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ABSTRACT: The delivery of mRNA molecules to organs beyond
the liver is valuable for therapeutic applications. Functionalized
lipid nanoparticles (LNPs) using exogenous mechanisms can
regulate in vivo mRNA expression profiles from hepatocytes to
extrahepatic tissues but lead to process complexity and cost
escalation. Here, we report that mRNA expression gradually shifts
from the liver to the spleen in an ionizable lipid tail length-
dependent manner. Remarkably, this simple chemical strategy held
true even when different ionizable lipid head structures were
employed. As a potential mechanism underlying this discovery, our
data suggest that 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) is enriched on the surface of mRNA/LNPs with short-
tail lipids. This feature limits their interaction with biological
components, avoiding their rapid hepatic clearance. We also show that spleen-targeting LNPs loaded with SARS-CoV-2 receptor-
binding domain (RBD) mRNA can efficiently induce immune responses and neutralize activity following intramuscular vaccination
priming and boosting.
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The successfully developed mRNA (mRNA) vaccines
against SARS-CoV-2 highlight the impact of lipid

nanoparticle (LNP) technology.1,2 LNPs were first developed
for small interfering RNA (siRNA) delivery in the liver, leading
to the success of Onpattro, the first approved siRNA drug.3

The liver is a crucial target for various therapeutics because of
its role in metabolic and disease processes. Additionally,
mRNA-encapsulated liver-targeting LNPs have been used in
promising clinical trials for protein replacement and genome
editing therapies in liver-related disorders.4

Interest is growing in mRNA delivery beyond the liver.
Potential applications include antigen-encoded mRNA delivery
to dendritic cells (DCs) for cancer vaccines,5,6 chimeric
antigen receptor (CAR) mRNA delivery to T cells for B cell
malignancies,7 and protein replacement mRNA therapy to the
lung for primary ciliary dyskinesia and cystic fibrosis.8,9

However, commonly used LNPs reach the liver through
intravenous administration, primarily via the apolipoprotein E
(ApoE)-low-density lipoprotein receptor (LDLR) pathway.10

Moreover, we have demonstrated that interactions between
ApoE-bound LNPs and hepatic heparan sulfate proteoglycans
contribute to the rapid clearance and accumulation of LNPs in
the liver space of Disse.11

To achieve extrahepatic mRNA delivery, researchers have
developed functionalized LNPs using exogenous or endoge-

nous mechanisms. Passive targeting platforms with endoge-
nous mechanisms are also promising because of their potential
to improve cost and complexity issues in scaled-up processes.
As an example of formulation engineering, adding selective
organ-targeting (SORT) molecules, such as permanently
cationic or anionic lipids, can change the apparent pKa,
serum protein interactions, and biodistribution of LNPs.12

Using exogenous ligand-tethered nanoparticles to target
specific cell surface receptors is also a promising strategy.13−15

Other studies have reported that engineering the ionizable
lipid chemical structure can alter the organ and cellular
distribution of LNPs.16−20 However, predicting the LNP organ
tropism from lipid structure remains unclear.

Here, we report the relationships between lipid structure and
organ tropism. Among the various ionizable lipids reported,21

lipids with a monoamine headgroup and symmetrically
branched tails were investigated because they are one of the
most promising structures for mRNA delivery. Remarkably,
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lipid tail lengths could significantly change the mRNA
expression profiles between the liver and spleen despite having
the same lipid compositions and formulation processes.
Importantly, these results were consistent across several
different heads, suggesting the wide application potential of
this strategy.

