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Rational Design of Unsaturated, Thioether lonizable Lipids

for Enhanced In Vivo mRNA Delivery

Eleni Samaridou, Johanna Simon, Moritz Beck-Broichsitter, Gary Davidson,*

and Pavel A. Levkin*

Safe and functional delivery of delicate mRNA molecules to target tissues is a
crucial step in the development of effective vaccines and therapeutic
interventions. Lipid nanoparticles (LNP) are the most clinically advanced
delivery vehicles for mRNA drugs and crucially rely on ionizable cationic
lipids. However, the structure-function relationships between ionizable lipids
and efficient in-vivo mRNA delivery remain poorly understood. Here, we focus
on the rational design and sequential structural optimization of our ionizable
lipids that performed well in vitro, but not in vivo. Through two distinct
iterative optimization cycles—targeting the lipid tail and the headgroup—we
studied how fusogenicity and pKa of ionizable lipids contribute to LNP
delivery performance, in vivo. By engineering lipids with both unsaturated
tails and more hydrophobic amino headgroups, we achieved both significant
improvement of protein expression in vitro, reduced hemolysis risk, and more
than 200-fold improvement of in vivo mRNA delivery. When compared
head-to-head to a market-approved LNP benchmark, the newly developed
ionizable lipids/LNP resulted in equally highly efficient in vivo mRNA delivery,
with strong liver and spleen tropism upon intravenous injection, while
matching the safety of the approved platform. Our findings are pivotal for the
development of next-generation mRNA-LNP therapies and vaccines.

Apart from the established role of these
delivery vehicles in the success of mRNA
vaccines against infectious diseases (i.e.,
SARS-CoV-2 and respiratory syncytial
virus), more than 50 different mRNA-LNP
drug products are currently in clinical
development, with particular focus on
infectious diseases, oncology, and genetic
disorders.l!

LNP are typically composed of four li-
pidic ingredients: an ionizable cationic
lipid, a phospholipid (also referred to as
helper lipid), cholesterol, and a polymer-
lipid conjugate. Each component has a spe-
cific role in delivering RNA drugs, with the
ionizable cationic lipid being the main per-
formance driver of the LNP as the deliv-
ery vehicle.l) Owing to the presence of the
ionizable lipid, the charge state of the LNP
varies as a function of the environmental
pH. An apparent pK, value of the formu-
lation (defined as the pH value at which
the LNP becomes protonated) between 6.0

1. Introduction

Lipid nanoparticles (LNP) have revolutionized the development
of nucleic acid-based preventive and therapeutic applications.'*!
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and 7.0 has been described to be ideal

for RNA delivery, since the formulation
presents no-to-low charge at physiological pH (reducing the risk
for toxicity), while in the acidic endosomes, it acquires a higher
overall positive charge, leading to the endosomal membrane dis-
ruption and release of the RNA into the cytoplasm.l’!

Given the importance of the ionizable cationic lipid compo-
nent for the success of the LNP, extensive scientific efforts over
the last decades have been dedicated to the structural optimiza-
tion of these lipidic excipients, aiming to further improve the
LNP specificity and efficacy in cargo delivery, as well as im-
munogenicity and shelf-life, while keeping the manufacturing
costs low. The quest for the optimal design of ionizable lipids
began in the early 2000s when Semple et al.®) demonstrated
the potential of an ionizable aminolipid, DODAP (1,2-dioleoyl-
3-dimethylammonium propane), for improving the pharmacoki-
netics of LNP formulations compared to delivery systems con-
taining permanently-charged aminolipids or cationic liposome-
based complexes. A few years later, Heyes et al. showed that
increasing the degree of unsaturation in the hydrophobic do-
main of ionizable lipids enhanced their fusogenicity, thereby sup-
porting endosomal escape and increasing the potency of LNP
formulations.[! This pioneering work led to the development
of DLinDMA (1,2-dilinoleyloxy-N,N-dimethyl-3-aminopropane),
the first ionizable lipid to enter human clinical trials,"®! sub-
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sequently leading to the “birth” of DLin-MC3-DMA (dilinoleyl-
methyl-4-dimethylaminobutyrate) commonly known as “MC3”,
the ionizable lipid used in the first marketed RNA-LNP drug (On-
pattro). Since then, several groups have tried to understand the
contribution of different structural features of ionizable lipids
to their potency, biodegradability, and/or their ability to specifi-
cally target tissues of interest.[''"'7] The next generation of ioniz-
able lipid design has focused on the number of tertiary amines,
the number and branching of the alkyl tails, and the presence
of biodegradable motifs,!1! leading to the development of the
ionizable lipids used in the two marketed Covid-19 mRNA vac-
cines, namely ALC-315 (used in Comirnaty) and SM-102 (used
in SpikeVax).[18:19]

