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The use of lipid nanoparticles (LNPs) for therapeutic RNA delivery has gained significant
interest, particularly highlighted by recent milestones such as the approval of Onpattro
and two mRNA-based SARS-CoV-2 vaccines. However, despite substantial advance-
ments in this field, our understanding of the structure and internal organization of
RNA-LNPs —and their relationship to efficacy, both in vitro and in vivo— remains limited.
In this study, we present a coarse-grained molecular dynamics (MD) approach that allows
for the simulations of full-size LNPs. By analyzing MD-derived structural characteristics
in conjunction with cellular experiments, we investigate the effect of critical parameters,
such as pH and composition, on LNP structure and potency. Additionally, we examine
the mobility and chemical environment within LNPs at a molecular level. Our findings
highlight the significant impact that LNP composition and internal molecular mobility
can have on key stages of LNP-based intracellular RNA delivery.

lipid nanoparticles | RNA delivery | mRNA therapeutics | MD simulations | endosomal escape

Nucleic acid-based therapies have emerged as promising alternatives for developing poten-
tial treatments for a wide range of disorders previously considered undruggable. The field
of mRNA therapeutics, where mRNA is used to induce protein expression, has gained
significant attention in recent years driven by the development and approval of
mRNA-based vaccines during the COVID-19 pandemic. Currently, several potential
mRNA-based therapies are being evaluated in clinical trials in the fields of oncology,
vaccines, immunology, protein replacement therapies, and genome editing (1). However,
due to its intrinsic instability and large size, mRNA should be encapsulated in a delivery
vehicle to protect it from degradation en route to the target cell as well as to enable uptake
into the cytosol (2). To this end, lipid nanoparticles (LNPs) are by far the most advanced
nonviral RNA delivery system (2, 3), as evidenced by the approval of several RNA-LNP-based
drugs in recent years. Notable examples include Patisiran (Onpattro®), an LNP-based
siRNA therapy for treating polyneuropathies resulting from hereditary transthyretin amy-
loidosis (hATTR), as well as the mRNA-based vaccines against COVID-19 from
Phizer-BioNTech (BNT162b2) (4) and Moderna (mRNA-1273) (5). Given the significant
potential and rapid development of this lipid-based vector, the current status and chal-
lenges of LNPs have been extensively reviewed in recent years (1, 2, 6, 7).

LNPs typically range from 50 to 120 nm in size and generally consist of four lipid
components: a (cationic) ionizable lipid (CIL), cholesterol, a phospholipid, and a poly(eth-
ylene glycol) (PEG)-derived lipid. Several properties, such as LNP size and the nature of
the ionizable lipid, have been shown to influence LNP performance both in vitro and
in vivo (8-10). However, the distribution of components within the particle and the
presence of nanostructured regions remain subjects of active research. Early molecular
dynamics (MD) simulations and experiments suggested an inverse micellar arrangement
of the ionizable lipids encapsulating siRNA (10-12). Subsequent studies on mRNA-LNPs,
including those from Yanez-Arteta et al. (8) and Sebastiani et al. (13), propose the existence
of inverse worm-like micellar phases. For siRNA-LNPs, Kulkarni et al. (14, 15) postulate
a lamellar structure primarily consisting of DSPC—cholesterol concentric bilayers with
siRNA sandwiched in between. In contrast, Cornebise et al. (9) observed both amorphous
and multilamellar-core structures for mRNA-LNPs. Overall, the structure of mRNA-LNPs
appears to be largely dependent on the nature of the ionizable lipid (16), the cargo, as
well as different formulation parameters such as the N:P ratio and pH (17, 18). Additionally,
recent reports from Trollmann et al. (19) and Paloncyovd et al. (20) regarding atomistic
MD simulations of size-reduced LNP systems (20 to 35 nm diameter) support the presence
of an inverse worm-like micellar structure, consistent with findings from recent experi-
mental studies (8, 13, 21). However, despite the great contributions from these studies,

PNAS 2024 Vol.121 No.45 2404555121

https://doi.org/10.1073/pnas.2404555121

Significance

Our research offers insights into
the design of lipid nanoparticles
(LNPs), an advanced delivery
system for RNA-based therapies,
including some of the mRNA
vaccines developed during the
COVID-19 pandemic. Through
advanced molecular simulations,
we investigated how variations in
LNP composition influence their
structural dynamics and RNA
release within cells. These
dynamic structural changes can
be crucial for enhancing RNA
delivery efficiency. Our findings
contribute to the development of
effective tools for rapid screening
of LNPs, by reducing the variable
space for formulation
optimization, which could, in
turn, accelerate the advancement
of RNA therapeutics. This work
not only enhances our
understanding of LNPs but also
underscores the potential of
computational methods to
support innovative drug
formulation.

Author contributions: A.G., FAM., and KM. designed
research; A.G., N.Z,, P.S., and F.A.M. performed research;
A.G., N.Z, SR, JK, J.S.,, CS., and P.S. contributed new
reagents/analytic tools; A.G., D.D.-O., N.Z,, P.S., FAM.,
and KM. analyzed data; and A.G., D.D.-O., and FAM.
wrote the paper.

