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ABSTRACT

Messenger RNA is a highly promising biotherapeutic modality with great potential in preventive and therapeutic
vaccination, and in the modulation of cellular function through transient expression of therapeutic proteins.
However, for cellular delivery, mRNA requires packaging into delivery vehicles that mediate uptake and also
shield the mRNA against degradation. Lipid-coated calcium phosphate (LCP) nanoparticles encapsulate the
mRNA in a calcium phosphate core, which is coated by a bilayer of structural lipids, positively charged lipids and
pegylated lipid to mediate cellular uptake and achieve colloidal stabilization. Here, we show that such nano-
particles using positively charged lipids achieve cellular uptake but only poor cytosolic mRNA delivery. How-
ever, mRNA release could be greatly enhanced through incorporation of ionizable lipids into the outer leaflet of
the lipid bilayer. We optimized the composition and molar ratios of ionizable lipids, positive lipid, cholesterol,
and polyethylene glycol (PEG) and evaluated the potency of the formulations for the cellular delivery of mRNA.
Whereas in lipid nanoparticles, the ionizable lipid has a main role in the complexation of the mRNA, our study
provides a new paradigm for the employment of ionizable cationic lipids in nanocarriers other than lipid

nanoparticles (LNPs) to boost the endosomal release of nucleic acids.

1. Introduction

RNA-based therapies, which either act through providing therapeu-
tic proteins to cells by mRNA delivery or through siRNA-mediated gene
silencing, offer new treatment options for various diseases (Dunbar
etal., 2018; Pardi et al., 2018; Sahin et al., 2014). The delivery of mRNA
to produce therapeutic proteins has several potential benefits compared
to the delivery of DNA or proteins. For mRNA, there is no need for nu-
clear entry, thus it also works in non-dividing, differentiated cells and
proteins will have all naturally occurring posttranslational modifica-
tions. However, there are significant obstacles to RNA therapy including
instability due to rapid degradation by nucleases and the size and
negative charge of RNA that limit its cellular uptake. Therefore,
considerable efforts have been directed towards the development of
delivery systems to overcome these limitations (Hajj and Whitehead,
2017; Hou et al., 2021). Currently, non-viral lipid-based vectors are the
most frequently used vectors, which exhibit promising properties in

protecting the mRNA cargo from RNase digestion and facilitating
cellular uptake by endocytosis and endosomal release. Endosomal
escape is one of the key challenges for exploiting the therapeutic activity
of RNAs (Schlich et al., 2021). Several strategies have been pursued to
promote endosomal escape, as for example, the incorporation of pro-
tonatable groups to induce a proton-sponge effect (Vermeulen et al.,
2018), the use of lipids that form non-lamellar phases (Zuhorn et al.,
2005), and the decoration of the vector surface with cationic,
membrane-active peptides (Hatakeyama et al., 2009). For lipid nano-
particles, pH-dependent ionizable lipids do not only play a role in the
complexation of RNA but also trigger release by forming inverted hex-
agonal phase non-bilayer structures at low pH that destabilize the
endosomal membrane (Paloncyova et al., 2021).

Recently, lipid-coated calcium phosphate (LCP) nanoparticles (NPs)
have been developed that consist of a core-membrane structure that can
be loaded with a variety of materials such as nucleic acids, chemo-
therapeutics and radionucleids (Movahedi et al., 2021; Satterlee et al.,
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2015; Tang et al., 2015; Wang et al., 2018; Yang et al., 2012). Nucleic
acid cargoes can be readily co-precipitated in the LCP core, which pro-
vides compaction and protection. The calcium phosphate core is then
encapsulated into a lipid bilayer which is formed in a two-step layer-by-
layer process thereby enabling asymmetry in the lipid layer composi-
tion. Although LCPs were initially established for intravenous delivery
of siRNA, they have also been explored for the delivery of mRNA (Wang
et al., 2018). In LCP NPs, the calcium phosphate core is acid-sensitive
and can dissolve in the endosome, promoting endosomal escape for
intracellular nucleic acid delivery (Li et al., 2010). By comparison, so
far, no membrane-active components were included in the lipid bilayer
which so far consisted out of a positively charged lipid such as di-oleoyl-
trimethylammonium propane (DOTAP), cholesterol, structural lipid and
pegylated lipid. In the present study, we incorporated the ionizable
lipids DLin-DMA (Jayaraman et al., 2012), ALC-0315 (Hope et al.,
2017), and SM-102 (Benenato et al., 2017), into the outer leaflet of the
LCP NPs. Whereas in this case, the ionizable lipids do not play a role in
the complexation of the RNA we were curious to learn whether they
would still enhance endosomal release.

