipid and helper lipid DOPE or DPPC have turned out to
be targetable to lungs when administered intratracheally (Zhang
etal, 2020). It should be pointed out that in both studies on delivery
to lungs (Massaro et al., 2023; Zhang et al., 2020), the proportion of a
helper lipid (15-20 mol%) was higher as compared to standard
(10 mol%) systems of LNPs, possibly indicating the necessity of
increasing the helper lipid content for delivery to lungs.
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FIGURE 2
Lipids ensuring targeting of LNPs to desired organs.

The route of administration also has a significant impact on
kinetics of nanoparticle distribution. In Pardi et al. (2015), effects of
studied toward the
pharmacokinetics of four-component LNPs based on new
lipid L319. After
administration of mRNA with LNPs, reporter protein expression

various administration routes were

ionizable subcutaneous or intradermal
was observed at the injection site, whereas after intramuscular,
intraperitoneal, or intravenous (retro-orbital) administration, at
the injection site and in the liver. Upon intratracheal
administration, the expression was noted in the lungs and liver.
In that paper, intradermal administration caused the most
prolonged reporter protein expression: 9 days. In all likelihood,
this outcome is due to longer retention of LNPs in the dermis. There
are reports of other patterns for nanoparticle distribution. For
instance, in Huysmans et al. (2019), it was demonstrated that
when administered subcutaneously, LNPs remain at the injection
site, with partial migration to a draining lymph node after 24 h.
Moreover, additional use of electroporation immediately after the
subcutaneous administration of LNPs enhanced the expression of
the reporter protein by two orders of magnitude (Huysmans
et al., 2019).

Therefore, the of administration of RNA-LNP

therapeutics has a significant impact on their biodistribution.

route

Existing research articles show that even without special
manipulation of lipid composition, intracerebral, subretinal/
intravitreal, or intratracheal administration of LNPs causes

specific delivery to the brain, retina, or lungs, respectively.
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3 LNP targeting based on commercially
available lipids

An important aspect of this review is alteration of LNP targeting
by changes in lipid composition by the most common methods of
To alter the
targeting of nanoparticles, researchers change components (the

administration: intravenous and intramuscular.
helper phospholipid, cholesterol, and/or PEGylated lipid) from
classic lipids either to commercially available similar lipids
(discussed in this section) or to specially synthesized lipids (to be
addressed in Section 4). We identified commercially available lipids
that constitute formulations targeting specific organs (Figure 2) and
examined in detail i) the distribution across organs and cell
populations, ii) routes of administration and doses, and iii)
chemical and successful

physical properties of

compositions (Table 1).

3.1 Helper lipids

The classic composition of LNPs for RNA delivery contains a
zwitterionic (neutral) helper phospholipid. In the last few years,
many studies were focused on targeted delivery of LNPs to organs
(mainly to the spleen and lungs) via changes in the charge of the
nanoparticles, which is determined by the helper lipid. This strategy
is called Selective ORgan Targeting (SORT), and the lipid
responsible for the selective delivery of nanoparticles to organs is
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TABLE 1 Specific targets of LNPs based on commercially available lipids.

Molar
proportion of

lipids used, %

Administration

Distribution or
expression of
mRNA among
targeted and
other organs

Distribution
by cell
population

Physicochemical

properties of
particles

10.3389/fphar.2024.1466337

Detection

Reference

50 MC3 Subretinal Eyes ~ 100% Retinal pigment Size 148.6 + 68.4 nm IVIS 24 h Patel et al.
10 DSPC FLuc mRNA Not measured in other epithelium PDI 0.173 IHC 24 h (2019)
38.5 Cholesterol 200 ng per mouse organs Muller glia EE* 97.9%
1.5 DMG-PEG2000
50 MC3 Subretinal Eyes ~ 100% Retinal pigment EE 96.2% (for 38.5% IVIS 24 h Ryals et al.
10-11 DSPC FLuc/mTomato mRNA = Not measured in other epithelium cholesterol) Fundus (2020)
38.5-39.5 Cholesterol = 200 ng per mouse organs Ganglion cell layer EE 97.8% (for 39.5% photography
0.5 DMG-PEG2000 Intravitreal Ciliary body cholesterol) 7 day
FLuc/mTomato mRNA Trabecular THC day 7
1.5 mg per mouse meshwork
Optic nerve head
36.8 MC3 Intracerebral injections | Brain Neurons Size 162.4 nm THC day 21 Tuma et al.
23.8 DOPE cre mRNA Striatum Astrocytes PDI 0.219 (2023)
38.2 Cholesterol 0.375 mg per mouse Hippocampus Microglia
1.2 DMG-PEG2000
50 MC3 Intravenous Injured brain 6% Neurons Size 50 nm Luminescence Waggoner et al.
10 DSPC FLuc mRNA Liver 86%, Spleen 6% Astrocytes EE 97.0% 24 h (2023)
38.5 Cholesterol 0.5 mg/kg Heart <1% Microglia
1.5 DSPE-PEG2000 Lungs <2%
35-454 MC3 Fetal liver injection cre | Fetus liver ~20%-25% Endothelial cells Size 112-140 nm IVIS 48 h Gao etal. (2023)
11-23.8 DOPE mRNA Fetus spleen ~20% Leukocytes PDI ~ 0.1 FACS 48 h
37.7-49.5 Cholesterol | 6.25 ng per fetus Fetus lungs ~ 15%-20% = Neurons, Glia, EE 76.3% (for 37.7%
1.2-2.5 DMG- Fetus kidneys ~20%-30% | Skeletal muscle cholesterol)
PEG2000 Fetus heart ~ 20% Stem cells EE 76.9% (for 38.2%
Fetus gut ~ 20% Proliferating cells cholesterol)
Erythroid cells EE 74.7% (for 46.5%
Fetal liver injection Fetus liver ~20% Epithelial cells cholesterol) IVIS 3,6,24 h
Cy7-labeled mRNA Fetus lungs ~18% EE 82.9% (for 49.5%
625 ng per fetus Fetus kidneys ~15% cholesterol)
Fetus heart ~16%
Fetus gut ~18%
Fetus brain ~9%
42.6 MC3 Intratracheal Lungs 100% Alveolar epithelial Size 34.2 + 0.8 IVIS 2, 24,48 h | Massaro et al.
17 DPPC Cy5-labeled FLuc cells 1 55% Zeta 11.5 + 2.4 FACS 24 h (2023)
39 Cholesterol mRNA Alveolar epithelial PDI 0.29 + 0.08
2.5 DSPE-PEG2000 1.5 mg/kg cells 2 65%, EE 90.0%
Fibroblasts 47.4%
40 MC3 Intratracheal Lungs ~100% Size 60 nm IVIS 6 h Zhang et al.
16-20 DOPE FLuc mRNA Liver n.d.® Zeta =7 mV (2020)
39-43 Cholesterol 1.5 ug per mouse Heart n.d. pK, 6
1 DMPE-PEG2000 Kidneys n.d.
60 MC3 Intratracheal Lungs ~100% Size 50 nm IVIS6 h Zhang et al.
20 DPPC FLuc mRNA Liver n.d. Zeta =5 mV (2020)
19 Cholesterol 1.5 ug per mouse Heart n.d. pK, 5.7
1 DMG-PEG2000 or Kidneys n.d. EE 92.0%
1 DMPE-PEG2000
35 3060, Intravenous Liver 80% Size 120 nm IVIS3 h LoPresti et al.
40 Ceramide FLuc mRNA Spleen 15% Zeta =5 mV (2022)
22.5 Cholesterol 0.25 mg/kg Lungs 5%
2.5 DMG-PEG2000
35 3060, Intravenous Spleen 75% Size 120 nm IVIS3 h LoPresti et al.
40 PA FLuc mRNA Liver 5% Zeta =7.5 mV (2022)
22.5 Cholesterol 0.25 mg/kg Lungs 5%
2.5 DMG-PEG2000
35 3060, Intravenous Lung 80% Size 130 nm IVIS3 h LoPresti et al.
40 DOTAP FLuc mRNA Liver 1% Zeta —4.5 mV (2022)
22.5 Cholesterol 0.25 mg/kg Spleen 15%

2.5 DMG-PEG2000
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TABLE 1 (Continued) Specific targets of LNPs based on commercially available lipids.

Molar
proportion of

lipids used, %

Administration

Distribution or
expression of
mRNA among
targeted and
other organs

Distribution
by cell
population

Physicochemical

properties of
particles

10.3389/fphar.2024.1466337

Detection

Reference

35 cKK-E12 Intravenous Lungs Lung endothelial Size 106 nm FACS 96 h Radmand et al.
44.5 DDAB Cre mRNA cells Zeta 1.81 mV (2023)
18 Cholesterol 1.3 mg/kg Lung dendritic cells | pK, 7.7
2.5 DMG-PEG2000 Lung T cells EE 94.7%
Lung B cells
Monocytes
30 cKK-E12 Intravenous Lungs 25% Size 80 nm IVIS 48 h Kauffman et al.
39 DOTAP Cre mRNA Liver 60% Zeta 15 mV (2018)
30 Cholesterol 0.3 mg/kg Pancreas 10%
1 DMG-PEG2000
38.5 4A3-SC8 Intravenous Spleen 80% Size 130 nm IVIS6 h Alvarez-
30 BMP FLuc mRNA Liver 20% Zeta —4 mV Benedicto et al.
30 Cholesterol 0.03 mg/kg EE 92.0% (2022)
1.5 DMG-PEG2000
47.6 MC3 Intravenous Spleen + SCLNs® 90% Size 95 nm IVIS 6 h Luozhong et al.
9.5 DSPC FLuc mRNA Liver 10% Zeta —2.58 mV (2022)
4.8 DOPS 0.05 mg/kg pK, 6.31
37 Cholesterol
1.4 DMG-PEG2000
52.5 C18-PS7.5 Intravenous Spleen Size 107 nm IVIS 6 h Gomi et al.
DOPS/PS FLuc mRNA Zeta —12.4 mV (2023)
40 Cholesterol 1pg EE 86.9%
50 MC3 Intravenous mCherry Spleen Hepatocytes liver Size 90 nm FACS 24 h Pattipeiluhu
10 DSPG mRNA 0.25 mg/kg Bone marrow sinusoidal Zeta —19 mV et al. (2022)
38.5 Cholesterol endothelial cells EE 93.0%
1.5 DMG-PEG2000 Kupffer cells
19 A2-SC8 Intravenous Liver 60% Size 154.6 nm IVIS6 h Dilliard et al.
19 DOPE Cy5-labeled mRNA Spleen 20% Zeta —3.82 mV (2021)
38 Cholesterol 0.5 mg/kg Lungs 20% PDI 0.115
4 DMG-PEG2000 Heart n.d.
40 DODAP Kidneys n.d.
Intravenous Liver ~100% IVIS6 h
FLuc mRNA Spleen 20%
0.1 mg/kg Lung n.d.
Heart n.d.
Kidneys n.d.
16.7 5A2-SC8 Intravenous Spleen 45% Size 167.8 nm IVIS6 h Dilliard et al.
16.7 DOPE Cy5-labeled mRNA Liver 55% Zeta —1.84 mV (2021)
33.3 Cholesterol 0.5 mg/kg Lungs n.d. PDI 0.144
3.3 DMG-PEG2000 Heart n.d.
30 18PA Kidneys n.d.
Intravenous Spleen ~100% IVIS6 h
FLuc mRNA Liver n.d.
0.1 mg/kg Lungs n.d.
Heart n.d.
Kidneys n.d.
11.9 5A2-SC8 Intravenous Lungs 75% Size 114.8 nm IVIS6 h Dilliard et al.
11.9 DOPE Cy5-labeled mRNA Liver 20% Zeta —0.89 mV (2021)
23.8 Cholesterol 0.5 mg/kg Spleen 5% PDI 0.159
2.4 DMG-PEG2000 Heart n.d.
50 DOTAP Kidneys n.d.
Intravenous Lungs ~100% IVIS 6 h
FLuc mRNA Liver n.d.
0.1 mg/kg Spleen <1%
Heart n.d.
Kidneys n.d.
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TABLE 1 (Continued) Specific targets of LNPs based on commercially available lipids.