Competing interest statement: All authors are current
employees of Bayer AG or Nuvisan ICB GmbH.

This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"To whom correspondence may be addressed. Email:
florian.mann@bayer.com or katharina.meier2@bayer.com

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2404555121/-/DCSupplemental.

Published October 30, 2024.

10f9


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:florian.mann@bayer.com
mailto:katharina.meier2@bayer.com
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2404555121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2404555121/-/DCSupplemental
https://orcid.org/0000-0003-0499-2863
https://orcid.org/0009-0007-1289-3925
https://orcid.org/0000-0003-4748-3989
mailto:
https://orcid.org/0000-0003-2348-1663
mailto:
https://orcid.org/0000-0003-2474-8278
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2404555121&domain=pdf&date_stamp=2024-10-30

20f9

further understanding of the influence of composition and size
on the internal architecture of full-sized LNPs is needed, with a
special focus on the LNP structure in the maturing endosome,
since this is where the process of endosomal escape takes place,
which is known to be a crucial bottleneck in functional RNA
delivery (22, 23). Before cellular uptake, LNDPs are thought to
undergo a process called “PEG-shedding” (24-26), in which
PEGylated lipids located at the surface (10, 11, 27) desorb from
the LNP in exchange for serum proteins such as apolipoprotein
E (ApoE). This process has been shown to be pivotal for LNP
potency and liver tropism in vivo (28). Recent studies indicate
that after endocytosis, the protein corona detaches from the nan-
oparticles, facilitating endosomal escape (29, 30).

In this work, we simulated full-size LNPs in environments with
varying degrees of acidification to better understand the state of
LNPs in an endosome-like microenvironment. Gaining improved
insight into the structural and dynamic characteristics of LNPs
under these specific conditions presents a significant opportunity
for the rational design and optimization of next-generation LNDPs.
Additionally, to further explore how these factors might modulate
LNP activity, we conducted cell assays on those simulated formu-
lations, providing insight into LN performance at various stages
of intracellular delivery.

Results and Discussion

Direct Coexistence Enables Simulations of Full-Size LNPs. At the
onset of our study, we conducted direct coexistence simulations
(DC) (31-33) to investigate how LPO01 (34), a CIL currently used
in a clinical-stage gene editing study (35), along with cholesterol,
distearoylphosphatidylcholine (DSPC), and RNA, arranges within
an LNP in an acidic environment. To ensure the accuracy of our
model, we evaluated the influence of pegylated lipids on LNP
structure. These simulations revealed that PEG-lipids, whether
partially or fully retained, remain localized on the LNP surface
without significantly disrupting the overall lipid organization,
(81 Appendix, Fig. S7). In light of these results, and considering
the prolonged equilibration times inherent to polymer simulation
that scale quadratically with the number of repeating units (36),
we excluded PEG-lipids from our primary model. This allowed us
to focus on the core components of the LNP —cationic ionizable
lipid, cholesterol, DSPC, and RNA- thereby enhancing the
throughput of this approach.

Direct coexistence (DC) enables the simulation of multiple
full-sized LNPs within a realistic timeframe by placing a rectangular
segment of the nanoparticle in coexistence with the external aqueous
medium, as depicted in Fig. 1. To model the LNP components, we
employed coarse-grained (CG) molecular dynamics (MD), an
expanding area of research that has gained traction due to seminal
works reformulating coarse-graining as a machine-learning problem

SANthem= 3IR SA,vCuhoiﬂ= 2ILZ
Fig. 1. Coarse-grained molecular dynamics (MD) simulations: setup. In a direct
coexistence (DC) simulation, a rectangular segment of the nanoparticle is set
in coexistence with the external aqueous medium (top right). The rectangular
segment length (Lz) is chosen to ensure that its Surface-Area-to-Volume ratio
(SA/V =2/Lz) is equivalent to that of the LNP (SA/V =3/R), where R is the radius
of the LNP and D its diameter.
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(37-39). Due to its transferability (40—44) and extensive validation
(45), we used the MARTINI 3 model (45) (nontitratable version
(46, 47); further details can be found in the ST Appendix, Methods).
Direct coexistence can also be used with atomistic models, allowing
for studies with greater detail of interactions (48).

For this study, we selected two LNPs with significantly different
lipid compositions: LINPI (LP01/cholesterol/DSPC = 45:45:10,
molar ratios) and LNP2 (73:18:9), while maintaining a constant N/P
ratio (molar proportion between CIL-amine and RNA-phosphate
groups) of 4.5 in both cases. Experimentally, these formulations
resulted in LNPs with DLS-measured diameters of 99 nm and
198 nm, respectively (S/ Appendix, Table S1). Compositions
highly enriched in ionizable lipid have previously been studied in
the context of siRNA-LNDPs (15) and ASO-LNPs (49), and were
associated with lower nucleic acid encapsulation and the formation
of “bleb” structures, making them interesting targets for our
MD-guided structural evaluations.

