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ABSTRACT: Lipid nanoparticles (LNPs) are promising mRNA delivery
vehicles due to their biocompatibility and tunable characteristics. While
current rational design approaches focus on ionizable lipids’ pK, and zeta
potential to optimize mRNA encapsulation and endosomal escape, the
selection of helper lipids remains largely empirical. We propose that the lipid
transition temperature (T,), marking the shift from the gel to the liquid
crystalline phase, can guide rational helper lipid selection. Through
screening 54 ionizable lipids, we identified H7T4, which displayed favorable
physicochemical properties when combined with its tail variants but
exhibited poor transfection efficiency. Using nano differential scanning
calorimetry (nDSC) and biological small-angle X-ray scattering (BioSAXS),
we found that lowering the system’s T, by combining H7T4 (high
transition temperature) with a low-transition-temperature helper lipid such
as 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) significantly
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enhanced mRNA cellular uptake both in vitro and in vivo. These findings establish T, as a crucial parameter for a rational LNP

design.
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B INTRODUCTION

temperature of the lipid.17 This temperature marks the point at

The advent of mRNA-based therapeutics has transformed
biotechnology and medicine, promising novel treatments for
various diseases.”” This advancement stems from the develop-
ment of efficient delivery systems capable of protecting and
delivering mRNA into target cells. Lipid nanoparticles (LNPs)
are the most favorable candidates for nucleic acid delivery
because of their clinical success in COVID-19 mRNA vaccines
and the ease of manipulating the size, composition, surface
modification, and high biocompatibility.' ™

LNPs comprise ionizable lipids, helper lipids, cholesterol,
and PEG-lipids.”® Among the lipid components, ionizable
lipids are the most critical to LNP performance because they
contribute to both mRNA loading into LNPs and the
endosomal escape of mRNA into the cytoplasm.”” These
lipids are designed to transition between different ionization
states in response to changes in pH, which is essential for
overcoming the endosomal membrane and achieving effective
mRNA delivery.'”"" Under the acidic pH of late endosomes,
ionizable lipids become positively charged, facilitating the
efficient release of mRNA from endosomes while remaining
neutral in physiological pH conditions."”~"*

The behavior of ionizable lipids under varying conditions,
including pH, significantly influences their performance in
LNP systems.ls’16 One critical parameter is the transition
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which the lipid phase changes from a gel-ordered state with
tightly packed alkyl chains to a liquid crystalline state where
the alkyl chains become disordered.'®'” In a liquid crystalline
state, the lipid can be easily manipulated to form nanoparticles
of smaller sizes.”® This transition temperature is influenced by
several factors, including the nature of the lipid headgroups,17
alkyl tail saturation,”’ and chain length.zz_ * Therefore, the
transition temperature is used to predict lipid inter- and
intramolecular interactions and their effects on lipid self-
assembly into nanoparticles and stability during storage and
administration.”*

Despite advances in LNP design focusing on ionizable lipids,
the selection of helper lipids remains a trial-and-error process,
often leading to suboptimal delivery efficiency and reprodu-
cibility issues.”” > Each ionizable lipid has an optimal
combination of helper lipids that enables the formation of
stable lipid nanoparticles and the most efficient nucleic acid
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A Reaction scheme of H7T4
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Figure 1. Synthesis, characterization, and spectroscopic analysis of H7T4: MS and NMR studies of raw lipid reaction products. (A) Reaction
scheme and chemical structure of H7T4. (B) Chemical structures of H7T4 variants (left: H7T4—1; right: H7T4—4). (C) Mass spectra of H7T4
raw mixture. (D) NMR data of pure H7T4—4.

delivery.”®**™*® For example, Moderna’s ionizable lipid, SM- with DSPC,*”** while C12—200 combined with DOPE
102, showed optimal storage and transfection performance induced higher protein expression than when combined with
28013 https://doi.org/10.1021/acsami.5c06464
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Figure 2. Characterization of LNPs with H7T4 variants. (A) Sizes of LNPs using H7T4 variants with different tail numbers. (B) PDIs of LNPs
using H7T4 variants with different tail numbers. (C) Encapsulation efficiencies of LNPs with H7T4 variants. (D) Unencapsulated mRNA
concentrations post-LNP formulation with H7T4 variant. (E) Cryo-TEM for H7T4—1 only LNPs H7T4—1/DSPC/cholesterol/PEG-lipid (50/
10/38.5/1.5 mol %) and H7T4—1 + H7T4—4 LNPs H7T4—1/H7T4—4/DSPC/cholesterol/PEG-lipid (25/25/10/38.5/1.5 mol %). Cryo-TEM
analysis followed dialysis against PBS to remove ethanol (pH 4.5) and neutralize the LNPs (pH 7.4). Scale bar = 100 nm. (F) In vitro firefly
luciferase assays (n = 3, biologically independent samples). LNPs were formulated with H7T4 variant(s)/DSPC/cholesterol/PEG-lipid (50/10/
38.5/1.5 mol %), using either single H7T4 variants or H7T4 variant combinations in equal proportions (25:25 mol %). Two muscle cell lines
(C2C12 and SKMC) were treated with firefly luciferase mRNA-loaded H7T4 LNPs at a 10 ng/well mRNA dose for 24 h. Data are represented as

mean + SD.

DSPC.*'~* Until now, the optimal combination has been
determined through empirical trial and error. By introducing
the lipid transition temperature (T,,) as a guiding parameter,
our study aims to provide a rational framework for helper lipid
selection, potentially enhancing the efficacy of mRNA delivery
systems.

In this study, we describe the synthesis of a new series of
ionizable lipids with tailored properties to enhance the delivery
of mRNA. Our synthetic strategy focuses on designing
ionizable lipids with specific structural features that optimize
their performance in LNP formulations. Following synthesis,
we investigated the transition temperature of these lipids using

28014

nano differential scanning calorimetry (nDSC)**™** and other

relevant methods. This analysis provided insights into their
thermal properties and influence on the formation of stable
and functional LNPs. Our new ionizable lipid, H7T4, exhibits
strong intermolecular interactions due to its cyclic headgroup
and four hydrophobic alkyl tails, resulting in a high transition
temperature.””*" Therefore, H7T4 did not form stable lipid
nanoparticles (LNPs) with helper lipids that have high
transition temperatures, such as DSPC. However, successful
mRNA/LNP formation was achieved with helper lipids having
relatively lower transition temperatures, such as DOPE, with a

https://doi.org/10.1021/acsami.5c06464
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notable decrease in the transition temperature observed in
these H7T4-DOPE formulations.