We formulated the ionizable lipid based LCP NPs (iLCP) by combi-
nation of ionizable lipids with different molar fractions of DOTAP,
cholesterol, and polyethylene glycol (PEG). All formulations were
characterized with respect to hydrodynamic diameter and zeta poten-
tial, transfection efficiency, and toxicity. Overall, incorporation of
ionizable lipids into the outer leaflet of the LCP NPs greatly enhanced
cellular uptake and mRNA delivery.

2. Materials and methods
2.1. Materials

Polyoxyethylene (5) nonylphenylether (IGEPAL CO-520) and
cholesterol were purchased from Sigma Aldrich. Di-oleoyl-phosphatidic
acid (DOPA), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000], (DSPE-PEG 2000), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), and DOTAP were from Avanti Polar
Lipids, and the ionizable lipids DLin-DMA, SM-102 and ALC-0315 from
Broadpharm (San Diego, CA, USA). Messenger RNA coding for Secreted
Nano-Luciferase (SecNLuc) and AlexaFluor647-labeled eGFP mRNA
were purchased from RIBOPRO (Oss, The Netherlands).

2.2. Preparation of LCP nanoparticles

The mRNA-loaded LCP NPs were synthesized using a water-in-oil
reverse microemulsion process (Li et al., 2012). In brief, 60 pL CaCly
(2.5 M) with mRNA (5 pg) and NaHPO4 (12.5 mM, 60 pL, pH > 9) were
dispersed in two separate cyclohexane/IGEPAL CO-520 (71:29 V/V, 2
mL) solutions, named calcium phase and phosphate phase, respectively.
The two oil phases were allowed to stir for 5 min using magnetic stirrers
before mixing the phases, and then 40 pL (20 mM) DOPA in chloroform
was added to the combined emulsion and the mixture was stirred for 20
min at room temperature. Next, an equal volume of absolute ethanol was
added to the mixture to disrupt the microemulsion. Precipitated mRNA-
loaded LCP cores were collected by centrifugation at 10,000 x g for 20
min and were washed twice with ethanol to remove any residual
cyclohexane and surfactant. The collected CaP cores were dispersed in
200 pL of chloroform. The final LCP NPs were produced by adding a
mixture of outer leaflet lipids containing cholesterol (20 mM), DOTAP
(20 mM), and various types of ionizable lipids (DLin-DMA (20 mM), SM-
102, and ALC-0315 (50 mM) dissolved in ethanol) in different molar
ratios. The chloroform was evaporated and the lipid film was hydrated
in water, followed by gentle ultrasound treatment to get well-dispersed
LCP NPs. The particle size and zeta potential of LCP NPs were measured
in water by dynamic light scattering (DLS; Zetasizer, Nano-ZS, Malvern,
UK).
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2.3. Electron microscopy

Transmission electron microscopy (TEM) was used to determine the
structure of LCP NPs. TEM samples were prepared by adding 5 pL of
freshly prepared nanoparticle solution onto a 200-mesh carbon-coated
copper grid (Electron Microscopy Sciences). The grids were air-dried
for 15-30 min at room temperature. Images were acquired with a
JEM-1400Flash (Jeol Ltd., Tokyo, Japan) equipped with a Matataki
Flash sCMOS camera (Jeol Ltd., Tokyo, Japan) and LaB6 filament
operated at 120 kV.