Molar
proportion of

lipids used, %

Administration

Distribution
by cell
population

Distribution or
expression of
mRNA among
targeted and
other organs

Physicochemical
properties of
particles

10.3389/fphar.2024.1466337

Detection

Reference

n.s.t MC3 Intravenous Lungs 20% Size ~180 nm VIS 4 h Meyer et al.
n.s. DSPE Cy5-labeled mRNA Liver ~70% PDI ~0.2 (2022)
n.s. DMG-PEG2000 6.6 pg per mouse Spleen 10%
n.s. DOTAP Kidneys <3%
n.s. PLGA (DOTAP: Heart n.d.
MC3 = 3:1)
Intravenous Lungs ~80%
FLuc mRNA Spleen ~15%
6.6 pg per mouse Heart <5%
Kidneys <5%
Liver <5%
n.s. MC3 Intravenous Spleen 20% Size ~170 nm VIS 4 h Meyer et al.
n.s. DSPE Cy5-labeled mRNA Liver ~70% PDI 0.15 (2022)
n.s. DMG-PEG2000 6.6 pg per mouse Lungs ~5%
n.s. DOTAP Kidneys <10%
n.s. PLGA (DOTAP: Heart n.d.
MC3 = 1:1)
Intravenous Spleen 50%
FLuc mRNA Lungs ~40%
6.6 ug per mouse Liver <10%
Kidneys <5%
Heart <5%
40 IM21.7¢ Intravenous Lungs >95% Size 97 + 1 nm Luminescence Gueguen et al.
30 DODMA FLuc mRNA Spleen ~ 3% PDI 0.089 24h (2024)
10 DPyPE 7.5 ug per mouse Liver <1% Zeta 12 mV
18.5 Cholesterol EE 98.0%
1.5 DSG-PEG2000
50 MC3 Subretinal Retinal pigment Size 60 nm THC 48 h Gautam et al.
10 DSPC Cre mRNA epithelium PDI 0.1 (2023)
38.5 Cholesterol 500 ng per mouse Outer nuclear layer EE 97.0%
1.2 DMG-PEG2000 Photoreceptor nuclei
0.3 DSPE-PEG2000-
Carboxy NHS
50 MC3 Intramuscular Liver ~ 35 Size 100 nm Luminescence of = Kawaguchi et al.
8.5 DOPC FLuc mRNA Muscle ~65% Zeta —3.85 + 1.59 mV homogenized (2023)
40 Cholesterol 2 pg per mouse PDI ~ 0.1 organs 4.5 h
1.5 DMG-PEG2000 EE 97.0%
Subcutaneous Liver ~ 1%
FLuc mRNA Skin ~ 99%
2 pg per mouse
50 Cationic lipid* Intravenous Lung Alveolar capillary Size 87.61 nm Cenomics: Radloff et al.
49 DPyPE FLuc mRNA cells PDI 0.082 single-cell RNA (2023)
1 DSPE-PEG2000 1.5 mg/kg Monocytes Zeta 8 mV sequencing 6 h
Neutrophils EE >95.0%
60 DOPE Intravenous Spleen >95% Macrophages ~50% Size 150 nm Luminescence Shimosakai
28.5 DODAP FLuc mRNA Liver <3% Dendritic cells ~40% = Zeta =10 mV 24 h et al. (2022)
10 Cholesterol 0.8 pg/kg Lungs <1% B cells ~5%
1.5 DMG-PEG2000 T cells n.d.
50 cKK-E12 Intravenous Liver Liver Size 80.1 nm FACS 72 h Paunovska et al.
35.5 DOPE Cre mRNA Spleen Endothelial cells: PDI 0.16 (2019)
2.5 DMPE-PEG2000  0.25 pg/kg Heart n.d. 90% pK, 5.6
12.5 20a-OH Kidneys n.d. Hepatocytes: 20% EE 83.0%
Cholesterol Pancreas n.d. Kupffer cells: 90%
Lungs n.d. Immune cells: 55%
Bone marrow n.d.
50 cKK-E12 Intravenous Liver Endothelial cells Size 88 nm FACS 72 h Hatit et al.
35.5 DOPE Cre mRNA Kupffer cells PDI 0.228 (2023)
2.5 DMPE-PEG2000 = 0.3 mg/kg T cells pK. 6.8
12.5 20a-OH Monocytes
Cholesterol B cells
Macrophages
(Continued on following page)
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TABLE 1 (Continued) Specific targets of LNPs based on commercially available lipids.

Distribution or
expression of
mRNA among
targeted and
other organs

Molar Administration

proportion of

lipids used, %

40 DODMA Intravenous Spleen ~ 50%

10 DSPC FLuc mRNA Liver ~ 50%

45 Cholesterol 10 pg per mouse Heart n.d.

5 polysarcosine Lungs n.d.
Kidneys n.d.

Distribution
by cell
population

Physicochemical Detection Reference
properties of

particles

Size ~125 nm IVIS6 h Nogueira et al.
PDI 0.25 (2020)
EE 92.0%

“EE = encapsulation efficiency

n.d. = not detected

“SCLNs = superficial cervical lymph nodes

In.s. = not specified

¢(L-arginyl)-L-2,3-diamino propionic acid-N-palmityl-N-oleyl-amide

called a SORT-lipid (Cheng et al., 2020). Besides, the SORT strategy
can be applied in two ways: complete replacement of a helper lipid or
partial replacement (introduction of a fifth component).

In LoPresti et al. (2022), it was found that complete replacement
of a zwitterionic helper lipid with an anionic one induces greater
accumulation of LNPs in the spleen as compared to the liver,
whereas replacement with a cationic helper lipid leads to LNP
accumulation in lungs. It must be noted that the nature of the
helper lipid in that report did not have as much influence on
nanoparticle biodistribution as did the
lipid’s polar head.

In Cheng et al. (2020); LoPresti et al. (2022); Radmand et al.
(2023), it has been convincingly proven that the use of a cationic

charge of the

helper lipid drives the accumulation of LNPs in lungs. Besides, in
Radmand et al. (2023); Kauffman et al. (2018), it has been
demonstrated that the greatest accumulation of LNPs occurs in
endothelial cells, which are most accessible to the bloodstream. The
effect of cationic lipid DOTAP’s proportion in LNPs on the
biodistribution of nanoparticles is intriguing, as described in
Cheng et al. (2020). For example, LNPs devoid of DOTAP
accumulated in the liver; LNPs having a DOTAP content of
10%-15% predominantly ended up in the spleen, whereas with
an increase in the DOTAP content above 50%, the LNPs were
detectable almost exclusively in lungs. A similar change of the organ
showing the highest accumulation (liver, spleen, or lungs) when the
proportion of a cationic lipid was increased was documented for
other cationic helper lipids: DDAB (dimethyl-dioctadecyl-
ammonium bromide) and EPC.

The use of an anionic helper lipid leads to the accumulation of
LNPs in the spleen after intravenous administration (Alvarez-
Benedicto et al., 2022; Luozhong et al., 2022; Gomi et al., 2023).
In Luozhong et al. (2022), it was found that when 1,2-dioleoyl-sn-
glycero-3-phospho-L-serine (DOPS) served as the anionic lipid,
aside from the accumulation of LNPs in the spleen, their specific
accumulation was registered in superficial cervical lymph nodes, in
contrast to LNPs containing phosphatidic acid. Authors of Gomi
et al. (2023). demonstrated that phosphatidylserine-containing
LNPs are mainly taken up by hepatic phagocytes. In this context,
the presence of an ionizable lipid in the LNPs enhanced the uptake of
the nanoparticles by cells. It is worth mentioning that specific
delivery of phosphatidylserine-containing LNPs to lymphoid
organs was achieved there only with intravenous administration.

Frontiers in Pharmacology

As stated above, targeted delivery of LNPs to organs is
determined by the charge, not by the nature of the polar group
in a helper lipid. For instance, for nanoparticles containing anionic
phosphatidylserine, phosphatidylglycerol, or phosphatidic acid,
researchers have observed more specific delivery to the spleen
(60%, 50%, and 75%, respectively) than to the liver (20%, 45%,
and 5%, respectively) (LoPresti et al., 2022). On the other hand,
another group of authors (Pattipeiluhu et al., 2022) has reported that
for LNPs containing phosphatidylglycerol, accumulation in the liver
occurs predominantly in sinusoidal endothelial cells and Kupffer
cells, in contrast to phosphatidylcholine-containing LNPs, whose
accumulation takes place equally in hepatocytes, liver sinusoidal
endothelial cells, and Kupffer cells.

The introduction of an additional charged helper lipid as a fifth
component also enables investigators to alter targeting efficiency of
LNPs. Not so long ago (Dilliard et al., 2021), scientists achieved
almost 100% reporter mRNA expression in the liver, spleen, or lungs
by means of an additional neutral, negatively, or positively charged
lipid, respectively. Targeting to an organ depended there on
apparent pK, of nanoparticles: at pK, < 5, the particles
accumulated mainly in the spleen; at pK, of 6.2-6.4, mainly in
the liver; whereas at pK, > 11, mainly in lungs. It is noteworthy that
at pK, of 6.5-11, there was selective distribution of LNPs into the
lungs and spleen at different levels, indicating a nonobvious
dependence of the LNP biodistribution on the charge. It is likely
that pK, can serve as a good predictor of bioactivity. For classic four-
component LNPs, apparent pK, was 6.3-6.6 in the above study,
depending on the ionizable cationic lipid used. The addition of an
anionic lipid reduced pK,, whereas the addition of a cationic lipid
increased pK,, which affected the interaction with plasma proteins
and the formation of the protein corona (Dilliard et al., 2021).
Results of their proteomic analysis of the protein corona suggested
that targeting to the liver takes place with predominance of the ApoE
protein in the protein corona; to lungs, with predominance of the
[2-GPI protein; and to the spleen, with predominance of the VIN
protein. Incubation of these proteins with the LNPs in vitro also
enabled specific LNP targeting (Dilliard et al., 2021).

