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RNA, including mRNA, siRNA and miRNA, is part of a new class of patient treatments that prevent and
treat several diseases. As an alternative to DNA therapy using plasmid DNA, RNA functions in the cellular
cytosol, avoiding the potential risks of insertion into patient genomes. RNA drugs, including mRNA
vaccines, need carrier materials for delivery into the patient’s body. Several delivery carriers of mRNA,
such as cationic polymers, lipoplexes, lipid—polymer nanoparticles and lipid nanoparticles (LNPs), have
been investigated. For clinical applications, one of the most commonly selected types of RNA delivery
carrier is LNPs, which are typically formed with (a) ionizable lipids, which bind to RNA; (b) cholesterol for
stabilization; (c) phospholipids to form the LNPs; and (d) polyethylene glycol-conjugated lipids to
prevent aggregation and provide stealth characteristics. Most RNA-LNP research has been devoted to
achieving highly efficient RNA expression in vitro and in vivo. It is also necessary to study the extended
storage of RNA-LNPs under mild conditions. One of the most efficient methods to store RNA-LNPs for a
long time is to prepare freeze-dried (lyophilized) RNA-LNPs. Future research should include investigating

Received 13th February 2023, LNP materials for the development of freeze-dried RNA-LNPs using optimal lipid components and

Accepted 3rd April 2023 compositions with optimal cryoprotectants. Furthermore, the development of sophisticated RNA-LNP
materials for targeted transfection into specific tissues, organs or cells will be a future direction in the
development RNA therapeutics. We will discuss the prospects for the development of next-generation

RNA-LNP materials.
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very quickly in response to new unknown diseases, including
biohazards from bioweapons or unknown viruses. Only mRNA
vaccines were approved in the USA, Japan and European coun-
tries in December 2020, when coronavirus disease 2019 (COVID-

Introduction

RNA, including messenger RNA (mRNA), siRNA (small interfering
RNA) and microRNA (miRNA), contributes to a new class of

patient treatments that mitigate, prevent or treat several diseases.
As an alternative to DNA therapy using plasmid DNA, RNA
functions in the cellular cytosol, preventing the possible risks
of insertion into patient genomes."” RNA drugs can be developed
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19) spread worldwide in late 2019.>* However, RNA drugs,
including mRNA vaccines, need carriers for delivery into the
patient body. Several delivery carriers of mRNA, such as cationic
polymers, lipoplexes, lipid-polymer nanoparticles and lipid
nanoparticles (LNPs), have been investigated.” In research on
RNA delivery into cells or animals, cationic materials such as
polyethylene imine or lipids such as lipofectamine (1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPW): 2,3-dioleoyloxy-N-
[2(sperminecarboxamido)ethyl]-N,N-dimethyl-1-propaniminium
trifluoroacetate (DOSPA) = 1:3) (Fig. 1) can be used as transfec-
tion agents for RNA. In the clinical application of RNA delivery,
a commonly used type of RNA delivery carrier is LNPs, which are
typically formed with (a) ionizable lipids, which bind to RNA; (b)
cholesterol for stabilization; (c) phospholipids such as 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC) and DOPE to form
the LNPs; (d) polyethylene glycol (PEG)-conjugated lipids to
prevent aggregation and provide stealth characteristics (Fig. 1);
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Fig. 1 Chemical scheme of representative components of RNA-LNPs; (a) ionizable lipids, (b) positively charged lipids, (c) negatively charged lipids, (d)

phospholipids, (e) PEG-lipids, and (f) cholesterol and cholesterol analogs.

and (e) mRNA to generate proteins to treat or mitigate diseases in
patients or miRNA and siRNA to regulate specific protein expres-
sion and/or signals in the cells (Fig. 2).® The BNT162b2 (Comir-
naty) vaccine produced by BioNtech/Pfizer is formed with
ALC-0159 (PEGylated lipid), cholesterol, DSPC, and ALC-0315
(((4-hydroxybutyl)azanediyl)bis(hexane-6,1-diyl)bis(2-hexyldecanoate))
(Fig. 1) in a weight ratio of 1.6:42.7:9.4:46.3.” The mRNA-1273
(Spikevax) vaccine produced by Moderna for SARS-CoV-2 is
formed with DMG-PEG2000, cholesterol, DSPC and Lipid H
(SM-102, heptadecan-9-yl-8-((2-hydroxyethyl)(6-oxo0-6-(undecylox-
y)hexyl)Jamino) octanoate)® in a molar ratio of 1.5:38.5:10:50
(Table 1).” However, these mRNA vaccines (mRNA-LNP) should
be frozen and stored at —20 or —70 °C in a cold chain to protect
mRNA-LNP efficiency during storage and transportation, whereas
most conventional (classical) vaccines can be stored at approxi-
mately 4 °C in a refrigerator for more than half a year. The cold
chain problem of mRNA-LNP vaccines generates a critical obsta-
cle to vaccine delivery in developing countries with poor
infrastructure.> Most research on mRNA-LNPs, miRNA-LNPs or
siRNA-LNPs has been devoted to pursuing highly efficient RNA
expression in vitro and in vivo.*>* Only a few studies have
investigated the long-term storage of RNA-LNPs."**> One of
the most efficient methods to store RNA-LNPs for a long time is
freeze-drying (lyophilization). It is necessary to investigate LNP
materials to develop freeze-dried RNA-LNPs using (i) optimal
lipid components and their optimal concentrations and (ii)
compositions of cryoprotectants in the future. Furthermore, the
development of sophisticated RNA-LNP materials for targeted
transfection into specific tissues, organs or cells will be a future