During the setup of the simulations, the size of the DC simula-
tion boxes (Fig. 1) was chosen to ensure equivalence with the exper-
imentally measured radii by matching the Surface Area-to-Volume
(SA/V) ratio. This parameter modulates the distribution of com-
ponents at the surface versus in the interior of the LN

Simulating LNPs at a reduced size results in artificially high
surface area-to-volume (SA/V) ratios and corresponding overen-
richment of the surface (8, 50), as well as inaccurate Laplace pres-
sure (51). Moreover, given the typical molecular size (Rg) of
approximately 0.4 nm inside LNDs, the local surface curvature
can be considered negligible for particles with a radius greater than
35 nm. In this context, direct coexistence (DC) offers an alterna-
tive simulation approach to accurately study component distri-
bution along the LNP at a significantly reduced computational
cost compared to direct simulations of full-sized LNPs. Indeed,
DC simulations of LNPI consisted of ~50.000 particles, while
direct simulations of a 100 nm LNP would require around 21
million particles, and up to 170 million for a 200 nm LNP
[extrapolated from about 7.2 million for a 70 nm LNP (19)].

While LNPI (diameter = 99 nm) falls within the size range
commonly observed for RNA-LNDPs, the CIL-enriched formula-
tion LNP2 is substantially larger (198 nm diameter), a phenom-
enon previously attributed to the electrostatic repulsion of excess
ionizable lipid (49). Additionally, a high concentration of lipid
could increase the interfacial free energy with water, leading to
larger average sizes for the LNDs.

LNP Composition can Markedly Alter the Core-Shell Architecture.
For both simulated formulations, we computed the average con-
centration profile of each molecular species, as well as the total
charge density profile at different distances from the center of the
LNP (Fig. 2 A and C). Due to the difference in topology (spherical
vs rectangular), the distances are contracted (e.g., a diameter of 100
nm is equivalent to a 33 nm-long box).

Our simulations indicated the presence of a core-shell architec-
ture, with an outer shell characterized by a high content of DSPC,
similar to previous studies of LNPs under neutral conditions (8,
13, 19, 20). This aligns with recent reports from small angle neu-
tron scattering (SANS) experiments for MC3-LNPs in the
Onpattro formulation (8 13), which provided insights into the
distribution of lipid components between the core and shell (shell:
51% cholesterol, 28% MC3, 18% DSPC, and 2.7% DMPE-PEG;
core: 24% cholesterol, 76% MC3, and 0.033% mRNA) (13).
However, using these values for comparative purposes should be
approached with caution, as they correspond to LNPs of different
sizes and under neutral conditions (such as during storage or in
the bloodstream), which typically involve a lower concentration
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Fig. 2. Concentration and charge density profiles for LNPT and LNP2. (A) Molar concentration profiles as a function of the distance to the LNP center for LNP1
(thick lines) and LNP2 (thin lines); (B) charge density profile as a function of the distance to the LNP center for both LNP7 and LNP2; (C and D) concentration
profiles for LNP1 and LNP2, respectively (1 nm in a spherical LNP is equivalent to 0.33 nm in a DC simulation); (E) close-up snapshot of the core-shell-water

interphases for the studied LNPs.

of protonated amines. Comparison between our studied formu-
lations (LNPI and LNP2) in an environment where most of the
CIL molecules are charged revealed significant differences in the
compositions of the outer shells, as depicted in Fig. 2.

We defined the outer shell as the region where concentration
profiles significantly differ from the bulk values. For LNP1, this
corresponds to the region at ~10 to 15 nm on the x-axis (Fig. 2C).
However, a more complex scenario was observed for LNP2
(Fig. 2D). First, analogous to LNPI, we identified a primary shell
region (~21 to 27 nm on the x-axis, further referred to as the
“micellar” region) with molecules up to 6.5 nm away from the
bulk. Additionally, a second, DSPC-rich outer shell was detected
up to 3 nm beyond the micellar region (27 to 30 nm on the x-axis).
For the outermost, solvent-exposed shells, we found the following
molar compositions: for LNPI, 47.0% cholesterol, 38.2% CIL,
14.5% DSPC, and 0.3% RNA; for LNP2, 27.0% cholesterol,
6.5% CIL, 66.2% DSPC, and 0.3% RNA. The “micellar” region
of LNP2 is composed of 24.2% cholesterol, 48.6% CIL, 26.5%
DSPC, and 0.7% RNA. A closer examination of the outermost
shells (in contact with water) reveals that the zwitterionic heads
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of DSPC molecules are located at the LNP surface, exposed to
the solvent, while the aliphatic tails remain buried in the lipophilic
environment of the nanoparticle. In the case of LNVPI (formula-
tion with 45% CIL, Fig. 24), an overenrichment of cholesterol
molecules in the shell compared to the core is observed, likely due
to favorable DSPC—cholesterol interactions (15) and the limited
solubility of cholesterol in the CIL-rich core (8, 14). Similarly,
the protonated CIL-amine moiety contributes to the presence of
this substance in the surface monolayer. In contrast, the
ClIL-enriched formulation LZNP2 displays a higher concentration
of CIL at the surface, resulting in a reduced cholesterol concen-
tration. Moreover, we observed DSPC—water micelle-like struc-
tures (Fig. 2E — inset), which may arise from the LNP surface
being saturated with DSPC molecules due to the smaller available
surface area (1.27 DSPC molecules per nm’ for LNPI vs 2.2
DSPC molecules per nm’ for LNP2).