Those authors proposed a three-stage mechanism underlying
the targeting of a five-component LNP (Dilliard et al., 2021). The
first stage is the dissociation of the PEGylated lipid from the surface
of LNPs; the second is the binding of SORT-lipid to blood proteins;
and the third stage is the binding of proteins (adhering to the
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particle) to tissue-specific receptors. In the case of PEG with a longer
aliphatic anchor, which shows worse desorption, the expression of
the reporter protein in all organs was noticeably lower, thus
confirming the above mechanism. In another study (Meyer et al.,
2022), LNPs containing a positively charged group of the additional
lipid and a PLGA polymer also got distributed into lungs and the
spleen, and the distribution was influenced by the ratio of a cationic
lipid (DOTAP) to an ionizable lipid (MC3). Of note, switching the
method of mRNA introduction from encapsulation to adsorption
made it possible to achieve up to 80% expression of a target protein
in the lungs when composition with a DOTAP/MCS3 ratio of 1:1 was
employed, and up to 50% expression in the spleen with composition
featuring a DOTAP/MC3 ratio of 3:1. Nanoparticles carrying
adsorbed mRNA had a size of ~200 nm and did not accumulate
in kidneys during excretion, likely indicating the suitability of such
particles for subsequent pharmaceutical research and development.
In addition, these nanoparticles did not contain cholesterol, and
Cy5-labeled mRNA was detectable but not expressed in the liver;
this finding may be predictive of the behavior of other cholesterol-
free particles. These data are consistent with another study
2024), where LNPs
containing  cationic

(Gueguen et al, of five-component
IM21.7¢

distributed into lungs and the spleen (and very little into the

composition lipid also  got
liver), and >95% of the reporter protein was expressed in the
lungs when the LNPs were administered intravenously. The zeta-
potential of the LNPs containing cationic lipid IM21.7¢c was positive,
in contrast to the previously obtained nanoparticles (Dilliard et al.,
2021), which also got distributed into lungs and the spleen but had
negative zeta-potential. We believe that zeta-potential has
insufficient predictive value to determine a target organ.

Thus, the addition of a charged lipid into LNPs affects pK, of the
particles, which in turn determines the formation of a protein
corona on the surface of the LNPs and accordingly their
subsequent distribution throughout organs, which is modulated
by proteins of the corona. This principle allows to redirect
particles between the liver, spleen, and lungs through the
addition of neutral, negatively charged, or positively charged
lipids, respectively. It is possible that a combination of an
administration route with charged lipids can ensure targeting to
new types of tissues and cells.

3.2 Cholesterol

The LNPs utilized in most studies contain a substantial amount
of cholesterol (up to 40 mol%). In Kawaguchi et al. (2023),
researchers investigated the effect of the cholesterol content on
physicochemical properties of LNPs and on the magnitude of
expression and distribution of a reporter protein with various
routes of administration. In that study, LNPs were obtained with
the classic cholesterol content of 40%, as were LNPs with a lowered
cholesterol content of 20% and 10%. From the standpoint of
physicochemical properties, the nanoparticles of all types turned
out to be almost identical. Their sizes ranged from 75 to 140 nm,
with a relatively narrow size distribution (polydispersity index
[PDI] <0.25). It is worth noting that LNPs of the classic
composition were smaller compared to the others and had a
narrower size distribution. At the same time, the stability of the
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obtained LNPs decreased with the diminishing proportion of
cholesterol: within a week, particles with 10% of cholesterol
increased in size while losing encapsulated mRNA. Cholesterol
only weakly affects the degree of mRNA encapsulation into
nanoparticles. Usually, the correlation between the cholesterol
amount and mRNA loading is within systematic error, and
therefore it cannot be said definitively that cholesterol increases
the loading. A weak correlation between RNA encapsulation and the
level of cholesterol in LNPs has been observed only in two studies
(Kawaguchi et al., 2023; Zhang et al., 2020). In Kawaguchi et al.
(2023), the effect of cholesterol was demonstrated the most clearly
because concentrations of the other components, except for
phospholipid, were fixed. Taking into account their reported
experimental errors, encapsulation efficiency remained constant
at the ratios used. The only parameter that cholesterol affected is
the stability of the resulting nanoparticles. In the same work
(Kawaguchi et al., 2023), it was noted that with a decrease in the
cholesterol amount, the nanoparticles tend to increase in size over
time, and they also have a higher PDI and their encapsulation
efficiency declines over time.

For subcutaneous and intramuscular administration of the
LNPs,
biodistribution of the nanoparticles to the liver and the

a decrease in the cholesterol content reduced the
expression of the reporter protein there, whereas at the injection
site, the level of reporter protein expression did not change. This
evidence suggests that the creation of LNPs that do not end up in the
liver requires reducing the amount of (or replacing) cholesterol, in
agreement with the results from Radloff et al. (2023), which indicates
that the use of cholesterol-free three-component LNPs when
administered intravenously leads to reporter protein expression
almost exclusively in lungs, with small levels in the spleen.
Reducing the cholesterol content also improved the targeting of
LNPs to the spleen when the LNPs were based on known lipids and
were administered intravenously (Radloff et al., 2023). In the
optimized composition of LNPs in Shimosakai et al. (2022),
which showed >95% efficiency of LNP delivery to the spleen, the
cholesterol content was reduced to 10 mol%, whereas the
concentration of a helper lipid was increased to 60 mol%.
Among splenocytes, the LNPs got successfully distributed into
antigen-presenting cells but not T lymphocytes (Shimosakai
et al., 2022).

Modified cholesterol can also be employed for LNP targeting. In
Paunovska et al. (2019), scientists assessed the effect of cholesterol
modifications on the delivery of Cre mRNA within LNPs into
different types of cells of Ail4 mice in seven organs: the liver,
spleen, heart, kidneys, lungs, pancreas, and bone marrow. Those
authors used oxidized forms of cholesterol, where rings or the tail of
cholesterol were modified with a hydroxyl or ketone group. The
distribution of these LNPs among cell and tissue types did not
depend on the cholesterol being tested; tdTomato-positive cells were
found in the spleen and liver; in other tissues, the percentage of such
cells was negligible. The proportion of liver cells expressing
tdTomato was 100%, 80%, 60%, and 20% among Kupffer cells,
endothelial stem cells, immune cells, and hepatocytes, respectively,
whereas in the spleen, 17%, 9%, and 3% among T cells, B cells, and
respectively (Paunovska et al, 2019). The
LNPs modified  20a-
hydroxycholesterol enhanced reporter protein expression in

macrophages,

administration of containing
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endothelial cells, hepatocytes, Kupffer cells, and liver immune cells
by an order of magnitude as compared to LNPs containing
unmodified cholesterol (Paunovska et al., 2019). Authors of Hatit
et al. (2023) have obtained additional data on the use of 20a-
hydroxycholesterol in LNPs thus showing that the observed effect
is not due to a change in physicochemical properties of the LNPs but
is explained by biological effects. Their LNPs containing a mixture of
stereoisomers, when entering a cell, activated genes associated with
phagocytosis and inflammation to a greater extent. Consequently,
replacing with 20a-
hydroxycholesterol promising  for the

unmodified  cholesterol stereopure

may be increasing
expression of a target protein.

Thus, cholesterol is necessary for membrane stability but at the
same time directs LNPs to the liver. Replacing cholesterol with
analogs does not affect the biodistribution but may influence the
efficiency of cell transfection. Accordingly, to redirect particles from
the liver to other organs, one possible solution is to devise
cholesterol-free formulations or utilize additional features that
will ensure targeting to a desired organ while promoting stability
of the nanoparticles’ membrane.

3.3 PEGylated lipids

The introduction of PEG into lipid composition allows for self-
assembly of LNPs and reduces nanoparticle aggregation and
heterogeneity owing to steric stabilization. Furthermore, PEG
improves the stability and durability of LNPs because of the
formation of a shell that stabilizes the membrane (Hald et al,
2022). The downside of PEG addition is that an overly stable
membrane prevents LNPs from fusing with an endosome, and
hence the mRNA is unable to enter the cell. Some articles
(Gueguen et al., 2024; Ryals et al., 2020; Lam et al., 2023) suggest
that reducing the percentage content of a PEGylated lipid improves
the expression of a target protein in animals. By varying the molar
percentage and molar mass of PEG, an investigator can control the
size and size distribution of the resultant nanoparticles. In one study
(Sarode et al.,, 2022), a series of PEGylated lipids was investigated
that differed in length (550-2000 Da) and architecture (linear or
branched) of the polymer chain and in the nature of the lipid moiety
(phosphoglyceride, diglyceride, or ceramide). Those authors
revealed that LNPs containing a PEGylated lipid based on
phosphoglycerides  are  characterized by a pronounced
dependence of particle size on the molar proportion and
molecular weight of PEG in contrast to lipids based on
diglycerides and ceramides. Among particles with a high content
of a long-chain PEGylated lipid, the size distribution was broad,
which those authors attributed to the formation of a subpopulation
of PEGylated lipid micelles. There was no obvious impact of the lipid
moiety on the size of the LNPs.

Of note, the use of LNP therapeutics containing a PEGylated
lipid can cause unwanted immune responses in the body (Tenchov
et al., 2021; Shiraishi and Yokoyama, 2019). In particular, the
emergence of accelerated blood clearance has been documented.
In the blood, anti-PEG antibodies appear that quickly remove the
administered PEGylated nanoparticles. As a result, the effectiveness
of the mRNA therapeutic agent diminishes, and there is a need for
repeated administration of the therapeutic. Thus, the incorporation
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of a PEGylated lipid into LNPs can be an obstacle to repeated use of
mRNA-LNP therapeutics. As an alternative to PEG, a polysarcosine
(pSar) has been investigated, which is a polypeptide derived from
sarcosine and possesses all the properties of PEG (Birke et al., 2018).
Moreover, a polysarcosine does not induce an immune response
even after repeated administration, in contrast to PEG.