Current research relies on the use of combinatorial chemistry,
high-throughput synthesis, and screening approaches to identify
ionizable lipids that allow for site-specific RNA delivery while
minimizing off-target effects, rapidly and cost-effectively.[2>-2]
Such approaches may enable the rapid identification of well-
performing lipid structures de novo in vitro, but potential pitfalls
are shifted to later stages of development, such as a lack of scala-
bility of lipid synthesis and LNP formulation at a reasonable pu-
rity and price as well as in vivo performance.

Concurrently, artificial intelligence (AI) and machine learn-
ing approaches are being used to process complex data sets and
generate models that could enable intuitive lipid design.['!242]
Nevertheless, these approaches are still under development and,
therefore, several challenges need to be addressed before their
full potential can be realized. Examples are the limited access to
large quantities of high-quality data to properly train and create a
reliable and accurate AI model, the inability of these approaches
to address several outputs simultaneously (such as toxicity con-
cerns, apart from efficacy and biodistribution) and the issues of
organization and interpretation of the diverse available data in
the field and literature.[2°]

In this work, we instead focused on the rational design of
the ionizable lipid structure, building on advanced lipid chem-
istry and customizing it for RNA delivery, through specific and
targeted structural optimizations. This approach resulted in a
drastic increase in the efficacy of mRNA delivery both in vitro
and in vivo. Previously, we developed a facile two-step chemi-
cal synthesis of cationic thioether lipids based on the thiol-yne
photo click chemistry!?”] and demonstrated the general applica-
bility of these lipids for in vitro cell transfection.?®?1 To further
explore the potential of these lipids for use in LNP for in vivo
mRNA delivery, we focused on the role of fusogenicity and ap-
parent pK, in cellular uptake, endosomal escape, and, impor-
tantly, the hemolytic activity of the formulation. For this, we se-
quentially modified the lipid structures by first including longer,
unsaturated tail moieties (hydrophobic alkyl groups), followed
by modifying the ionizable head groups. The new lipids, result-
ing from our sequential optimizations, were incorporated into
LNP and three of these novel lipids showed highly efficient in
vitro and in vivo mRNA delivery, improved pK, values, and,
consequently, low hemolytic activity. These results pave the way
for the effective design of LNP-based therapeutic tools and pro-
vide valuable insights into the critical structural components of
lipid moieties in the development of novel vaccines and mRNA
therapeutics.
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2. Results and Discussion

2.1. Thioether Lipids for LNP-Mediated mRNA Delivery

In previous work, we presented a facile modular and scalable
approach employing thiol-yne “click” chemistry and amide cou-
pling for the high-throughput combinatorial synthesis of a novel
library of cationic thioether lipids with two saturated hydropho-
Dbic tails of variable lengths and a linker group structurally mim-
icking the glycerol core of phospholipids (Figure 1A).I?8] From
this library, we were able to identify several top-performing lipids
in terms of in vitro delivery of distinct nucleic acid payloads
(such as siRNA and plasmid DNA) in “difficult-to-transfect” cell
lines. Specifically, with lipid A1C11 (Figure 1A), as a transfec-
tion reagent (lipoplex formulation), strong siRNA silencing and
a high plasmid DNA transfection rate in vitro were induced.

As a first step, we tested lipid A1C11 for its applicability in
LNP-mediated mRNA delivery (Figure 1). To this end, LNP was
formulated using the same LNP composition as the one found
in the marketed Onpattro LNP formulation.[**3!l Since the mar-
ket approval of Onpattro, its specific LNP composition has been
frequently applied in multiple applications, including mRNA de-
livery for therapeutics and vaccines.[1®3233] MC3, the ionizable
lipid found in Onpattro, was used as the benchmark for the per-
formance evaluation of the novel ionizable lipid structures tested
here.

LNP formulations were then prepared with a reporter
mRNA (encoding firefly luciferase) using the thioether
lipid A1C11 (Figure 1A) and varying the phospholipid type
{e DSPCvs-DOPE). In line with what has been reported in
the literature,*>3¢1 LNP containing 1,2-Dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) exhibited a larger particle size
distribution compared to those containing 1,2-Distearoyl-sn-
glycero-3-phosphocholine (DSPC) (Figure 1B). Both LNP based
on A1C11 exhibited high encapsulation efficiency of the mRNA
(~98%), while the type of phospholipid had no effect on the
apparent pK, of the formulation, which was in both cases
>7, indicating that the formulation was positively charged at
physiological pH. Interestingly, when the LNP was tested in
vitro using a hepatocyte representative cell line (HepG2, as an
indication for the preference of the LNP to transfect hepatocyte
cells, relevant for therapeutic applications) and muscle cell
line (C2C12) (Figure 1C,D), the DOPE-containing LNP showed
~10-fold higher luciferase activity compared to their DSPC
counterparts, while both formulations showed overall good cell
viability at the four doses tested (Figures S2 and S3, Supporting
Information).