2.4. Cell culture

The osteoblastic cell line MC3T3-E1 (subclone 4, CRL-2593) was
obtained from the American Type Culture Collection (Manassas, VA,
USA). Cells were grown in Minimal Essential Medium o (Gibco, USA)
containing 10 % fetal calf serum (Gibco, USA) and 100 U/mL penicillin,
and 100 pg/mL streptomycin (Sigma-Aldrich) in a 37 °C, humidified
incubator containing 5 % COs.

2.5. Cellular uptake of mRNA-loaded LCP nanoparticles

Cellular trafficking of LCP NPs was evaluated by confocal micro-
scopy. MC3T3 cells were seeded onto 8-well p-slides (ibidi, Grafelfing,
Germany) at a density of 10,000 cells/cm? and allowed to grow for 24 h.
Cells were then transfected with different LCP formulations loaded with
AlexaFluor647-labeled mRNA. After 4 h, the transfection medium was
removed and phenol red-free Opti-MEM (Gibco, USA) was added for
image acquisition. For colocalization experiments, endosomal/lyso-
somal compartments were stained with LysoTracker red (50 nM; Invi-
trogen, USA) for 30 min before imaging. After washing twice in PBS,
imaging was performed using a Leica TCS SP8 SMD confocal microscope
(Leica Microsystems, Mannheim, Germany). The images were processed
and quantified using ImageJ (version 1.53{51).

2.6. Protein expression

MC3T3 cells were cultured in 96 well plates (Greiner Bio-One,
Kremsmiinster, Austria) at a density of 10,000 cells/well and incu-
bated overnight. The next day, cells were transfected with three con-
centrations of LCP formulations loaded with SecNLuc mRNA in serum-
containing medium. After 4 h of transfection, the medium was
replaced with fresh medium and cells were incubated for a further 24 h.

Luciferase activity was quantified by the Nano-Glo Luciferase Assay
System (Promega) as described by the manufacturer’s standard proto-
col. Briefly, 50 uL of luciferase assay substrate was added to 50 pL of
medium from each well in a black 96-well plate (Corning, New York, NY,
USA). Following 3 min incubation in the dark, the luminescence was
measured using a VICTOR X3 Multilabel Plate Reader (Perkin Elmer,
Waltham, MA, USA). Luminescence was corrected for background signal
using untreated cells. For assessment of luciferase activity at different
time points, 50 pL of media was taken from each well and frozen until
measurement, and 50 pL of complete media was added to wells to keep
the volume at 100 pL and samples were taken every 24 h up to 96 h.

2.7. Cytotoxicity

MC3T3 cells were seeded at a density of 10,000 cells/well into a 96
well plate under the same assay conditions and transfected with
different LCP formulations. After 24 h incubation, 10 pl of 5 mg/ml MTT
reagent was added to each well and the plate was incubated for another
4 h at 37°C. Subsequently, the media were removed from the cells and
100 pl of DMSO was added to dissolve the formazan crystals. The
absorbance was measured at a wavelength of 570 nm using a microplate
reader (Bio-Rad).
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2.8. Statistical analysis

Data are presented as mean + SD (standard deviation) and were
analyzed in GraphPad Prism software v.8.0. Statistical significances
were determined using one- or two-way ANOVA (analysis of variances)
or non-parametric Kruskal-Wallis test. A p value < 0.05 was considered
significant and is represented as *, p < 0.05; **, p < 0.01; ***, p < 0.001,
w65 1 < 0.0001.

3. Results and discussion
3.1. Invitro delivery of mRNA with DOTAP-based LCP formulations

Previously, LCP NPs have shown activity in the encapsulation and
delivery of mRNA into cells in the context of vaccination (Wang et al.,
2018). Therefore, in the present study, we first aimed to deliver mRNA
to MC3T3 cells, an osteoblastic cell line, using LCP NPs, and compare
expression levels to other vehicles for mRNA delivery. MC3T3 cells are a
relevant model in the context of bone regeneration. Moreover, with their
spread-out morphology these cells are very suited for the analysis of
nanoparticle uptake and trafficking by confocal microscopy. In order to
assess cellular uptake, AlexaFluor647-labeled mRNA was formulated
with LCP NPs containing DOTAP: cholesterol 1:1, DESP-PEG 2000 (15
%) and cells were analyzed by confocal microscopy after 4 h incubation
with these LCP NP. Cells showed uptake as concluded from punctate
fluorescence inside cells (Fig. 1A). To assess protein expression, LCP NP
were also formulated with eGFP mRNA and mRNA encoding for secreted
nano-luciferase. For eGFP, no expression could be detected (Fig. 1B). By
comparison, for nano-luciferase expression was observed in a dose-