Polysarcosines can serve as analogs of PEG (Nogueira et al., 2020).
Just as for PEG, an increase in the molar proportion of a polysarcosine
within LNPs reduces particle size: this pattern is observed when the
molar proportion of a polysarcosine within LNPs changes from 1.5% to
10%, and the shorter the polysarcosine, the more pronounced is the
effect. In the article just cited, the use of the shortest polysarcosine called
pSarl1, containing 11 units, within LNPs diminished particle size from
300 to 125 nm, whereas the addition of the longest polysarcosine
(pSar65, containing 65 units) into the LNPs led to a decrease in particle
size from 150 to 75 nm. With increasing length of the polysarcosine
component of the LNPs, the accumulation of the particles shifted from
the spleen to the liver. Those authors ascribe this redistribution of LNPs
to their size: larger particles with a shorter polysarcosine accumulate
more efficiently in the spleen. A similar redistribution pattern was
registered with an increase in the proportion of a polysarcosine of the
same chain length within the LNPs: an increase in the proportion of the
polysarcosine reduced particle size and hence shifted their accumulation
from the spleen to the liver. Additionally, LNPs based on a
polysarcosine, as compared to conventional PEG, have lower
reactogenicity, as shown in experiments on mice (Nogueira et al,
2020). A recent study (Gautam et al, 2023) addressed various
modifications of PEG within LNPs. For subretinal delivery, LNPs
were tested containing additional PEG modified with a carboxyl
group, an amine group, or a carboxyester group. Depending on the
charge, the LNPs showed different tropism for eye photoreceptor cells.
Control four-component LNPs induced tdTomato expression only in
the retinal pigment epithelium, whereas LNPs with all types of modified
PEG were able to transfect nuclei of cone and rod photoreceptor cells
(Gautam et al., 2023). In these experiments, LNPs containing PEG with
the carboxyester group caused expression of the reporter protein in the
outer segment of a photoreceptor, in the nucleus, and in the retinal
pigment epithelium. In addition to these modifications, PEG conjugated
with the BODYPI dye is used too, but LNPs based on this lipid have
shown weaker reporter protein luminescence as compared to particles
based DMG-PEG2000 (1,2-dimyristoyl-rac-glycero-3-
methoxypolyethylene glycol-2000), possibly because of lower pK, of
the BODYPI-PEG nanoparticles (~5.0) in comparison with pK, of the
LNPs based on DMG-PEG2000: ~6.5 (Xiong et al., 2020).

Thus, PEG, just as cholesterol, is necessary to stabilize a

on

nanoparticle and to increase circulation time, but an excessive
PEG content negatively affects properties of LNPs. Introduction
of a polysarcosine (which has lower immunogenicity) instead of
PEG may be promising.

3.4 RNA-LNP-based therapeutics:
clinical trials

RNA-LNP-based therapeutics have become popular after
successful use of two mRNA vaccines (RNA-1273 and
BNT162b2) against SARS-CoV-2. To date, the number of
approved mRNA vaccines has increased, but not all of them take

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1466337

Vasileva et al.

TABLE 2 mRNA-LNP therapeutics currently in clinical trials.

10.3389/fphar.2024.1466337

Indication LNP composition Vaccine type Clinical-
Trials.gov
identifier

Cancer Not shown mRNA OX40L Phase 1 NCT03739931

1L-23
IL-36y
Cancer DLin-MC3-DMA, DSPC, mRNA OX40L Phase 1/2  NCT03323398
Cholesterol, DSPE-PEG2000
Intrahepatic cholangiocarcinoma | Not shown stRNA hepatocyte nuclear factor 4a Phase 1 NCT06572189
(HNF4a)
Glioma XH-07, Cholesterol, DSPC, srTRNA IL-12 Phase 1 NCT06468605
DMG-PEG 2000

Hepatocellular carcinoma Not shown programmable Not shown Phase 1/2 = NCT05497453

epigenomic mRNA

HIV Not shown mRNA Native-like HIV-1 envelope trimer = Phase 1 NCT05903339

Malaria Not shown RNA Plasmodium falciparum Phase 1 NCT05581641

circumsporozoite protein

Malaria Not shown RNA P. falciparum antigens Phase 1/2  NCT06069544

Influenza Not shown mRNA Influenza hemagglutinin Phase 1 NCT05829356

Influenza Tonizable lipid, DSPC, mRNA Full-length H1 HA of influenza A = Phase 1 NCT05945485

cholesterol, PEG lipid

Influenza ALC-307, DSPC, cholesterol, mRNA Hemagglutinin (HA) Phase 1 NCT05755620

ALC-0159

Cystic fibrosis Not shown mRNA Cystic fibrosis transmembrane Phase 1 NCT05712538

conductance regulator protein

Ornithine transcarbamylase Not shown mRNA Ornithine transcarbamylase Phase 1/2 = NCT04442347

deficiency NCT05526066
NCT06488313
NCT04416126

Ornithine transcarbamylase Not shown mRNA Ornithine transcarbamylase Phase 1/2  NCT03767270

deficiency

Glucose-6-phosphatase (G6Pase- | O-11480, DPPC, cholesterol, mRNA G6Pase-a Phase 1/2  NCT05095727

a) deficiency DMG-PEG 2000

Hereditary transthyretin Not shown mRNA CRISPR/Cas9 Phase 1 NCT04601051

amyloidosis with polyneuropathy

advantage of LNPs for delivery (Hu et al., 2024). Aside from being
used as vaccines, RNA-LNP constructs are employed to treat
cancers (as encoded adjuvants, neoantigen vaccines, in vivo
chimeric antigen receptor T-cell therapy [CAR-T], or epigenetic
regulators) and hereditary diseases (as genetic editors) (Hu et al.,
2024). On the ClinicalTrials.gov website, we searched for all clinical
trials that have involved LNPs. In most studies, information about
the delivery system is not disclosed, only 16 papers mention LNPs,
and detailed composition is described in only five papers (Table 2).
Lipid composition is often not disclosed by the companies that have
developed the drug; hence, it is not possible to fully study the
composition of the formulations in question. All known
compositions from the above-mentioned clinical trials contain
four lipids: an ionizable lipid, a phospholipid, cholesterol, and a
PEGylated lipid, and the compositions themselves are already
known  (trials No. NCT03323398, (CT05945485, and
NCT05755620). Moderna utilizes a new "*C-labeled lipid, which
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is an analog of SM-102 and will allow for more accurate assessment
of pharmacokinetics of mRNA-LNP therapeutics (Schellekens et al.,
2011). Another new ionizable lipid, XH-07, is used by Duke
University (NCT06468605). Side effects of the new lipids have
not yet been investigated.

Cancer vaccines have involved mRNAs encoding cytokines IL-
23, IL-36y, IL-12, or OX40L (NCT03739931, NCT03323398, and
NCTO06468605) as well as hepatocyte nuclear factor 4a
(NCT06572189), which participates in hepatocyte proliferation.
Linear mRNA-based vaccines are also being tested against
infectious diseases such as influenza (NCT05829356 and
NCT05755620), malaria (NCT06069544 and NCT05581641), and
HIV (a booster vaccine; NCT05903339). Separately, drugs are being
developed against hereditary disorders, including orphan diseases
such as cystic fibrosis (NCT05712538), ornithine transcarbamylase
deficiency  (NCT04442347, NCT05526066, NCT06488313,
NCT04416126, and NCT03767270), glucose-6-phosphatase

frontiersin.org


http://ClinicalTrials.gov
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1466337

Vasileva et al.

deficiency  (NCT05095727), and hereditary
amyloidosis with polyneuropathy (NCT04601051).

transthyretin

4 Development of novel lipids and
novel approaches to targeted delivery

4.1 Creation of novel lipids

When new cationic/ionizable lipids are designed, addition of
new functional groups or replacement of existing ones may not
affect the biodistribution of nanoparticles within the body. Typical
biodistribution with subsequent expression in the liver and spleen is
characteristic of LNPs containing i) cationic/ionizable lipids linked
through disulfide bonds and carrying an unsaturated tail and amine
head (Shen et al., 2023; Lee et al., 2020), ii) lipids with tertiary-amine
headgroups modified with a terminal hydroxyl group, ester bond,
and branched saturated tails (Long et al, 2023), iii) modified
aminoglycosides that are synthesized from natural existing
aminoglycosides coupled with alkyl epoxides and acrylates (Yu
et al., 2020), or iv) a cationic lipid carrying an amine head with
two unsaturated tails (Hashiba et al., 2020).

During the construction of new delivery systems based on four-
component LNPs, researchers try to synthesize new ionizable lipids
having unique properties. As mentioned above, targeting of LNPs to
desired organs can be achieved by means of ionizable lipids and/or
via introduction of an additional helper lipid. For example, after
intravenous injection of LNPs, positively charged DOTAP as a
helper lipid ensures delivery to lungs (Dilliard et al., 2021).

For new LNP compositions, we evaluated the influence of
chemical modifications of a cationic lipid on biodistribution and
transfection efficiency (Tables 3-5), then analyzed in detail the
distribution of an mRNA or protein product among organs and
cell populations as well as methods and doses of administration,
chemical and physical properties of the LNPs based on new lipids,
and strategies for the design of new lipids (Table 6).

4.1.1 Development of novel ionizable lipids
(Ni 2022)
distribution—among liver cells—of piperazine PPZ-A10-based

Some authors et al, have examined the
LNPs with the dTomato reporter in Ail4 mice. The proportions
of dTomato-positive cells in Ail4 mice were as follows: 60% of
Kupfter cells, 55% of spleen macrophages, 35% of spleen dendritic
cells, 30% of hepatocytes, 20% of liver dendritic cells, 25% of
remaining spleen immune cells, 15% of remaining liver immune
cells, and 10% of liver enterochromaffin cells (Ni et al., 2022); this
pattern can serve as a good illustration for predicting reporter
protein expression when four-component LNPs are used. The use
of a new piperazine-based cationic lipid with unsaturated
hydrophobic tails together with DOTAP in LNPs (Kim et al,
2023) affects the efficiency of delivery of reporter mRNA to
lungs (as compared to SM-102 with saturated tails) by increasing
the number of tdTomato-expressing cells in healthy mice and mice
with induced pulmonary fibrosis. The tdTomato expression was
detectable in endothelial cells, fibroblasts, immune cells, and
epithelial cells. Notably, the use of LNPs based on another
positively charged lipid, EPC, as a helper lipid significantly
weakened the expression of the target protein in the lungs. The
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key role of DOTAP in the distribution to lungs is evident after
intratracheal administration too (Li B. et al, 2023). Namely,
replacement of DOTAP with DOPE in LNPs
ionizable lipid RCB 4-8 (which consists of nonynyloxy tails

containing

linked to the amine center through an ester bond by an
unsaturated branched alkyl linker) lowered reporter protein
bioluminescence by almost half in lungs when nanoparticles
based on the new lipid were administered.