The reduced available space at the surface likely promotes a higher
concentration of DSPC in the interior of the LNP, which subse-
quently rearranges to form water-containing micelles that may dis-
solve, merge, or diffuse over longer timescales. Such micellar, or even

https://doi.org/10.1073/pnas.2404555121
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“bleb,” structures at the LNP surface align with previous experimental
observations (52) and are associated with high local concentrations
of ionizable lipid (49). We hypothesize that these micellar nanostruc-
tures could interfere with LNP-membrane or LNP-serum protein
interactions, ultimately hindering subsequent uptake and endosomal
escape processes. This interference may occur through steric hin-
drance of functional RNA release or competitive fusion of the
water-containing micelles with the endosomal membrane. It is
important to note that changes in lipid content and morphology of
both the surface and core are likely critical determinants of endosomal
escape. This is supported by recent reports from Patel et al. (53) and
Zheng et al. (54) which demonstrated that cubic and inverse hexag-
onal phases lead to faster fusion with endosomal membranes.

Charge Distributions are Similar for Both Lipid Compositions.
Another important parameter for LNP characterization is the
surface charge, as it can play a key role in LNP performance in vivo,
depending on the nanoparticle composition. As mentioned earlier,
the charged molecules at the shell are exposed to serum proteins,
which can alter the biodistribution of RNA-LNPs, potentially
enabling engineered particles to target specific organs or cells of
interest (14). In this context, molecular dynamics (MD) can be
applied to prioritize formulations based on their expected surface
charges. After obtaining profiles for the total charge density at
different distances from the LNP center (Fig. 2B), we observed that
both studied formulations exhibit similar charge profiles. In the
core, the charges are homogeneously distributed, although ZNPI
shows a slightly lower charge density, likely due to its lower content
of CIL. At the surface, both formulations display an alternating
charge density, attributable to the zwitterionic nature of regularly
arranged DSPC molecules, followed by a positive charge peak,
which can be attributed to the presence of protonated CIL-amines
on the surface and their favorable interactions with the solvent.

Linking Structure and Activity using Cell Assays. Motivated by
the previous findings from MD simulations, we next tested two
different RNA-LNP formulations on cells. For this, we applied
a fluorescence microscopy-based assay, recently developed by
Munson et al. (55), which can visualize and quantify crucial steps
in LNP delivery (22, 23, 55): uptake, endosomal escape, and
RNA translation. HepG2 and Hela cells, stably expressing an
N-terminally fluorescently labeled Galectin-9 (Gal9) protein, were
treated with green fluorescent protein (GFP)-encoding mRNA-
LNPs, and monitored by time-lapse imaging for 24 h.

RNA uptake was evaluated by measuring Cyanine-5 (Cy5)-labeled
mRNA; endosomal escape was analyzed by counting Gal9 spots per
cell region; and translation efficacy was assessed by monitoring the
fluorescence intensity of expressed GFP In general, LNPI displayed
more efficient uptake and endosomal escape, as well as a higher GFP
expression when compared to LZNP2 in both cell lines (Fig. 3C). It
is important to note that this assay cannot differentiate between
endosomal escape from early or late endosomes. Studies by
Paramasivam et al. (29), Zheng et al. (54), and Wittrup et al. (56)
have shown that there is a narrow time window for functional release
from endosomes. By correlating the results from these cell assays
with those from the MD simulations described above, we can
hypothesize that surface composition and organization (including
the presence of nanostructures, such as micellar regions) are impor-
tant factors for LNP activity in cells. Further research is needed to
precisely determine how much of the variance observed in LNP
performance across formulations or CIL modifications is explained
by structurally derived variables.

Ideally, such a combination of in vitro experiments and struc-
tural simulations could be developed into a high-throughput tool

https://doi.org/10.1073/pnas.2404555121

to enhance our understanding of LNP structure—activity relation-
ships (SARs). These SARs can pave the way to link the molecular
structure of formulation components to LNP activity, ultimately
leading to the development of more potent LNP formulations.

The Interior of LNPs Is not Homogeneous but Consists of
Transient Nanostructures. Given the strong in vitro performance
exhibited by LNPI, we focused on this formulation as an
illustrative example to gain deeper insights into the chemical
environment surrounding water and RNA molecules inside of
an LNP through simulations. To avoid pollution from the water-
lipid interphase, we conducted simulations of the core region of
LNPs, specifically bulk NpT simulations at T = 298 Kand P =1
bar. The composition of the LNP core (S/ Appendix, Supporting
Information) was derived from the DC simulations by averaging
the composition from 0 to 10 nm from the center of the LNP
in Fig. 2C.

This more detailed analysis revealed that the components are
not homogeneously distributed; rather, they form different nano-
structures, similar to previous experimental reports (8, 13, 21).
These nanostructures, usually in the shape of inverse (worm-like)
micelles (Fig. 4 Band C), are transient and do not coalesce; instead,
they dissolve and reform in different locations within the LNP over
time. This dynamic nature leads to the previously presented density
profiles (Fig. 2 A and C), which show a homogeneous component
distribution inside the LNPs, even though the overall structure at
a given time is predominantly (inverse) micellar.