5084 | J Mater. Chem. B, 2023, 11, 5083-5093

direction in RNA therapeutics. We will discuss these prospects for
the development of next-generation RNA-LNP materials together
with the current situation in the following sections.

Structure of RNA-LNPs

RNA-LNPs are typically composed of (a) ionizable lipid; (b) choles-
terol or cholesterol derivatives, which can serve as a stabilizing
agent for the RNA-LNPs, (c) phospholipids such as DSPC and
DOPE to form the LNPs; (d) PEG-lipid or derivatives; and (e)
mRNA, as described in the previous section. Other lipids, such as
positively or negatively charged lipids, are sometimes used as
additional components of LNPs. Furthermore, in some cases,
lipids are conjugated with peptides or nucleotides, such as RNA
or DNA aptamers, to guide RNA-LNPs into specific cell types,
tissues or organs. A schematic representation of RNA-LNPs is
shown in Fig. 2. Ionizable lipids, but not cationic lipids, are
extensively utilized for LNP compositions that are ionized (pro-
tonated) at the pH in endosomes (low pH) but neutral at pH 7.
The pH-dependent properties of ionizable lipids favor RNA
transfection into cells in vivo because neutral lipids are biocom-
patible with the negatively charged membranes of blood
cells. The positive charge of the ionizable lipids at low pH
facilitates the endosomal escape of mRNA. Most researchers
use DLin-MC3-DMA (MC3) as an ionizable lipid (Fig. 1).>%2°
The ionizable lipid SM-102 (Lipid H) is utilized in the mRNA-
1273 (Spikevax) vaccine, and the ionizable lipid ALC-0315 is
used in the BNT162b2 (Comirnaty) vaccine (Fig. 1).

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Schematic illustration of RNA-LNPs. A. Traditional RNA-LNPs, B. LNPs targeting specific cells, tissues and organs. (a) RNA-LNPs conjugated with
D1, D2 peptides of MADCAM-1 for gut targeting. (b) Keratinocyte-targeting RNA-LNPs for burn wound treatment. (c) Gala peptide-immobilized RNA-
LNPs for lung targeting. (d) DOTAP (positively charged lipid)-enriched RNA-LNPs for lung targeting. () DOTAP-containing RNA-LNPs for liver targeting.

(f) 18PA (negatively charged lipid)-containing RNA-LNPs for spleen targeting.

Table 1 Components and molar ratio of lipid nanoparticles included in Comirnaty (BNT162b2), Spikevax (MRNA-1273) and Onpattro

a

Molar Sucrose
Chemical name Type Abbreviations ratios concen.
COMIRNATY® (COVID-19 Vaccine, mRNA)
((4-Hydroxybutyl)azanediyl)bis(hexane-6,1-diyl)bis(2-hexyldecanoate) Ionizable lipids ALC-0315 46.3 2%
2-[(Polyethylene glycol)-2000]-N,N-ditetradecylacetamide PEG-lipids ALC-0159 1.6
1,2-Distearoyl-sn-glycero-3-phosphocholine Help lipids DSPC 9.4
Cholesterol Cholesterol Chol. 42.7
SPIKEVAX (COVID-19 Vaccine, mRNA)
Heptadecan-9-yl 8-((2-hydroxyethyl)(6-oxo-6- Ionizable lipids SM-102 50 8.7%
(undecyloxy)hexyl)amino)octanoate
1,2-Dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 PEG-lipids DMG-PEG2000 1.5
1,2-Distearoyl-sn-glycero-3-phosphocholine Neutral lipids DSPC 10
Cholesterol Cholesterol Chol. 38.5
ONPATTRO (polyneuropathy of hereditary transthyretin-mediated amyloidosis, siRNA)
(62,92,282,31Z)-Heptatriaconta-6,9,28,31-tetraen-19-yl Ionizable lipids DLin-MC3-DMA 50 None
4-(dimethylamino)butanoate
1,2-Dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 PEG-lipids DMG-PEG2000 1.5
1,2-Distearoyl-sn-glycero-3-phosphocholine Neutral lipids DSPC 10
Cholesterol Cholesterol Chol. 38.5

“ Sucrose concen. represents for sucrose concentration (w/v, g mL ™).