A comprehensive study on new thiophene-based lipids, which
have been used as ionizable lipids, was conducted not so long ago
(Eygeris et al.,, 2024). During the development of the new lipids,
those authors analyzed the length and saturation of the tail, an effect
of restricting the conformation of the amino group by a piperidine
ring, and the influence of pK, as a consequence of introduction of a
spacer between the piperidine ring and the ionizable head
group. Most modifications did not affect the biodistribution of
LNPs. Nonetheless, LNPs based on unsaturated lipids were better
at encapsulating mRNA. The restriction of the amino group
conformation by the piperidine ring influenced the yield of the
target lipid during its synthesis. Finally, those authors noticed that
extending the spacer improved transfection efficiency. By moving
the unsaturated tails of lipids from the ortho position to the para
position on opposite sides of the thiophene core and by modifying
the ester so that it carries an ionizable head group, they were able to
create a lipid called 29d, which as a component of LNPs, provided
targeting to the spleen/lungs (Eygeris et al., 2024). Moreover, the
ratio of delivery of LNPs between the lungs and spleen changed
when the researchers varied the lipids that constitute the four-
component particle (Eygeris et al., 2024). Using DOPE instead of
DSPC and reducing the cholesterol content allowed to diminish the
delivery of the LNPs into the liver compared to other organs.

Whitehead’s research group has been developing an ionizable
lipid directly for delivery to the pancreas. Hajj et al. (2019) describes
testing of ionizable lipids each containing two tertiary amines with
acrylate tails of different lengths. The acrylate tail length had little
effect on organ targeting, whereas branching improved delivery to
all organs, including the pancreas. Those authors believe that these
effects are likely due to the fact that the additional side group extends
the distance between lipid molecules in the matrix of LNPs, thereby
leading to better protonation of tertiary nitrogens and better
packaging of mRNA. Another explanation is a hindrance of
rotational mobility of branched lipids, with a consequent increase
in the microviscosity of LNPs’ matrix and their stability, resulting in
smaller particles with a narrower size distribution and increasing
mRNA encapsulation (Hashiba et al., 2022). For LNPs based on the
most effective lipid, 3060;;, switching the route of administration
from intraperitoneal to intravenous caused the same particles to lose
the ability to ensure expression of a luminescent product in the
pancreas and the ability to accumulate in minimal quantities in
lungs and the heart; LNPs were still present only in the liver and
spleen. It is worth noting that expression of the desired product in
the pancreas and other organs relative to expression in the liver was
negligible even for the most effective lipid composition (Hajj et al.,
2019). LNPs based on a lipid called 3060;;, and cationic helper lipid
DOTAP are able to deliver reporter mRNA into pancreatic B-cells.
the
administration is mediated by an interaction of cationic particles

Presumably, delivery to pancreas via intraperitoneal

with negatively charged components of the peri-islet membrane,
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TABLE 3 Specific targeting of LNPs based on newly developed ionizable and helper lipids.

Molar
proportion of

lipids used, %

Development
strategy

Top lipid

Administration

Distribution
among cell
populations

Distribution
or expression
of mMRNA in
targeted and
other organs

Detection

Physico-
chemical
properties
of particles

Reference

amine head, selection of a
helper lipid

(Continued on following page)

26.5 244cis Replacement of saturated = 244cis Intravenous retro- Lungs ~ 80 % IVIS6 h Size 81.0 nm Kim et al.
20 DOTAP bonds with unsaturated (VV\/YOWA/ orbital Spleen ~ 15% PDI 0.09 (2023)
52 Cholesterol ones in the lipid tail of an N o FLuc mRNA Liver ~ 5% Zeta —3.7 mV
1.5 C16-PEG2000 ionizable lipid [ j _ 0.2 mg/kg EE 87.2%
N WW/
k/N\/\/\/\/O\I(\/a/\/\/ Intravenous retro- Lungs Healthy mouse: IVIS72 h
4 orbital Liver Endothelial cells
Cre mRNA Spleen 84.3%
0.3 mg/kg Fibroblasts 21.6%
Immune cells 18.6%
Epithelial cells
25.4%
Pulmonary fibrosis:
Endothelial cells
81.9%
Fibroblasts 24.7%
Immune cells 30.1%
Epithelial
cells 33.1%
30 RCB 4-8 Selection of different RCB 4- Intratracheal Lungs — IVIS6 h Size 85.7 nm Li B. et al.
39 DOTAP ionizable groups for the 8 FLuc mRNA Other organs n.d. PDI 0.11 (2023)
30 Cholesterol amine head and alcohols oo & T 0.125 mg/kg Zeta 9.7 mV
1 DMG-PEG2000 | for the lipid tail of an OUWAD 0.25 mg/kg EE 87.1%
ionizable lipid ;/ o o = 7705 mglkg
AN o o
\/j)(
73 29d Screening of lengths, 29d Intravenous Lungs — IVIS 24 h Size ~75 nm Eygeris et al.
12 DOPE saturation levels, Mel o FLuc mRNA Spleen PDI ~ 0.2 (2024)
9 Cholesterol positions of a lipid tail, — — 5 ug per mouse Liver EE ~98.0%
2 DMG-PEG2000 and of substituents in the e
amine head, selection of a Faadi
helper lipid —
N
o
61 29d Screening of lengths, 29d Intravenous Spleen — IVIS 24 h Size ~ 75 nm Eygeris et al.
11 DOPE saturation levels, MezN o FLuc mRNA Lungs PDI <0.3 (2024)
25 Cholesterol positions of a lipid tail — — 5 ug per mouse Liver EE ~ 98.0%
3 DMG-PEG2000 and of substituents in the L)
7 s
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TABLE 3 (Continued) Specific targeting of LNPs based on newly developed ionizable and helper lipids.

Molar
proportion of

lipids used, %

Development
strategy

Top lipid

Administration

Distribution
or expression
of mRNA in
targeted and
other organs

Distribution
among cell
populations

Detection

Physico- Reference
chemical
properties

of particles

60 20b Screening of lengths, 20b Intravenous Eyes Retinal pigment THC 96 h EE ~ 98.0% Eygeris et al.
20 DSPC saturation levels, O 07 NN NN T N Cre mRNA Other organs n.d. epithelium (2024)
19 Cholesterol positions of a lipid tail 0.3 ug per mouse Photoreceptors
1 DMG-PEG2000 and of substituents in the \ | ) _— Miiller glia
amine head, selection of a s Y\/\/\/\:/\Z/\/\/
helper lipid °
15-26 cKK-E15 Addition of an adamantyl =~ — Intravenous Liver Liver: FACS 3 day Size 80-120 nm Gan et al.
25-55 Phospholipid | group; Variation of tail Cre mRNA Spleen Kupffer cells ~55% (2020)
with adamantyl length and saturation 1.0 mg/kg Bone Marrow Endothelial cells
group ~40%
28-46.5 Cholesterol Hepatocytes ~10%
or B-Cholesterol or Spleen:
20a-OH Cholesterol Endothelial cells
1.5-2.5 DMG- <5%
PEG2000 Dendritic cells <5%
Epithelial cells <5%
Bone marrow:
Hematopoietic
cells <5%
50 306-N16B Selection of various 306- Intravenous Lungs ~ 100% Endothelial cells IVIS 7 day Size 81 nm Qiu et al.
10 DOPC amine cores and alkyl tail =~ N16B Cre mRNA Liver n.d. 35% FACS 7 day PDI 0.20 (2022)
38.5 Cholesterol lengths bt 0.75 mg/kg Spleen n.d. Epithelial cells ~ 0% Zeta 0.5 mV
1.5 DMG-PEG2000 e S : J/L I e Kidneys n.d. Macrophages ~ 0%
O N~ N~N 9
/M\S/S\/\u\'{ K/KN/\/S\S/\V\Z\
o
25 L319 Mixing of two ionizable  L319 Intravenous Spleen ~ 100% — IVIS 24 h Size 180 nm Huo et al.
25 F-L319 lipids to obtain a five- f FLuc mRNA Liver n.d. PDI 0.1 (2023)
10 DSPC component nanoparticle N0 2 pg per mouse Lungs n.d. Zeta —4 mV
38.5 Cholesterol Heart n.d. EE 75.0%
1.5 DMG-PEG2000 "WT/ Kidneys n.d.
°
S
o
F-L319
o
H(CFE)SHZC\O
°\n/\/\N/
I \
H(CF)sH,C” °
o

(Continued on following page)
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TABLE 3 (Continued) Specific targeting of LNPs based on newly developed ionizable and helper lipids.

Molar
proportion of

lipids used, %

Development
strategy

Top lipid

Administration

Distribution
or expression
of mRNA in
targeted and
other organs

Distribution
among cell
populations

Detection

Physico-
chemical
properties
of particles

Reference

55 9A1P9 Screening of a panel of 9A1P9 Intravenous Spleen >90 % IVIS6 h Size ~ 150 nm Liu et al.
30 DOPE lipids differing in the PPN /\/0\?'/0 FLuc mRNA Liver <10% PDI ~ 0.13 (2021)
40 Cholesterol number of zwitterionic N 1 NN 0.25 mg/kg Lungs n.d. Zeta ~ —6 mV
0.4 DMG-PEG2000 | atoms, alkyl tails, and tail ° Heart n.d.
length. Using a Kidneys n.d.
phospholipid instead of a
cationic lipid Intravenous cre Macrophages 30% FACS 48 h
mRNA B cells 6%
0.25 mg/kg
30 5A2-SC8 Screening of a panel of 9A1P9 Intravenous Liver ~ 100% VIS Size ~ 260 nm Liu et al.
25 9A1P9 lipids differing in .the' ey /\/o\‘i'/o N FLuc mRNA Spleen n.d. 6h PDI ~ 2.5 (2021)
30 Cholesterol number of zwitterionic i 0.25 mg/kg Lungs n.d. Zeta ~ —4 mV
1 DMG-PEG2000 atoms, alkyl tails, and tail ° Heart n.d.
length Kidneys n.d.
Intravenous Hepatocytes 91% FACS 48 h
Cre mRNA
0.25 mg/kg
60 9A1P9 Screening a panel of lipids = 9A1P9 Intravenous mRNA Lungs ~ 100% IVIS6 h Size ~ 150 nm Liu et al.
30 DDAB differing in the number of o~~~ 0\?’/0 0.25 mg/kg Liver n.d. PDI ~ 0.08 (2021)
40 Cholesterol zwitterionic atoms, alkyl /\/\/\)N/\/ 1 SN Spleen n.d. Zeta ~ —2.5 mV
0.4 DMG- PEG2000 | tails, and tail length. © Heart n.d.
Using a phospholipid Kidneys n.d.
instead of a cationic lipid
Intravenous Endothelial cells FACS 48 h
Cre mRNA 34%
0.25 mg/kg Epithelial cells 20%
Immune cells 13%
60 9A1P9 Screening a panel of lipids = 9A1P9 Intravenous Lungs >90 % IVIS6 h Size ~ 150 nm Liu et al.
30 DOTAP differing in the number of PPN o\cl)-/o FLuc mRNA Spleen <10% PDI 0.1 (2021)
40 Cholesterol zwitterionic atoms, alkyl N 1 NN 0.25 mg/kg Liver n.d. Zeta ~ =2 mV
0.4 DMG-PEG2000 | tails, and tail length. ° Heart n.d.
Using a phospholipid Kidneys n.d.
instead of a cationic lipid
Intravenous FACS 48 h
Cre mRNA
0.25 mg/kg

(Continued on following page)
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TABLE 3 (Continued) Specific targeting of LNPs based on newly developed ionizable and helper lipids.