Our findings reveal the critical relationship between the
transition temperature and lipid performance in LNP-based
mRNA delivery systems, providing specific strategies for
optimizing LNP formulations. For ionizable lipids with high
transition temperatures, stable LNPs can be formed by
selecting helper lipids with relatively lower transition temper-
atures to facilitate component mixing and by reducing the
ionizable lipid ratio to 20—25% from the conventional 35—
50% used in approved products. This work establishes new
design principles for ionizable lipids in mRNA-LNP
formulations, advancing the development of more effective
and reliable mRNA-based therapeutics.

B RESULTS AND DISCUSSION

Synthesis and Characterization of an lonizable LNP
Library. A library of 54 ionizable lipids was synthesized by
using Michael addition chemistry. Alkyl tails are designated by
tail length: A = C12, B = C14, and C = C16 were reacted with
polyamine molecules (labeled numerically 1 through 18) to
form polyamine-lipid cores. These ionizable lipids were
combined with cholesterol, DMG-PEG, and helper lipid
[1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)] at a
molar ratio of 50:38.5:1.5:10 (ionizable lipid/cholester-
ol:DMG-PEG:DSPC). The lipid mixture was formulated to
encapsulate eGFP or firefly luciferase mRNA using pipetting or
a herringbone-style microfluidic device (Figure S1).

The manufactured LNP formulations were characterized for
their particle size (hydrodynamic diameter), size distribution
(polydispersity index, PDI), and surface charge (zeta potential)
using a Zetasizer nano. In this library, LNP size ranged from
94.4 to 336.4 nm, with PDI ranging from 0.082 to 0.427. For
effective intracellular delivery, nanoparticles typically require
sizes between 10 and 200 nm and PDI values less than 0.2.
Based on these criteria, we selected LNPs synthesized from 12
different polyamines that demonstrated both small size
(hydrodynamic diameter <200 nm) and relative monodisper-
sity (PDI <0.2). From the initial library, LNPs with 4 different
polyamines as head groups were excluded due to low
encapsulation efficiencies (<80%).

After the first screening of the LNP library through physical
characterization, we evaluated mRNA transfection efficiency by
performing reporter gene (eGFP or firefly luciferase) assays in
HEK293T cells 24 h after treatment (Figure S2).”°' We
evaluated the percentage of GFP-positive cells indicative of
each LNP’s mRNA delivery efficiency. Each ionizable lipid
formulation demonstrated distinct levels of delivery efliciency,
highlighting the critical role of an ionizable lipid structure in
mRNA delivery (Figure S2).

One-Pot Synthesis of H7T4 Predominantly Yielded
Single-Tailed H7T4—1. Based on the library screening, we
identified H7T4, synthesized from cyclen tetrahydrochloride
and 1,2-epoxytetradecane (C14), as a promising candidate for
further investigation in LNP formulation optimization. The
cyclen tetrahydrochloride core contains four secondary amines,
allowing the attachment of up to four alkyl tails (Figure 1A,B).

The intracellular delivery of nucleic acids such as mRNA
requires an efficient endosomal escape, a process crucially
facilitated b;r the inverse hexagonal phase structure of ionizable
lipids.'>"***7>* This structure enables ionizable lipids to
efficiently disrupt endosomal membranes, allowing the cargo to
escape into the cytoplasm and exert its therapeutic effect.” We

hypothesized that the transition to an inverse hexagonal phase
could be enhanced by increasing the alkyl tail number, which
would result in a larger hydrophobic volume relative to the
headgroup. To test this hypothesis with H7T4, we synthesized
and purified variants with different numbers of alkyl tails. The
structure of each H7T4 variant was confirmed by mass spectral
analysis and NMR (Figures 1D and S3—S6). H7T4—4,
comprising cyclen tetrahydrochloride with four alkyl tails,
was initially formulated into LNPs with cholesterol, DSPC, and
DMG-PEG since it has the maximum tail number. However,
physicochemical analysis revealed that unlike the crude H7T4
mixture, the H7T4—4 LNP formulation failed to form stable
nanoparticles (Figure 2A—C). This discrepancy prompted us
to analyze unpurified H7T4 using mass spectrometry (Figure
1C), which revealed that it contained four distinct variants
with different numbers of alkyl tails. After purification, the
relative amounts in the final mixture were approximately 90%
one-tailed variants and less than 1% four-tailed variants, with
the remaining portion consisting of two- and three-tailed
variants.

Four-Tail H7T4—4 Successfully Encapsulated mRNA
Only When Mixed with Single-Tailed H7T4—1. Since the
unpurified H7T4 mainly contained H7T4—1 (cyclen tetrahy-
drochloride with a single tail) and showed some luciferase
expression, we hypothesized that H7T4—1 should be
responsible for the observed transfection efficiency. However,
H7T4—1 alone would likely be insufficient for effective
endosomal escape, as its single hydrophobic tail may not
provide adequate membrane-disrupting capability. This
suggests that the observed transfection efficiency results from
the cooperative action of H7T4—1 with other H7T4 tail
variants present in the mixture rather than that of H7T4—1
alone. Therefore, we mixed H7T4—1 with other H7T4 alkyl
tail variants (H7T4—2, H7T4—3, and H7T4—4) and assessed
LNP size and PDI for formulations with different H7T4
variant combinations and ratios (Figure 2A,B). Interestingly,
only the H7T4—1/H7T4—4 combination formed uniform
LNPs (<200 nm) with PDI <0.3 across all ratios. In contrast,
other variant combinations produced large (>600 nm), highly
aggregated particles with significant size heterogeneity. Next,
we investigated the mRNA encapsulation efficiency of LNPs
formulated with various H7T4 variant combinations using the
RiboGreen assay.’® Results showed that only the H7T4—1/
H7T4—4 combination achieved mRNA encapsulation effi-
ciency >90% at 25:25 mol %, while other combinations failed
to do so (Figure 2C). Notably, the encapsulation efficiency of
the H7T4—1/H7T4—4 combination increased from 20% to
90% as the H7T4—4 ratio increased from 0 to 25 mol %
(Figure 2C). Consistently, free mRNA concentration de-
creased linearly from 40 to 10 pg/mL as the H7T4—4
proportion increased from S to 25 mol % (Figure 2D),
suggesting that H7T4—4 plays a crucial role in mRNA
encapsulation.