We investigated the impact of lipid tail chemistry on the in
vivo fate of mRNA/LNPs. The lipid composition was fixed as
ionizable lipid, cholesterol, 1,2-distearoyl-sn-glycero-3-phos-
phocholine (DSPC), and 1,2-dimyristoyl-rac-glycero-3-me-
thoxypolyethylene glycol-2000 (DMG-PEG2k) at a
50:38.5:10:1.5 ratio. Initially, we used the N-methylpiperidine
lipid library as ionizable lipids (Figure 1a).22 We previously
demonstrated that a branched tail could enhance the stability,
fusogenicity, and functional delivery of mRNAs.23 Thus, we
selected symmetrically branched tail lipids, such as CL15F 6−
4, CL15F 7−5, CL15F 8−6, CL15F 9−7, CL15F 10−8,
CL15F 11−9, CL15F 12−10, and CL15F 14−12 (Figure 1a).
To examine the in vivo mRNA delivery profile of each LNP,
firefly luciferase (FLuc) mRNA-encapsulated LNPs were
intravenously administered in mice. Then, luminescence was
captured from each organ using in vivo imaging systems (IVIS)
(Figure 1b). Interestingly, LNPs containing short-tail CL15F
lipids enhanced mRNA delivery to the spleen despite having
the same lipid composition and formulation process (Figure
1c). We compared the relative luminescence values between
the liver and spleen, demonstrating that organ tropism was
changed significantly in a lipid tail length-dependent manner
(Figure 1d). Importantly, this trend was also observed using
the previously developed CL4F LNPs (Supplementary Figure
S1).23 To determine if these observations were universal, we

synthesized additional ionizable lipids containing a short or
long tail with different heads, such as piperidine (CL6F), N-
methyl pyrrolidine (CL16F), and N-isopropyl piperidine
(CL17F) (Figure 1e). The data revealed that ionizable lipids
with shorter tails could promote spleen delivery across various
head structures (Figure 1f/g). The addition of a SORT lipid,
such as 18PA, to LNPs is a well-known spleen-targeted mRNA
delivery technique.24 The addition of 18PA to MC3-LNPs and
CL15F14−12-LNPs resulted in selective mRNA delivery to
the spleen, as expected. LNPs using CL15F 6−4 as a short-tail
ionizable lipid, without using 18PA, enhanced mRNA delivery
to the spleen both relatively and absolutely, suggesting the
potential value of the proposed method (Supplementary
Figure S2).

Recent reports of endogenous targeting LNPs with the
protein corona have suggested that the LNP surface character-
istics, such as charge, are critical for organ tropism and that
interactions with (apo)lipoproteins are important for liver
tropism.12,25 We therefore hypothesized that the lipid tail
chemistry changed the LNP surface state and its interactions
with biological components, such as serum (apo)lipoproteins,
thus shifting the preference from the liver to the spleen. Lipid-
anchored PEG2000 is distributed on the LNP surface and can
suppress LNP aggregation during storage.26 The short C14
anchor PEG-lipid is commonly used in mRNA/LNPs,
including in this study. Unlike the long C18 anchor PEG-
lipid, the C14 anchor PEG-lipid is designed to desorb quickly
from LNPs in vivo because of its weak hydrophobic
interactions.27,28 Thus, our focus shifted from the PEG layer
to the LNP outer shell. Each lipid should be nonuniformly
distributed in LNPs. Experimental analysis and molecular

Figure 1. Ionizable lipid tail length dynamically changed the organ specificity of mRNA delivery. (a) Chemical structures of the CL15F lipid library
(termed CL15F m−n, where “m” is the main chain length and “n” is the side chain length). (b) A simple illustration of mRNA/LNP distribution to
the liver and spleen following intravenous (i.v.) administration. (c) Effect of CL15F lipid tail length on in vivo mRNA delivery to the liver and
spleen. Here, 0.1 mg/kg FLuc mRNA was i.v. injected into mice (n = 3 Balb/c mice per group). (d) Relative luciferase expression in the liver and
spleen gradually shifted in an ionizable lipid tail length-dependent manner. (e) Ionizable lipid variants with different head structures (CL6F,
CL16F, and CL17F). (f) Effect of lipid tail length with different head structures on in vivo mRNA delivery to the liver, spleen, lung, kidney, and
heart. Here, 0.1 mg/kg FLuc mRNA was i.v. injected into mice (n = 3 Balb/c mice per group). (g) Relative luciferase expression in each organ
demonstrated that the in vivo fate of mRNA/LNPs can be controlled by strategically adjusting the tail length.
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dynamics (MD) stimulation have demonstrated that polar
lipids, such as DSPC, are preferentially located in the LNP
outer shell because of their cylindrical molecular shape.29−31