Alexa-647 Merge

eGFP Merge
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dependent manner (Fig. 1C). However, from our experience we could
tell, that expression was relatively inefficient, indicating room for
improvement in the mRNA LCP formulations of previous reports (Lin
et al., 2022; Wang et al., 2018). Studies on lipid nanoparticles (LNPs)
demonstrated that the mRNA payload has an impact on loading and LNP
structure (Li et al., 2022). However, in most cases poor endosomal
escape of mRNA molecules is the main bottleneck of delivery. In order to
identify whether endosomal escape was also limiting for the LCP NP we
made use of a protocol recently developed by our laboratory in which
the formulation in question is co-incubated with a formulation with
proven activity If uptake occurs via the same route (Oude Egberink et al.,
2024), then the active formulation will also cause the endosomal release
of the less active/inactive formulation and thereby enhance protein
expression. When LCP NPs containing SecNLuc mRNA were co-
incubated with NPs formed with the cell-penetrating peptide PF14
(Ezzat et al., 2011) and eGFP mRNA, the expression of luciferase
increased, compared with cells treated with SecNLuc mRNA-loaded
LCPs alone, pointing towards endosomal release as the critical bottle-
neck (Fig. 1D).

3.2. The use of ionizable lipid in LCP formulations to increase expression
efficiency

In lipid nanoparticles, ionizable lipids serve the dual purpose of
mRNA complexation and membrane destabilization upon endosomal
acidification. This activity is achieved through the positive charge and
the conical shape of the lipids (Han et al., 2021). Whereas in LCP NP

mRNA complexation is accomplished in the calcium phosphate core, we
were curious to explore whether the ionizable lipid would still exert its
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Fig. 1. Cellular delivery of mRNA by LCP NPs. (A) AlexaFluor647-labeled mRNA was formulated in LCPs containing DOTAP, cholesterol, DSPE-PEG 2000, with
molar ratio of 42.5/ 42.5/ 15. MC3TS3 cells were incubated with LCPs for 4 h and then the images were taken by confocal microscopy. (B) Gene expression activity of
LCP NPs in MC3T3 cells transfected with eGFP mRNA. (C) Gene expression activity of LCP NPs in MC3T3 cells transfected with three concentrations of SecNLuc
mRNA. (D) Co-transfection of SecNLuc mRNA loaded LCPs with eGFP-PF14 NPs in three dilutions (n = 4).
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membrane destabilizing effect when incorporated into the outer leaflet
of the lipid bilayer. LCPs were prepared with the ionizable lipids SM-
102, ALC-0315, and DLin-DMA. SM-102 (lipid H) and ALC-0315 are
the ionizable lipids used by Moderna and Pfizer/BioNTech in their
respective SARS-CoV-2 mRNA vaccines (Hou et al., 2021). Both lipids
are structurally similar in that two acyl moieties are directly linked to
the protonatable tertiary amine and contain either one (SM-102) or two
(ALC-0315) branched acyl chains to enhance the conical structure. By
comparison DLin-DMA is a first generation ionizable lipid, which is an
ether analog of DODAP comprising two unsaturated linoleic acyl chains
(Fig. 2A) (Jayaraman et al., 2012).

