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ABSTRACT: mRNA therapeutics are emerging as a revolutionary
therapeutic modality, providing a versatile platform for the treatment and
prevention of a broad spectrum of diseases. Nonviral nanoparticle-based
delivery systems, particularly lipid nanoparticles (LNPs), are essential for
their successful clinical translation. However, the currently FDA-
approved four-component lipid nanoparticle (LNP) formulations
primarily accumulate in the liver due to apolipoprotein E/Low-Density
Lipoprotein Receptor (ApoE/LDLR)-mediated uptake by hepatic cells
following systemic administration, which significantly limits extrahepatic
mRNA delivery and restricts its broader therapeutic applications. Herein,
we present a computationally assisted design approach to identify and
optimize ionizable cholesteryl (iChol) lipids with extrahepatic delivery
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properties while formulating a three-component LNP system. Using DiffDock-L-assisted design, we rationally integrated two key
components of LNPs, cholesterol and ionizable lipid, into a single chemical entity and developed a novel class of ionizable
cholesteryl (iChol) lipids that exhibit attenuated interactions with ApoE. These iChol lipids, along with phospholipids and
PEGylated lipids, can self-assemble into stable three-component lipid nanoparticles (Tc-LNPs). The Tc-LNPs exhibit decreased
ApoE adsorption compared to conventional four-component LNP counterparts. Importantly, the Tc-LNPs show reduced hepatic
accumulation via modulating ApoE/LDLR-mediated endocytosis in hepatocytes and improved spleen enrichment compared to
commercially available LNPs. Additionally, this approach is applicable to other ionizable lipids, including the commercially available
ALC-031S lipid, paving a new way for accelerating the development of extrahepatic delivery LNPs and potentially expanding the

applications of mRNA-based therapeutics.

B INTRODUCTION

mRNA therapeutics are emerging as a groundbreaking
modality, offering a versatile platform for the treatment and
prevention of various diseases.'~ Lipid nanoparticles (LNPs)
serve as a pivotal platform for mRNA encapsulation and
delivery, playing a crucial role in the clinical translation of
mRNA-based therapeutics.”” Their effectiveness has been
exemplified by the remarkable success of FDA-approved
COVID-19 mRNA vaccines (BNT162b2, mRNA-1273).'%"!
However, the current four-component lipid nanoparticle
(LNP) formulations (ionizable lipid, cholesterol, phospholipid,
and PEGylated lipid) tend to adsorb apolipoprotein E (ApoE)
on their surface via cholesterol/ApoE interaction, facilitating
LNPs internalization through ApoE/low-density lipoprotein
receptor (LDLR)-mediated endocytosis.'”~'® This process
enhances their preferential uptake by LDLR-rich hepatic cells,
resulting in significant hepatic accumulation following systemic
administration.'*'”'® The inherent liver tropism of LNPs
constrains the therapeutic applications of mRNA, restricting
their use primarily to vaccine development and the treatment
of hepatic disorders while limiting their potential for targeting
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nonhepatic organs.'”*® Therefore, there is an unmet need for
the development of novel strategies to effectively reduce
hepatic accumulation and enhance extrahepatic mRNA
delivery, thereby broadening the therapeutic potential of
mRNA-based therapies and addressing unmet clinical
challenges.

Herein, we propose a computation-assisted molecular design
approach to synthesize, identify, and optimize lipids, and to
develop three-component LNP (Tc-LNP) formulations with
minimized adsorption of ApoE, aiming to reduce liver
accumulation and enhance extrahepatic mRNA delivery. We
computationally design a novel class of ionizable cholesteryl
(termed iChol) lipids by structurally merging cholesterol and
ionizable lipid components with the assistance of DiffDock-L
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Figure 1. Schematic illustration of iChol lipid design and extrahepatic delivery mechanism of iChol lipid-based three-component lipid nanoparticles
(Tc-LNPs). a, Computational docking simulations guided the rational design and optimization of the iChol lipid, achieving sustained structural
stability, reduced ApoE binding, and ultimately minimized hepatic accumulation. b, Mechanism of extrahepatic mRNA delivery by Tc-LNPs. The
iChol lipid, in combination with a helper lipid and a PEGylated lipid, self-assemble to form Tc-LNPs. Following intravenous administration, the Tc-
LNPs exhibit reduced ApoE adsorption compared with conventional LNPs, resulting in enhanced extrahepatic delivery (e.g., spleen targeting).

molecular docking (Figure 1a). We hypothesize that DiffDock-
L-assisted molecular binding simulations can rationally guide
the design of functional iChol lipid molecules with reduced
ApoE interaction, enabling high-throughput screening while
minimizing the need for tedious wet lab chemical synthesis.
The dual-functional properties of ionizable lipids and
cholesterol are combined in the iChol lipids, by integrating
the structural advantages of two key components in the LNP
delivery system, iChol lipids retain the charge functionality of
ionizable lipids for mRNA encapsulation and the structural
stability provided by cholesterol. We further hypothesize that
this “two-in-one” approach simplifies LNP formulations and
facilitates large-scale manufacturing. More importantly, the Tc-
LNP system can effectively reduce ApoE adsorption on the
nanoparticle surface, thereby decreasing LDL receptor-
mediated hepatic cellular uptake, reducing liver accumulation,
and facilitating targeting of extrahepatic organs (Figure 1b).
DiffDock-L is a computational method that leverages the
calculation of physicochemical parameters, such as van der
Waals interactions, electrostatic forces, and solvation effects, to
predict molecular binding affinity and binding conformation.”!
In this study, we utilize DiffDock-L to assess the binding
affinity and conformational states of ApoE in complex with