To theoretically calculate the DSPC density on the surface
of each LNP, we used an LNP structural model30 designed
from experimental data (Figure 2a). Although controversial,
the LNP structure has been interpreted as a densely packed oil
droplet in which lipids interact with RNA. This structure
differs from classical liposomes, which have an inner water
phase surrounded by a lipid bilayer.29 In this model, the LNP
core includes the ionizable lipid, cholesterol, mRNA, and
water. The core is surrounded by an ∼2.4 nm-thick lipid
monolayer, which contains DSPC and a fraction of the

ionizable lipid, cholesterol, and lipid-anchoring portion of the
PEG lipid. The top PEG layer is approximately 4 nm in
thickness. First, the ionizable lipid tail length directly alters its
molecular volume, which changes the volume contribution of
each lipid in the formulation, even though each LNP is
prepared with the same molar ratio. Each lipid’s volume
contribution was calculated using both the molecular volume
and molar ratio. For example, the DSPC volume contribution
was 12.8% and 9.0% in the CL15F 6−4 LNPs and CL15F 14−
12 LNPs, respectively, despite having the same molar ratio
(10% DSPC) (Figure 2b). Second, short-tail ionizable lipids
yielded larger particles across the lipids with different head
groups used in this study (Supplementary Figures S3a, S4,

Figure 2. Surface DSPC density is significant for the spleen-to-liver mRNA delivery ratio. (a) Simple illustration of the LNPs. In this model, the
LNP contains a core, lipid monolayer, and PEG layer. (b) The volume contribution differs with varying molecular weight, even with the same molar
ratio. (c) The surface-to-volume ratio depends on the particle size. (d) The surface-to-volume ratio and volume contribution of DSPC affect the
area per DSPC value. (e) Correlation matrix of the CL15F LNPs between liver mRNA delivery, spleen mRNA delivery, the spleen-to-liver mRNA
delivery ratio, size, PDI, encapsulation efficiency, pKa, ζ-potential, and DSPC density created using JMP 16 software. The Pearson correlation
coefficients are shown in the heatmap, and the P-values can be visualized by the circle size. (f) Relationships between the DSPC density and spleen-
to-liver mRNA delivery ratio. (g) Effect of the DSPC ratio on in vivo mRNA delivery to the liver and spleen. Here, 0.1 mg/kg FLuc mRNA was
intravenously injected into mice (n = 3 Balb/c mice per group). The spleen-to-liver ratio values were analyzed using one-way ANOVA with
Dunnett’s test for multiple comparisons with DSPC 0% LNPs.
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Figure 3. LNPs with higher DSPC surface densities have fewer interactions with cells in vitro and in vivo. (a−d) TEM images and particle size
distribution of each LNP. CL15F 6−4 LNPs with 10% DSPC (a), CL15F 10−8 LNPs with 10% DSPC (b), CL15F 14−12 LNPs with 10% DSPC
(c), and CL15F 10−8 LNPs with 30% DSPC (d). Scale bars = 100 nm. (e−g) The in vitro cellular uptake of LNPs carrying DiO-labeled Cy5 FLuc
mRNA/FLuc mRNA (= 1:1) (n = 3). Flow cytometry analysis was performed 3 h after the HepG2 cells were transfected with 500 ng mRNA/well.
The histogram (e) indicates the Cy5 fluorescence intensity. The graphs in (f) and (g) indicate the Geo mean value of Cy5 and DiO, respectively.
The data were analyzed by ordinary one-way ANOVA with Dunnett’s multiple comparisons test of each lipid compared with the CL15F 10−8
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S5a). This observation is consistent with data from a recent
publication.23 Larger particles are assumed to exhibit a smaller
surface area per volume, resulting in a higher DSPC
concentration on the LNP surface (Figure 2c). To adequately
support this line of reasoning, experimental data on particle
size in CL15F LNPs with different tail lengths (Supplementary
Figure S3a) were applied to the LNP structure model to
calculate the surface area (Supplementary Figure S3b) and
number of DSPC molecules (Supplementary Figure S3c). The
surface DSPC density of each LNP was then estimated (Figure
2d, Supplementary Figure S3). The results indicated ionizable
lipid tail length-dependent changes to the surface DSPC
density. The lower and stable polydispersity index (PDI)
values in particle size observed throughout this study support
the reliability of the estimations.