Molar
proportion of

lipids used, %

Development
strategy

Top lipid

Administration

Distribution
or expression
of mRNA in
targeted and
other organs

Distribution
among cell
populations

Detection Physico- Reference
chemical
properties

of particles

35 Lipid 306059 Screening a panel of lipids = 3060;;0 Intravenous Pancreas <1% — IVIS1h — Hajj et al.
16 DOPE with different acrylamide i Cy5-labeled mRNA Liver ~ 100 % (2019)
46.5 Cholesterol tails and branching NSNS | ))ko/\/\/\/\/\ 0.75 mg/kg Spleen <1%
2.5 DMG-PEG2000 i O SRR, Lungs n.d.
\/V\/\/\/uﬁ{ Kidneys n.d.
: Heart n.d.
Intravenous Pancreas <1% IVIS 3 h
FLuc mRNA Liver ~ 65 %
0.75 mg/kg Spleen ~ 10%
Lungs ~ 15%
Kidneys ~10%
Heart n.d.
35 Lipid 306059 — 3060510 Intravenous Liver ~ 95% Hepatocytes ~ 70% | FACS 24 h Size 124.6 nm Hajj et al.
16 DOPE i PN Cre mRNA Spleen ~ 5% Kupffer cells ~ 15% PDI 0.12 (2020)
46.5 Cholesterol SN | ))K? 2.0 mg/kg Kidneys <1% Endothelial cells Zeta 0.43 mV
2.5 DMG-PEG2000 {WWI\AW Heart n.d. ~ 15% PK, 6.4
ST ! Lungs n.d. EE 91.1%
Pancreas n.d.
35 Lipid 306059 Comparison of three 3060519 Intraperitoneal Pancreas >90% IVIS3 h — Melamed et al.
40 DOTAP lipids distinguished by i FLuc mRNA Spleen <5% (2023)
22.5 Cholesterol their amine core and tails = "N | 0.5 mg/kg Liver <5%
2.5 DMG-PEG2000 = Comparison of different ° N\/\/N\/\/ULO PPN Lungs n.d.
helper lipids S
° Intraperitoneal B cells 100% FACS Instantly
Cy5-labeled mRNA T cells ~100%
0.5 mg/kg Macrophages
~100%
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TABLE 4 Specific targeting of LNPs to placenta and tumors.

Molar
proportion
of lipids

Development
strategy

used, %

Top lipid

Administration

Distribution
or
expression
of mRNA in
targeted and
other organs

Distribution
among cell
populations

Detection

Physico- Reference
chemical
properties

of particles

A12-Is05-2DC18
-0 J)N
~

N

|

Neutrophils <3%

35 Lipid 3060;1 Screening for various | 3060;;0 Intraperitoneal Cy5- Placenta — IVIS 4 h Size ~ 120 nm Chaudhary et al. (2024)
16 DOPE lipids /[L labeled mRNA Liver PDI 0.1
46.5 Cholesterol ST | g 0.5 mg/kg Spleen EE ~ 98.0%
2.5 DMG- ;{NW"WN NS S N
PEG2000 SN Intraperitoneal Trophoblasts FACS 3 days
¢ Cre mRNA 4.65%
0.5 mg/kg Immune cells
3.63%
CD4" cells 2%
CD8" cells 1%
NK cells 3%
Dendritic cells 1%
Macrophages 2%
Endothelial
cells 4.19%
20 DAL Screening of various DAL4 Intratumoral Tumor CD45" cells 31.9% = FACS 12 h Size ~ 150 nm Liu et al. (2022)
30 DOPE cyclic and noncyclic | " GFP mRNA Other organs n.d. | CD11b" cells 2.2% PDI <0.1
40 Cholesterol heads of an ionizable \QVNWN/\/\N/\/\/\/\/\/\ 10 pg per injection F4/80" cells 3.29%
0.75 DMG- lipid oo O PPN CD3" cells 0.82%
PEG2000 CD19" cells 98.2%
45 Tonizable lipid ~ Sequential A2-Is05-2DC18 Subcutaneous Injection site VIS5 h — Miao et al. (2019)
10 DOPE optimization of the ° N= o FLuc mRNA Lymph node
42.5 Cholesterol amino head group, %m 0.1 mg/kg
2.5 DMG- tail group, linker, and o /H
PEG2000 substituent on an Subcutaneous Macrophages 15% = FACS 48 h
ionizable atom N Cre mRNA Dendritic cells 14%
Cl 0.5 mg/kg Leukocytes <3%

(Continued on following page)
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TABLE 4 (Continued) Specific targeting of LNPs to placenta and tumors.
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Molar Development  Top lipid Administration Distribution  Distribution  Detection Physico- Reference
proportion strategy or among cell chemical
of lipids expression populations properties
used, % of mRNA in of particles
targeted and
other organs
n.s. 4A3-SC8 Choosing various PEG20005d Subcutaneous Tumor — IVIS6 h — Xiong et al. (2020)
n.s. DOPE ionizable groups for FLuc mRNA (+ Liver
n.s. Cholesterol the amine head in the BODIPY fluorescent Kidneys
n.s. PEG20005d synthesis of a 4A3- dye) 0.05 mg/kg Pancreas
SC8 analog
Modification of PEG
by BODIPY dyes
using different linkers
n.s. A4 Testing of A4 Intravenous Nonpregnant mice: IVIS6 h Size ~ 100 nm Swingle et al. (2023)
n.s. DOPE combinations of M R e FLuc mRNA Uterus PDI <0.1
n.s. Cholesterol different epoxy cores \/\/\/\/\/&/”/\/OV\“/\/N\) HOS\T\/\/\/V 0.6 mg/kg Pregnant mice: pKa ~ 6.5
n.s. DMG- and polyamide cores oH Placenta EE ~ 90.0%
PEG2000 in the development of Liver
a new ionizable lipid Spleen
Fetus n.d.
Intravenous mCherry Trophoblasts ~6%  FACS 12 h
mRNA Endothelial cells ~
1 mg/kg 3%
Immune cells ~ 5%
35 C12-200 — Intravenous Placenta traces — IVIS4 h Size 110.2 nm Young et al. (2022)
16 DOPE FLuc mRNA Liver lion’s share PDI <0.139
46.5 Cholesterol 0.5 mg/kg Spleen pKa ~ 5.619
2.5 DMPE- Lungs traces EE 64.0%
PEG2000 Liver traces
Heart n.d.
Ovaries n.d.
Liver ~ 55% VIS4 h
Spleen ~ 40 %
Lungs <2%
Kidneys <1%
Pancreas <1%
Heart <1%
Ovaries <1%
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TABLE 5 Specific targeting of LNPs with variation of the number of lipids in composition and other development strategies.

60 CAP2-4 Combination of an ionizable lipid with CAP2-4 FLuc mRNA Seminiferous — THC 24 h Size Du et al.
30 DOPE cholesterol. Testing different amine head 7 ug per testis tubules 126.4 nm (2023)
0.75 DMG- structures Other organs n.d. PDI 0.24
PEG2000 EE 80.0%
/N\
50 tB-UC18 Screening of various alkyl saturated and tB- Intravenous Spleen 95% B cells 5% IVIS 4 h Size Li et al.
50 DOPE cyclic substituents in para-substituted and UC18 FLuc mRNA (+DiD Liver <5% T cells ~5% FACS 4 h 290 nm (2021)
tri-substituted benzaldehyde molecules R I O I I dye) Lungs n.d. Macrophages ~ Zeta
SOCSPRPPP 0.5 mg/kg Kidneys n.d. 30% -25 mV
Heart n.d. Dendritic
cells 25%
30 Ve Lipid Addition of an alkyl radical with tertiary Ve lipid — Macrophage Primary — Size Hou et al.
30 DOPE nitrogen atoms to various vitamins PPN o 9“»; o o lysosomes macrophages 180 nm (2020b)
50 Cholesterol /\/\//\/\\/i\/\/\)N "/\/\/E/ VX 7 Other organs n.d. PDI 0.1
o v Zeta
e
d b 30 mV
EE 90.0%
n.s. ROH6 Switching the formulation order to a two- | R9H6 amino sequence Intratumoral Tumor FACS 0, Size Blakney
n.s. DOTAP step procedure. Screening of various short NIS mRNA 0 h 6.48% 12,24 h 116.8 nm et al. (2019)
peptides containing arginine 350 ug/kg 12 h 2.67% PDI 0.16
24 h 0.01%
Intratumoral Thyroid cancer SPECT/
NIS mRNA Not measured in CT24h
350 ug/kg other organs
35 Cephalin Screening of cationic, ionizable, and Cephalin Intradermal eGFP Skin explant 2.5% GFP- FACS3d | Size ~ Li Q. et al.
16 DOPE zwitterionic lipids and of their ratios /\/\/v\/\/\/\i 9 A small activating RNA = Other organs n.d. positive cells: 370 nm (2023)
49 Cholesterol DXO/ZFO/\/NHG 2 pg per explant Epithelial cells Zeta
S S 40% 3mV
° Dendritic cells
16.2%
Langerhans cells
12.0%

Monocytes 9.6%
Leukocytes 7.9%
Fibroblasts 6.2%
T cells 4.1%
NK cells 3.6%
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TABLE 6 Successful strategies for lipid chemical modification.