We suspected that a potential reason for this result was asso-
ciated with the specific contribution of the chosen helper lipid
on the membrane fluidity of LNP, which is required for cellu-
lar uptake and, more importantly, for endosomal escape. As pre-
viously reported, the structural differences of DSPC and DOPE
result in differential packing within the LNP, with DOPE adopt-
ing a less stable hexagonal phase, while DSPC adopts a more
stable lamellar phase.'®*-38] The cone-like geometry of DOPE
enables a higher membrane fluidity and fusogenicity, leading to
the enhanced endosomal release of the RNA cargo.***] How-
ever, DOPE-containing LNP has been associated with tolerabil-

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH

85U8017 SUOWIWOD BANER1D 3(dedt dde ay) Aq peusenob e sopoiLe YO 88N 0 Sa|N1 o A%Iq1T 8UI|UQ AB]IAN UO (SUONIPUOD-pUE-SLLIBYWD" AB| 1M Aleaq U1 juo//Sdiy) SUONIPUOD Pue swie | 81 89S *[6202/90/02] U0 A%iqiauliuo A8)im ‘9160]0uyos | in4 Imisu| Jeunssiey Agq Z£0T0SZ02 WUPe/Z00T OT/I0p/Wod 8| im Akeiqpuljuo pesuenpe/sdiy woiy papeoiumod ‘ST ‘520z ‘65922612


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

www.advhealthmat.de

A AlC11
B Physicochemical properties
ISR g y Ionizable | Phospho- [ piameter PDI Encapsulation
/xv/\\/\\/f\/.«\\/SMNV\N/ lipid lipid (nm) Efficiency (%)
) o ' A1C11 DSPC 88+1 |0.32+0.06 98 + 1
Tail =2 _ Head DOPE 116 £3  [0.24 +0.01 98 + 1
C HepG2 cells D C2C12 cells
4009 3 10 ng 1007 = 10ng
300 = 25ng so4 4 25ng
. =3 50 ng < = 50 ng
= S 604
- B3 100 ng - = 100 ng
¥ 200 x
=5 =)
= 2 40+
100
0 T i . T 0 T p—
DSPC DOPE DSPC DOPE
E F
(0} (e} (I?
/\/\/\/\/\/\/M i WW/\/\)L
O/\(\O’F\O\/\N‘/ 0 o o~
\/\/\/\/\/\/\/\/\"/O H o > /\/\/\/\=/\/\/\/\|]/O H
DSPC o DOPE o

Figure 1. A) Structure of the thioether lipid A1C11. B) Physicochemical properties of mRNA-loaded LNP formulations containing A1C11 (with varying
helper lipids DSPC and DOPE). In vitro luciferase activity in HepG2 (C) and C2C12 cells (D) after incubation with LNP formulations (at four different
mRNA doses). E) Structure of DSPC. F) Structure of DOPE. Mean values from triplicates + standard deviations are shown.

ity issues(®®! when tested in vivo and, also, with manufacturing
and stability challenges (due to the risk of particle fusion upon
handling and storage).[3¢]

2.2. Optimizing the lonizable Lipid Tail Chemistry to Increase
LNP Fusogenicity

For this reason, we focused on increasing the fusogenicity of the
ionizable cationic lipid itself, rather than relying on the effects of
helper lipids. Heyes et al. reported that decreasing the degree of
saturation in the alkyl chains of the ionizable lipid, by introduc-
ing 1, 2, or 3 double bonds per alkyl chain, led to a significant in-
crease in the formulation’s fusogenicity and, consequently, its bi-
ological performance.[’! With this insight, we designed five novel
structures using A1C11 as the starting point (Figure 2 and Table
S1, Supporting Information). In our initial iteration, we evaluated
the impact of introducing double bonds into the alkyl tails of the
A1C11 lipid. This resulted in the lipid A1C11_D5, where a single
set of double bonds was introduced at the C5 position of each C11
tail. The double bond position was carefully selected to be in the
middle of each alkyl chain, as this has been described to have the
strongest influence on the lipid curvature, leading to a decrease
in phase transition temperature and an increase in fluidity.[**4]
In addition, we hypothesized that the two C11 alkyl chains may
be too short to enable high structural curvature and synthesized
four additional lipids with two C18 chains, to mimic the struc-
ture of the MC3 benchmark (Figure 2A and Table S1, Supporting