PEG-lipids inhibit LNP aggregation as well as nonspecific
proteins adhesion, conferring stealth properties on LNPs. Several
PEG chain lengths in PEG-lipids were investigated, including
C14-PEG350 (232 nm), C14-PEG1000 (121 nm), C14-PEG2000
(67 nm), 1,2-distearoylsn-glycero-3-phosphoethanolamine-N-
[methoxy-PEG2000]) (C18-PEG2000 (DSPE-PEG2000); 110 nm),
and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N{methoxy-

This journal is © The Royal Society of Chemistry 2023

PEG3000] (C14-PEG3000; LNP diameter = 96 nm),”® and
C14-PEG2000 (the smallest LNP) elicited the strongest immune
response as represented by the CD8" T-cell count in
mouse blood. In general, many investigators have chosen
PEG2000 lipids, such as DMPE-PEG2000 (C14-PEG2000),'%>%7>®
C18-PEG2000 (DSPE-PEG2000 or 18:00 PEG2000-PE),*>*° and
DMG-PEG2000."1%1531734

J. Mater. Chem. B, 2023, 11, 5083-5093 | 5085
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Development of freeze-dried
RNA-LNPs for long-term storage of
RNA-LNPs under mild conditions

In general, the biological efficiency (expression of RNA) of RNA-
LNPs in solution is decreased and the size of mRNA-LNPs
increased after one week at room temperature. It is difficult to
maintain the biological efficiency of mRNA-LNPs in solution
under mild conditions (4 °C or room temperature) for more than
one week. Several methods have been developed for the long-
term storage of liposomes or LNPs, such as freezing-thawing,
spray drying, supercritical fluid technology and freeze-drying
(Iyophilization) processes.**™” The lyophilization method is typi-
cally utilized in pharmaceuticals to enhance the shelf life and
stability of various drugs by eliminating water from the
drugs.>*2%% Some freeze-drying methods are schematically illu-
strated in Fig. 3. In a freeze-drying state, RNA-LNPs in a dry
powder form can be conveniently delivered worldwide with no
need for cold storage at —20 or —70 °C. The freeze-drying process
of RNA-LNPs is currently the most reliable and stable method to
maintain the biological efficiency (expression of RNA) of RNA-
LNPs for long-term storage at 4 °C or room temperature for 3 or
6 months. Cryoprotectant (5-20%) is typically added to the RNA-
LNP solution before freeze-drying.

The biological efficiency and size of RNA-LNPs depend on
the concentration and selection of the cryoprotectants. There are
two major considerations for the mechanisms of cryoprotectants
to avoid RNA-LNPs from their freezing damage. Some cryoprotec-
tants function by lowering the glass transition temperature of the

(a) Thin film freeze
drying in a flask

(b) Thin film freeze drying  (c) Shelf freeze (d) Spray freeze

on cylindrical drum drying drying
L] ° L]

e

RNA-LNP solution
1

Air -.=‘l’l

Vacuum

N

Liquid nitrogen (-196 °C) Liquid nitrogen (-196 °C)

Fig. 3 Illustration of the freeze-drying of RNA-LNPs. (a) Thin-film freeze-
drying method in a flask. (b) Thin film freeze-drying method on cylindrical
drum. (c) Shelf freeze-drying method. (d) Spray freeze-drying method. The
red colour indicates RNA-LNPs, green colour indicates solvent of RNA-

LNPs, which were prepared, and light blue colour indicates liquid nitrogen.

Table 2 Cryoprotectants used for freeze-drying LNPs?
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RNA-LNP solution. Therefore, the cryoprotectant prevents actual
freezing of RNA-LNP solution. Another mechanism is that the
cryoprotectants replace the water molecules in the RNA-LNP
solution. Because the hydrogen bonding in the aqueous solutions
is important for the proper function of RNA-LNPs. Therefore,
RNA-LNPs can retain their native physiological structure and
function. As for adverse effect of cryoprotectant usage for storage
of RNA-LNPs, the size of RNA-LNPs enhances more or less after
reconstruction of freeze-dried RNA-LNPs. The cryoprotectants that
have been evaluated for the freeze-drying of LNPs include mono-
saccharides (glucose,*®** fructose, ***> mannitol,**¢™>?
mannose,*”*** sorbitol,*****>* and xylose*®), disaccharides
(Sucrose’1,23,24,40,42,45,52,54—57 Iactose’44,45 maltose,23,40,42,44,54 and
trehalose , polysaccharides (raffinose),*’
hydrophilic polymers (polyvinylpyrrolidone (PVP),***®*” polyvinyl
alcohol (PVA),*”! and gelatin**), and hydrophilic chemicals
(glycine,*****") (Table 2).