We then employed cryo-TEM imaging to investigate the
morphology and internal structure of LNPs containing either
the H7T4—1/H7T4—4 (25:25 mol %) combination or
H7T4—1 alone. The cryo-TEM images revealed spherical
particles and provided insights into their internal structure:
LNPs containing the H7T4—1/H7T4—4 combination showed
organized lipid lamellar bilayers and solid core hexagonal
structures, whereas LNPs containing H7T4—1 alone lacked
core materials (Figure 2E).>*

https://doi.org/10.1021/acsami.5c06464
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Figure 3. nDSC thermograms of H7T4 variants. Nano differential scanning calorimetry (nDSC) thermograms of (A) buffer (ethanol 100%) and
H7T4 variants (B: H7T4—1 and C: H7T4—4) were obtained to characterize the phase transition of lipids as a function of temperature. The
transition temperature of H7T4 variants is indicated as Ty, and enthalpy changes during phase transition, as AH.

Finally, we examined the transfection efficiency of LNPs
containing either single H7T4 or H7T4 variant combinations.
As expected, LNPs containing either single H7T4 variants or
H7T4 variant combinations with low encapsulation efficiency
showed negligible transfection efficiency compared with the
SM-102 LNP control. Notably, even LNPs containing the
H7T4—1/H7T4—4 combination, which demonstrated high
encapsulation efficiency and uniform size distribution,
displayed significantly low transfection efliciency compared
to SM-102, indicating that favorable physicochemical proper-
ties do not necessarily translate into high transfection efficiency
(Figure 2F).

Single-Tailed H7T4—1 Helped Moderate Four-Tail
H7T4—-4’s Strong Intermolecular Interactions. Despite
the promising physical characteristics of LNPs formulated with
the H7T4—1/H7T4—4 combination, their poor transfection
efficiency prompted us to investigate the underlying mecha-
nisms. According to Figure 2C,D, H7T4—4 appears to
function like typical ionizable lipids in mRNA encapsulation,
as its increasing ratio relative to H7T4—1 correlates with
higher encapsulation efficiency and lower free mRNA
concentration, peaking when H7T4—4 comprises 25 mol %
of the mRNA/LNP formulation. H7T4—1, with a single alkyl
tail, lacks sufficient hydrophobic interactions to effectively
encapsulate mRNA on its own (Figure 2C). In contrast,
H7T4—4, possessing four alkyl tails, exhibits strong hydro-
phobic interactions but may form rigid structures that hinder
mRNA/LNP formation. When combined, H7T4—1 may act as
a molecular spacer, reducing the rigidity imparted by H7T4—4
and facilitating better lipid mixing and mRNA encapsulation.

To better understand this physical relationship between
H7T4—1 and H7T4—4, we investigated their thermodynamic
properties (transition temperatures and enthalpy changes)
using nano differential scanning calorimetry (nDSC), as these
properties might drive phase separation and domain formation
during mRNA/LNP formulation. The transition temperature
(the temperature at which lipids undergo a phase transition,
typically from a gel phase to a liquid phase or vice versa>®) can
affect lipid mixing during mRNA/LNP formulations. Lipid
transition temperatures are influenced by several structural

28016

features. Longer acyl chains increase transition temperatures
due to stronger van der Waals interactions,”> ** while
unsaturated or branched chains lower them by reducing
packing efficiency.”’ The chemical nature of the lipid
headgroup can also affect the transition temperature. Larger
noncyclic and more polar headgroups tend to have lower
transition temperatures,””*’ while cyclic headgroups increase
transition temperatures by enhancing packing efficiency,
creating stronger intermolecular interactions, and increasing
molecular rigidity, collectively resulting in more stable, densely
packed bilayers that require higher energy for phase
transitions.®"%*

Our nDSC analysis revealed transition temperatures of 57.1
°C for H7T4—1 and 58.6 °C for H7T4—4 (Figure 3B,C, and
table), hi}gher than those of other ionizable or helper
lipids.**~*" 100% ethanol (used as a buffer) served as a
reference control (Figure 3A). These data suggest that the
shared cyclic amine head, being the common structural feature
between the variants, is primarily responsible for their high
transition temperatures, while their different tail structures play
a crucial role in mRNA/LNP formation. When mixed at an
equal molar ratio, H7T4—1’s single tail with lower packing
efficiency helps moderate the strong intermolecular inter-
actions caused by H7T4—4’s four tails with large hydrophobic
volume, enabling stable mRNA/LNP formation.

Mixing H7T4-4 with Low-Transition-Temperature
Helper Lipids Decreased Overall T, and Greatly
Enhanced Transfection Efficiency. High transition temper-
atures could result in more rigid lipid bilayers, which impede
both mRNA/LNP formation and the necessary conformational
changes and membrane fusion events required for efficient cell
entry and endosomal escape. Even when mRNA/LNP is
successfully formed, this reduced membrane fluidity could
hinder the ability of these complexes to interact with cellular
and endosomal membranes. Consequently, formulations with
high T, lipids such as H7T4—4 and DSPC exhibit poor
mRNA encapsulation efficiency. Notably, our previous
formulation (H7T4—1/H7T4—4/DSPC/cholesterol/PEG-
lipid at 25/25/10/38.5/1.5 mol %), despite achieving high
encapsulation efliciency, showed negligible transfection
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Figure 4. Characterization of H7T4—4 LNPs with other helper lipids. (A) Encapsulation efficiency of H7T4—4 LNPs with different helper lipids
(H7T4—4/helper lipid/cholesterol/PEG-lipid at 50/10/38.5/1.5 mol %). (B) In vitro mRNA delivery of H7T4—4 LNPs with different helper
lipids in C2C12 cells. (C) Size distribution data for H7T4—4 LNPs with different helper lipids. (D) SAXS data for H7T4—4 LNPs with different
helper lipids SAXS data for H7T4 lipid variants. To accommodate the SAXS data, each set was given an offset (empty: 0.2 and POPC-TO: 1 unit).