To determine the important factor for organ tropism, we
performed a correlation coefficient analysis between liver and
spleen mRNA delivery efficiency and particle characteristics,
including size, PDI, encapsulation efficiency, pKa value, ζ-
potential, and DSPC density (Figure 2e). Our analysis strongly
indicated the significance of DSPC density in determining
organ-specific mRNA delivery efficiency. The correlation
matrix indicated that an enhanced particle size also contributes
to mRNA delivery to the spleen. We next graphically displayed
the relationship between the theoretical DSPC density and
spleen/liver mRNA delivery ratio for each CL15F lipid (Figure
2f).

To further evaluate the importance of DSPC density on
LNP organ tropism, we prepared LNPs with different DSPC
ratios, while keeping the same ionizable lipid/cholesterol ratio.
The in vivo luminescence data revealed that the mRNA
expression profiles between the liver and spleen directly
correlated with the DSPC ratio, providing further evidence of
the significance of DSPC density (Figure 2g, Supplementary
Figure S3).

To understand the mechanism controlling how DSPC
density can change organ tropism, we specifically focused on
the DSPC density in subsequent experiments. We first
confirmed the uniformity and spherical morphology of four
different LNPs using both transmission electron microscopy
(TEM) and dynamic light scattering (DLS) (Figure 3a−d,
Supplementary Table S1). These included CL15F 6−4, CL15F
10−8, and CL15F 14−12 LNPs containing 10% DSPC and
CL15F 10−8 LNPs containing 30% DSPC. The calculated
LNP surface DSPC concentrations were 0.63, 1.18, 1.32, and
0.69, respectively (Figure 3e).

Next, HepG2 cells were transfected with DiO-labeled LNPs
carrying Cy5 mRNA. The cellular uptake of these LNPs was
evaluated by flow cytometry. Among the 10% DSPC
formulations, short-tail CL15F 6−4 LNPs showed significantly

less cellular uptake and long-tail CL15F14−12 showed
significantly more cellular uptake compared with CL15F10−
8 LNPs (Figure 3f/g). In addition, the 30% DSPC formulation
showed significantly less cellular uptake than the 10% DSPC
formulation. These observations were further validated by the
confocal laser scanning microscopic images (Supplementary
Figure S5). The in vitro FLuc mRNA expression levels were
also lower with these two LNPs (Figure 3h). These trends
were also evident in Huh-7 cells (Supplementary Figure S6).
Our data strongly suggest that the DSPC density can regulate
interactions with the biological membrane.

We then examined the pharmacokinetic (PK) profiles of
each LNP carrying Cy5-labeled mRNA. The data revealed that
the CL15F 10−8 LNPs containing 30% DSPC and CL15F 6−
4 LNPs containing 10% DSPC exhibited extended blood
circulation half-lives (Figure 3i). Following administration,
LNPs are generally quickly adsorbed by serum proteins,
including ApoE, which transport them to hepatocytes via the
ApoE-LDLR pathway.10 Thus, we hypothesized that the LNPs
with a higher DSPC density would interact less with ApoE
after PEG molecule detachment, resulting in prolonged
clearance. To evaluate the relationship between DSPC density
and ApoE adsorption, we examined LNP liver accumulation
following dosing with fluorescently labeled LNPs. The
microscopic images indicated that LNPs with a higher DSPC
density displayed lower accumulation in the liver hepatocytes
(Figure 3j), suggesting reduced ApoE adsorption. Further-
more, each LNP was then injected into ApoE-deficient mice or
wild-type mice for liver mRNA delivery efficiency comparisons.
The CL15F 10−8 and CL15F 14−12 LNPs containing 10%
DSPC showed decreased efficacy in ApoE-deficient mice
(Figure 3k). In contrast, the CL15F 6−4 LNPs containing 10%
DSPC and CL15F 10−8 LNPs containing 30% DSPC
maintained their efficacy in ApoE-deficient mice. These results
indicated that the LNPs with a higher DSPC density had
reduced ApoE adsorption (Figure 3l). Recombinant ApoE was
incubated with LNPs to directly evaluate the interaction
between the LNPs and ApoE. Samples were passed through a
size exclusion chromatography (SEC) column to isolate ApoE-
bound LNPs from unbound ApoE, then ApoE protein levels
were detected by Western blot analysis. The results showed
that the LNPs with shorter tail lipids adsorbed less ApoE
(Supplementary Figure S7). Additionally, less ApoE adsorbed
on the LNPs containing 30% DSPC (Supplementary Figure
S7).