Ball et al. prepared freeze-dried siRNA-LNPs with 0, 1, 5, 10,
or 20% trehalose or sucrose, where the LNPs were composed of
DSPC, PEG2000-PE (DSPE-PEG2000, 1,2-dimyristoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]),
cholesterol, and lipidoid 3060,; (10:1.5:38.5:50) (Fig. 1).>* In
a freeze-thaw process rather than a freeze-drying process, their
results showed very low efficacy of siRNA., i.e., gene silencing in
cells after reconstitution of siRNA-LNP in water.** The effects of
pH, temperature and lyophilization on siRNA-LNP efficacy in
HeLa cells were also evaluated in their study. Their results
suggested that siRNA-LNPs in aqueous solution were stable over
150 days at 2 °C compared to frozen siRNA-LNPs at —20 °C. The
stability of siRNA-LNPs showed good stability at 2 °C, which were
stored in any pH of the storage buffer at pH 3, 7.4 and 9 in
their study.

Lyophilized siRNA-LNPs with 20% sucrose or trehalose main-
tained 80-87% gene silencing compared to that of fresh siRNA-
LNPs. Typically, the RNA bioactivity of freeze-thawed RNA-LNPs
with a cryoprotectant is less easy to maintain than that of freeze-
dried RNA-LNPs. The aggregation of siRNA-LNPs and loss of
siRNA efficacy were observed during freeze-thaw cycles, and the
stability of siRNA-LNPs could be improved using the cryoprotec-
tants trehalose or sucrose. Trehalose and sucrose are also lyo-
protectants used in commercially available lyophilized products
such as Avastin (bevacizumab, a monoclonal antibody used as a
cancer treatment drug and an angiogenesis inhibitor), Herceptin
(trastuzumab, a monoclonal antibody used as a cancer treat-
ment drug), LEP-ETU (liposome-entrapped paclitaxel easy-to-use

1 ,24,40,44,46,47,53,54,56,58—60)

Monosaccharides Disaccharides Polysaccharides Hydrophilic polymers Amino acid
Glucose Sucrose Raffinose PVP Glycine
Fructose Lactose PVA

Mannitol Maltose Gelatin

Mannose Trehalose

Sorbitol

Xylose

“ PVA, polyvinylalcohol; PVP, polyvinylpyrrolidone.
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formulation), and AmBisome (amphotericin B, an antifugal med-
ication) for enhanced long-term stability.>**"%*

Zhao et al. prepared lyophilized firefly luciferase-encoding
mMRNA-LNPs and found that the reconstituted mRNA-LNPs
maintained the efficiency of mRNA expression in mice based on
in vivo bioluminescence imaging data." They evaluated the stability
of lyophilized firefly luciferase-encoding mRNA-LNPs with different
concentrations of cryoprotectants (mannitol, trehalose, or sucrose)
under freezing or lyophilization." By performing mRNA delivery
studies in vitro and in vivo, they investigated the optimal storage
conditions and found that the addition of 5% (w/v) trehalose or
sucrose to mRNA-LNPs maintained mRNA efficacy for at least
3 months in liquid nitrogen storage. Our preliminary data also
suggest that the addition of 5% (w/v) sucrose or trehalose to
mMRNA-LNPs enables the long-term storage of freeze-dried
mRNA-LNPs under mild conditions (4 °C storage), whereas the
storage of freeze-thawed mRNA-LNPs requires the addition of a
higher concentration of sucrose, such as 20% sucrose, to the
MRNA-LNP solution (unpublished data).

Stitz et al. developed mRNA-LNPs using CureVac’s RNActive
technology, incorporating mRNA that encoded full-length rabies
virus glycoprotein, and then freeze-dried the mRNA-LNPs.>>%
Their mRNA-LNPs could be stored at temperatures as high as
70 °C for several months, after which mice injected with the
mMRNA-LNPs could produce neutralizing antibodies and showed
protection against lethal rabies infection. Thus, their mRNA-
LNPs showed high thermal stability.>*>°®> However, it is unknown
whether their mRNA-LNPs were freeze-dried with a specific
cryoprotectant.

Muramatsu et al. prepared mRNA-LNPs and freeze-dried
mRNA-LNPs,*® in which the LNPs consisted of PEG lipid
(PEG2000-C-DMA), cholesterol, DSPC and an ionizable lipid
((62,162)-12-((2)-dec-4-en-1-yl)docosa-6,16-dien-11-yl ~ 5-(dimethyl-
amino)pentanoate) in a molar ratio of 1.5:38.5:10:50. mRNA-
LNPs with 10% sucrose and 10% maltose (cryoprotectants) were
freeze-dried and stored at —80, —20, 4, 25 (room temperature), and
42 °C for one, three, and six months. The physicochemical proper-
ties (size and polydispersity index (PDI)) did not change greatly
after storage at 4 °C for six months or at 25 °C for 3 months. Firefly
luciferase-encoding mRNA-LNPs showed high bioluminescence
imaging (high production of luciferase) in mice when the
mRNA-LNPs were injected into the mice intramuscularly or
intradermally after storage at 4 °C for six months or 25 °C for
3 months.”® Furthermore, when an mRNA (a nucleoside-modified
mRNA for hemagglutinin from the A/Puerto Rico/8/1934 influenza
virus strain, PR8 HA)}-LNP vaccine was injected into mice intra-
muscularly or intradermally, mRNA-LNPs could generate an
immune response in mice even after 6 months of storage at
4 °C or 3 months of storage at room temperature in a lyophilized
form.”* Their study indicated that the freeze-dried form of
mMRNA-LNPs is useful for long-term storage under mild condi-
tions such as 4 °C or room temperature.