iLCP NP were prepared with ionizable lipids formulated with DOTAP
and cholesterol with a molar ratio of 45:5:50 in the outer layer. In LNPs,
the ionizable lipid also comprises about 50 % of the total lipids. A
formulation incorporating the neutral lipid DOPC instead of a proto-
natable lipid was used as control. Luciferase expression was evaluated
24 h after LCP treatment. Incorporation of ionizable lipids into the outer
layer yielded significantly higher quantities of SecNLuc protein
compared to LCPs without ionizable lipids (Fig. 2B). However, luciferase
expression decreased with iLCP concentration suggesting cytotoxicity of
the NPs which was confirmed by an in vitro cytotoxicity assay (Fig. 2C).
Positive net charge and small size of NPs as well as non-complexed lipids
all can exert a cytotoxic effect by interrupting the lipid bilayer (Frohlich,
2012; Lechanteur et al., 2016; Shang et al., 2014). However, in our case
viability was maintained for the DOPC-based LCP NPs. Therefore, the
observed toxicity was obviously not related to the charge of the DOTAP
cationic lipid. Considering the higher luciferase expression for the iLCP
NPs, the data indicates that the ionizable lipids in the iLCP NPs in the
present formulations exerted a strong membrane disrupting effect not
only inside endosomes but also at neutral pH on the cell surface.
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3.3. Optimization of iLCPs to increase expression and decrease
cytotoxicity

In order to reduce the cytotoxicity and still maintain activity, we
systematically varied the lipid composition of the outer layer. For this
step, DLin-DMA was chosen as the ionizable lipid. Seven formulations
(coded A through G, Table 1) were created and tested for protein
expression and cytotoxicity. Starting with formulations that either only
contained the cationic DOTAP lipid (formulation A) or protonatable
lipid at different ratios (formulations B, C) next to the structural lipid
DOPC and cholesterol, combinations of DOTAP and ionizable lipid
(formulations D, E) and finally formulations that additionally incorpo-
rated also the pegylated lipid DSPE-PEG2000 in the presence (formu-
lation F) and absence (formulation G) of the cationic lipid were tested. In
general, a reduction in ionizable lipid decreased cytotoxicity (Fig. 3B),
however, activity was only observed for those formulations that con-
tained 20 mol % of DLin-DMA (Fig. 3A). Absence of toxicity in combi-
nation with delivery activity was achieved for the formulation that
contained ionizable lipid in combination with DOTAP and pegylation
demonstrating that PEG protected the plasma membrane against the
membrane activity of the ionizable lipid but still allowed the lipid to
exert its activity once inside the endosome. For LNPs it was

Table 1
Lipid compositions and molar ratios of formulations coded A-G.
Formulation ~ Composition
A DOTAP/ DOPC/ cholesterol = 10/ 45/ 45
B DLin-DMA/ DOPC/ cholesterol = 10/ 45/ 45
C DLin-DMA/ DOPC/ cholesterol = 20/ 40/ 40
D DOTAP/ DLin-DMA/ DOPC/ cholesterol = 10/ 10/ 40/ 40
E DOTAP/ DLin-DMA/ DOPC/ cholesterol = 10/ 20/ 30/ 40
F DOTAP/ DLin-DMA/ cholesterol/ DSPE-PEG2000 = 20/ 20/ 40/ 20
G DOPC/ DLin-DMA/ cholesterol/ DSPE-PEG2000 = 20/ 20/ 40/ 20
ALC-0315
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Fig. 2. In vitro transfection efficiency and toxicity of LCP formulations containing DLin-DMA, SM-102, and ALC-0315 as ionizable lipids. (A) Chemical structure of
tested ionizable lipids. (B) Luciferase activity in MC3T3 cells transfected with iLCPs for 24 h (n = 4). (C) Cell viability following transfection with iLCPs for 24 h (n =
4). Data are shown as mean + SD and P < 0.05 was considered statistically significant.
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Fig. 3. Optimization of iLCPs formulations. (A, B) Relative luciferase expression and cell viability of MC3T3 cells 24 h after incubation with iLCP formulations coded
A-G, differing in lipid components (n = 4, Table 1). (C, D) Relative luciferase expression and cell viability of MC3T3 cells after 24 h transfected with formulations
coded I - IV which had a similar lipid composition as formulation F with variation of molar ratios of the individual components (n = 3, Table 2). Data are shown as

mean + SD and P < 0.05 was considered statistically significant.