cholesterol, while also analyzing the specific binding site
involved in their interaction. Based on the simulation results,
we modified the chemical structure of cholesterol to alter its
conformation, with the goal of reducing or blocking the
cholesterol-ApoE interaction. Furthermore, we incorporated an
ionizable amine moiety and hydrophobic alkyl chain into the
cholesterol backbone to synthesize iChol lipids, thereby
integrating the functionalities of cholesterol and ionizable
lipids into a singular chemical entity. The resulting iChol lipids
feature three key structural components: (1) a hydrophilic,
ionizable headgroup, (2) a biodegradable alkyl chain tail that
promotes biosafety and cellular uptake,'®** and (3) a terminal
cholesterol moiety covalently conjugated to the alkyl chain to
enhance LNP stability. A library of the 105 novel lipids was
systematically designed, and the interactions between the lipids
and ApoE were simulated using DiffDock-L. The simulating
revealed that all the designed iChol lipids exhibited
comparatively weaker interactions with ApoE than cholesterol.
We then synthesized iChol lipids through nucleophilic
substitution reactions between amine intermediates and alkyl
bromides to validate the simulation and evaluate transfection
efficiency. When combined with phospholipids and PEGylated
lipids (DMG-PEG2000), these iChol lipids self-assembled into
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Figure 2. Cholesterol removal attenuates hepatic accumulation of LNPs. a, Structural representations and predicted binding poses of cholesterol,
DSPC and ALC-031S at the interfaces of ApoE, as predicted by DiffDock-L molecular docking simulations. b, The top-ranked docking result
predicted by DiffDock-L. Lower affinity values (more negative) indicate stronger binding between the lipid and ApoE, reflecting a more favorable
interaction. ¢, The formulation of four-component ALC-031S based LNPs (with cholesterol, ALC-0315 LNPs) and three-component ALC-0315
based LNPs (without cholesterol). d, Hydrodynamic diameter and encapsulation efficiency of ALC-0315 LNP formulated with or without
cholesterol. e, Bioluminescence IVIS images of major organs at 6 h post intravenous administration of ALC-0315 LNPs formulated with or without
cholesterol. Balb/c mice were intravenously administrated with LNPs encapsulating luciferase mRNA (02 mg/kg, n = 3). f, Normalized
bioluminescence ratio in major organs quantified by IVIS imaging. g, Quantification of average bioluminescence intensity by IVIS imaging,
indicating the luciferase expression in major organs. Data are expressed as mean =+ standard deviation (SD). The average value of 3 samples in each
group was analyzed in f. Statistical significance in d and g was calculated using unpaired ¢t test.

Tc-LNPs via microfluidic mixing, demonstrating high mRNA
encapsulation efficiency and superior stability. We performed
structure—activity relationship (SAR) analysis on the 108 lipids
library through systematic in vitro screening, and identified ten
lead compounds that markedly reduced hepatic accumulation
while enabling observable mRNA delivery to extrahepatic
tissues (particularly the spleen) following intravenous admin-
istration. Among the identified lipids, seven iChol-based Tc-
LNPs achieved comparable or superior transfection efficiency
to conventional LNPs (ALC-0315 or Dlin-MC3-DMA-based
LNPs, termed ALC-0315S LNPs or MC3 LNPs) following
intramuscular administration. Further research revealed that
Tc-LNPs displayed reduced ApoE adsorption compared to
conventional LNPs and were less influenced by ApoE/LDLR-
mediated cellular uptake. Proteomics analysis revealed that Tc-
LNPs exhibited up to 90% reduced ApoE protein adsorption
compared to conventional LNPs. These results validate our

computational predictions, confirming that iChol lipids
effectively reduce hepatic accumulation while promoting
mRNA delivery to extrahepatic tissues (spleen tropism). It is
worth noting this computation-assisted “two-in-one” strategy
can be adapted for commercial lipids derivatization, including
ALC-0315. For example, we synthesized two cholesterol-
modified ALC-031S5 variants by replacing the 2-hexyl
decanoate tail with cholesterol, both producing enhanced
mRNA transfection efficacy to the spleen compared to the
parent compound (liver tropism).

Collectively, our study demonstrates that computational
aided rational design of iChol lipids enables precise
modulation of LNP protein adsorption, thereby reducing
hepatic accumulation while enhancing mRNA delivery to
nonhepatic tissues, further highlights the advantages and
promise of the computation-assisted molecular design strategy
for lipid-based platforms with improved extrahepatic mRNA
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delivery capabilities. This innovative approach has the potential
to broaden the scope of molecular design for mRNA delivery
vehicles, simultaneously addressing the clinical challenge of
extrahepatic mRNA-based therapies.

B RESULTS

Cholesterol Depletion Attenuates Hepatic Accumu-
lation of LNPs. Given the pivotal role of ApoE-LNP
interactions in mediating hepatic accumulation of
LNPs,'>**** we performed molecular docking of the three
main components of the commercially available LNP,
cholesterol, DSPC, and ALC-031S, with ApoE (Figure 2a).
The computational analyses were conducted using DiffDock-L,
an enhanced deep learning-based molecular docking plat-
form.”*~*’ The binding affinity values were —2.02, —0.89, and
0.99 for cholesterol, 1,2-distearoyl-sn-glycero-3-phosphocho-
line (DSPC), and ALC-031S, respectively (Figure 2b). Lower
affinity values (more negative) indicate stronger binding
between the lipid and ApoE, reflecting a more favorable
interaction. The results suggest that cholesterol possesses the
highest affinity for ApoE, and the possible binding sites are in
the A and B rings of cholesterol (Figure 2a). Then, cholesterol
was removed from the ALC-0315 LNPs formulation in an
attempt to reduce the interaction between LNP and ApoE,
with the modified formulation depicted in Figure 2c.
Cholesterol elimination induced significant physicochemical
destabilization, manifested as a 216% increase in hydrodynamic
diameter (76.6 to 241.3 nm), 87% elevation in polydispersity
index (PDI: 0.135 to 0.252), and 30% reduction in
encapsulation efficiency (89.7% to 60.1%) (Figure 2d).
Cholesterol serves as a critical determinant of LNP structural
integrity.”® And cholesterol ablation from ALC-0315 LNPs
caused a 24% reduction in hepatic accumulation compared to
LNPs that retained cholesterol (Figure 2e,f), which is in line
with previous study.”” These findings are consistent with the
simulation, indicating that cholesterol is critical role in liver
accumulation of LNPs. It is worth mentioning that the mRNA
transfection efficacy, as measured by luminescence intensity,
declined by an order of magnitude (Figure 2e,g). The results
reveal that cholesterol removal reduces the liver accumulation
of LNPs, and cholesterol is critical for stabilizing LNPs,
optimizing encapsulation efficiency, and enhancing transfection
efficacy. Therefore, we propose dual-functional cholesterol-
ionizable lipid hybrids for the development of Tc-LNPs. The
yielding lipid hybrids retain cholesterol fragments to enhance
stability of the Tc-LNPs while minimizing free cholesterol-
ApoE interactions, thereby reducing hepatic accumulation.