Most researchers use a single-component cryoprotectant.
However, Muramatsu et al. used 10% sucrose and 10% maltose
as cryoprotectants of mRNA-LNPs.”® Unfortunately, they did not
investigate the effect of single-component or multicomponent

This journal is © The Royal Society of Chemistry 2023
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cryoprotectants on the physicochemical characteristics and/or
bioassay (in vivo expression of proteins in mice by injection of
mRNA-LNP intramuscularly or intradermally) results of mRNA-
LNPs, such as observing the luciferase expression or immune
response in mice after the injection of freeze-dried mRNA-LNPs
with (a) 10% or 20% sucrose, (b) 10% or 20% maltose, or (c) 10%
sucrose plus 10% maltose. It is necessary to evaluate whether the
excellent data reported in this study are based on the multi-
component cryoprotectant usage of 10% sucrose plus 10%
maltose.

Kamiya et al. prepared LNPs loaded with griscofulvin (an
antifungal medication) instead of mRNA using a high-pressure
homogenization method.>* When LNPs were not freeze-dried
together with a cryoprotectant, the size of LNPs in the solution
increased from the native size of approximately 50 nm to
300 nm after half a year of storage at 25 °C. When the nano-
particles were freeze-dried with 5% cryoprotectant, the particle
size of LNPs was decreased to 160 nm using a cryoprotectant of
monosaccharide (galactose or glucose), but freeze-dried LNPs
with a disaccharide cryoprotectant (trehalose, maltose, or
sucrose) maintained their size at 55-65 nm even after half a year
of storage at 25 °C.>* The powder X-ray diffraction pattern of
freeze-dried LNPs with monosaccharide showed a crystal state of
monosaccharide. However, the X-ray diffraction pattern of freeze-
dried LNPs with disaccharide indicated an amorphous state of
disaccharide. From these X-ray diffraction results, the high
viscosity of an amorphous disaccharide should prevent LNP
aggregation by retarding molecular movement. It was typically
found that freeze-dried LNPs containing disaccharide were stable
for longer periods than LNPs in solution or freeze-dried LNPs
containing monosaccharide. The disaccharides directly contact
the polar groups of the lipids to inhibit particle fusion during
freezing and can also inhibit ice generation by increasing the
glass transition temperature of the solution.>****> The vitrifica-
tion explanation indicates that the addition of sugar keeps the
RNA-LNP solution in a glassy matrix state, which inhibits both
aggregation and ice crystal attack on the lipid layer.>**®

This finding explains why disaccharides such as sucrose or
trehalose are better cryoprotectants than monosaccharides to
maintain the original diameter of LNPs containing not only
drugs but also RNA during and after freeze-drying. The devel-
opment of freeze-dried RNA-LNPs, especially mRNA-LNP vac-
cines for COVID-19, is currently an urgent societal need.

Targeted therapy using RNA-LNPs

Targeting the transfection of RNA into specific cells or organs
using RNA-LNPs will be one of the future directions in the
development of sophisticated RNA-LNP materials. RNA-LNPs and
other drugs typically accumulate in liver cells upon intravenous
administration.®® Several LNPs have been developed for the deliv-
ery of LNPs into targeted tissues by different administration routes
in vivo,"®%”"7% by adapting the specific lipid composition,””’* and
by the addition of specific peptides,”>”*7° aptamers,”” and ligands
(Fig. 4).°>7® Some recent examples of the targeted delivery of RNA-
LNPs into specific organs or tissues are described below.

J. Mater. Chem. B, 2023, 11, 5083-5093 | 5087
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Fig. 4 Illustration of targeted therapy using sophisticated RNA-LNPs designed to target specific tissues and organs. (i) LNPs expressing (a) Tat and T7
peptides, (b) NT-lipidoids and (c) aptamer for CCR5 can be preferentially delivered into the brain. (i) Spray of aerosol RNA-LNPs can be preferentially
delivered into the lungs. (iii) RNA-LNPs expressing GALA peptide can be preferentially delivered into the lungs. (iv) RNA-LNPs expressing MAdJCAM-1 D1
and D2 peptides can be preferentially delivered into the gut. (v) RNA-LNPs expressing keratinocyte targeting peptide can be extensively delivered into the
skin. (vi) RNA-LNPs expressing retina targeting peptide can be extensively delivered into the neural retina (photoreceptor cells) in eyes. (vi) RNA-LNPs
composed of 50% DOTAP (positively charged lipid) can be preferentially delivered into lung. (vii) RNA-LNPs containing C12-200 can be specifically
delivered into bone. (ix) RNA-LNPs containing 18PA (negatively charged lipid) can be specifically delivered into the spleen. (x) Most RNA-LNPs without

specific LNP design features may be preferentially delivered into the liver.