demonstrated that disruption of the endosomal membrane upon fusion
of the lipid NP into the lipid bilayer is associated with a transition of the
lipids from lamellar to inverted hexagonal (La-HII) phase (Ramezanpour
and Tieleman, 2022). However, steric hinderance produced by PEG
layer around the lipoplexes can disrupt the organization of the lipids in
the hexagonal phase (Rabanel et al., 2014). In the endosomes, pH-
dependent protonation could release the ionizable lipid from the iLCP
NP through charge repulsion. PEGylation can furthermore reduce
toxicity by decreasing the surface charge of cationic NPs.

To further optimize the active formulation F, four formulations (I-1V)
with DLin-DMA, DOTAP, cholesterol, and DSPE-PEG 2000 at different
molar ratios were generated with formulation F of the previous set
corresponding to formulation I in this set (Table 2). Given the shielding
effect of the pegylated lipid, we increased the mole fraction of the
ionizable lipid at the expense of either DOTAP (formulation II) or
cholesterol (formulations III and IV). Formulations IIl and IV yielded the

Table 2
Molar ratios of the lipid compositions in formulations coded I-IV.

formulation Molar ratio of lipids
(DOTAP/DLin-DMA/Cholesterol/ DSPE-PEG2000)

I 20 /20 / 40/ 20

I 10/ 30/ 40/ 20

I 25/ 25/ 30/ 20

I\ 20/ 30/ 30/ 20

highest activities with approximately ~ 90,000 and 200,000 RUL,
respectively (Fig. 3C). Importantly, for formulations II — IV there was a
clear dose dependence of activity, and no toxicity at any concentration
(Fig. 3D).

A combination of higher concentrations of both DOTAP and the
ionizable lipid yielded the highest activity. Many studies detected a
significant positive correlation between surface charge and gene trans-
fection efficiency of NPs (Albanese et al., 2012). Yu et al. showed that a
higher gene silencing potency was achieved by combination of perma-
nently and ionized cationic lipids in the LNP formulation (Yu et al.,
2014). Importantly, however, this higher activity was only observed if at
the same time also PEG was included. It is interesting to note that the
PEG did not compromise the cellular uptake mediated by the DOTAP
lipid.

3.4. LCP formulation based on different ionizable lipids

After optimization of the LCP formulation for DLin-DMA, we then
investigated the efficacy of mRNA delivery with the three different
ionizable lipids using the same mole fractions of the individual lipids.
Strong luciferase expression was observed for all ionizable lipids; how-
ever, ALC-0315 containing iLCP NPs were ten times more active than
DLin-DMA-containing iLCP NPs, and SM-102-containing iLCP NPs even
one hundred times more active (Fig. 4A). These results are also consis-
tent with other studies in which SM-102-containing LNPs exhibited
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Fig. 4. Protein expression for iLCP formulations. (A) luciferase expression and (B) Cell viability for mRNA-loaded iLCPs formulated with DLin-DMA, SM-102, and
ALC-0315 in MC3T3 cells after 24 h (n = 3). (C) Luminescence resulting from MC3T3 cells treated with iLCPs over a period of 96 h. Samples were obtained every 24 h
for measurement of luciferase activity (n = 3). Data are shown as mean + SD and P < 0.05 was considered statistically significant. All formulations were generated

with mole fractions of lipids according to composition IV.

more efficiency for gene delivery compared to LNPs comprising other
ionizable lipids (Ly et al., 2022; Maeki et al., 2023; Saraswat and Patel,
2023). All formulations fully preserved viability with only a slight
reduction for ALC-0315-containing iLCP NPs at the highest concentra-
tion (Fig. 4B).