Adv. Healthcare Mater. 2025, 14, 2501037 2501037 (3 of 9)

Information). At the same time, we introduced one or two sets
of double bonds per chain. The position of the double bonds in
the new 2xC18 lipids was placed at the middle (C9) of the C18
chains for lipid A1C18_D9, while for lipid A1C18_D9_D12, the
double bonds were positioned at both C9 and C12 on each tail.
A1C18 served as the saturated 2xC18 control to distinguish be-
tween the effect of the alkyl chain length and their saturation.
Additionally, we introduced a control lipid, A1C18_D5, with one
set of double bonds at the C5 position of each C18 chain, allow-
ing for a direct comparison with lipid A1C11_D5, where only the
alkyl chain length differed.

For functional testing, mRNA encoding luciferase was again
encapsulated into LNP formed using these ionizable cationic
lipids (Figure 2B), together with DSPC as the helper lipid. Lu-
ciferase activity and cell viability tests were performed in HepG2
(Figure 2C) and C2C12 cells (Figures S3 and S4, Supporting
Information). For comparison, LNP was also formulated with
DOPE as the helper lipid (Figures S1-S4, Supporting Informa-
tion) and characterized as described above.

All LNP displayed comparable physicochemical properties
(particle size <140 nm, PDI <0.3, and encapsulation efficiency
>90%), except for the saturated A1C18-based LNP that showed
only 2% encapsulation efficiency (Figure 2B). This was expected
due to the more rigid bilayer structure of the saturated lipid
A1C18.0

Notably, significantly enhanced mRNA delivery was ob-
served for the longer C18 tails harboring one (A1C18_D5 and
A1C18_D9) or two (A1C18_D9_D12) sets of double bonds
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Figure 2. A) Structures of tail-group optimized thioether lipids. B) Physicochemical properties of mRNA-loaded LNP formulations containing novel
tail-optimized cationic thioether lipids and the benchmark lipid (MC3). The melting temperature (T,,,) values of lipids are also provided. C) In vitro
luciferase activity in HepG2 cells after incubation with LNP formulations. D) Hemolytic effect of LNP formulations containing novel tail-optimized
cationic thioether lipids and the benchmark lipid (MC3). Mean values from triplicates + standard deviations are shown. All LNP tested at the same
composition (only the ionizable lipid was varied) and at the same mRNA dose levels.
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Figure 3. A, C) Structures of head-group optimized thioether lipids. B) Physicochemical properties of mRNA-loaded LNP formulations containing novel
head-optimized thioether lipids and the benchmark lipid (MC3). D) In vitro luciferase activity in HepG2 cells incubated with LNP formulations. E)
Hemolytic effect of LNP formulations. Mean values from triplicates + standard deviations are shown.

(Figure 2C; Figure S3, Supporting Information). Neither the
inclusion of double bonds alone to the shorter C11 chains nor
lengthening the chains from C11 to C18 alone showed this effect
(Figures S1 and S3, Supporting Information). Interestingly, the
helper lipid DOPE did not further enhance the fusogenicity of
LNP composed of unsaturated lipids, whereas the DSPC con-
taining LNP showed efficient mRNA delivery, with expression
levels similar to the ones of market-approved LNP benchmark
(HepG2: Figure 2C; Figure S1 and C2C12: Figure S3, Supporting
Information).

Nevertheless, the pK, remained >7 for all tested formulations
(Figure 2B), in contrast to the observations made by Heyes et al.,
where the pK, correlated with the degree of saturation.’! Con-
sidering the optimum pK, range is 6-7 for delivery,[1*42#] this
raised concerns for potential toxicity. This led us to perform in
vitro hemolysis assays (Figure 2D)*#*] since it has been reported
that the hemolytic activity is a linear function of their surface
charge/zeta potential.[*l According to the assay, membrane ly-
sis observed at pH 7.4 is an indication of toxicity, whereas lysis
observed at pH 5.5 is a good model for the ability of the LNP
to escape vesicular structures upon protonation.l**] As expected,
the LNP containing the novel unsaturated lipids exhibited similar
membrane fusion levels to the benchmark formulation (Figure
S5, Supporting Information), however, their hemolysis potential
was found to be significantly higher compared to the benchmark
formulation, likely due to their high pK, values and overall charge
of LNP at physiological pH (Figure 2D; Figure S5, Supporting In-
formation).