The radial distribution functions (¢(r)) for each component,
relative to either water or RNA, were computed to provide a quan-
titative assessment of their coordination and chemical environ-
ment, as illustrated in Fig. 4 D and E, respectively. These functions
indicate the enrichment or depletion of specific components at a
given distance from water or RNA molecules compared to the
average concentration inside the LNP.

Fig. 4D shows high peaks for the water—water function at short
distances, suggesting the presence of small water clusters in an
environment with low bulk water content, such as the interior of
these inverse micelles in LNPs. The water—RNA and water—DSPC
functions indicate that the internal water droplets are enriched in
RNA and DSPC, consistent with the existence of inverse micellar
structures within the LNPs. This aligns with previous reports (8,
13) indicating that the environment surrounding RNA in LNPs
is predominantly aqueous (8). The water g(r) functions for both
CIL and cholesterol exhibit significantly lower peaks, indicating
higher concentrations of these two lipids in the bulk phase.

Similarly, we computed the radial distribution functions of RNA
relative to other molecular species within the LNP to understand
their spatial arrangement around RNA. Consistent with the pro-
posed reverse micelle nanostructures, where RNA is organized
within the LNP interior (as depicted in Fig. 4 A and C), we find
that the first solvation shell of RNA is highly enriched in CIL and
water (Fig. 4E). CIL molecules are preferentially distributed around
RNA at their bonding distance, as expected given their role in
sequestering RNA into LNPs by binding to the RNA phosphate
backbone with their charged amine moieties. The radial distribution
functions for both DSPC and cholesterol indicate a depletion of
these components, likely due to steric exclusion by the ionizable
lipid and water molecules surrounding the RNA. The RNA-RNA
distribution reveals a depletion region up to approximately 3 to 6
nm, which can be explained by the center-to-center distances of
approximately 6 nm between RNA-containing channels or inverse
worm-like micelles formed by the CIL molecules. This observation
is also consistent with published SAXS data on LNPs containing
other ionizable lipids (8).

pnas.org
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Fig. 3. Deciphering the relationship between the (modeled) LNP structures and their function on different cells. (A) HepG2 and (B) Hela cells constitutively
expressing fluorescently labeled Gal9 were treated with 1 pg/mL LNP containing Cy5-labeled, GFP-encoding mRNA and followed by live-cell imaging (1 picture
per hour) for 24 h; () mRNA entry and translation was measured by quantification of Cy5 or GFP response in the region of the cells, and endosomal escape was
assessed by quantification of Gal9 spots per region of cells. All data were normalized to t = 0 of the negative control (PBS) in the respective readout. Error bars
=SD. Exemplary data from two independent experiments with similar outcome. (Scale bar (parts A and B), ~40 um.)

DSPC Precludes RNA Efflux Under Environmental pH Variations.
We recognized the potential of our simulations to better
understand the pH-dependent behavior of LNPs, given the critical
importance of this parameter both in the LNP manufacturing
process and during cargo release through endosomal escape. First,
we simulated an increase in pH until no further CIL-amine groups
were protonated, resembling the neutralization step following
particle formation in the LNP manufacturing process (Fig. 5 A and
B). In agreement with experimental observations, but contrary to
recent simulation-based reports (20), our results showed that RNA
remained encapsulated even after neutralizing all CIL-derived
positive charges in the interior of the LNP. Next, inspired by a
recently described method of RNA entrapment into preformed

PNAS 2024 Vol.121 No.45 2404555121

empty LNPs (57, 58), and the high potential of this approach
for rapid screening of different mRNA (or sgRNA) formats, we
simulated a preformed LNP and subsequently added RNA to the
aqueous phase. As expected, RNA quickly penetrated the LNP
when the amine groups were protonated, whereas it remained
on the LNP surface under neutral conditions (see Supporting
Information for simulation movies).

In contrast to other recent MD simulations (19, 20), our results
suggest that, despite the affinity of encapsulated RNA for the aque-
ous phase at neutral pH, it cannot migrate out of the LN However,
removal of the DSPC outer layer from this system at neutral pH
resulted in RNA migrating to the aqueous phase (Fig. 5C).
Therefore, we postulate that the DSPC layer at the surface acts as

https://doi.org/10.1073/pnas.2404555121
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distribution function of RNA molecules to LNP-components. In the snapshots, only molecules in contact—within one bead’s diameter—with the water cluster
or RNA molecule, respectively, are shown. The surface of water molecules has been rendered transparent for visualization.

avalve, allowing RNA entry at low pH while preventing its release
at higher pH values, in agreement with previous experimental
observations by Kulkarni et al. (15) Interestingly, we noted a shift
of CIL molecules toward the LNP surface at lower pH (S7 Appendix,
Fig. S6). This supports the hypothesis of an endosomal escape