In the context of LNPs, key characteristics of ionizable lipids are the
pKa of the protonatable group and the conical shape (Liu et al., 2021). A
pKa of 6 to below 7 is required for high delivery efficiency and gives
protonation only once the LNPs reach early endosomes (Carrasco et al.,
2021; Sato et al., 2019). For DLin-DMA, SM-102, and ALC-0315 pKa
values are 6.8, 6.68, and 6.09, respectively (Suzuki and Ishihara, 2021;
Thi et al., 2021). The higher pKa value of SM-102 compared to ALC-
0315 will lead to a greater positive charge at early stages of endo-
somal uptake.

ALC-0315 terminates in four acyl chains in comparison to three for
SM-102. For maximal delivery, a cone shape is more desirable than a
cylindrical shape as its incompatibility with the lipid bilayer leads to a
destabilization of the endosomal membrane, triggering the release of
nucleic acid payload into the cytosol (Carrasco et al., 2021; Liu et al.,
2021). The higher activity of SM-102 in comparison to ALC-0315 in-
dicates that for the iLCP NP the higher pKa benefitted delivery more.

Next, we addressed the kinetics of protein expression. MC3T3 cells
were treated for 4 h with iLCP NPs and luciferase expression was
assessed for up to 4 days. For SM-102 and ALC-0315 containing iL.CP

NPs the maximum level of protein expression was detected at ~ 48 h and
then luciferase expression started declining. Interestingly, for DLin-DMA
iLCP NPs expression peaked only at ~ 72 h (Fig. 4C). For all three iLCP
NP formulations these kinetics point at a delayed release of the mRNA as
for peptide and lipid micelle based formulations, maximum expression is
already achieved after 24 h (van Asbeck et al., 2021).

3.5. Physicochemical characterization of optimized iLCPs nanoparticles

Following the successful development of delivery-competent iLCP
NPs, we investigated in more detail the physicochemical characteristics
of the formulations. The membrane-core structure is the prominent
feature of LCP NPs that allows tuning of surface characteristics by using
different lipid compositions in the outer layer. The individual lipids of
the outer leaflet of the optimized iLCP NPs were ionizable lipids,
DOTAP, cholesterol, and DSPE-PEG2000. For all three iLCP NPs, the
same cores were used. In TEM images, the CaP cores exhibited well
dispersed sphere-like particles with a diameter of ~ 25 nm and the
typical hollow structure of CaP (Fig. 5A) (Li et al., 2012). The dispersity
was preserved after coating with the lipid bilayer (Fig. 5B). However,
because of the electron transparency of the lipid bilayer, only the CaP
cores of LCP NPs were detected. Consistent with TEM, characterization
of size by DLS gave a diameter of around 40 nm which was very similar
for iLCP NPs with all three ionizable lipids (Fig. 5C). The zeta potentials
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Fig. 5. Physicochemical characterization of iLCP NPs. (A) TEM images of CaP cores, and (B) of iLCPs. (C) Particle size distribution of iLCPs containing three different
ionizable lipids. All iLCP NPs were formulated with lipid compositions according to formulation IV.

were between 20 and 28 mV (Table 3). With ~ 0.4 the polydispersity
index (PDI) was rather high. Analysis of the DLS data by volume
revealed a small aggregation peak in all formulations. However, when
the size distribution was assessed by number, the peak was no longer
visible (supplementary materials), indicating it did not constitute a
significant fraction of overall particle population. Nevertheless, it could
still contribute to an elevated PDI. The entrapment efficiency of mRNA
was determined using QuantiFluor RNA System and it was around 46 %
which is consistent with findings from previous studies on mRNA

Table 3
Characterization of iLCP NPs. DLin-DMA stands for DLin-DMA. All iLCP were
formulated with a composition of lipids according to formulation IV.

Sample Hydrodynamic Diameter Zeta potential PDI
(nm) (mv)

DLin-DMA 31.2+5.8 19.95 + 0.7 0.43 +
iLCPs 0.01
ALC-0315 30.7 +£1.03 28.5+ 0.3 0.47 +
iLCPs 0.02
SM-102 iLCPs 42.3 +£ 3.9 228 £1.1 0.42 +

0.02

encapsulation in LCP NPs (Lin et al., 2022; Wang et al., 2018). According
to the previous studies on LCP NPs, they are more efficient at encapsu-
lating smaller oligonucleotides, such as siRNA, compared to larger
molecules like mRNA (Huang et al., 2018; Lin et al., 2022).