Molecular Docking-Guided Design and Synthesis of
iChol Lipids for Tc-LNPs. Ionizable lipids are small-molecule
amphiphiles with a hydrophilic head typically containing an
ionizable amino group, and two (or more) hydrophobic alkyl
tails.’ In clinically approved LNP formulations like Parisian
(Onpattro), the molar ratio of ionizable lipids to cholesterol is
typically about 1:1.°°° Accordingly, we engineered novel
ionizable lipids, one cholesterol fragment is covalently linked
to an ionizable lipid via the hydroxyl group of the A-ring of
cholesterol, aiming to sterically hinder cholesterol-ApoE
recognition processes. Three ionizable lipids with systemati-
cally varied structural configurations were designed (Figure
S1), featuring covalent anchoring of cholesterol moieties at
distinct sites: headgroup proximity (Compound 1D), midtail
integration (Compound 2D), and terminal alkyl chain
modification (Compound 3D). The binding affinities of the

iChol-lipids to ApoE were quantified by computing the free
energy change of their molecular interactions using DiffDock-
L, revealing the affinity values of —1.77 for Compound 1D,
15.44 for Compound 2D, and 68.98 for Compound 3D
(Table S1). This result indicates that Compound 3D has the
weakest binding affinity to ApoE among the tested lipids.
While cholesterol incorporation at the headgroup of the
ionizable lipid modulates the hydrophilic—lipophilic balance,
midtail integration introduces synthetic complexity that
compromise high-throughput screening efficiency. Conse-
quently, we adopted a terminal-tail cholesterol conjugation
strategy to optimize both molecular functionality and synthetic
accessibility. Furthermore, to simultaneously enhance mRNA
transfection efficacy and improve the biosafety profile of LNPs,
we deliberately incorporated an additional ester bond into the
alkyl chain architecture of the cholesterol moiety.'***

Subsequently, we designed the brominated alkyl intermedi-
ate library with a cholesterol fragment and two ester bonds,
constituting one tail segment of the newly designed ionizable
iChol lipid (Figure 3a). To systematically evaluate the SAR
between cholesterol alkyl chain length and LNP performance,
we designed a series of cholesterol derivatives with alkyl chains
varying from C6 to C18 to assess their effects on ApoE binding
affinity and mRNA delivery efficacy (Figure 3b, cholesterol
tail). The series comprised Chol6, Chol10, Chol12, Chol13,
Chol14, Choll5, and Choll8, where the prefix “Chol” denotes
cholesterol, and the numeric suffix indicates the alkyl chain
length (C6—C18). The ionizable amine headgroup and the
other alkyl tail segment constitute the secondary amine
intermediate library of the iChol lipid (Figure 3c). The
intermediate features a hydroxyl-functionalized amino head-
group, incorporating three distinct polar moieties (ethanol,
butanol, and diethylene glycol fragments), respectively. Under
acidic conditions, protonation of the amino group promotes
mRNA complexation through electrostatic interactions, while
the hydroxyl moieties in the headgroup further enhance
mRNA binding via hydrogen bonding. This dual-interaction
mechanism facilitates efficient mRNA encapsulation by
ionizable lipids. The other alkyl tail segment was linked to
the amino group, comprising both linear (C6—C9) and
branched (C10—C18) alkyl chain. Structurally diverse linkers
(including ester, carbamate, N-methyl carbamate, and acetal
bonds) were incorporated within the alkyl chains to bridge
linear and branched segments, enabling biodegradability
optimization. Ultimately, we designed 15 secondary amine
intermediates to assess the impact of structural segment on
transfection efficiency of lipids, thereby enabling SAR analysis.
In the secondary amine intermediate nomenclature, “C”
represents the alkyl carbon chain linking the hydroxyl and
ionizable amino groups, with the following numeral indicating
chain length, while “O” denotes oxygen-containing moieties.
“A” denotes the amino group, with subsequent numerals (1-4)
indicating specific hydrophobic alkyl chain combinations: 1
(linear C6 and branched C15), 2 (linear CS and branched
C16), 3 (linear C7 and branched C16), and 4 (linear C9 and
branched C11). The letter following “A” indicate the linkage
type: “C” (carbamate), “CM” (methylated carbamate), or “Ac”
(acetal), characterizing the structural features of the secondary
amine intermediate. Through rational molecular design, we
developed structurally optimized intermediates that constitute
a novel class of ionizable lipids.

Using combinatorial chemistry with the rationally designed
intermediates, we generated a library of 105 structurally diverse
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Figure 3. Molecular docking-guided design and synthesis of iChol
lipids for Tc-LNPs. a, Schematic structure and synthesis of iChol
lipids using cholesterol tails and secondary amine intermediates with
high conversion, enabling fast and efficient production. b, ¢, Chemical
structure of cholesterol tails (b) and secondary amines (c) designed
for ionizable cholesteryl (iChol) lipids. d, Affinity values between
iChol lipids and ApoE predicted by DiffDock-L. Red indicates affinity
values greater than 0, while blue represents affinity values less than 0.
Lower affinity values (more negative) indicate stronger binding
ability. e—h, Structure—activity (affinity) relationships (SAR) of iChol
lipids headgroup with different chains between hydroxyl group and
amino group (e), length of cholesterol tails (f), secondary amine
intermediate (g), and secondary amine intermediates featuring
carbamate, methylated carbamate, and acetal linked, respectively
(h). The hit rate (%), calculated as the proportion of active lipids
(affinity values >22.66, the average threshold) among all selected
lipids. i, Schematic illustration of the formulation and screening
process for Tc-LNPs.