2.3. Fine-Tuning the Lipid Head Group to Decrease the pK, of the
LNP

Following these results, our next iterative step was to optimize
the pK, of the LNP to the desired value between 6 and 7. Ini-
tially, we focused on the lipid A1C18_D5, modifying the head
group of the ionizable lipid as indicated in Figure 3A, generat-

Adv. Healthcare Mater. 2025, 14, 2501037 2501037 (5 of 9)

ing the lipids A2C18_D5, A3C18_D5, and A4C18_D5. The piper-
azine derivatives A3C18_DS5 and A4C18_D5 containing an addi-
tional tertiary amine did not show a reduction of pK, and led to
higher hemolysis. Surprisingly, the introduction of a bulkier, hy-
drophobic pentyl group (A2) on the head amine group, while re-
taining just one tertiary amine, significantly reduced the LNP s
pK, (Figure 3B). Good particle size distribution and mRNA en-
capsulation efficiency were maintained. Interestingly, although
A4C18_D5 contained the same pentylated amine, it did not im-
prove the pK, value and resulted in strong hemolysis. With
the optimized tails identified above, we then additionally syn-
thesized the lipids A2C18_D9 and A2C18_D9_D12 and formu-
lated them as described above using DSPC as helper lipids. Re-
markably, when tested in vitro in HepG2 (Figure 3D; Figures
S6 and S10, Supporting Information) and C2C12 cells (Figures
S8 and S12, Supporting Information), the LNP’s based on lipids
A2C18_D5, A2C18_D9, and A2C18_D9_D12 displayed greatly
improved delivery efficacy, well above the levels seen for the mar-
keted benchmark composition. Importantly, testing in the same
cells showed no significant decrease in cell viability for the novel
lipids (Figures S7, S9, S11, and S13, Supporting Information).

In agreement with the reduced pK, values, LNP contain-
ing the novel ionizable lipids A2C18_D5, A2C18_D9, and
A2C18_D9_D12 showed greatly reduced hemolysis (Figure 3E),
while maintaining high levels of fusogenicity (Figures S14 and
S15, Supporting Information). We suspect this may be attributed
to the bulkier hydrophobic head group sterically hindering the
ability of the tertiary amine to interact with the plasma membrane
of blood cells.

2.4. Altering the In Vivo Biodistribution with Novel Designed
LNP Formulations

Having optimized the in vitro performance of the novel lipids,
we next evaluated the effectiveness of the optimized LNP in
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Figure 4. A) In vivo imaging study design. B) Ex vivo imaging study design
bioluminescence signal 6 h post-dosing. E) CryoTEM images of LNP contai

. C) Whole body in vivo bioluminescence signal 6 h post-dosing. D) Ex vivo
ning A1C11 or A2C18_D9 as ionizable lipid. The scale bar is shown in white

=100 nm. F) Cytokine levels 6 and 24 h post dosing. Mean values from triplicates + standard deviations are shown.

vivo. We injected luciferase mRNA-loaded LNP formulations
(0.25 mg kg™'), based on the novel lead lipids A2C18_D5,
A2C18_D9, and A2C18_D9_D12, intravenously to Balb/c mice
and studied the distribution of bioluminescence in vivo (whole-
body bioluminescence) and ex vivo at 6 h post-injection in se-
lected tissues (liver, spleen, kidneys, lungs). As controls, LNP for-
mulations based on the MC3 (benchmark) and our starting point,
LNP based on the A1C11 lipid, were used.

As shown in Figure 4, LNP containing the lipids A2C18_D5,
A2C18_D9, and A2C18_D9_D12 demonstrated excellent in vivo
performance, matching the benchmark formulation. Indeed,
over 200-fold enhancement in protein expression could be
demonstrated for these LNP when compared to the A1C11-based
formulation (Figure 4C). Notably, the ex vivo analysis of biolumi-
nescence distribution 6 h after intravenous injection revealed a
distinct tissue tropism of the novel LNP toward the liver. LNP-
mediated RNA delivery to the liver offers great therapeutic value
for protein replacement therapies and for treating hepatic dis-
eases (such as but not limited to liver fibrosis, nonalcoholic fatty
liver disease, and drug-induced liver injury). However, several
disease indications would benefit from extra-hepatic LNP dis-
tribution (such as cancer, neurological, cardiovascular, and vac-
cine applications). To this point, the A2C18_D9-based LNP ex-
hibited significant localization in the spleen, resulting in a higher
spleen-to-liver ratio compared to the marketed LNP benchmark
(Figure 4D). Additionally, the tolerability of the novel LNP was
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evaluated in vivo in terms of unwanted immune responses to the
LNP components, which may lead to increased production of dif-
ferent secretory proinflammatory molecules, such as Interleukin
6 (IL-6) or monocyte chemoattractant protein 1 (MCP-1). The in-
duction of IL-6 and MCP-1 cytokines upon in vivo injection was
measured by ELISA-based assay in the animal plasma collected
at different time points post-injection (6 and 24 h post-injection).
Interestingly, all novel LNP formulations displayed plasma cy-
tokine expression levels (MCP-1 and IL-6) comparable to those
observed in the marketed LNP benchmark and the untreated an-
imals, with all cytokine values returning to base levels at 24 h
post-injection (Figure 4F)