Overall, the iLCP NPs were much smaller than common LNP for-
mulations which have a diameter of about 75 to 90 nm (Zhang et al.,
2023). Size governs tissue penetration and cellular uptake, thus it will be
interesting to explore whether iLCP NPs show better tissue penetration
than LNPs.

3.6. Cellular uptake of iLCP NPs

To better understand to which degree the ionizable lipids exerted
their role in uptake and cytosolic delivery, cells were incubated with
iLCP NP formulations incorporating fluorescently labeled mRNA. Next
to LCP NP formulations incorporating ionizable lipids, also LCP NP
formulations including only DOPC or DOTAP were included. Uptake
efficiency fully correlated with transfection efficiency as observed for
luciferase delivery (Fig. 6A, B). Both, DOPC and DOTAP LCP formula-
tions showed only very little uptake. SM-102 iLCP NPs had the highest
uptake, followed by ALC-0315 iLCP NP and DLin-DMA iLCP NPs. For
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Fig. 6. Cellular uptake of iLCP NPs. (A) The subcellular distribution of iLCP NPs was imaged by confocal live cell microscopy in MC3T3 cells. Briefly, cultured cells
were incubated with LCP NPs containing AlexaFluor647-labeled mRNA (50 pg) and 4 h post-transfection, cells were stained with LysoTracker (green) and images
were captured. (B) Corrected total cell fluorescence of internalized Cy5-labeled mRNA was quantified from the images using ImageJ. All images were acquired using
the same acquisition settings and are displayed with the same adjustments of contrast and brightness. The scale bar represents 30 pm. Data are shown as mean + SD
and P < 0.05 was considered statistically significant.
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ALC-0315 and SM-102 homogenous fluorescence inside the nuclei pro-
vided evidence for cytosolic release of mRNA consistent with the high
protein expression obtained by these formulations. The low interna-
tionalization of the formulation with the positively charged lipid DOTAP
alone was unexpected as the positive charge should drive the interaction
with the plasma membrane and induce cellular uptake (Albanese et al.,
2012; Hald Albertsen et al., 2022). Thus, even though we expect only
little protonation of the ionizable lipids outside cells they strongly
contribute to cellular uptake.

4. Conclusion

In this study, we demonstrate that incorporation of an ionizable lipid
into the outer lipid layer of LCP NPs greatly enhances cellular uptake
and cytosolic delivery of mRNA. Cytotoxicity could be reduced effec-
tively by also incorporating a pegylated lipid. In comparison to peptide
and micelle-based formulations, the iLCP NPs showed a delayed
expression kinetic which may be attributed to release of the mRNA from
the calcium phosphate core. To our knowledge, this is the first study on
optimization of LCP potency using ionizable lipids. Ionizable LCP NPs
containing branched-tail lipids, SM-102 and ALC-0315, were more
potent than DLin-DMA with only two unsaturated acyl chains. Accord-
ing to current concepts, in lipid NPs the ionizable lipid serves a dual
purpose which is complexation of the oligonucleotide payload and
destabilization of the endosomal membrane by assuming an inverted
hexagonal phase due to the conical structure of the lipid. Here, we show
that in iLCP NPs the ionizable lipid only exerts the second function in-
dependent from the first one as complexation occurs in the calcium
phosphate core. This observation constitutes a new concept on the
functionality of cone-shaped ionizable lipids in oligonucleotide formu-
lations. It will be highly interesting to investigate in more detail the role
of lipid shape and pKa of the head group to better understand to which
degree the same or different rules apply as in LNP formulations.
Furthermore, since the ionizable lipid is restricted to the outer layer of
the nanoparticle, mRNA delivery with iLCP NPs is associated with a
reduced load of non-endogenous lipids which may benefit biocompati-
bility, in particular for repeated applications (Jorgensen et al., 2023).
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