iChol lipids. The binding affinities of iChol lipids for ApoE
were calculated using DiffDock-L (Figure 3d). The results
revealed that >80% of the lipid library (represented by red
tiles) formed less stable complexes with ApoE compared to
cholesterol and DSPC, as evidenced by their positive binding
affinity values. The hit rate (%), calculated as the proportion of
active lipids (affinity values >22.66, the average threshold)

among all selected lipids, was employed to quantify the relative
performance of key iChol lipid structural fragments and
establish structure-affinity relationships. Headgroup engineer-
ing modulated ApoE binding, where oxygen incorporation in
the diethylene glycol fragment (C40, 21.4% hit rates) spacer
enhanced affinity relative to the butanol (C4, 32.1% hit rates)
and the ethanol (C2, 28.6% hit rates) variant chain (Figure
3e). Notably, iChol lipids displayed progressively decreasing
affinity with increasing cholesterol tail length, with Chol6
having the highest affinity, followed by ChollS and Cholls,
while Choll4 exhibited the lowest affinity (Figure 3f). Among
amine intermediates, iChol lipids incorporating A3 (linear C7
and branched C16) showed the highest affinity, while those
with Al (linear C6 and branched C15), AC (carbamate-
linked), or AAc (acetal-linked) structural segments had lower
binding (Figure 3gh). The majority of designed iChol lipids
demonstrates limited ApoE binding. Structural analysis
revealed that Choll4 tails, C4 headgroups, and A1/AC/AAc
amine moieties were particularly effective in attenuating ApoE
binding affinity.

While molecular simulations can predict the iChol lipid-
ApoE binding affinities, experimental validation is crucial for
identifying optimal mRNA transfection performance. We
therefore synthesized all designed intermediates for subsequent
iChol lipids preparation. The synthetic procedures and
characterization data (including NMR and mass spectrometry)
for all intermediates are provided in the Supporting
Information (Schemes S1—S14 and Figures S2—S34). The
iChol lipids were synthesized through a one-pot nucleophilic
substitution reaction between brominated cholesterol alkyl
(cholesterol tail) and secondary amine, using potassium
carbonate as an acid scavenger (Figure 3a). Subsequently,
the reaction mixture was filtered and concentrated to afford the
crude product. The representative lipid iCholl5-C4A2
achieved 94.1% purity as verified by HPLC-MS and TLC
(HPLC-MS, TLC, Figures S35, S36 and Table S2), eliminating
the requirement for further purification. After synthesizing all
105 iChol lipids, we prepared Tc-LNPs using microfluidic
technology to evaluate their transfection efficacy and SAR in
vitro and in vivo (Figure 3i), targeting iChol lipids for high-
efficiency extrahepatic mRNA delivery. In summary, we
designed and synthesized 105 structurally diverse iChol lipids
using a simple and efficient method, and their bioactivity will
be further investigated.

In Vitro mRNA Delivery by Tc-LNPs and SAR Study of
iChol Lipids. Tc-LNP-mediated mRNA transfection efficacy
was quantitatively assessed in HEK293 cells using luciferase-
based bioluminescence. Luciferase mRNA was encapsulated in
Tc-LNPs (iChol lipid: DSPC: DMG-PEG2000 = 50:50:1.5
molar ratio) via microfluidic mixing.31 Tc-LNPs exhibited high
encapsulation efficiency (>80%), with a favorable particle size
distribution ranging from 80 to 120 nm, and low polydispersity
index (PDI < 0.25, typically <0.15) (Table S3). The in vitro
screening results of Tc-LNP-mediated mRNA transfection
efficiency are presented in the heatmap (Figure 4a). Based on
these data, we calculated the hit rate (%), defined as the
percentage of active lipids (luminescence intensity >7291.8
RLU, mean threshold) among the total selected lipids, to
evaluate key iChol lipid structural fragments and establish SAR.
Butanol (C4) and diethylene glycol (C40O) fragments showed
comparable performance (35.7% vs 39.3%), both significantly
surpassing the ethanol fragments (C2, < 10%) (Figure 4b).
The Choll3 and Choll$ cholesterol tail fragments demon-
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Figure 4. mRNA delivery in vitro by Tc-LNPs and SAR study of iChol lipi

Ho/\/\,N\/\/\/\O

iChol1 8—C4AAC

ds. a, The heatmap of in vitro screening of Tc-LNP-mediated luciferase

mRNA transfection in HEK293 cells (25 ng luciferase mRNA per well in 96-well plate, n = 3). b—e, SAR of iChol lipids headgroup with different
chains between hydroxyl group and amino group (b), length of cholesterol tails (c), secondary amine intermediate (d), secondary amine

intermediates featuring carbamate, methylated carbamate, and acetal linke

d, respectively (e). The hit rate (%) was defined as the percentage of

active lipids (luminescence intensity >7291.8 RLU, mean threshold) among the total selected lipids. f, The chemical structures of 10 top-

performing iChol lipids.

strated significantly higher transfection efficacy than other
cholesterol tails (Figure 4c). In the hydrophobic alkyl tail,
incorporation of 2-hexyldecanol fragments (such as A2, linear
C5 and branched C16) enhances the mRNA transfection
efficacy of the iChol lipids (Figure 4d). Carbamate, N-
methylcarbamate, and acetal linkers in the lipid backbone
boosted mRNA delivery performance (Figure 4e). The top ten
iChol lipids with the best cell-level performance were
identified, as shown in Figure 4f. Structural analysis revealed
that the lead lipids predominantly incorporated butanol (n =
8) and ethylene glycol (n = 2) headgroups, featured Choll4/
Choll$ cholesterol tails, and ester/N-methylcarbamate/acetal
linkers. The ten iChol lipids were synthesized, purified
(Scheme S15), and characterized by NMR/MS (Figures
S37—546). And, they showed no obvious cytotoxicity (Figure
S47), suggesting favorable safety profiles of iChol lipids. In
summary, we developed a simplified lipid nanoparticle system
(Tc-LNPs) based on iChol lipids, systematically elucidated