efficiency (Figure 2F). This poor performance likely stems
from the high transition temperatures of both the ionizable
lipids (H7T4—1 and H7T4—4) and the helper lipid (DSPC).
To test this hypothesis, we prepared LNPs combining H7T4—
4 with four distinct helper lipids: two with high T, (DPPC and
DSPC) and two with low T,, (DOPC and DOPE), where
DPPC is 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, DSPC
is 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), DOPC
is 1,2-dioleoyl-sn-glycero-3-phosphocholine, and DOPE is 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine. As predicted,
H7T4—4 alone (50 mol %) formed functional mRNA/LNPs
with low-transition-temperature helper lipids (DOPC and
DOPE) that successfully transfected mRNA but failed to form
effective mRNA/LNPs with high-transition-temperature helper
lipids (DPPC and DSPC) (Figure 4A,B).

Dynamic light scattering measurements revealed a single
narrow peak at 100 nm when H7T4—4 was combined with the
DOPC, indicating the formation of small, uniform LNPs. In
contrast, formulation with DPPC showed a bimodal
distribution with peaks at around 100 and 1000 nm, suggesting
particle aggregation (Figure 4C).

We then employed small-angle X-ray scattering (SAXS) to
examine the nanoscale structural characteristics of H7T4—4
LNPs.**** H7T4—4/DOPE LNPs showed distinct, well-
defined peaks at ¢ ~ 0.10 in the SAXS profile, indicating
monodisperse particles of ~100 nm. In contrast, H7T4—4/
DSPC LNPs exhibited multiple peaks (q ~ 0.10, 0.05, and
0.03) (Figure 4D), consistent with the presence of larger
aggregates observed by DLS.

The thermodynamic properties of lipids, particularly their
phase behavior and ability to form mixed phases, are governed
by the molecular structure. Lipids with high transition
temperatures often exhibit stronger intermolecular interac-
tions, making them thermodynamically unfavorable to mix
with other lipids.*®

When H7T4—4 is combined with high-transition-temper-
ature lipids (DSPC: T,, = S5 °C and DPPC: T, = 41 °C),
phase separation occurs, preventing stable mRNA/LNP
formation. In contrast, low-transition-temperature lipids
(DOPE: T,, = —16 °C and DOPC: T,, = —17 °C) exhibit
greater molecular mobility, enabling H7T4—4 to mix
effectively with other components such as cholesterol and
DMG-PEG, leading to the formation of stable mRNA/LNPs
capable of efficient mRNA delivery.

These findings highlight how lipid transition temperature
and molecular compatibility critically influence membrane
dynamics, LNP formulation, and ultimately transfection
efficiency.

Optimized H7T4 LNPs Demonstrated Efficient mRNA
Delivery In Vitro and In Vivo. We further optimized the
H7T4—4 LNP formulation using DOPE as a miscible helper
lipid. Through systematic reduction of the H7T4—4 content
from 50 to 10 mol %, we determined that 20 mol % H7T4—4
achieved maximal in vitro mRNA delivery. Further optimiza-
tion of cholesterol, DOPE, and DMG-PEG 2000 ratios led to
the final optimal formulation: H7T4—4/DOPE/cholesterol/
DMG-PEG 2000 (20/41/38/1 mol %) (Figure SA). The
lower ionizable lipid content in H7T4 LNPs (20 mol %)
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Figure S. Optimization of H7T4—4 LNP formulation for mRNA delivery in vitro and in vivo. (A) In vitro firefly luciferase expression (n = 3,
biologically independent samples). The pancreatic cancer cell line (AsPC-1) was treated with firefly luciferase mRNA-loaded H7T4 LNPs at a 10
ng/well mRNA dose for 24 h. (B) In vivo firefly luciferase expression (1 = 4, biologically independent samples). Mice were injected intratumorally
(it.) with firefly luciferase-loaded H7T4 LNPs at various mRNA doses (1 or S yg per mouse). IVIS luminescence imaging was performed at 24 h
post-treatment, and total flux was quantified. (C) In vivo firefly luciferase expression (n = 3, biologically independent samples). Mice were
administered intranasally (i.n.) with firefly luciferase-loaded H7T4 LNPs at various mRNA doses (S, 25 pg per mouse). IVIS luminescence imaging
was performed at 6 and 24 h post-treatment, and total flux was quantified. Data are presented as mean + SD. Statistical significance was evaluated
using a one-way ANOVA with Tukey’s post-hoc test for multiple comparisons.
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compared with SM-102 LNPs (50 mol %) represents a 2.5-fold
reduction, offering potential cost advantages.

To evaluate the clinical potential, optimized H7T4 LNPs
were tested for tumor-specific mRNA delivery. H7T4 LNPs
encapsulating firefly luciferase mRNA were administered
intratumorally to PANCI1 pancreatic cancer xenografts at
doses of 1 and S ug per mouse (Figure SB). Luciferase
expression was evaluated 24 h postinjection using an IVIS
imaging system. Detection of luminescence signals in tumors at
both dose levels confirmed the successful delivery of mRNA by
all tested LNPs. H7T4 LNPs at 5 ug of mRNA dose showed
comparable luciferase expression to SM102 LNPs containing 1
ug of mRNA. Although H7T4 LNPs showed lower overall
transfection efficiency than SM-102 LNPs, they demonstrated
superior tumor specificity, with higher mRNA accumulation
and expression in tumor tissue relative to healthy tissues. In
contrast, SM-102 LNPs showed substantial mRNA uptake in
both the liver and spleen (Figure 5B).°“%” This reduced off-
target distribution enhances the therapeutic index of mRNA
treatments by potentially minimizing immune-related adverse
effects.