Graphical presentation

S NP N

R~

F‘\/\/\/\/\/\/\3 R\M

Description

Changing the saturation of lipid tail Kim et al. (2023);
Eygeris et al. (2024); Sarode et al. (2022)

Using branched tails instead of unbranched tails Melamed
et al. (2023); Shiraishi and Yokoyama (2019)

Changing the amount of a lipid tail Tenchov et al. (2021); Yu
et al. (2020); Long et al. (2023)

Transfection effect

T Transfection for unsaturated tails compared to saturated
tails

T Transfection for saturated and double-bonded lipids
compared to triple-bonded lipids

T Transfection for lipids containing an additional methyl
group

T Transfection for two lipid tails instead of one or three lipid
tails

Targeting effect
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Addition of a spacer between the thiophene core (containing
a lipid tail) and the ionizable group Tenchov et al. (2021)

TTransfection with increasing spacer length, as a result
of TpKa
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Screening of various aliphatic and aromatic amine heads
Sarode et al. (2022); Xiong et al. (2020); Liu et al. (2022);
Long et al. (2023); Melamed et al. (2023); Hu et al. (2024)

Changing the length of a lipid tail Shen et al. (2023); Long
et al. (2023); Hu et al. (2024); Hou et al. (2020b)

Replacement of an ester bond with an amide bond in a
lipidoid molecule Hu et al. (2024)

TTransfection for propylpiperazines

TTransfection for the fluoroboryl substituent on the
ionizable group

TTransfection for mono-, di-, and tri-substituted amines
relative to other functional groups

TTransfection for amine head 306 compared to amine heads
113, 304, 200, and 504

TTransfection for quaternary ionizable amines, compared to
tertiary ones in the case of a polymer molecule

T Transfection for 10-14 carbons in the lipid tail

T Transfection for 16 atoms in the lipid tail (C + S)
compared to 12 and 14 atoms

T Transfection for 11-22 atoms in the lipid tail (C + S)
compared to other tails

T Tropism to the spleen for 14-16 carbons in the lipid tail
T Tropism to the liver for the 9-10 carbons in the lipid tail

T Tropism to the lungs
| Tropism to the liver
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which contains laminins, type IV collagen, and perlecan.
Macrophages alone are responsible for LNP delivery specifically
to B-islets and absorb LNPs and then secrete extracellular vesicles,
which again transfect {-cells in the islets. This hypothesis is
supported by the finding that other cationic helper lipids (EPC
and DDAB) within such LNPs cause similar protein expression in
the pancreas (Melamed et al., 2023). For the LNPs based on lipid
3060510, the distribution among different types of liver cells has been
assessed too (Hajj et al, 2020). The expression of the reporter
protein proved to be distributed among hepatocytes, Kupffer
cells, and endothelial cells at a 70:15:15 ratio.

Another area of research is assessment of a distribution of LNPs
based on ionizable lipids containing an amino head group and an
acrylamide tail with a disulfide bond (Qiu et al., 2022). In vivo
efficiency of luciferase synthesis (by translation) when four-
component LNPs were employed improved with increasing
acrylamide tail length, and all the nanoparticles got distributed to
lungs. After replacement of helper lipid DOPC (1,2-dioleoyl-sn-
glycero-3-phosphocholine) with either DSPC or DOPE, the lung
distribution persisted for LNPs based on the most effective lipid:
306-N16B. Of note, LNPs based on a similar ionizable lipid, 306-
O12B (containing an ester bond instead of an amide bond) got
completely distributed to the liver. In an analysis of the protein
corona of LNPs based on either lipid 306-N16B or lipid 306-O12B, it
was found that the LNPs targeted to the liver contain albumin,
ApoE, and complement component CI in the protein corona at 9%,
5%, and 5%, respectively, of the total corona proteins, whereas LNPs
targeted to lungs contain albumin, fibrinogen B-chain, and
fibrinogen y-chain at 17%, 5%, and 5%, respectively, of the total
corona proteins. It was also revealed that negatively charged proteins
predominantly (80%) constitute the protein corona of the LNPs
targeted to the lungs. LNPs based on the most effective lipids (306-
N16B or 113-N16B) with different amine cores ensured the
expression of a luminescent reporter protein exclusively in the
lungs, mainly in endothelial cells with little expression in
macrophages.

In another study (Huo et al., 2023), a new lipid was synthesized,
F-L319, which is a fluorine-containing version of lipid L319, which
in turn is a biodegradable modification of MC3 owing to ester bonds
in alkyl chains. The fluorinated version of the lipid was chosen due
to higher stability of nanoparticles based on it. After injection, four-
component LNPs based on either L319 or F-L319 resulted in the
expression of a luminescent product exclusively in the spleen, with
the particles based on the fluorinated lipid resulting in less
luminescence as compared to the nonfluorinated ones.
Unexpectedly, mixing of the two ionizable lipids in five-
component LNPs enhanced the expression of the reporter
protein without a change in LNP biodistribution.

Altogether, the in vivo findings in animals indicate that lipid
compositions containing novel ionizable lipids can increase tropism
to various organs such as the pancreas, lungs, and liver. Thus, the
development of new ionizable lipids is an effective way to improve
targeted delivery of LNPs to certain organs.

4.1.2 Construction of novel helper lipids

The design of new helper lipids has been less active than the
development of new ionizable lipids. In Gan et al. (2020), aside from
the standard strategy of trying different tail lengths and tail
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added to a
phospholipid molecule that is used to improve the solubility of

saturation levels, an adamantyl group was
compounds and to impede the access of proteolytic enzymes (Liu
et al, 2011). No significant difference was found between
distributions of four-component particles containing an ionizable
lipid called cKK-E15 and various ratios of components; all reporter
genes were expressed in the liver, with relatively low expression
levels in the spleen and a distribution among Kupffer cells,
endothelial cells, and hepatocytes in descending order of intensity
(Gan et al., 2020). Researchers have done a lot of work on the
synthesis of new zwitterionic phospholipids (Liu et al., 2021). For the
new helper lipids, the best solutions used for ionizable lipids have
been copied: an ionizable amine group and an additional alkyl tail
have been introduced. Alkyl substituents and a relatively small
charged head group of lipids allow them to form an inverted
hexagonal (HII) phase instead of a lamellar one when LNP
components get incorporated into endosomal membranes; this
phenomenon gives a more efficient release of encapsulated
molecules from LNPs within endosomes (Du et al., 2023). The
synthesized phospholipids (Liu et al,, 2021) have had different
lengths of the alkyl tail and various substituents on the ionizable
amine group. Four-component LNPs containing phospholipids
carrying one zwitterion with two hydrophobic tails containing
10-12 carbons in the ionizable amine group have turned out to
be the best in terms of reporter protein expression in cellular
systems. Final ionizable phospholipid 9A1P9 has acted as both
an ionizable lipid and a helper lipid, thereby ensuring LNP
delivery to the liver, spleen, or lungs when LNP composition
contained ionizable lipid 5A2-SC8 or helper lipid DOPE or
DDAB, respectively. In vivo data have also revealed a correlation
between the length of the alkyl tail of the phosphorus group and the
expression level of a reporter protein in the liver and spleen. The
expression of luciferase is the highest with an alkyl tail length of
9-10 carbons for liver expression and 14-16 carbons for spleen
expression (Liu et al., 2021).

Among strategies for the construction of new phospholipids, the
only successful one is the addition of ionizable atoms to the
molecule; this approach turns the molecule into a mixture of a
helper and ionizable lipid. Other strategies for designing new
phospholipids for LNP formulations are not conducive to
targeting of the resulting LNPs to a specific organ, but perhaps
the new phospholipids within LNPs will be able to increase overall
efficiency of cell transfection.

4.2 Specific targeting

Separately, we would like to discuss such specific use cases of
LNPs as delivery to the placenta and to a malignant tumor.

4.2.1 Targeting to the placenta

Data on the biodistribution of four-component particles into the
placenta or fetus during pregnancy are currently insufficient, but
four-component LNPs based on commercial lipid C12-200 result in
the expression of a reporter product in ovaries of nonpregnant mice
(Swingle et al., 2023). In the work just cited, these particles served as
controls for designing an ionizable lipid based on polyamide cores
with epoxy tails for placenta targeting to treat placental diseases.
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LNPs based on lipids A4 and B5 along with helper lipid DOPE were
able to induce the expression of a luminescent product in
trophoblasts, endothelial cells, and immune cells within the
placenta. In another article (Young et al., 2022), investigators also
tested nanoparticles based on C12-200 along with the DOPE helper
lipid. The most pronounced bioluminescence of the reporter protein
was registered in the liver and spleen, and less than 1% of the
expression was seen in ovaries, implying possible usefulness of these
LNPs as a delivery system for the treatment of placental diseases.

Targeting of LNPs based on lipid 3060;, in pregnant mice has
been researched too (Chaudhary et al, 2024). There was
accumulation of the luminescent product in the placenta but not
in the embryos. No more than 5% of trophoblasts and immune and
endothelial cells expressed the tdTomato reporter. Among immune
cells, no more than 3% of leukocytes and no more than 2% of
tdTomato  (Chaudhary

antigen-presenting  cells

et al.,, 2024).

expressed

4.2.2 Targeting to tumors

In some cases, for example, in cancer vaccines, there is no need
to deliver mRNA to a target organ, and such a therapeutic agent can
have an anticancer effect when administered intramuscularly (Xu
etal., 2024). In the paper just cited, a cancer vaccine used in this way
caused antigen-specific activation, which led to suppression of
tumor growth and improved the survival of mice.

Malignant tumors are a promising target for standard four-
component LNPs carrying new ionizable lipids because when the
nanoparticles are administered, a malignant tumor is in the fourth
place (after the liver, spleen, and blood) in terms of the presence of
the LNPs (Kumar et al, 2023); this observation facilitates the
creation of new lipid compositions for the targeting of malignant
tumors. In an in vivo tumor model (Liu et al.,, 2022) (created via
administration of B16F10 cells subcutaneously to C57BL/6 mice),
after intratumoral injection of GFP mRNA within LNPs, 9% of cells
expressed GFP at 12 h after the injection, with 32% of cells among
them being immune cells, mainly B lymphocytes. Diamino lipid
derivatives were employed there as the ionizable lipid, and the most
effective of them contained an aromatic polar “head” and three
unsaturated tails. Delivery of proinflammatory cytokines as an
mRNA-LNP complex into a tumor may hold promise from the
standpoint of cancer therapy. After intratumor injection, mRNAs of
cytokines IL-12 and IL-27 within LNPs simultaneously reduced
tumor size and increased the survival of mice, while enhancing
tumor infiltration by CD45-positive leukocytes (Liu et al., 2022). In
another murine cancer model (Xiong et al., 2020) (based on human
caused by SUMI59 cells), four-component
nanoparticles containing ionizable lipid 4A3-SC8 localized to the

breast cancer
tumor and expressed a reporter protein at 6 h after subcutaneous
administration.

A library of other ionizable lipids, consisting of various amine
heads and alkyl tails linked by an isocyanide spacer, was screened in
an anticancer study on mice (Miao et al,, 2019). Results from the
screening of more than 1,000 compositions of LNPs (carrying
different ionizable lipids) on cells showed that protein expression
is higher in nanoparticles containing ionizable lipids with long and
unsaturated alkyl chains; the presence of an ester moiety in the
ionizable lipid improved the efficiency of delivery, while the
presence of a hydroxyl group worsened it. A second in vivo
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screening enabled the researchers to determine favorable
structural features of the ionizable part of the lipid: 1) the
presence of two amines separated by three carbons, 2) the
absence of hydroxyl groups, and 3) the presence of at least one
tertiary amine. When the LNPs were administered intraperitoneally,
luciferase expression was detectable near the injection site and in an
ipsilateral lymph node. In the lymph node, ~15% of antigen-
presenting cells expressed the reporter protein, but only 2% of
lymphocytes. The LNPs were not administered intratumorally or
intravenously; even a subcutaneous injection was enough to improve

the survival rate of the mice with cancer.