their SAR in vitro, and identified ten lead lipids with both high
efficiency and excellent safety profiles. The identified lipids
were selected for subsequent in vivo validation.
Tc-LNP-Mediated mRNA Delivery In Vivo. The ten lead
lipids were evaluated for in vivo mRNA delivery efficacy by
quantitative bioluminescence imaging. Ten luciferase mRNA-
loaded Tc-LNPs prepared via the established protocol
exhibited high encapsulation efficiency (mostly >90%), 80—
120 nm particle size, low PDI (PDI < 0.15), and a near-neutral
zeta potential (—1 to —2 mV) (Figure S48). Following
intramuscular injection, the seven iChol-based Tc-LNPs
exhibited comparable or significantly higher transfection
efficiency at the injection site than commercial carriers,
including ALC-0315 and MC3 LNPs. Intriguingly, iCholl5-
C4A2 and iChol15-C4ACM-based Tc-LNPs (iChol15-C4A2
Tc-LNPs and iChol15-C4ACM Tc-LNPs) demonstrated the
most superior mRNA delivery efficacy in vivo, as shown in
Figure Sab. In addition, Tc-LNPs exhibited remarkably
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Figure S. Tc-LNP-mediated mRNA delivery in vivo. a, In vivo mRNA delivery of top 10 Tc-LNPs following intramuscular administration,
measured by IVIS, MC3 and ALC-031S were used as controls (S ug luciferase mRNA per mouse, n = 3). b, Quantification of average
bioluminescence intensity of the injection site by IVIS imaging based on a at 6 h post-treatment. ¢, Formulation optimization design. d, e, In vivo
mRNA delivery of the designed 10 formulations following intramuscular administration (1 yg per mouse, n = 3), measured by IVIS. (d),
Quantification of average bioluminescence intensity of the injection site by IVIS imaging based on d at 6 h post-treatment (e). In vivo mRNA
delivery of top two Tc-LNPs (f) and the remaining eight optimal Tc-LNPs (g) following intravenous administration (0.1 mg/kg, n = 3). MC3 and
ALC-0315 LNPs were used as controls. Representative IVIS images of major organs 6 h post-treatment were presented. H: heart, Lu: lung, Li: liver,
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Figure 5. continued

S: spleen K: kidney. h, The bioluminescence ratio of spleen to liver. i, Pie chart analysis of luciferase expression in major organs based on
bioluminescence imaging depicted in f and g. Data represent the average bioluminescence intensity from three samples per group. j, In vivo
biodistribution of Tc-LNPs following intravenous administration. Each mouse received an intravenous administration of “>mRNA at a dose of 0.3
mg/kg (n = 3). k, Fluorescence quantification analysis of liver and spleen. ], Fluorescence ratio of spleen to liver. Data are expressed as mean + SD.
Statistical significance in b and 1 was analyzed using one-way ANOVA with Dunnett’s multiple comparisons test. Statistical significance in k was

analyzed using unpaired ¢ test.

reduced hepatic luciferase expression compared to the ALC-
0315 LNP which induced robust hepatic luciferase expression
(Figure Sa). Notably, iChol12-C4AC and iChol14-C4AAc
Tc-LNPs exhibited the best performance in vitro. The in vivo
delivery efficacy of Tc-LNPs did not show a complete
correlation with the in vitro results, which is in line with
previous findings.”>~>* This poor correlation may be partly
attributed to the complex in vivo environment, where protein
adsorption onto LNP surfaces could significantly alter their
biological behavior. Tc-LNPs achieved excellent transfection
efficacy and potentially reducing hepatic mRNA delivery
following intramuscular administration.

We then optimized the Tc-LNP formulations based on the
lipid iChol15-C4A2, yielding ten iCholl5-C4A2 Tc-LNPs
with the following compositional ranges: iChol lipids (40—60
molar ratio), DSPC (30—60 molar ratio), and DMG-PEG2000
(1.5-5 molar ratio) (Figure Sc), the physicochemical
characterization of LNPs was presented in Figure S49.
Following intramuscular injection, Formulation 8 achieved
superior mRNA delivery efficiency, along with favorable
physicochemical properties (hydrodynamic diameter: 106
nm, PDI: 0.09, encapsulation efficiency: 94.7%) (Figures S49
and 5d,e). Based on the obtained results, Formulation 8 was
chosen to prepare Tc-LNPs, each incorporating a single one of
the 10 selected lipids, for in vivo biodistribution analysis
following intravenous injection. Tc-LNPs showed reduced
hepatic mRNA expression but enhanced splenic expression
compared to MC3 and ALC-0315 LNPs (Figures Sfg and
S50). iChol15-C4A2 Tc-LNPs and iCholl15-C4ACM Tc-
LNPs mediated the highest splenic mRNA transfection efficacy
in vivo (Figure Sh). The spleen-to-liver luminescence intensity
ratios for iChol15-C4A2 and iChol15-C4ACM Tc-LNPs were
4.78 and 5.20, respectively, representing a 20—50-fold
increases compared to MC3 (0.24) and ALC-0315 (0.12)
LNPs (Figure Sh). DiffDock-L predictions revealed that iChol
lipids exhibit reduced ApoE binding affinity, which correlated
with their extrahepatic tropism (Table S4 and Figure Shii).
This validated our computational design strategy and enabled
rational engineering of iChol lipids to minimize hepatic mnRNA
delivery while enhancing spleen-specific tropism, achieving
markedly improved splenic mRNA delivery efliciency.

We further evaluated Tc-LNP biodistribution by intravenous
administration of CyS-labeled mRNA (“*mRNA)-loaded Tc-
LNPs. The iChol15-C4A2 Tc-LNP group exhibited a 5-fold
higher spleen-to-liver fluorescence intensity ratio (1.0 vs 0.2)
compared to ALC-0315 LNP, demonstrating preferential
splenic accumulation of Tc-LNPs (Figure Sj,—1). The
variations between luciferase expression (S0-fold increase)
and LNP biodistribution (S-fold increase) may stem from
differences in analytical methods, and the liver’s sinusoidal
architecture promoting nanoparticle uptake by hepatic sinus-
oidal endothelial cells and Kupffer cells.”****® Tc-LNPs
demonstrated superior in vivo mRNA transfection efficiency
and enhanced extrahepatic accumulation compared to conven-

tional LNPs. Notably, iChol15-C4A2- and iChol15-C4ACM-
containing Tc-LNPs exhibited particularly promising perform-
ance and were consequently selected for subsequent studies.