A Acidic pH

B Neutral pH

o Neutral pH
No DSPC

Fig. 5. Therole of DSPC for LNP stability and RNA encapsulation. Variations of
pH ranging from fully protonated ionizable lipid (purple) to unprotonated (A:
acidic pH; B: neutral pH) did not lead to the release of RNA into the aqueous
phase in the presence of DSPC (yellow). Conversely, removal of the DSPC
layer (C) in an unprotonated environment led to RNA (green) leaving the LNP.

https://doi.org/10.1073/pnas.2404555121

process based on membrane fusion events and mediated by charged
ionizable lipid headgroups (10), rather than by LNP breakage inside
the endosome (29) and the escape of smaller RNA-CIL complexes.
Our simulations showing the CIL relocating toward the surface
align with the cargo release mechanism proposed earlier by Maugeri
etal. (59), where CIL molecules previously not bound to RNA
(“excess CIL”) induce membrane fusion and disruption, followed
by the escape of the RNA-CIL “complex salt” (1:1 molar ratio
RNA nucleotide to ionizable lipid amine) into the cytosol. As illus-
trated in S/ Appendix, Fig. S7, the retention of PEG-lipids on the
outer nanoparticle layer reduces the availability of surface sites for
“excess CIL,” resulting in their concomitant depletion from the
LNP surface. A decreased superficial positive charge density would
be expected to impair the efficiency of an endosomal escape process
that is based on membrane fusion events and mediated by charged
ionizable lipid headgroups (10).

Once in the pH-neutral cytosol, the “complex salt” dissociates,
releasing the free nucleic acid to carry out its function, such as
translation into a protein for mRNA or knockdown for siRNA or
ASO. Further research featuring simulations with an explicit rep-
resentation of the membrane accompanied by structural experi-
ments (60, 61) would be helpful to improve our understanding
of the endosomal escape process.

RNA Concentration Affects Molecular Mobility Inside the LNP.
Another factor frequently optimized for RNA-LNPs is the molar
proportion of RNA to ionizable lipid, commonly referred to as
the N/P ratio. Typical values range from N/P = 3 [for Onpattro
(62)] to N/P = 6 [for Comirnaty (62)], and can be even higher
(up to N/P = 12) for some LNPs encapsulating even larger RNA
cargos, such as self-amplifying RNA (63). When dosed at the
same RNA concentration, LNPs with an increased N/P ratio often
lead to higher protein production in vivo; however, the increased
amounts of ionizable lipid are also associated with potentially
greater toxicity.

Considering this, we aimed to analyze the effect of different
N/P ratios on the internal structure of LNPs and the molecular
mobility of their components. RNA typically constitutes between
2% and 8% by weight of the LN, depending on the chosen N/P
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ratio for the specific nanoparticle. Given the molecular length and
interaction profiles of this nucleic acid, we hypothesized that RNA
could decrease molecular mobility within LNPs. To better under-
stand how RNA modulates the internal dynamics of LNDs, we
conducted bulk NpT simulations of the core region of LNPI
(approx. 7% w/w RNA at the core of the LNP) and subsequently
diluted the RNA concentration by a factor of 10, resulting in
LNP3 (approx. 0.7% w/w RNA). We then computed diffusion
coefficients from the mean squared displacement (64) for the
components in these two formulations (Fig. 64).

For every molecular species within these LNDs, a lower RNA
concentration resulted in higher mobility. Decreasing the RNA
concentration from 7% to 0.7% by weight increased the diffusion
coeflicient by an average factor of 1.5. This result leads us to
postulate that RNA hinders the mobility of the other components
within the nanoparticle, likely due to the nature of this nucleic
acid as a long, multiply charged chain with favorable interactions
with other molecules in the interior of LNPs. This finding empha-
sizes how the concentration of RNA (or the N/P ratio) can be
used to engineer and fine-tune the material properties of LNPs.
It is important to note that the modulation of molecular mobility,
either by LNP composition or the structure of different ionizable
lipids (65), could also play a role in the endosomal escape process
and the rate at which CIL molecules can relocate toward the LNP
surface to facilitate membrane fusion (87 Appendix, Fig. S6). In
line with this, Philipp et al. recently reported a lower mobility of
the ionizable lipid DLinDMA using fluorescence anisotropy, along
with a delayed onset of protein production in single-cell experi-
ments (65). This report underscores the hypothesis that ionizable
lipid mobility is another key contributing factor to endosomal
fusion and escape. Building on these experimental findings, the
mobility calculations can serve as an additional and relevant metric
to rank and characterize LNP formulations.

Encapsulation-Driven Conformational Changes. Finally, to
investigate the impact of LN encapsulation on the conformational
ensemble of RNA and CIL, we determined the degree of
compaction (see Fig. 6B) in both an aqueous environment and
in the interior of LNPs. In highly diluted aqueous environments,
the hydrophobic aliphatic tails of the CIL molecules fold to
minimize their exposure to water and maximize intramolecular
interactions. In contrast, within the interior of LNPs, the CIL
can adopt extended conformations to promote interactions with
other lipophilic molecules. RNA molecules in the interior of LNPs
undergo an enthalpy-driven collapse, adopting more compact
conformations to interact with the positively charged environment.