Aerosolizable siRNA-LNPs,'”> which were prepared using
thin-film freeze-drying, spray-drying or conventional freeze-drying
(Fig. 3), were developed by Wang et al.*® for the direct delivery of
siRNA into the patient’s lung in LNPs composed of PEG-lipid,
cholesterol and lecithin. The zeta potential, PDI, and size of the
siRNA-LNPs were maintained when the siRNA-LNPs were thin-film
freeze-dried and reconstituted into siRNA-LNP solution.*® However,
the characteristics of the original siRNA-LNPs were not reproduced
after the siRNA-LNPs were subjected to conventional freeze-drying
and reconstituted into siRNA-LNP solution. The dry powders gen-
erated by thin-film freeze-drying exhibited better aerosol character-
istics than those generated by spray drying.*® The thin-film freeze-
drying of siRNA-LNPs is a promising way to generate aerosolizable
dry powder siRNA-LNPs for future patient treatment.

Nanoparticles targeted to a specific cell type are expected to
show high uptake efficiency in the desired cell type. Therefore,

Li et al. prepared freeze-dried keratinocyte-targeted LNPs (nano-
carriers) of locked nucleic acid (LNA)-modified anti-miR-107
(Fig. 2(B)), where the LNPs consisted of 1,2-dioleoyl-3-trimethyl-
ammonium-propane (DOTAP, positively charged lipid)/1,2-
dioleoyl-3-dimethylammonium propane (DODAP, an ionizable
lipid), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, a phos-
pholipid), p-a-tocopherol polyethylene glycol 1000 succinate
(TPGS) (Fig. 1), and DSPE-PEG2000-amine-keratinocyte-targeting
peptide sequence (ASKAIQVFLLAG) (Table 3).>® The anti-miRNA
(miR)-107 oligopeptide neutralizes miR-107. Freeze-drying of the
LNPs was performed with 20% sucrose to enhance the shelf life
of the LNPs.

Twice-weekly treatment of burn wounds on the skin of mice
or rats with hydrogel-dispersed freeze-dried LNPs with anti-
miR107 greatly enhanced wound closure and the restoration of
skin barrier characteristics.>® Freeze-dried LNPs with anti-miR107

Table 3 Peptides, which can target into specific cell types, tissue and organs

Peptide name Sequences

Targeting tissue or cell

Keratinocyte-targeting peptide ASKAIQVFLLAG

GALA

MH43 SPALHFL

TaT YGRKKRRQRRR
T7 HAIYPRH
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depleted miR-107 and upregulated Dicer expression, which
enhanced keratinocyte differentiation.”® These LNPs hold promise
as treatment drugs for the management of burn injury of the skin.
In the presence of 10% serum, the LNPs showed 90% uptake by
keratinocytes within the first 4 h, which demonstrated targeting
efficiency and specificity. Rapid uptake by targeted cells should
minimize clearance by immune cells at the wound site.

Hagino et al. developed double-coated LNPs decorated with
the GALA peptide (WEAALAEALAEALAEHLAEALAEALEALAA,
o-helical peptide”®)”® because the GALA peptide has a high
affinity for the lung endothelium (Table 3)*° and was therefore
utilized as a ligand conjugated with cholesterol to target the
lung endothelium as a component of LNPs. They successively
delivered pDNA of luciferase into the lung tissue of mice using
PDNA-LNPs at approximately 75 ng of luciferase protein per mg
of protein.”

The targeted delivery of LNPs across the blood-brain barrier
(BBB) is currently a challenge. For example, there is effective
anti-retroviral medicine for the treatment of human immunodefi-
ciency virus 1 (HIV-1). However, HIV-associated neurological dis-
orders persist because of the poor uptake of anti-retroviral
medicine across the BBB.*'® Therefore, Ray et al used two
strategies to develop LNPs that can permeate across the BBB.”
The LNPs in this study consisted of DMG-PEG2000, DSPC, choles-
terol, and DLin-MC3-DMA (Fig. 1) as well as lipid-conjugated cell-
penetrating peptides (TaT and T7 peptides) (Table 3).”” One
strategy is that the BBB-penetrating trans-activator of transcription
(TaT, YGRKKRRQRRR) peptide or the T7 peptide (HAIYPRH), an
arginine-rich short cell-penetrating peptide obtained from the
natural nuclear Tat protein of HIV-1, was immobilized on the LNP
surface.”” Several researchers have reported that HIV-1 Tat pep-
tides can penetrate the BBB by acting as cell-penetrating peptides
(Table 3).”*** The T7 peptide has a high affinity for the transferrin
receptor.®® Transferrin receptors are present in large numbers in
brain capillaries, nucleated cells, and rapidly dividing cells,®” and
transferrin is known to enhance the transport of oligonucleotides
or small molecules across the BBB.*”~*° The T7 peptide is reported
to support drug delivery into brain tissue.””%>%%%89991 Thege
peptides were conjugated to the N-terminal lipid anchor of LNPs.