Extrahepatic mRNA Delivery Mechanism of Tc-LNPs.
We hypothesize that rationally designed iChol lipids with
attenuated ApoE interactions will generate Tc-LNPs that
exhibit reduced ApoE adsorption capacity and consequently
demonstrate decreased dependence on ApoE/LDLR-mediated
cellular uptake and mRNA delivery. In this context, we
evaluated the role of ApoE-LDLR interaction in regulating Tc-
LNP-mediated mRNA delivery. “"*mRNA-loaded LNPs
formulated with ALC-0315, iChol15-C4A2, or iCholls-
C4ACM, were preincubated with ApoE to facilitate protein
corona formation. Cellular uptake studies in LDLR-expressing
HepG?2 cells revealed ApoE preincubation markedly enhanced
ALC-0315 LNP uptake, while Tc-LNPs internalization
remained unaffected (Figures 6ab and S51). Similarly,
luciferase expression assays revealed a concentration-depend-
ent elevation in mRNA expression levels of HepG2 cells
incubated with ApoE-treated ALC-0315 LNPs, while no
significant change was observed in Tc-LNPs (Figure 6c).
Furthermore, Tc-LNPs preincubated with ApoE demonstrated
significantly lower transfection efficiency compared to ALC-
0315 LNPs subjected to the same treatment (Figure 6c).
Parallel experiments in LDLR-deficient HEK293 cells demon-
strated that ApoE preincubation did not affect cellular uptake
or luciferase expression for either ALC-0315 LNPs or Tc-LNPs
(Figures 6d—f and SS52).

To further elucidate the mechanism underlying the lack of
responsiveness of Tc-LNPs to LDLR-mediated delivery to
hepatocytes, we preincubated EGFP mRNA-loaded Tc-LNPs
or ALC-0315 LNPs with ApoE, followed by incubation with
HepG2 or HEK293 cells that had been pretreated with ApoE
to competitively block surface LDLR. Cells treated with LNPs
but without ApoE pretreatment served as controls (Figure
S53a). In ApoE-pretreated HepG2 cells, the transfection
efficiency of ApoE-preincubated ALC-0315 LNPs decreased
by ~80% compared to controls, whereas Tc-LNP-mediated
transfection remained unaffected (Figure SS3b). In contrast,
neither ApoE-preincubated ALC-0315 LNPs nor Tc-LNPs
showed altered transfection efficiency in ApoE-pretreated
HEK293 cells (Figure S53c). Collectively, these results
indicate that Tc-LNPs exhibit minimal dependence on
ApoE/LDLR-mediated hepatocyte uptake and transfection
compared to ALC-0315 LNPs. This effect is attributed to the
diminished ApoE adsorption of Tc-LNPs relative to ALC-0315
LNPs.

The protein corona adsorbed onto LNPs is a critical
determinant of their biodistribution. This is substantiated by
the observation that ApoE adsorption promotes LDLR-
mediated hepatic targeting of LNPs (e.g., ALC-031S
LNPs).'**” To characterize the protein corona composition
adsorbed by Tc-LNPs, we incubated the LNPs with mouse
plasma and analyzed the adsorbed proteins using liquid
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Figure 6. Mechanism of extrahepatic mRNA delivery facilitated by Tc-LNPs. a—f, ApoE/LDLR-mediated effects on cellular uptake and mRNA
delivery in HepG2 (a—c) and HEK293 cells (d—f). a, Representative images showing the cellular uptake of ApoE unincubated or preincubated
iChol15-C4A2 Tc-LNP (1.0 g ApoE/g lipid) by HepG2 cells. Scale bar = 10 ym. b, Quantification of CyS fluorescence intensity in HepG2 cells
treated with ApoE unincubated or preincubated iChol15-C4A2 Tc-LNPs. ¢, Luciferase mRNA delivery to HepG2 cells by ApoE preincubated Tc-
LNPs or ALC-0315 LNPs. d, Representative images illustrating the cellular uptake of ApoE unincubated or preincubated iChol15-C4A2 Tc-LNPs
in HEK293 cells. Scale bar = 10 pm. e, Quantification of CyS fluorescence intensity in HEK293 cells treated with ApoE unincubated or
preincubated iChol15-C4A2 Tc-LNPs. f, Luciferase mRNA delivery to HEK293 cells by ApoE preincubated Tc-LNPs or ALC-0315 LNPs. g, h,
Isoelectric points distribution (g) and top five adsorbed proteins on Tc-LNPs or ALC-0315 LNPs (h). i, Apolipoprotein abundance of the protein
corona on Tc-LNPs or ALC-0315 LNP. j, ApoE abundance of the protein corona on Tc-LNPs or ALC-0315 LNP. k, I, Schematic of the chemical
structure of the iChol15-C4A2 (k) and iChol15-C4ACM (1) and their interaction with ApoE. Data are expressed as mean + SD. Statistical
significance in b and e was determined using an unpaired ¢ test. In ¢, f, h and j, statistical significance was analyzed by one-way ANOVA with
Dunnett’s multiple comparisons test.
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Figure 7. Endosomal Escape ability and biocompatibility of Tc-LNDPs. a, Representative images of endosome escape of iChol15-C4A2 Tc-LNPs.
Scale bar = 10 gem. HEK293 cells in confocal culture dish were treated with 1 g “>mRNA encapsulated in Tc-LNP. b, Hemolysis of Tc-LNPs at
physiological and acidic conditions. ¢, Cytotoxicity of two Tc-LNPs at varying mRNA concentrations (n = 5). The dashed line indicates 100% cell
viability. d, e, Biocompatibility evaluation of Tc-LNPs. Balb/c mice were administered Tc-LNPs intravenously at a mRNA dose of 0.5 mg/kg, or
PBS (pH 7.4) as a negative control. d, Alanine aminotransferase (ALT), aspartate aminotransferase (AST), creatinine (CREA) and blood urea
nitrogen (BUN) assays. e, H&E staining of major organs. Scale bar = 100 ym. Data are expressed as mean + SD. Statistical significance in b was
determined using an unpaired ¢t test. In d, statistical significance was analyzed by one-way ANOVA with Dunnett’s multiple comparisons test.

chromatography—mass spectrometry (LC-MS). As show in
Figure 6g, both iCholl15-C4A2 and iChol15-C4ACM Tc-
LNPs displayed isoelectric point distributions comparable to
ALC-0315 LNPs. Quantitative analysis revealed similar
albumin adsorption levels between these LNP formulations
(Figure 6h). Notably, Tc-LNPs exhibited significantly reduced
apolipoprotein adsorption (4.7% for Tc-LNPs vs 12.1% for
ALC-0315 LNPs, Figure 6i). Most strikingly, Tc-LNPs
exhibited minimal ApoE adsorption, with only 0.4% of the
total protein corona consisting of ApoE. This represents a 90%
reduction compared to ALC-0315 LNPs (6.2%) (Figure 6j and
Tables S5—S7). The substantially reduced ApoE adsorption of
Tc-LNPs directly contributes to the attenuated hepatocyte
uptake and transfection efficiency.