A osr B 151 O ClL inside LNP
@ High RNA content ® CIL outside LNP

— 0.3 @ Low RNA content &v O RNA inside LNP
) 104 © RNA outside LNP
o - p
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Fig. 6. Molecular mobility and structural flexibility inside LNPs. (A) Effect of
RNA concentration on molecular mobility in LNPs by comparison of the mean
squared displacement (MSD) for the molecules found inside LNPs. Weight
ratios: 7% RNA (filled), and 0.7% RNA (striped); (B) LNP encapsulation drives
compaction of RNA and expansion of CIL molecules. Comparison of the radius
of gyration (Rg) distributions for RNA and CIL molecules in the interior of an
LNP (continuous) and in a free aqueous environment (striped).
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This adaptation allows them to overcome self-repulsion from
the charge—charge interactions between the negatively charged
phosphate groups in the RNA backbone.

Conclusion

In this work, we presented a molecular dynamics approach that
enables accurate simulation of full-sized LNPs (diameter > 80 nm)
within a computationally feasible timeframe. This method facili-
tated the detailed characterization of the spatial distribution of key
molecular components—RNA, ionizable lipids, cholesterol, and
DSPC—within the LNP, specifically under acidic conditions that
reflect a key aspect of the endosomal environment. Additionally,
we illustrated how modifications in LNP formulation can signifi-
cantly reshape surface nanostructure, which in turn may regulate
essential processes such as endosomal escape and cellular uptake,
thereby impairing overall LNP efficacy. By comparing the struc-
tural features derived from different LNP formulations with cel-
lular assay data on LNP uptake, endosomal escape, and RNA
translation, we have shed light on how these surface features could
be linked to reduced activity. Furthermore, we observed the migra-
tion of ionizable lipids toward the LNP surface under low pH
conditions, a phenomenon consistent with a membrane fusion-
based mechanism for endosomal escape. Complementing recent
studies that emphasize the role of ionizable lipid shape (66) as well
as its structural transitions (65), our findings suggest that both
LNP composition and internal molecular mobility may play critical
roles in governing processes such as uptake and endosomal escape.
These insights, along with the simulation approach, could offer a
foundation to advance rational LNP design and ultimately enable
the development of more efficient genomic medicines.

Methods

Direct Coexistence Simulation Details. To better understand the distribution
of the different components inside LNPs, we employed the direct coexistence (DC)
method (67), which is a well-validated simulation technique for investigating
systems composed of multiple coexisting phases and has been widely used to
determine solubilities (68, 69) and phase diagrams of crystalline solids (69-73),
as well as to understand lipid organization (74) and protein phase separations
(32,75, 76). In DC simulations, the coexisting phases-LNP (lipid-rich phase)
and endosomal lumen (water-rich phase)-are placed in the same simulation
box. Such setup allows the characterization of the molecular organization and
interactions within the LNP, as well as a detailed examination of the interface
between the aqueous phase and the LNP. As mentioned in the Results section,
simulating LNPs with an accurate surface-area-to-volume ratio is important for
realism: Simulating reduced-size LNPs (at a fixed composition) is equivalent to
increasing the surface area-to-volume ratio and could result in an unrealistic
overconcentration of components on the particle’s surface as opposed to locating
to the core.

The area of the lipid-water interphase (Lx, Ly) was thus selected to match the
surface area-to-volume ratio (SA/V) of a lipid nanoparticle of the experimentally
measured radius r (SA/V = 3/r = 2/1z), but large enough to avoid self-interactions
through the periodic boundary conditions (none of which were observed through-
out the simulation by checking the minimum distance between same periodic
replicates). The molecular dynamics details and coarse-graining of the different
components are further outlined in Supplementary Information.

The authors do not recommend direct coexistence to study LNPs of Diameter
<40 nm, as this could result in unphysical interactions between the two liquid-
waterinterphases as well as an underestimated Laplace pressure. However, such
small LNPs require less computational resources and are thus ultimately better
suited to be directly simulated by standard molecular dynamics, similarly to
previous LNP MD simulations (11, 19, 20) (not using direct coexistence) where
the entire LNP is placed in an aqueous environment. Future research is essen-
tial to elucidate how other phenomena relevant to endosomal escape can be
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accurately captured through advanced simulations. Key areas of interestinclude
the adsorption of proteins onto the LNP surface, interactions and fusion between
LNPs and the endosomal membrane —particularly the possible translocation of
RNAthrough the membrane wall- and the structural mesophase changes driven
by pH variation.The efficient direct coexistence approach, which has already been
applied to study the free energies of membrane stalk formation (77), could be
further explored and validated against direct simulations and experiments (60)
to address these complex aspects of endosomal escape.

Coarse-Grained Simulations with the MARTINI3 Forcefield. The phase
behavior and localization (core, surface, or solvent) of the components of LNPs in
anaqueous environment are determined by water-oil transfer free energies and
water-oil interfacial tensions. Thus, for the CG simulations of LNPs in this study, we
employ the MARTINI3 CG forcefield (45), which is consistent with experimental
measurements of water-oil transfer free energies (mean absolute error of transfer
compared to the experimental data of 2 kJ mol™") (45) and interfacial tension in
liquid-liquid biphasic heterogeneous mixtures (determination coefficient >0.9)
(45). Further details can be found in Supplementary Information.