2.5. Understanding LNP Morphological Differences

To evaluate further the potential effect of the different ionizable
lipid structures on LNP morphology, electron micrographs of
mRNA-LNP, based either on our starting point lipid, A1C11,
or the novel lead lipid A2C18_D9 (chosen based on the higher
spleen tissue localization), were evaluated. Interestingly, whereas
both mRNA-LNP were confirmed to be spherical and at the ex-
pected size range (in accordance with the average size and distri-
bution as determined by DLS measurements), significant struc-
tural differences were visualized for LNP containing A1C11 ver-
sus A2C18_D9 as ionizable lipid (Figure 4E). LNP containing
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A1C11 demonstrated bilayer features (like what is observed in
liposomal formulations) and a heterogeneous morphology, in-
cluding multi-lamellar structures. In contrast, LNP containing
A2C18_D9 exhibited an electron-dense core, as expected for the
typical LNP morphology and, as reported previously by Leung
et. al,*’l with a very homogeneous morphology. The morpho-
logical differences observed are believed to be directly connected
to the structural differences of the ionizable lipids used in each
case, owing to their different ratio of the cross-sectional area of
their head group to their overall length (e.g., C11 vs unsaturated
C18 alkyl chains) resulting in different membrane curvatures.[“8!
Therefore, these striking morphological differences in the result-
ing LNP are expected to be related to the different performance
observed in the in vivo luciferase activity levels between the two
tested LNP formulations (Figure 4C).

3. Conclusion

In this work, we successfully designed and tested novel ionizable
thioether lipids for mRNA delivery, by engineering synthetic un-
saturated analogs with more hydrophobic and less exposed pro-
tonatable amino head groups. Our novel lipids demonstrated im-
proved physicochemical as well as biological performance, which
was particularly evident with respect to in vitro and in vivo mRNA
delivery, showing equal performance compared to the current
market-approved benchmark LNP formulation. The introduction
of unsaturated hydrophobic tails and modified ionizable head
groups resulted in optimal physicochemical properties, includ-
ing reduced pK, values and decreased hemolytic activity. The
strategic modifications led to effective mRNA delivery with se-
lective organ accumulation, particularly in the liver and spleen.
These results indicate that the newly developed lipid structures
facilitate efficient cellular uptake and protect mRNA from degra-
dation, addressing the critical issue of translating in vitro effi-
ciency to in vivo performance. Moreover, the novel LNP formu-
lations exhibited low toxicity and reduced hemolytic membrane
disruption in vitro.

Overall, the advancements presented in this study offer signifi-
cant potential for the development of next-generation mRNA vac-
cines and therapeutic interventions. The newly developed lipid
structures provide a robust platform for efficient, targeted, and
safe delivery of mRNA, paving the way for improved treatment
options in various biomedical applications. These findings also
contribute valuable insights into the structure-function relation-
ships in lipid design, which are essential for the continued ad-
vancement of LNP-based delivery systems.