Molecular dynamics simulation using the DiffDock—L
algorithm was conducted to visualize the interaction interfaces
between ApoE and the lipids (iChol lipids and cholesterol).

The results indicated that the binding affinities between ApoE
and iChol lipids (iChol15-C4A2: 24.47; iCholl5-C4ACM:
87.34) were significantly weaker than those between ApoE and
cholesterol (—2.02) (Table S4 and Figure 6k]l), providing
molecular-level evidence for the markedly reduced ApoE
adsorption on Tc-LNPs. Given the results of the cell-based
assays, protein corona analysis, and molecular dynamics
simulations mentioned above, it is evident that iChol lipids,
engineered to exhibit weak ApoE binding affinity, diminish
ApoE/LDLR-mediated hepatic delivery through the reduction
of ApoE adsorption. This, in turn, results in decreased hepatic-
tropic mRNA delivery of Tc-LNPs while simultaneously
promoting their extrahepatic delivery (e.g., splenic delivery).
To validate the applied ability of our design strategy across
diverse ionizable lipid structures, we rationally modified the
commercially available lipid ALC-0315 by replacing the
branched alkyl chain (2-hexyldecanoate) with cholesterol,
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obtaining two cholesterol-modified variants (i0315-AC6Chol
and i0315-AC8Chol, Figure S54). Molecular dynamics
simulations revealed that the binding affinities between ApoE
and the lipids (10315-AC6Chol: —1.74; i0315-AC8Chol:
9.13) were weaker than those between ApoE and cholesterol
(—2.02) (Table S8). Two Tc-LNPs, each incorporating one of
the two ionizable lipids, were prepared for intravenous
administration based on the optimized formulation. Bio-
luminescence analysis of harvested organs showed that
i0315-AC8Chol Tc-LNPs achieved mRNA expression levels
comparable to ALC-0315 LNPs. Notably, ALC-0315 LNPs
primarily mediated hepatic mRNA expression, while Tc-LNPs,
especially 10315-AC8Chol Tc-LNPs, exhibited splenic prefer-
ence (Figure S55a). As shown in Figure S55b, 10315-AC6Chol
and i0315-AC8Chol Tc-LNPs exhibited spleen-to-liver
luminescence intensity ratios of 1.51 and S5.18, respectively,
corresponding to 12.6-fold and 43.2-fold enhancements
compared to commercial ALC-0315 LNPs (0.12). The
findings indicate that employing computational-assisted ration-
al design of lipid structures effectively minimizes ApoE
adsorption on the resulting LNPs, thereby reducing hepatic
accumulation and facilitating extrahepatic mRNA delivery. The
strategy modulates LNP protein corona composition through
structural design to achieve organ preference regulation,
presenting a novel approach for LNP development.

Endosomal Escape Ability, Stability, and Biocompat-
ibility of Tc-LNPs. We further assessed the endosomal escape
efficiency, formulation stability, and biosafety of the novel
cholesterol-free Tc-LNPs. Confocal microscopy analysis of
HEK293 cells incubated with Tc-LNPs (Figures 7a and S56)
demonstrated efficient cellular uptake and subsequent endo-
somal escape of “">mRNA-loaded Tc-LNPs (red), as
evidenced by the colocalization with endosomal/lysosomal
markers (green). Hemolysis assays demonstrated that Tec-
LNPs showed significantly enhanced activity (up to 80%
hemolysis) under acidic conditions (endosomal pH $.0)
compared to physiological pH 7.4 (Figure 7b), indicating the
pH-dependent endosomal escape capability. In addition, we
studied the stability of both Tc-LNPs and four-component
LNPs (ALC-0315 and MC3) encapsulating luciferase mRNA
following storage at 4 °C for 30 days. Tc-LNPs maintained
consistent PDI, particle size, encapsulation efficiency and
stability of luciferase expression in vitro and in vivo, exhibiting
excellent physicochemical and functional stability, which is
comparable to four-component LNP systems (Figure S57). In
vitro cytotoxicity assay revealed the cell viability exceeded 95%
across a wide mRNA concentration range (0.25—4 ug/mL)
(Figure 7c), indicating minimal toxicity. In vivo safety
assessments in Balb/c mice showed that Tc-LNP did not
induce significant alterations in serum alanine aminotransferase
(ALT), aspartate aminotransferase (AST), blood urea nitrogen
(BUN), or creatinine (CRE) levels compared to PBS controls
(Figure 7d). Furthermore, no pathological abnormalities were
observed in major organs, including the heart, liver, spleen,
lung, and kidney (Figure 7e). The results reveal that Tc-LNPs
exhibit superior endosomal escape efficiency, robust stability,
and favorable biocompatibility, highlighting their promise for
clinical application.

B DISCUSSION

mRNA-LNPs based therapies are heralding a new era in
medicine, offering a versatile and programmable platform for
the prevention and treatment of a broad spectrum of

diseases.”™”® However, LNPs predominantly accumulate in
the liver following intravenous administration, thereby
restricting the applications of mRNA-LNPs primarily to
vaccines and liver-associated diseases.'” The protein corona,
formed by the adsorption of serum proteins, particularly ApoE,
onto the surface of LNPs, plays a pivotal role in mediating their
hepatic accumulation.”® ApoE is a prototypical lipid-binding
protein that interacts with cholesterol and other lipids to form
lipoprotein particles, thereby regulating the transport and
distribution of lipids in circulation.*”*" Cholesterol in LNPs
facilitates the adsorption of ApoE, enhancing their internal-
ization by helznatocytes through ApoE/LDLR-mediated endo-
cytosis."*~'** The inherent liver tropism of LNPs restricts the
therapeutic potential for diseases in nonhepatic organs,
necessitating the development of innovative strategies to
overcome delivery barriers and fully unlock the potential of
mRNA-LNP-based therapies.