LNP1 Core Simulation Details. To gain a more detailed insight about the chem-
ical environment around water and RNA in the interior of LNP7, we computed
radial distribution functions for all molecular pairs involving these two compo-
nents. For this purpose, we created a simulation box with a composition equal
to that found in the core region of the LNP in the DC simulations. Such setup
simulating a pure "core” phase of the LNP allows us to characterize the interior
of the LNP, avoiding possible pollution from the interphases with water and their
dependence on the surface-area-to-volume ratio. This independent treatment of
the core and shell phases is especially advisable for those components that can
be found preferentially at the interphase, such as DSPC or water, as well as when
computing diffusion coefficients that could be affected by the presence of an
interphase (perpendicular component). Taking advantage of the same simulation
setup, we studied how the encapsulation of RNA or CILin LNPT modulates the
conformational ensemble of these molecules. We characterized how the different
microenvironments, such as the interior of the LNP and the exterior aqueous
endosome, would drive expansion or compaction of the RNAand the CIL.
Finally, we investigated the internal dynamics of LNP7 and how it can be
tuned by changing the concentration of RNA. We calculated the isotropic diffusion
coefficient for each LNP component at different RNA weight fractions. To compute
the diffusion coefficient, we measured the mean squared displacement of each
molecule as a function of time and averaged between molecules of the same
component, as well as among time intervals of the same length. Once the MSD
was obtained, we used the Einstein relation to derive the diffusion coefficient.

LNP Preparation and Characterization. An ethanolic solution containing the
four lipids in the desired molar ratio (for LNP1: 45:9:44:2, for LNP2: 75:8:15:2;
respectively for LPO1/DSPC/cholesterol/DMG-PEG2000) was prepared to obtain
a fixed total lipid concentration of 12.5 mM. A 4:1 (w/w) mixture of eGFP mRNA
and Cy5-eGFP mRNAwas dissolved in RNAse-free, 50 mM citrate buffer (pH 4) at
146 pg/mLfor LNPT and 244 pg/mLfor LNP2.The two solutions were then com-
bined via microfluidic mixing utilizing the NanoAssemblr Ignite system (Precision
NanoSystems Inc.) at a flow rate of 12 mL/min and an organic-to-aqueous flow
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rate ratio of 1:3 to yield particles with a fixed amine-to-phosphate (N/P) ratio
of 4.5. The resulting LNPs were dialyzed overnight against PBS (500x sam-
ple volume) using Slide-A-Lyzer G2 dialysis cassettes (20000 MWCO, Thermo
Scientific)at 4 °C. RNA concentration and RNA encapsulation was measured using
the Ribogreen Assay, as described previously (16). The particle size was measured
using dynamic light scattering (DLS) using a Zetasizer Nano Series ZS instrument
(Malvern Instruments Ltd.). LNP characterization data (size, polydispersity, and
RNA encapsulation efficiency) are reported in S/ Appendix, Table S1.

Cell Assays. HepG2 and Hela cells were transduced with Lentivirus containing
constructs for expression of a fluorescently labeled Gal9 (fluorescent tag added
at the N terminus) under the control of an EF1a promoter. Stable cell pools
were selected by puromycin, and functionality of the reporter was confirmed
by 80 uM chloroquine treatment. Clonal selection resulted in several clones
with good viability, homogeneous expression of the reporter, and strong Gal9
granule induction after treatment with 80 uM chloroquine. HepG2 and Hela
Gal9 reporter cells were maintained under standard cell culture conditions in
RPMI1640 medium with 10% FCS, 1% penicillin/streptomycin, and 0.5 pg/mL
puromycin (HepG2) and MEM with 10% FCS, 1% penicillin/streptomycin, and
0.5 pg/mL puromycin (HeLa). For time-lapse studies, cells were seeded at 3,500
cells (HepG2) or 2,000 cells (Hela) in 40 uL medium per well of a 384-well,
imaging-compatible microtiterplate (Perkin Elmer; Cell Carrier-384 Ultra, TC
treated; #6057308) and incubated overnight in a standard incubator (37 °C,
95% humidity, 5% CO,). On the day of treatment, LNP solutions were diluted in
culture medium to 3 ug/mL(3x) and added to the cells in 20 ul, giving a final
LNP concentration of 1 ug/mL. Imaging was carried out within a humidified
imaging chamber on an Opera Phenix (Perkin Elmer, #HH14001000) spinning
disk confocal microscope using a 20x Objective. Images were obtained every hour
for 24 h using a 488 nm laser, 561 nm laser, and 640 nm laser. Image analysis
and quantification was carried out with the Harmony (PerkinElmer, Waltham, MA,
USA). Briefly, cells were detected in the Gal9 channel. Within the cell regions,
fluorescence for Cy5 and GFP was quantified and Gal9 puncta were identified and
quantified using the "Find Spot” building block in Harmony. Data were exported
and analyzed and plotted in Genedata Screener (Genedata, Basel, Switzerland)
or Prism (GraphPad, San Diego, CA).

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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