We next evaluated H7T4 LNPs for intranasal mRNA
delivery by administering luciferase mRNA-loaded H7T4
LNPs intranasally at doses of S and 25 yg per mouse (Figure
SC). The IVIS imaging system was also used to quantify
luminescence expression 6 and 24 h after injection. Despite
achieving approximately 50% of the SM-102 LNP transfection
efficiency, H7T4 LNPs demonstrated successful luciferase
expression at both doses. Intranasal mRNA delivery represents
a promising route for therapeutic applications, including
vaccines, gene therapy, and treatments for respiratory and
neurological conditions. This administration route offers key
advantages: noninvasive delivery, avoidance of first-pass
metabolism, and potential direct access to the lungs and
brain via the olfactory pathway. These results suggest that
H7T4 LNPs could serve as effective vehicles for intranasal
mRNA delivery in clinical applications.

These results establish H7T4 LNPs as promising delivery
vehicles for both tumor-targeted and intranasal mRNA
therapeutics, offering the potential for diverse clinical
applications.

B CONCLUSIONS

Our study demonstrates that considering lipid transition
temperature is crucial for rational LNP design. By selecting
helper lipids with lower T, to complement high-T,; ionizable
lipids, such as H7T4—4, we successfully formulated stable
mRNA/LNPs with enhanced mRNA delivery efficiency. This
strategy provides a new framework for optimizing LNP
components, potentially accelerating the development of
effective mRNA therapeutics with improved specificity and
reduced side effects. While our findings are promising, further
research is needed to explore the generalizability of using T -
guided helper lipid selection across different ionizable lipids.
Additionally, investigating the long-term stability and immu-
nogenicity of these LNP formulations will be crucial for clinical
translation.

B EXPERIMENTAL METHODS

Materials. Reagents and solvents were purchased from commer-
cial vendors and used without further purification. SM-102 was
purchased from BroadPharm (San Diego, CA, USA). Cholesterol, 1,2-
distearoyl-sn-glycero-3-phosphorylcholine (DSPC), 1,2-dioleyl-sn-

glycero-3-phospho-ethanolamine (DOPE), 1,2-di(9Z-octadecenoyl)-
sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-
phospho-1'-rac-glycerol (DOPG), and 1,2-dimyristoyl-rac-glycero-3-
methoxypolyethylene glycol-2000 (DMG-PEG 2000) were purchased
from Avanti Polar Lipids (Birmingham, AL, USA). Pur-A-Lyzer
dialysis cassette with 6 kDa MWCO (PURN60030), 50 kDa Amicon
Ultra centrifugal filters (UFC9050). Cyclen tetrahydrochloride, 1,2-
epoxytetradecane, and ethanol were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Quant-iT RiboGreen assay reagent (R11491)
and TE buffer (20%) were purchased from Thermo Fischer Scientific
(Waltham, MA, USA). Luciferase cell lysis buffer (5X) and luciferase
assay reagent (E1501) were purchased from Promega (Madison, WI,
USA).

Synthesis of the H7T4 Mixture. To a stirred solution of
1,4,7,10-tetraazacyclododecane (172 mg, 1.0 mmol, 1.0 equiv) and
diisopropylethylamine (0.17 mL, 1.0 mmol, 1.0 equiv) in 4 mL of
EtOH, 1,2-epoxytetradecane (212 mg, 1.0 mmol, 1.0 equiv) was
added. The reaction mixture was then stirred for 24 h at room
temperature, and the solvent was evaporated under reduced pressure.
The mixture residues were purified by flash column chromatography
(silica gel, CH,Cl,/MeOH, 70:30 v/v) to yield H7T4—1 (230 mg),
H7T4-2 (16 mg), H7T4-3 (12 mg), and H7T4—4 (2.5 mg) as an
amorphous solid.

Synthesis of H7T4—1. To a stirred solution of 1,4,7,10-
tetraazacyclododecane (172 mg, 1.0 mmol, 1.0 equiv) and
diisopropylethylamine (0.17 mL, 1.0 mmol, 1.0 equiv) in 4 mL of
EtOH, 1,2-epoxytetradecane (212 mg, 1.0 mmol, 1.0 equiv) was
added. The reaction mixture was then stirred for 24 h at room
temperature, and the solvent was evaporated under reduced pressure.
The residue was purified by flash column chromatography (silica gel,
CH,Cl,/MeOH, 70:30 v/v) to yield H7T4—1 (230 mg, 60%) as an
amorphous solid. "H NMR (400 MHz, CDCL;): § (ppm): 3.70—3.55
(2H, br s), 2.92—2.67 (12H, m), 2.67—2.54 (4H, m), 2.54—2.46 (1H,
m), 241-229 (1H, m), 1.50-1.44 (2H, t, ] = 7.2 Hz), 1.41—
1.17(20H, m). 0.90(3H, t, ] = 7.2 Hz). MALDI-TOF m/z: calcd for
C,,H,sN,O, 384.64; found, 385.96.

Synthesis of H7T4-2 and H7T4-3. To a stirred solution of
1,4,7,10-tetraazacyclododecane (172 mg, 1.0 mmol, 1.0 equiv) and
diisopropylethylamine (0.54 mL, 3.0 mmol, 3.0 equiv) in 6 mL of
EtOH, 1,2-epoxytetradecane (424 mg, 2.0 mmol, 2.0 equiv) was
added. The reaction mixture was then stirred for 24 h at room
temperature, and the solvent was evaporated under reduced pressure.
The residue was purified by flash column chromatography (silica gel,
CH,Cl,/MeOH, 80:20 v/v) to yield H7T4—2 (262 mg, 44%) and
H7T4-3 (226 mg, 28%) as an amorphous solid, respectively. H7T4—
2: '"H NMR (400 MHz, CDCL;): § (ppm): 3.65 (2H, br s), 2.92—2.62
(14H, m), 2.62—2.52(4H, m), 2.43—2.40 (1H, m), 2.40—2.30 (1H,
m), 1.49—1.14 (44H, m), 0.85 (6H, t, ] = 7.2 Hz). MALDL-TOF m/z:
caled for C3H,¢N,0,, 597.01; found, 597.97. H7T3: 'H NMR (400
MHz, CDCL): § (ppm): MALDI-TOF m/z: caled for CsoH,04N,O5,
809.39; found 809.99.