In this study, we introduce a strategy using molecular
docking (DiffDocK-L) for the rational design of lipids in LNP
formulations. We aim to reduce ApoE adsorption on LNPs,
minimize hepatic accumulation, and enhance extrahepatic
mRNA delivery. Using DiffDock-L, we modeled the binding
conformation and affinity between cholesterol and ApoE,
identifying potential interaction sites. The DiffDock-L
modeling analysis suggests that phenylalanine at position 220
and leucine at position 191 of ApoE engage in van der Waals
interactions with the methyl and ethyl groups, as well as the
double bonds, present in rings A and B of cholesterol. (Figure
2a). To disrupt the interactions, rational modifications of the A
or B ring of cholesterol, where the potential binding sites are
located, are essential. Considering the need to preserve the
structural integrity of cholesterol during modification, we
selected the hydroxyl group on the A ring (Figure 2a) as the
target for modification to induce conformational changes in
cholesterol, thereby attenuating or abolishing its interactions
with ApoE. To achieve an optimized LNP formulation with
reduced complexity and enhanced manufacturing scalability,
we integrate the ionizable center and hydrophobic alkyl chain
into cholesterol through the hydroxyl group. The designed
lipid is mainly divided into three parts: a hydrophilic ionizable
headgroup, a hydrophobic alkyl tail, and a cholesterol alkyl tail.
The lipid headgroup may comprise any of three distinct
hydroxyl-conjugated tertiary amines: 4-aminobutanol, ethanol-
amine, or diglycolamine (Figure 3c). The amine group
becomes protonated in an acidic environment, acquiring
positive charges that facilitate mRNA complexation. Hydroxyl
group incorporation enhances mRNA encapsulation and
transfection efficiency via a synergistic mechanism mediated
by electrostatic interactions and hydrogen bonding between
mRNA and ionizable lipids.*> The hydrophobic alkyl tail,
comprising a branched alkyl group connected to a linear alkyl
chain via a degradable linker, facilitates endosomal membrane
fusion and hexagonal phase transition.** The cholesterol alkyl
tail (Figure 3b) incorporates a cholesterol fragment conjugated
to a degradable linear alkyl chain, enhances LNP stability by
filling gaps between lipids and facilitates endosomal membrane
fusion during cellular uptake.”> Collectively, our computation-
aided approach integrates cholesterol and the ionizable lipid-
two key components of LNPs-into a single entity, facilitating
the rational design of iChol lipids.

DiftDock-L simulations demonstrate that all 105 designed
iChol lipids exhibit significantly lower ApoE binding affinity
compared to cholesterol, validating the design strategy.
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Approximately 80% of iChol lipids have affinity values greater
than 0 with ApoE (Figure 3d), whereas the affinity value for
cholesterol is —2.02. The iChol lipids were synthesized and
experimentally characterized to validate the computational
predictions. All the iChol lipids can be formulated into simpler
three-component LNPs (Tc-LNPs) with a narrow size
distribution while maintaining transfection efliciency in vitro.
The top-performing ten iChol lipids, identified based on in
vitro transfection efliciency, exhibited comparable or superior
in vivo efficacy compared to the commercial ALC-0315
(Figure Sa). Importantly, these Tc-LNPs (based on the ten
iChol lipids) also demonstrated reduced liver tropism and
enhanced mRNA delivery to extrahepatic tissues, particularly
in the spleen (Figure Sf,g). Among the ten iChol lipids tested,
iChol15-C4A2 and iChol15-C4ACM exhibited superior
transfection efficacy relative to ALC-0315 following intra-
muscular administration, and also achieved efficient extra-
hepatic mRNA delivery (Figure Sb,f). Notably, protein
adsorption assays demonstrated that Tc-LNPs exhibit up to
a 90% reduction in ApoE adsorption compared to conven-
tional LNPs (Figure 6j), supporting the computation-aided
design strategy. The attenuated ApoE binding reduces Tc-LNP
dependence on ApoE/LDLR-mediated hepatocyte endocyto-
sis, thereby diminishing hepatic preference. Additionally, we
applied our strategy to ALC-0315 to evaluate its extensibility
across different ionizable lipids. Cholesterol-modified ALC-
0315 LNPs similarly demonstrated reduced hepatic accumu-
lation without compromising transfection efficiency, validating
the broad applicability of our approach. These results
demonstrate that our computation-aided lipid design strategy
establishes a robust framework for the rational engineering of
lipids tailored for extrahepatic mRNA delivery.

It is worth noting that although both free cholesterol and
ionizable lipids were replaced by iChol lipids, the stability of
Tc-LNPs was not compromised. Tc-LNPs exhibited com-
parable stability to four-component LNPs following storage at
4 °C for 30 days, with no significant compromise in the
fundamental physicochemical properties or functional perform-
ance (Figure S57). This suggests that, despite the modification
altering the conformation of cholesterol, the modified
cholesterol still contributes to the stability of Tc-LNPs by
filling the gaps between the lipids. In addition, iChol lipids
impart strong pH-mediated charge-changing properties to Tc-
LNPs, promoting membrane penetration (>60% disruption at
pH endosomal 5.5) and facilitating endosomal escape for
efficient mRNA delivery, while exhibiting minimal effects at
physiological pH (7.4). These properties enhance both the
transfection efficacy and biocompatibility of Tc-LNPs. More-
over, the incorporation of biodegradable linkers into iChol
lipids further improved the biocompatibility, with Tc-LNPs
exhibiting no detectable cytotoxicity or adverse effects in both
in vitro and in vivo at tested doses (Figure 7c—e). These
results demonstrate that Tc-LNPs exhibit excellent perform-
ance for clinical translation potential.

Although the developed Tc-LNPs possess favorable proper-
ties for reducing hepatic tropism and simplifying the LNP
delivery system, several aspects require further investigation.
For instance, Tc-LNPs still show a certain degree of hepatic
enrichment, and understanding the underlying mechanism is
essential for developing next-generation Tc-LNPs with reduced
liver accumulation. And the mechanism underlying spleen
accumulation requires further investigation to fully understand
its biological implications. Additionally, the current study was

conducted in mice, future investigations should evaluate Tc-
LNP distribution patterns in large animal species, including
nonhuman primates, to assess the clinical translatability.

B CONCLUSION

In conclusion, we have established a robust LNP platform that
enables efficient extrahepatic mRNA delivery (e.g, spleen
targeting) through strategic reduction of ApoE interactions,
and demonstrated its capability through proof-of-concept
studies. Our findings highlight the translational potential of
mRNA-based therapy for diseases beyond the liver, broadening
the therapeutic scope of mRNA technology.
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