To better understand the relationship between the DSPC
density and LNP surface microenvironment membrane profile,
we used Laurdan as a solvatochromic probe. Laurdan is
distributed in lipid membranes from its long fatty acids, with
an emission spectrum that shifts depending on the dipolar

Figure 3. continued

DSPC 10% formulation. (h) Luciferase assays were performed 24 h after the HepG2 cells were transfected with LNPs carrying DiO-labeled Cy5
FLuc mRNA/FLuc mRNA (= 1:1). (i) The LNP concentration in blood samples was determined with Cy5-labeled FLuc mRNA-carrying LNPs.
Here, 0.4 mg/kg mRNA/LNPs was intravenously (i.v.) injected into mice; then blood was collected; and the Cy5 intensity was measured (n = 3
Balb/c mice per group). (j) Confocal laser scanning microscopic images of the liver were acquired 6 h after administration of DiD-labeled LNPs
and FITC conjugate tomato lectin staining. Here, 0.5 mol % DiD-labeled FLuc mRNA was i.v. injected into mice (0.5 mg/kg; n = 3 Balb/c mice
per group). The blood vessels are shown in green, and DiD-positive areas are shown in red. Scale bars = 100 μm. (k) Here, 0.1 mg/kg FLuc
mRNA/LNPs was i.v. injected into ApoE-deficient mice. Ex vivo luminescence from the liver was captured by in vivo imaging systems (IVIS; n = 3
C.KOR/StmSlc-Apoeshl mice per group). (l) Simple illustration of LNP cellular uptake. We hypothesized that higher DSPC LNPs have fewer
interactions with ApoE, resulting in the LNPs not being taken up by the cells. (m) The fluorescence intensity was measured 5 h after incubation of
the LNPs with Laurdan at 25 °C. The GP value indicates the membrane hydration level (n = 3).
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relaxation of the surrounding water molecules. This makes it
possible to sensitively distinguish the polarity of the LNP
surface.32,33 After Laurdan was incorporated into the LNPs, a
wavelength shift was observed. This shift was quantitatively
represented by the generalized polarization (GP) value, with
the CL15F 6−4 LNPs containing 10% DSPC and CL15F 10−
8 LNPs containing 30% DSPC having higher GP values. This
indicated an ordered membrane and reduced membrane
fluidity (Figure 3m, Supplementary Figure S8). Because
increased membrane fluidity has previously been shown to
enhance protein adsorption,34,35 we speculated that a reduced
membrane fluidity would inhibit ApoE protein adsorption to
the surface of these LNPs. Recently, organ tropism was
reportedly altered depending on the tail lengths of multitailed
ionizable phospholipids (iPhos).36 The iPhos scaffolds employ

well-packed saturated hydrocarbon chains, with longer
scaffolds showing spleen-selective mRNA delivery. While
these lipid species differ from the ionizable lipids focused on
in this study, the enhanced spleen selectivity from the
increased surface density of rigid DSPCs in this study and
increased rigid iPhos content may have similar LNP surface
properties. Clarifying the causal relationship with actual
changes in physical properties is significant for achieving a
predictable LNP design.

To investigate the potential application of CL15F 6−4 LNPs
with enhanced functional mRNA delivery to the spleen, we
examined the mRNA delivery efficiency at the cellular level
using Ai14 transgenic mice (Figure 4a). These Ai14 transgenic
mice express tdTomato upon Cre mRNA translation, which
facilitates the evaluation of mRNA delivery efficiency with high