Synthesis of H7T4—4. To a stirred solution of 1,4,7,10-
tetraazacyclododecane (172 mg, 1.0 mmol, 1.0 equiv) and
diisopropylethylamine (1.0 mL, 6.0 mmol, 6.0 equiv) in 10 mL of
EtOH, 1,2-epoxytetradecane (1.06 g, 5.0 mmol, 5.0 equiv) was added.
The reaction mixture was then stirred for 24 h at room temperature,
and the solvent was evaporated under reduced pressure. The residue
was purified by flash column chromatography (silica gel, CH,CL,/
MeOH, 90:10 v/v) to yield H7T4—4 (664 mg, 65%) as a white solid.
'"H NMR (400 MHz, CDCly): § (ppm): 5.05 (2H, s), 3.64 (4H, s),
297-2.64 (8H, m), 2.64—2.02 (16H, m), 1.52—1.14(88H, m),
0.85(12H, s). MALDI-TOF m/z: calcd for C4H,3,N,0,, 1021.76;
found, 1022.75.

Messenger Ribonucleic Acid (mRNA). The mRNA for green
fluorescence protein (GFP, CleanCap EGFP mRNA) and firefly
luciferase (fLUP, CleanCap fLUC mRNA) were purchased from
TriLink BioTechnologies, USA.

EGFP mRNA sequences were as follows. (AUGGUGAG-
CAAGGGCGAGGAGCUGUUCACCGGGGUGGUGCCCAUC-
CUGGUCGAGCUGGACGGCGACGUAAACGGCCACAAGUU-
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CAGCGUGUCCGGCGAGGGCGAGGGCGAUGCCAC-
CUACGGCAAGCUGACCCUGAAGUUCAUCUGCACCACCGG-
CAAGCUGCCCGUGCCCUGGCCCACCCUCGUGACCACCCU-
GACCUACGGCGUGCAGUGCUUCAGCCGCUACCCCGACCA-
CAUGAAGCAGCACGACUUCUUCAAGUCCGCCAUGCCC-
GAAGGCUACGUCCAGGAGCGCACCAUCUUCUUCAAGGAC-
GACGGCAACUACAAGACCCGCGCCGAGGUGAAGUUC-
GAGGGCGACACCCUGGUGAACCGCAUCGAGCUGAAGGG-
CAUCGACUUCAAGGAGGACGGCAACAUCCUGGGGCA-
CAAGCUGGAGUACAACUACAACAGCCACAACGUCUAUAU-
CAUGGCCGACAAGCAGAAGAACGGCAUCAAGGUGAACUU-
CAAGAUCCGCCACAACAUCGAGGACGGCAGCGUGCAG-
CUCGCCGACCACUACCAGCAGAACACCCCCAUCGGC-
GACGGCCCCGUGCUGCUGCCCGACAACCACUACCUGAG-
CACCCAGUCCGCCCUGAGCAAAGACCCCAACGA-
GAAGCGCGAUCACAUGGUCCUGCUGGAGUUCGU-
GACCGCCGCCGGGAUCACUCUCGGCAUGGACGAGCU-
GUACAAGUAA).

FLUC mRNA sequences were as follows. (AUGGAGGACGC-
CAAGAACAUCAAGAAGGGCCCCGCCCCCUUCUACCCC-
CUGGAGGACGGCACCGCCGGCGAGCAGCUGCACAAGGC-
CAUGAAGCGGUACGCCCUGGUGCCCGGCACCAUCGC-
CUUCACCGACGCCCACAUCGAGGUGGACAUCAC-
CUACGCCGAGUACUUCGAGAUGAGCGUGCGGCUGGCC-
GAGGCCAUGAAGCGGUACGGCCUGAACACCAACCACCG-
GAUCGUGGUGUGCAGCGAGAACAGCCUGCAGUUCUU-
CAUGCCCGUGCUGGGCGCCCUGUUCAUCGGCGUGGCC-
GUGGCCCCCGCCAACGACAUCUACAACGAGCGGGAGCUG-
CUGAACAGCAUGGGCAUCAGCCAGCCCACCGUGGUGUUC-
GUGAGCAAGAAGGGCCUGCAGAAGAUCCUGAACGUGCA-
GAAGAAGCUGCCCAUCAUCCAGAAGAUCAUCAUCAUGGA-
CAGCAAGACCGACUACCAGGGCUUCCAGAGCAUGUACAC-
CUUCGUGACCAGCCACCUGCCCCCCGGCUUCAACGA-
GUACGACUUCGUGCCCGAGAGCUUCGACCGGGACAAGAC-
CAUCGCCCUGAUCAUGAACAGCAGCGGCAGCACCGGC-
CUGCCCAAGGGCGUGGCCCUGCCCCACCGGACCGC-
CUGCGUGCGGUUCAGCCACGCCCGGGACCCCAU-
CUUCGGCAACCAGAUCAUCCCCGACACCGCCAUCCU-
GAGCGUGGUGCCCUUCCACCACGGCUUCGGCAUGUU-
CACCACCCUGGGCUACCUGAUCUGCGGCUUCCGGGUG-
GUGCUGAUGUACCGGUUCGAGGAGGAGCUGUUCCUGCG-
GAGCCUGCAGGACUACAAGAUCCAGAGCGCCCUGCUG-
GUGCCCACCCUGUUCAGCUUCUUCGCCAAGAGCACCCU-
GAUCGACAAGUACGACCUGAGCAACCUGCACGAGAUCGC-
CAGCGGCGGCGCCCCCCUGAGCAAGGAGGUGGGC-
GAGGCCGUGGCCAAGCGGUUCCACCUGCCCGG-
CAUCCGGCAGGGCUACGGCCUGACCGAGACCACCAGCGC-
CAUCCUGAUCACCCCCGAGGGCGACGA-
CAAGCCCGGCGCCGUGGGCAAGGUGGUGCCCUUCUUC-
GAGGCCAAGGUGGUGGACCUGGACACCGGCAAGACC-
CUGGGCGUGAACCAGCGGGGCGAGCUGUGC-
GUGCGGGGCCCCAUGAUCAUGAGCGGCUACGUGAA-
CAACCCCGAGGCCACCAACGCCCUGAUCGACAAGGACGG-
CUGGCUGCACAGCGGCGACAUCGCCUACUGGGACGAG-
GACGAGCACUUCUUCAUCGUGGACCGGCUGAAGAGCCU-
GAUCAAGUACAAGGGCUACCAGGUGGCCCCCGCCGAG-
CUGGAGAGCAUCCUGCUGCAGCACCCCAACAUCUUC-
GACGCCGGCGUGGCCGGCCUGCCCGACGAC-
GACGCCGGCGAGCUGCCCGCCGCCGUGGUGGUGCUG-
GAGCACGGCAAGACCAUGACCGAGAAGGAGAUCGUGGA-
CUACGUGGCCAGCCAGGUGACCACCGCCAAGAAG-
CUGCGGGGCGGCGUGGUGUUCGUGGACGAGGUGCC-
CAAGGGCCUGACCGGCAAGCUGGACGCCCGGAA-
GAUCCGGGAGAUCCUGAUCAAGGCCAAGAAGGGCGGCAA-
GAUCGCCGUGUGA). The mRNA was prepared using CleanCap
technology as per the manufacturer’s instructions. The stock mRNA
sequences were provided as such without further modifications.