4. Experimental Section

Materials:  1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dimyristoyl-rac-
glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG2000), cholesterol,
phosphate-buffered saline (PBS) (1x dPBS) and 6-(p-Toluidino)-2-
naphthalenesulfonic acid (TNS) were purchased from Sigma—Aldrich
(Germany). mRNA encoding for firefly luciferase (CleanCap FLuc mRNA
(5moU)) was acquired from TriLink BioTechnologies (US). Pur-A-Lyzer
Maxi Dialysis Kit (MWCO 12-14 kDa), Amicon Ultra (MWCO 30 kDa) cen-
trifugal units, and Millex-GV filter unit syringe filters (0.22 um, 13 mm,
PVDF) were purchased from MilliporeSigma (Germany). RiboGreen
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was obtained from Thermo Fischer (Germany). Hept-1-yne, potassium
thioacetate (KSAc), ammonia (7M), mesyl chloride, N,N-dimethylethane-
1,2-diamine, N,N-dimethylaminoethylamine, 1-octadecanethiol, BOC-
protected amines (various), pentylchloride, 5% Pd/CaCO;, Pd/BaSQ,,
ethanol, methanol, petroleum ether, dry methanol were purchased from
Fisher Scientific (Schwerte, Germany). Dodecyl iodide was purchased
from Sigma (Schnelldorf, Germany). N-methyl-1,2-ethylenediamine and
trifluoroacetic acid (TFA), dichloromethane (DCM), anhydrous dimethyl-
formamide, diethyl ether, acetic acid, sodium sulfate (Na,SO,), celite
(for filtration), molecular sieves (for drying solvents) were bought from
Carl Roth (Karlsruhe, Germany). Lindlar catalyst (5% Pd/CaCO; poi-
soned with Pd or Pd/BaSO,) and sodium methylate were obtained
from TCl (Eschborn, Germany). Quinoline was received from Merck
KGaA (Darmstadt, Germany). Hydrogen gas was purchased from Air
Liquide (Ludwigshafen, Germany). 2-(4-lodobutoxy)tetrahydro-2H-pyran
(1) and dibromide (25) were obtained from GenoSynth GmbH (Berlin,
Germany). Oleyl alcohol, linoleyl alcohol ((9Z,12Z)-octadecadien-1-ol),
N'-BOC, N?-methylethane-1,2-diamine, N-methyl-N-pentylamine, BOC-
protected compound 30, Hexynol 33, dodecyl iodide, n-butyllithium, tri-
isopropylsilylchloride were purchased from Sigma (Germany). All other
chemicals and solvents were commercially available and used without fur-
ther purification.

Synthesis and Characterization of Lipids: See Supporting Information.

LNP Formulation and Characterization: LNP with a lipid composition
of 50:38.5:10:1.5 mol% (ionizable lipid:cholesterol:phospholipid:DMG-
PEG,000) Were prepared by mixing an ethanolic lipid solution with an
mRNA aqueous solution in 50 mm citrate buffer at pH 4 at a mRNA
concentration of 0.15 mg mL~", using a commercial microfluidic-based
mixing device (MRNA:lipid phase flow rate ratio = 3:1, total flow rate =
12 mL min~"), to result in mRNA formulated in LNP at a nitrogen-to-
phosphate (N/P) ratio of 6. The formulations were dialyzed overnight (at
2-8 °C) against 100-fold volume of 1x dPBS or the appropriate storage
matrix buffer. After dialysis, the formulations were up-concentrated to the
desired concentration, introduced to the appropriate storage matrix by di-
lution, and finally sterile-filtered.

Particle size and polydispersity were determined using a DynaPro Plate
Reader Il (Wyatt Technology, USA). The mRNA concentration and encap-
sulation efficiency of the final formulations were determined using the Ri-
boGreen assay and an mRNA standard curve and comparing fluorescence
in the presence and absence of Triton X-100, using a Tecan Infinite M200
Pro Multi-Mode Microplate Reader (Tecan, USA).

Evaluation of In-Situ pK, by TNS Assay:  For the TNS assay, 20 mm cit-
rate/phosphate buffer series (in 150 mm NaCl), covering a pH range be-
tween 4.0 and 8.0 (with increments of 0.2), were prepared. In the wells of
a 96-well plate, 10 uL of the LNP solution (0.2 mm total lipid), 88 uL of
each of the buffers above, and 2 ulL of the TNS solution (0.3 mm stock so-
lution in water) were mixed. The fluorescence of the TNS (ex: 322 nm, em:
431 nm) was measured using a microplate reader. Fluorescence for each
formulation at the various pH values was then normalized to the value at
pH 4.0. By assuming that minimum fluorescence represents zero charge,
and maximum fluorescence represents 100% charge, pK, was estimated
by measuring the pH at the point exactly halfway between the values of
minimum and maximum charge using Prism10.2.1 (GraphPad, USA).

Hemolysis and Membrane Fusion Assay: Human blood (healthy donors
from the blood donation bank at Merck KGaA, Darmstadt, Germany) was
centrifuged for 5 min at 500 x g. The plasma was aspirated, and the iso-
lated human red blood cells were washed twice with 1x dPBS and diluted
in either 1x dPBS or citrate buffer saline at pH 5.5 (CBS, 20 mwm citrate
buffer, 130 mm NaCl) to a 4% v/v red blood cell suspension. In a 96-well
plate, 40 uL of LNP formulated at a mRNA concentration (0.01 mg MI~")
were added to 40 uL of the 4% v/v red blood cell suspension in either 1x
dPBS or CBS and heated to 37 °C for 1 h. After cooling, the plate was cen-
trifuged at 500 x g and 4 °C for 5 min; the supernatant was transferred
into another 96-well assay plate and the absorption was read at 540 nm.
Positive and negative controls were carried out with 0.2% Triton-X (100%)
and 1x dPBS alone, respectively.