Currently, RNA-LNP delivery is restricted to the Miiller glia
or retinal pigment epithelium (RPE).”® RNA-LNPs need to pass
ocular barriers for transfection of neuronal cells, which are
important for visual phototransduction of the photoreceptors
(PRs). Herrera-Barrera et al. identified peptides, which target
PRs by utilizing a combinatorial M13 bacteriophage-based hepta-
meric peptide phage display library.”® The peptide, they found,
SPALHFL, showed immediate localization to the PRs. Therefore,
they prepared RNA-LNPs conjugated with the peptide, which
successfully could deliver mRNA into RPE, Miiller glia, and
PRs in mice and nonhuman primate, where LNPs were con-
sisted of DMG-PEG2000, DSPC, cholesterol, and DLin-MC3-
DMA as well as DSPE-PEG2000-conjugated MH43 peptide
(SPALHFL-GGGSC).”® The peptide, GGGSC, was used as a
joint segment to bind DSPE-PEG2000 and MH43 peptide. They
developed specific peptide-conjugated RNA-LNPs that can
enable mRNA delivery to the neural retina (PRs), which can

This journal is © The Royal Society of Chemistry 2023
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expand the utility of mRNA-LNP therapies for inherited blind-
ness of patients in future.

The delivery of siRNA using LNPs specific to activation-sensitive
receptors expressed on gut-homing leukocytes in a mouse model
of colitis was investigated by Dammes et al.®® with a targeting site
consisting of a specific protein conformation, namely, the high-
affinity conformation of integrin o47. This is because gut-homing
leukocytes use this pivotal intestinal homing receptor to adhere to
the intestinal endothelium, where ¢4f7 integrin is a key protein in
homing leukocytes to the gut during intestinal inflammation.
Integrin a4f7 has the potential to bind both vascular cell adhesion
molecule-1 (VCAM-1) for homing to peripheral tissues and muco-
sal vascular addressin cell adhesion molecule-1 (MAdCAM-1) for
homing to intestinal tissues but not for simultaneous binding.
Only leukocytes that actively home to the intestinal tissue possess
a4f7 integrin in the high-affinity conformation. Therefore, LNPs
that target high-affinity a437-expressing cells were prepared in this
study.®® Domain D1 and D2 peptides of MAACAM-1, which can
specifically bind to a4f7 integrin with the high-affinity conforma-
tion, was immobilized on a PEG lipid to form one of the
components of LNPs in this study. By targeting the high-affinity
conformation of 047 integrin, which is a hallmark of inflamma-
tory gut-homing leukocytes, siRNA-LNPs loaded with siRNA of
interferon-y extensively silenced interferon-y in the gut, resulting
in improved therapeutic results in a mouse model of colitis. The
SIRNA-LNPs did not show liver toxicities or adverse immune
activation. This study suggests that RNA-LNPs targeting specific
tissues or organs could be valuable for the selective delivery of
payloads to other conformation-sensitive targets.

In another strategy, an RNA aptamer targeted to glycoprotein
2p160 derived from human immunodeficiency virus (HIV) or C-C
chemokine receptor 5 (CCR5, an HIV-1 coreceptor) was conjugated
on siRNA through a stick bridge motif.”” An aptamer is an artificial
oligonucleotide (DNA or RNA) binding to one or more specific
target molecules. The molecular weight of an aptamer is approxi-
mately 5-30 kDa, which is much smaller than that of antibodies at
approximately and above 150 kDa, making aptamers suitable for
conjugation to lipids or RNA as one of the components of RNA-LNPs.
A CCR5-selective RNA aptamer contributed to facilitating the entry of
LNPs immobilized into a BBB model (brain model) and the uptake
of these LNPs into CCR5-expressing cells (HIV-1 infected cell models)
without immune reaction in primary human monocyte-derived
macrophages. However, the gp160 aptamer-immobilized LNP could
not permeate into a BBB model and could not be taken up into
CCR5-expressing cells.”” The addition of cell-penetrating peptides,
T7 and Tat, on the surface of LNPs with CCR5-selective RNA aptamer
did not enhance the penetration into a BBB model.”” This research
revealed the ability of aptamer-loaded LNPs to enhance the specific
targeting of cells and delivery of central-nervous-system-active RNAi
(RNA interference)-LNP therapy across the BBB.