Lipid Nanoparticle (LNP) Formulation. The LNPs were
prepared by pipet mixing or Nano Assemblr Ignite (Vancouver,
Canada). Lipid components (SM-102:cholesterol/DSPC:DMG-PEG

2000 50:39.5:10:1.5 or H7T4:cholesterol/DOPE:DMG-PEG 2000
with various molar ratios) and mRNA were dissolved in ethanol and
S0 mM citrate buffer (pH 4.0), respectively, with a 1:3 volume ratio.
The weight ratio (w/w = 10) of the ionizable lipid to mRNA was
used. For pipet mixing, the buffer solution containing mRNA was
added to the lipid components solution, and the mixture was
vigorously mixed by pipet and vortexed. For the nanoassembly of
ignite, two prepared solutions were uniformly mixed at a 12 mL/min
flow rate. Then, the formulated LNP solution was incubated at room
temperature for 30 min and dialyzed against PBS buffer by using a
Pur-A-Lyzer dialysis cassette with 6 kDa MWCO overnight. The LNP
was concentrated using 50 kDa Amicon Ultra centrifugal filters at
4000 rpm for 30 min, stored at 4 °C for up to 1 week before use, and
used for further characterization and transfection.

Optimization of mMRNA/LNP Formulation. The design of the
experiment (DoE) and fractional factorial design strategy were
adopted to optimize the mRNA/LNP formulation conditions. At the
first screening, the DoE strategy with 1 four-level qualitative factor
(helper lipid type) and 3 four-level quantitative factors (ionizable lipid
%, PEG lipid %, helper lipid %) was employed to determine the
significant factors. At the second screening, 33 fractional factorial
designed strategies with 1 three-level qualitative factor (helper lipid
type) were used to maximize the delivery performance of LNP.

Characterization of the Size, Zeta Potential, and Encapsu-
lation Efficiency of mRNA/LNPs. For the LNP size and
polydispersity index, the LNP stock solution was diluted in pH 7.4
PBS buffer at a 1:100 ratio, and the diluted LNP solution was
equilibrated at room temperature. The size distribution was measured
in triplicate using dynamic light scattering performed on a Malvern
Zetasizer Nano (Malvern, UK). The mRNA concentration and
encapsulation efficacy of LNPs were determined by using a Quant-iT
RiboGreen assay. The LNP stock solution was diluted in RNase-free
distilled TE buffer or 2% Triton-X-containing TE buffer in a 1:200
ratio. The corresponding mRNA was prepared in TE buffer and 2%
Triton-X-containing TE buffer by a serial dilution (1 to 0.0625 uL/
mL) for a standard curve. The LNP and mRNA solution (100 L)
was transferred to a black 96-well plate, and the assay was performed
in triplicate. The RiboGreen reagent solution was prepared in TE
buffer by a 1:200 dilution and then added to each well (100 xL). The
fluorescence intensity was measured with a Tecan Infinite plate reader
(excitation 485 nm/emission 525 nm). The fluorescence intensity was
corrected by subtracting the background fluorescence. The corrected
fluorescence intensity was converted to mRNA concentration, as
followed by the standard curve, and the encapsulated mRNA
concentration was determined by subtracting an exterior mRNA
concentration from a total mRNA concentration. The encapsulation
efficacy was calculated from the ratio of the interior mRNA
concentration to the total mRNA concentration.

Cryogenic Transmission Electron Microscopy (Cryo-TEM) of
mMRNA/LNPs. The EM grids were glow-discharged for 60 s at 15 mA
before sample application. 3 yL of LNPs were applied to Quantifoil
holey carbon EM grids (R1.2/1.3, 200 mesh; EMS) and blotted with
Vitrobot Mark IV (FEI) using 3s blotting time with 100% relative
humidity at 4 °C. Samples were imaged on Glacios (FEI) at an
acceleration voltage of 200 kV with a Falcon IV direct electron
detector (FEI). Images were taken at 97,000X magnification and
defocus —3.0 ym.

Small-Angle X-Ray Scattering (SAXS) Analysis of mRNA/
LNPs. SAXS experiments were conducted using a BioXolver from
Xenocs, provided by the Korea Basic Science Institute (KBSI). The
setup featured a Dectris EIGER2 Si 1 M detector and utilized a
Gallium MetalJet X-ray source (Ga D2+) operated at 70 kV,
generating X-rays with a wavelength of 1.34144 x 107" m.
Measurements were carried out using 12 yL of sample volume in a
2 mm quartz capillary. The experiments were performed in the SAXS2
mode with a sample-to-detector distance of 900 mm, covering a g-
range from 0.01 to 0.34 A™".