4.3 Variation of the number of lipids in LNP
composition

There are strategies for LNP design that differ from the standard
lipid CAP-2
(cholesterol-amino-phosphate) has been created (Du et al., 2023),

four-component formulation. For example,
which combines an ionizable MC3 group and two molecules of
cholesterol instead of alkyl tails, and this approach reduces the
number of lipid components to three. When such an ionizable lipid
was being designed, the layout of the amine core was altered, and
alkyl substituents of different lengths and different linkers were
utilized. During the construction of CAP molecules, the critical
packing parameter, which characterizes the resultant phase during
endosomal fusion, was calculated, and the molecules were designed
in such a way that after the fusion, an inverted hexagonal (HII) phase
formed, which is characterized by the greatest release of mRNA from
the endosome. In animal trials, three-component LNPs containing
CAP-2 have proven to be more effective at transfecting mouse
tubules as
nanoparticles containing lipids MC3 and ALC-0315, which have

seminiferous compared to four-component
not shown transfection activity after administration of LNPs based
on them into testes. It is important to mention that other organs
have not been studied, and therefore the question of specificity of
such nanoparticles remains open (Du et al.,, 2023).

In another study (Yang et al, 2020), researchers assembled
three-component nanoparticles in which they used lipid iBL0713,
which combines functions of ionizable and helper lipids. For these
LNPs, the biodistribution and expression of a reporter gene were
evaluated by the IVIS (in vivo imaging system) method for the
detection of luciferase and of Cy5-labeled mRNA encoding it,
of Cyb5-labeled mRNA, its

distribution was mainly seen in kidneys and to a lesser extent in

respectively.  After detection
the liver and spleen, while luciferase luminescence was detectable
mainly in the liver and less in the spleen. Notably, Cy5-labeled
mRNA was present in all organs, including the pancreas, brain, and
thymus, where the reporter protein expression was not detectable
(Yang et al., 2020).

LNPs made of two lipids—DOPE and a tri-substituted
benzaldehyde derivative (Li et al, 2021)—have been found to
cause the expression of a luminescent product exclusively in the
spleen when administered intravenously but not subcutaneously or
intramuscularly. To choose a final lipid, various alkyl saturated and
tri-substituted
benzaldehyde molecules were screened in that work, followed by

cyclic substituents in para-substituted and

selection of the most favorable ratio of the two lipids to mRNA. In
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tests on cultured cells, lipid-based particles with unsaturated tails
manifested the greatest efficiency. The resulting nanoparticles were
internalized mainly by macrophages and dendritic cells.
Three-component LNPs have been applied to antimicrobial
treatments (Hou et al., 2020b). These LNPs contain DOPE,
cholesterol, and vitamins modified by alkyl groups with tertiary
amines; these compounds replace cationic lipids. To find the best
lipid compositions, researchers have compared all the vitamin
nanoparticles with each other. The greatest effectiveness was
shown by composition with a lipid based on vitamin C (Hou
2020b).
antimicrobial peptide AMP-IB367 fused with cathepsin via a

et al, Vitamin C-based nanoparticles containing

cathepsin-cleavable linker got delivered into macrophage
lysosomes, thereby enabling the targeting of the payload to this
cell compartment. The targeting was mediated not by the decoration
of the particles but by the protein synthesized from mRNA directly
in the cell. These LNPs were able to reduce the bacterial load and
improve the survival rate of mice with sepsis.

Thus, proportions (%) of lipids within LNPs can vary. The
minimal composition of effectively functioning LNPs includes an
ionizable lipid and structural lipid, but three-component
compositions of LNPs have been used successfully too. All these
modifications of LNP composition may be interesting regarding the

targeting of new tissues and cell types.

4.4 Other strategies

When nanoparticles are fabricated, a modified sequence of
formulation is also utilized (Li Q. et al, 2023): mRNA is
encapsulated into short peptides containing arginine, then this
complex is formulated into cationic lipid DOTAP, resulting in
the formation of particles with a separate membrane and core. In
this procedure, different versions of arginine peptides contain
stearyl, cholesterol, and various amino acids, but in cell assays,
the best results have been shown by a peptide consisting of nine
arginines and six histidines. After intraperitoneal administration of
radioactive iodine and LNPs containing the mRNA of receptor NIS
(which ensures the transfer of radioiodine into cancer cells), the
localization of radioactive iodine exclusively in the thyroid gland was
proven by computed tomography. The treatment reduced tumor
size by a factor of five at 18 days after the induction as compared to
control (Li Q. et al,, 2023). Evidence from human skin explants
administered intradermally (Blakney et al., 2019) indicates that the
application of three-component LNPs containing a charged lipid
and formulated together with DOPE and cholesterol can lead to high
expression of a reporter protein. In that work, LNPs based on
cationic lipids DDAB and DOTAP, ionizable lipid C12-200, or
zwitterionic  Cephalin manifested an ability to mediate the
expression of small activating RNA in the human explants, for a
maximum period of up to 21 days with DOTAP. Transfection of the
largest number of cells was achieved by particles based on Cephalin.
All compositions showed a similar distribution among cell types:
~40% in the epithelium, ~10% in fibroblasts, and ~50% in immune
cells (natural killers, leukocytes, T lymphocytes, dendritic cells,
monocytes, and Langerhans cells).

To summarize, unconventional approaches to encapsulation of
RNA into LNPs also ensure its efficient delivery. Rearranging the
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order of addition of lipids to mRNA and the use of peptides for
mRNA encapsulation are new methods that may be suitable for the
development of LNP compositions.

5 Concluding remarks and prospects

Improvements in RNA delivery systems based on LNPs yielded
impressive results in the last few years. Nevertheless, the use of LNPs for
targeted delivery to desired organs still requires optimization of lipid
composition. In our review, we discussed successful examples of
variations of lipid composition for targeted delivery to the spleen,
lungs, pancreas, thyroid gland, placenta, and testes. Distribution of
LNPs to the liver is the most typical after intravenous administration,
especially for nanoparticles smaller than 100 nm. Through changes in
lipid composition, it is possible to achieve preferential (in some cases,
complete) redirection of nanoparticle accumulation to other organs.
Apparent pK, of LNPs plays an important role in this effect. For
instance, nanoparticles having pK, < 5 (they possess a negative charge
in the bloodstream) tend to accumulate in the spleen, whereas particles
with pK, > 11 (positive charge) in lungs. A desired value of apparent
pK, of LNPs can be achieved by changing the helper lipid (SORT
technology) and/or by using a combination of several ionizable cationic
lipids. Application of bulkier lipids indirectly affects apparent pK, of
LNPs by altering the packing of lipids in the nanoparticle and thereby
changing the accessibility of ionizable groups of lipids to protonation.
Redirection of LNP accumulation to the spleen can be accomplished via
reductions in the amount of “liver-specific” cholesterol in the
nanoparticles. On the other hand, for some organs, such as eyes and
the brain, effective delivery systems based on LNPs have not yet been
devised, and in this case, delivery to the target organ is achieved only via
direct administration of the therapeutic agent.

At present, computer technologies are actively utilized to design
and improve LNPs: from computer modeling to machine learning
and artificial intelligence (Du et al, 2023; Maharjan et al., 2023;
Cornebise et al., 2021). During the development of new ionizable
lipids, the most time-consuming task is the screening of large
numbers of diverse LNPs. Application of artificial intelligence to
improve predictions of properties of the resultant nanoparticles can
reduce screening time (Maharjan et al., 2023). In Tilstra et al. (2023),
to improve the structure of a cationic lipid, an iteration method was
employed, where the structure was divided into separate parts, and
then a step-by-step modification of each of them was performed.
Because subsequent modifications did not cancel out effects of
previous optimizations, each subsequent alteration of the
structure of the cationic lipid led to an improvement of its
properties. By this approach, optimal length of hydrocarbon
chains, optimal numbers of tertiary nitrogen atoms and hydroxyl
groups, and their optimal location inside the molecule were selected.
With the help of this methodology, researchers successfully obtained
LNPs with higher transfection efficiency and strong expression of a
target protein (Tilstra et al., 2023).

Another important characteristic of LNPs is the efficiency of the
endosomal release of mRNA. For this purpose, it is necessary that an
ionizable lipid ensure the transition of the lamellar phase to an
inverted hexagonal phase during endosomal fusion (Ramezanpour
and Tieleman, 2022). In Cornebise et al. (2021), using molecular
dynamics simulations, investigators were able not only to select new
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lipid structures but also to determine the parameters that affect their
effectiveness. For example, it was demonstrated that in addition to
Coulombic interactions with the phosphate group of RNA, cationic
lipids can also interact with aromatic moieties of nitrogenous bases
through n-m interaction as well as form hydrogen bonds between
molecules. New lipids that fully implement all types of interactions
with RNA indeed gave better experimental results on encapsulation
and transfection (Cornebise et al., 2021).

Taken together, these data indicate that the development and
implementation of machine learning and artificial intelligence
technologies for predicting particle behavior are promising areas
for LNP optimization. Successful application of these approaches to
targeted delivery of LNPs requires interdisciplinary competencies in
the fields of molecular genetics, physical chemistry, nano- and
biotechnology, and bioinformatics.

An important aspect of the development of new LNP formulations is
their safety. Some studies have shown that LNPs themselves can have
strong inflammatory potential (Korzun et al, 2024; Ndeupen et al,
2021). The toxicity can be due to individual lipids (for example,
activation of the complement system by PEG within LNPs) or to
mRNA present in LNPs, which is able to activate innate immune-
system components (Hou et al, 2021; Muslimov et al, 2023).
Administration of mRNA-LNP constructs can induce liver and lung
injuries or upregulate markers of activated microglia in rodents (Kirshina
et al,, 2022; Kedmi et al., 2010; Sedic et al., 2018). For cationic lipids that
are present in LNPs, cytotoxicity can be caused by a quaternary
ammonium group, whose mechanism of toxic action is mediated by
a signaling pathway dependent on caspase activation and mitochondrial
dysfunction (Cui et al., 2018). Notably, a similar mechanism of cytotoxic
action is reported for mRNA-LNP therapeutics. After entering a
lysosome, nanoparticles are hydrolyzed into “free ions,” which can
pass through the nuclear membrane or penetrate into mitochondria,
thereby forming reactive oxygen species, which can ultimately lead to
DNA damage and apoptosis (Azarnezhad et al., 2020).

Another promising field of construction of LNPs for targeted
delivery to organs is research into a combination of approaches to
optimize lipid composition and into additional covalent modification of
the LNP surface (Priya et al., 2023). Various modifications of LNPs with
antibodies (Marques et al., 2023), peptides (Kim et al., 2024), aptamers
(Liang et al,, 2015), or sugars (Goswami et al.,, 2019) have proven to be
effective at targeted delivery to certain types of cells. We believe that a
combination of these approaches can give better characteristics of
targeted delivery.
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