Figure 4. In vivo expression and distribution profiles of mRNA/LNPs at the cellular level. (a) Experimental schematic for evaluating the in vivo
cellular distribution of LNPs using Ai14 transgenic mice. Briefly, liver and spleen tissues were collected from Ai14 mice 24 h following dosing with
0.5 mg/kg Cre mRNA/LNPs (n = 3 mice per group). The splenocytes were disassociated and analyzed by flow cytometry. (b) The Ai14 mice have
a loxP-flanked stop codon site to suppress tdTomato expression. With Cre recombinase, tdTomato will have strong transcriptional activation under
the CAG promoter. (c) Liver samples were observed by confocal laser scanning microscopy 24 h after administration of mRNA/LNPs and 20 μg/
mL FITC-conjugated isolectin B4 and 1 μg/mL Hoechst 33342. The blood vessels are shown in green, tdTomato-positive areas are shown in red,
and the nuclei are shown in blue. Scale bars = 100 μm. (d−i) Here, 0.5 mg/kg Cre mRNA/LNPs was injected into mice. The splenocytes were
collected and stained, then the tdTomato expression levels were analyzed by flow cytometry. The bar graphs show the percentage of tdTomato-
positive cells in DCs (d), macrophages (e), neutrophils (f), B cells (g), CD8+ T cells (h), and CD4+ T cells (i). The data were analyzed using
unpaired Student’s t tests. N.S. denotes not significant (P > 0.05).

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c02566
Nano Lett. 2024, 24, 12758−12767

12763

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02566/suppl_file/nl4c02566_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02566?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02566?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02566?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02566?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c02566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


sensitivity at the cellular level (Figure 4b).37 The microscopic
images revealed that the mice treated with the CL15F 14−12
LNPs exhibited significant tdTomato fluorescence levels in the
liver hepatocytes (Figure 4c). Low levels of tdTomato
fluorescence were detected in the livers of mice treated with
the CL15F 6−4 LNPs, consistent with our FLuc mRNA
delivery data (Figure 1c). Flow cytometry analysis was
performed to evaluate the mRNA delivery in splenocytes.
The results indicated that the CL15F 6−4 LNPs preferentially
promoted mRNA expression in antigen-presenting cells in the
spleen, such as DCs, macrophages, and neutrophils (Figure
4d−f, Supplementary Figure S9). Almost no tdTomato
fluorescence was observed in B or T cells (Figure 4g−i).
Using DiO-labeled LNPs, the data revealed that the CL15F 6−
4 LNPs were significantly distributed in DCs compared with
the CL15F 14−12 LNPs (Supplementary Figure S10).
Although the mRNA expression levels were very low, the
CL15F 6−4 LNPs accumulated in B cells, while the CL15F
14−12 LNPs accumulated in T cells. Therefore, using CL15F
6−4 LNPs was superior for mRNA distribution and expression
in DCs, with limited mRNA expression in the liver.

Viral protein-encoding mRNA/LNPs can serve as immu-
nogens and adjuvants, triggering acquired immunity. This
approach was demonstrated during the COVID-19 pandemic.
Because DC activation is critical for inducing neutralizing
antibodies, cytotoxic T lymphocytes, and immune memory,
these cells have become attractive targets for vaccine
development.38,39 CL15F short-tail lipid-containing LNPs,
which selectively deliver mRNA to antigen-presenting cells in
the spleen, have vaccine application potential. In this study, we
used CL15F 7−5 because large LNPs over 200 nm, such as
CL15F 6−4 LNPs, may not transfer from the administration
site into systemic circulation via the lymphatic system.40 As a
control, we used CL4F 7−5, a previously developed liver-
oriented lipid and the clinically successful SM-102 lipid as a
benchmark. First, we evaluated the expression profile following
intramuscular administration. FLuc mRNA was encapsulated

in each LNP, with the lipid composition maintained as
described above. Of the LNPs used, the SM-102 LNPs showed
the highest protein expression levels in the muscle and liver.
The CL15F 7−5 LNPs showed predominant expression in the
muscle and spleen, with limited expression in the liver. The
protein expression levels in the spleen were significantly higher
for CL15F 7−5 LNPs compared with SM-102 LNPs.
Additionally, the CL4F 7−5 LNPs showed higher expression
levels in the liver than in the muscle (Figure 5a). Importantly,
the expression profiles in the liver and spleen were consistent
between intramuscular and i.v. administration (Figure 1d,
Supplementary Figure S1). This observation seems reasonable
considering previous findings that intramuscularly adminis-
tered LNPs can enter systemic circulation via the lymphatic
system.40−42 We also assessed changes in body weight and
performed hematological and histopathological analyses after
repeated administration of these LNPs, confirming their
minimal toxicity (Figure S11).