Each measurement involved an exposure time of 360 s, collected
over 10 frames per sample. The resulting scattering patterns were
averaged to enhance the signal-to-noise ratio. The scattering pattern
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of the buffer was subtracted from the averaged sample data to obtain
the differential scattering profile. Data analysis included averaging the
frames and verifying the subtracted data to ensure reliability through
standard data reduction and normalization procedures.

Nano Differential Scanning Calorimetry (nDSC) Analysis of
mRNA/LNPs. Nano differential scanning calorimetry (nDSC)
measurements were obtained by TA Instruments (New Castle, DE)
nano DSC-6300. Samples were scanned at heating/cooling rates of 1
°C/min, using 1—2 mg of lipid. Samples were run 5—15 min after
preparation unless otherwise noted, and the first heating scans were
reported. However, the first and second heating scans were identical
for mRNA/LNPs.

Cell Culture. The human embryonic kidney HEK293T (CRL-
3216), mouse myoblast cell line C2C12 (CRL-1772), and human
pancreatic cancer cell line AsPC-1 (CRL-1682) were incubated under
standard conditions (5% CO2, 37 °C). HEK293T cells were cultured
in RPMI-1640 with L-glutamine (Welgene) supplemented with 10%
FBS and 2% 1 mM mercaptoethanol. C2C12 cells and AsPC-1 cells
were cultured in DMEM with L-glutamine (Welgene) supplemented
with 10% FBS.

In Vitro Transfection. HEK293T cells were cultured in
RPMI1640 with L-glutamine supplemented with 10% FBS and 2%
mercaptoethanol. AsPC-1 cells and C2C12 cells were cultured in
DMEM with L-glutamine supplemented with 10% FBS. AsPC-1 cells
and C2C12 cells (5 X 10°® per well) were plated in a white 96-well
plate, and HEK293T cells (5 X 10° per well) were plated in a
transparent 6-well plate in triplicate in media (1 mL) and incubated at
37 °C for 24 h. In the case of in vitro transfection, Lipofectamine
MessengermMAX (Thermo Fisher Scientific) was used following the
manufacturer’s protocol. S uL/well of opti-MEM (Thermo Fisher
Scientific) was mixed with 0.225 uL/well of Lipofectamine
MessengerMAX, and 5 uL/well of opti-MEM was mixed with
mRNAs. The mRNA mixture was added into each well and incubated
at 37 °C. The mRNA mixture-containing medium was removed from
the well and washed with PBS buffer (x2). Then, each well was
treated with cell lysis reagent and left at room temperature for 3 min.
Each well was treated with the Nano-Glo Luciferase Assay System
(Promega) for NlucP and the Luciferase Assay System (Promega) for
Fluc, and the relative luminescence intensity was measured with a
Tecan Infinite plate reader.

Evaluation of In Vitro Fluorescence. HEK293T cells were
cultured in RPMI1640 with L-glutamine supplemented with 10% FBS
and 2% mercaptoethanol. HEK293T (5 X 10° per well) was plated in
a transparent 6-well plate in triplicate in media (1 mL) and incubated
at 37 °C for 24 h. The LNP solution was diluted in PBS buffer as a §
ng/uL mRNA dose. The LNP solution was added to each well and
incubated at 37 °C for 24 h. Fluorescent microscopy was used to
detect the expression of GFP. The GFP fluorescence was imaged
under a fluorescence microscope equipped with a multichannel laser
system for detecting the green wavelength (488 nm) (IX83, Olympus,
USA). The fluorescent images were processed and merged with the
brightfield images using ImageJ (v1.54 g, Image], NIH, USA).

Evaluation of In Vitro Luminescence. AsPC-1 cells and C2C12
cells were cultured in DMEM with L-glutamine supplemented with
10% FBS. AsPC-1 cells and C2C12 cells (5 X 10° per well) were
plated in a white 96-well plate in triplicate in media (100 xL) and
incubated at 37 °C for 24 h. The LNP solution was diluted in PBS
buffer as a S ng/uL mRNA dose. The LNP solution was added into
each well and incubated at 37 °C for 24 h. The LNP solution
containing media was removed from the well and washed with PBS
buffer (X2). Then, each well was treated with cell lysis reagent and left
at room temperature for 3 min. Each well was treated with firefly
luciferase reagent (Promega), and the relative luminescence intensity
was measured with a Tecan Infinite plate reader.

Tumor Xenograft Study. All animal experiments were carried
out under the guidelines of the Korea Research Institute of Bioscience
& Biotechnology (KRIBB)’s Institutional Animal Care and Use
Committee (IACUC approval number: KRIBB-AEC-24163). For the
mouse xenograft model, PANC1 cells (1 X 107 cells in 50% matrigel)
were subcutaneously injected into the right thigh of female S week-old

BALB/c nude mice. The experiments were conducted when the
tumor size reached 200 mm®. Tumor volume was calculated using the
following formula: V (mm?®) = 0.5 X L X W2 (V: volume, L: length,
and W: width). Mice were monitored regularly every 3—4 days,
administered intratumorally with each LNP sample, and euthanized at
the indicated time points for IVIS imaging and organ harvest.

Evaluation of In Vivo Bioluminescence. All animal studies were
approved by the Institutional Animal Care and Use Committee
(IACUC) of the Korea Research Institute of Bioscience and
Biotechnology (KRIBB). Female CS7BL/6 mice (Orient Bio, 5—6
weeks age, 18—22 g) were intramuscularly or intranasally injected at
one side of a thigh with LNPs containing firefly luciferase mRNA (1
and S ug for the intramuscular route or 5 and 25 ug for the intranasal
route, S0 uL for the intramuscular route and 30 uL for the intranasal
route). The mice were anesthetized using isoflurane at 6 or 24 h after
administration. D-luciferin (3 mg, 200 xL) was administered to mice
via intraperitoneal injection. Then, after 15 min, the bioluminescence
was recorded using an IVIS imaging system (PerkinElmer, Waltham,
MA) and quantified using Livinglmage software (PerkinElmer) to
measure the radiance in photons/sec.
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