In addition to specific peptides or aptamers, RNA-LNPs can
be passively delivered into specific tissues or organs by the selection
of specific lipids for use in the LNPs.®*7*7>%% NPs containing the
ionizable lipid C12-200 (1,10-[2{4{2-{[2-[bis(2-hydroxydodecyl)-
aminolethyl](2-hydroxydodecyl)amino]ethyl]-1-piperazinyl]ethyl]-
imino]bis-2-dodecanol) exhibit improved specific delivery of
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LNPs into muscles.”>***> Ma et al. prepared neurotransmitter-
derived lipidoids (NT-lipidoids), which can cross the BBB and
deliver antisense oligonucleotides (ASOs) against tau when
administered by intravenous injection.”*%*

Cheng et al.®® and Wei et al®® reported that the addition of
DOTAP (a positively charged lipid) to LNPs allowed LNPs to target
specific organs such as the lung. RNA-LNPs composed of 50%
DOTAP, namely, DOTAP : DMG-PEG2000 : cholesterol : DOPE : 5A2-
SC8=50:2.4:23.8:11.9:11.9, and loaded with Cas9 mRNA/single-
guide RNA were intravenously injected into mice and successfully
edited phosphatase and tensin homolog (PTEN) exclusively in the
lungs with 15.1% indels.*

RNA-LNPs composed of 20% DOTAP, namely, DOTAP: DMG-
PEG2000 : cholesterol : DOPE : 5A2-SC8 = 20:3.8:38.1:19.05:19.05,
successfully edited PTEN exclusively in the liver of mice with
13.9% gene editing.®® Furthermore, Cheng et al. prepared LNPs
with the addition of 1,2-dioleoyl-sn-glycero-3-phosphate (18PA,
a negatively charged lipid) to enhance the delivery of RNA-
LNPs into the spleen.®® Their LNPs consisted of 18PA:DMG-
PEG2000 : cholesterol : DOPE : 5A2-SC8 = 30:3.3:33.3:16.7:16.7.
These LNPs containing the Cas9 protein and an sgRNA targeting
PTEN were intravenously injected into mice, and successful gene
editing of PTEN in the spleen was observed.*®

However, in most cases, we do not currently know why some
specific lipids in RNA-LNPs facilitate specific delivery into the
targeted tissue or organs (Fig. 4). It should be an interesting
study to investigate the reason and mechanism by which
specific lipids in RNA-LNPs promote the specific delivery of
RNA-LNPs into the targeted tissue or organs.

Current RNA-LNP products

The BNT162b2 (Comirnaty) vaccine produced by BioNtech/
Pfizer and the mRNA-1273 (Spikevax) vaccine produced by
Moderna for SARS-CoV-2 are RNA-LNP products that were
already approved by the FDA, but they should be stored at
—70 or —20 °C for long-term storage.” Some freeze-dried RNA-
LNP products are also in clinical trials or on the market. TKM-
100802, which was developed by Tekmira Pharmaceuticals, is a
freeze-dried RNA-LNP containing siRNA for the treatment of
Zaire Ebola virus (ZEBOV) infection that targets the L poly-
merase proteins VP35 and VP24.>*°7°® Onpattro (patisiran),
composed of DLin-MC3-DMA, PEG2000-C-DMG ((a-(3'-((1,2-
di(myristyloxy)propanoxy) carbonylamino)propyl)-o-methoxy,
polyoxyethylene), DSPC, cholesterol, and siRNA, which was
developed by Alnylam Pharmaceuticals and is now on the
market for the treatment of hereditary transthyretin-mediated
amyloidosis,*®® can be stored in solution form at 2 or 8 °C for
3 years. Currently, commercially available RNA-LNPs are not
designed to be delivered into specific tissues or organs.
It is necessary to develop RNA-LNPs with characteristics
enabling targeted delivery into specific organs or tissues, such
as the muscle, brain, lung, heart, spleen, bone, or eyes, in the
future.

5090 | J Mater. Chem. B, 2023, 11, 5083-5093

View Article Online

Journal of Materials Chemistry B

Conclusions

The freeze-drying of RNA-LNPs with optimal cooling programs and
optimal cryoprotectants is important for the development of RNA-
LNP products, including mRNA-LNP vaccines, for storage under
mild conditions (room temperature or 4 °C) and delivery to remote
areas. To achieve therapeutic effects, the RNA in RNA-LNPs should
be delivered into specific target organs and cells to perform
functions such as the production of proteins or the inhibition of
specific signaling pathways. However, the targeted delivery and
endosomal escape of RNA-LNPs remain challenging for RNA
delivery systems, which highlights the need for the development
of safe, effective and specific targeted delivery methods for RNA-
LNPs in patient bodies. The conjugation and expression of specific
peptides or aptamers on RNA-LNPs is likely to be the most reliable
strategy to recognize and deliver RNA-LNPs into specific organs
and/or cells. Furthermore, the development and discovery of
specific lipids components that can target the delivery of RNA-
LNPs into specific organs or tissues will be important for the safe
delivery of RNA-LNPs into the body of patients.
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