In Vitro Transfection:  In vitro transfection was performed using HepG2
and C2C12 cells (ATCC, USA). HepG2 cells were maintained at 37 °C in
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a 5% (v/v) CO, atmosphere in Eagle’s Minimum Essential Medium) with
10% (v/v) fetal bovine serum (FBS), 1x non-essential amino acid (Ther-
moFisher), 200 mm glutamine and 1x PenStrep (all from Sigma-Aldrich,
Germany). C2C12 cells were maintained at 37 °Ciin a 5% (v/v) CO, atmo-
sphere in Dulbecco’s Modified Eagle Medium (high glucose) with 10%
(v/v) FBS and Tx PenStrep) for a maximum of 20 passages. Cells were
passaged 2-3 times per week. Before transfection, 10.000 HepG2 or 5.000
C2C12 cells were seeded in white 96-well plates and allowed to attach
overnight. The next day, the media was replaced with fresh media con-
taining LNP at a dose of 10, 25, 50, and 100 ng (mRNA dose). Relative
firefly luciferase activity and cell viability were assessed ~24 h after LNP
addition using ONE-Glo + Tox Luciferase Reporter and Cell Viability Assay
(Promega, Germany).

In Vivo Biodistribution and Tolerability: ~ Animal studies were carried out
in collaboration with the Innovation Campus Berlin (Nuvisan ICB GmbH)
and in strict accordance with AAALAC guidelines and the European Direc-
tive 2070/63/EU as well as the German Animal Welfare Act (Tierschutzge-
setz). Animal experiments were approved by the Institutional Animal Care
and Use Committee and competent regional Animal Care and Use Com-
mittees according to §15 TierSchG (application number E0155/23; Berlin,
Germany).

Eight-week-old female BALB/c mice were purchased from Janvier Labs
and were housed in a Specific and Opportunistic pathogen-free animal
facility. Mice were allowed to acclimatize for at least 1 week. Mice had free
access to food and water and were exposed to 12-h light/dark cycles.

Groups of six mice each received one intravenous injection (single
dose: 0.25 mg kg™ of encapsulated mRNA in 10 mL kg™") of each tested
LNP formulation per group. At 6 h post-dosing, 3 animals of each group
underwent whole-body live Bioluminescence imaging (BLI). For BLI, 3 an-
imals per time point from each group received Luciferin (150mg kg™',
i.p.) and underwent full body bioluminescence in the BERTHOLD TECH-
NOLOGIES NightOwl device 10 min later under isofluran narcosis. After
whole body BLI, the 3 animals from each group were sacrificed, and se-
lected organs (lung, liver, heart, spleen,) were harvested for ex vivo BLI.
The rest of the 3 animals from each group were sacrificed by heart puncture
at 24 h post-dosing, and blood plasma for cytokine level analysis was har-
vested. Concentrations of cytokines and chemokines in the animal plasma,
collected at both 6 and 24 h post-dosing, were quantified using validated
singleplex V-plex kits from Meso Scale Discovery (MSD) according to the
manufacturer’s instruction, for IL-6 and MCP-1 (V-PLEX Mouse MCP-1 Kit
and V-PLEX Mouse IL-6 Kit, respectively).

Cryogenic Transmission Electron Microscopy (Cryo-TEM) of LNP:  Frozen
samples at a mRNA concentration of 0.5 mg mL~" were thawed at room
temperature and 4 ulL of the undiluted sample was applied to an ATEM
regularly spaced holey carbon copper grid (ATEM LNPCFoil Grids) in H,O
saturated atmosphere at 4 °C and incubated for 1 min. The excess sample
was blotted away, leaving a 100 nm thin layer of liquid on the surface of the
grid. Blotted grids were vitrified immediately by plunge-freezing in liquid
ethane at 180 °C. Samples were stored in sample-specific containers un-
der liquid nitrogen (IN,) until further use in the cryo-electron microscope.
After grid preparation, all grids were processed for transfer into the micro-
scope and evaluated in a 200 kV ThermoFisher Glacios cryo-transmission
electron microscope equipped with a Falcon Vi direct electron detector
and ThermoFisher EPU software.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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