To evaluate the immunogenicity of each LNP, mRNA
molecules designed to produce high expression levels of the
SARS-CoV-2 virus spike protein were used as a model.
Immunogenicity was assessed by quantifying the antireceptor-
binding domain (RBD) IgG titers and neutralizing activity 2
weeks after priming and boost dosing. To assess the
neutralizing activity of the RBD mRNA LNP-induced
antibodies, we performed the surrogate virus neutralization
test (Figure 5b).43 We first confirmed that the mRNA/LNP
immunogenicity was induced in a dose-dependent manner
(Supplementary Figure S12). Next, we compared the
immunogenicity of each LNP. The anti-RBD IgG titers of
the treated mice increased in the following order: CL4F 7−5,
SM-102, and CL15F 7−5 LNPs (Figure 5c). The neutralizing
activity was proportional to the anti-RBD IgG data (Figure
5d). Despite much lower total mRNA expression levels than
SM-102 LNPs, the CL15F 7−5 and CL4F 7−5 LNPs showed
comparable immune activity. These results suggest that
expression intensity, especially at the injection site, and

Figure 5. Antibody responses in SARS-CoV-2 RBD mRNA/LNP vaccinated mice. (a) Bioluminescence from each organ 6 h following
intramuscular dosing of 5 μg/30 μL/mouse FLuc mRNA/LNPs (n = 5 C57BL/6 mice per group). (b) The binding of the SARS-CoV-2 virus to
the human ACE2 receptor can be mimicked in vitro via purified recombinant hACE2 and the RBD of the SARS-CoV-2 spike protein interaction.
This interaction can be blocked by neutralizing antibodies present in the test serum as a virus neutralization test. (c, d) Here, 5 μg/30 μL of SARS-
CoV2 mRNA-loaded LNPs was injected into the left thigh muscles of mice twice at two-week intervals. Two weeks following the boosting dose,
serum samples were collected from the mice (n = 5 C57BL/6 mice per group). (c) The circulating RBD-specific IgG antibody titers were evaluated.
The data were analyzed by ordinary one-way ANOVA with Dunnett’s multiple comparisons test of each lipid compared with SM-102. (d)
Inhibition of the SARS-CoV-2 RBD and hACE2 interaction by mouse serum.
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systemic expression profiles are important for efficient immune
induction.

Herein, we discovered a fascinating phenomenon: as the
lipid tail shortened, a progressive shift in the mRNA expression
profile from the liver to the spleen was observed. We proposed
that this finding is attributed to LNP surface state changes. In
fact, some studies have indicated that LNP surface character-
istics are important for controlling the in vivo fate of mRNA/
LNPs. For example, LNPs containing positively or negatively
charged lipids can change the protein corona composition and
mRNA expression profile across organs.24 Additionally, recent
reports have demonstrated that LNPs containing higher DSPC
or egg sphingomyelin densities can deliver mRNA to the
spleen.44 Our theoretical calculations indicated that LNPs
containing lipids with shorter tails exhibited higher DSPC
densities on the surface. The in vitro and in vivo experiments
also confirmed that LNPs containing shorter tails displayed
fewer interactions with biological components such as serum
proteins. These results strongly indicate the importance of the
LNP surface state.

This study has some limitations. In these experiments, the
relationship between tail length and organ tropism was
demonstrated by focusing on lipids containing monoamine
headgroups and symmetrical branching tails. However, further
research is needed to better understand whether this
relationship is applicable to lipids with multiamine headgroups
or asymmetric tails. Additionally, our theoretical calculations of
DSPC densities were performed using parameters from a
previous study.30 The parameters used in this model, such as
the LNP monolayer thickness and amount of water in the
LNP, seem valid and general considering the data from another
research group.45 However, they can vary depending on the
experimental conditions. Along with studies evaluating the
affinity of ApoE and LNPs,46,47 it is challenging but expected
to accurately understand the LNP surface state and its
interactions with biological components. We also evaluated
the LNP membrane fluidity, but this is only one feature that
describes the physical properties of the LNPs. In the future,
ionizable lipid and LNP design techniques will evolve along
with advances in nanoscale, single-particle level analysis, such
as fluorescent microscopy, electron microscopy, and nanoflow
cytometry.48−51

This study proposed new LNP formulation design guidelines
that, unlike existing approaches that add specific ligands to
optimized LNPs, have advantages of not increasing the
associated cost or process complexity.
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