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Abstract: Lipid nanoparticles (LNPs) represent a promising platform for advanced drug
and gene delivery, yet optimizing these particles for specific cargos and cell targets poses a
complex, multifaceted challenge. Furthermore, there is a pressing need for a more compre-
hensive understanding of the underlying technology. Experimental studies are costly and often
provide low-resolution information. Molecular dynamics (MD) simulations allow us to study
these particles at a higher resolution, enhancing our understanding. However, studying these
systems at atomic resolutions is both challenging and computationally expensive, as well as
time-consuming. Coarse-grained (CG) models, such as Martini 3, are positioned as promising
tools for studying LNPs. To enable CG-MD studies of LNPs, accurate and validated models of
their components are needed. Here, we present a substantial extension of the Martini 3 library of
lipids, covering the most important LNP components, including over a hundred of ionizable lipid
(IL) models, along with natural occurring sterol models and PEGylated lipid models. We further-
more present initial protocols for screening fusion efficacy across different lipid formulations
and for constructing whole LNPs at CG resolution, enabling future studies of these nanoparticles.

1. Introduction

The interest in lipid nanoparticles (LNPs) has increased tremendously because of their large
potential in vaccines as a delivery platform. However, the understanding of this technology is still
substantially lacking and remains a multivariate problem, making it difficult to investigate and
decouple specific variables. An LNP typically consists of five major components, an ionizable
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lipid (IL), a sterol, a helper phospholipid, polyethylene glycol conjugated (or PEGylated) lipids,
and cargo. In addition to optimizing each component, the relative ratio between them can
also be optimized depending on the cargo, target cell specificity or stability, not to mention
the assembly process [1,2]. Although experimental studies can explore certain variations
under certain conditions, extensive screening of ratios and components is neither easy nor
cheap, especially when non-commercially available lipids need to be synthesized and tested [3].
Additionally, experiments often lack high-resolution structural and dynamical information about
the architecture and phase changes of LNPs under different pH values [4, 5].

The currently accepted mode of action for LNP delivery is that, upon injection into the
bloodstream, a corona shell is formed around the particle, where the APO E peptide is an essential
component in addition to albumin. APO E is responsible for LNP endocytosis into the cell. The
resulting endosome formed with the LNP inside will then mature, resulting in a pH drop from 7
to around 6-5. Upon the pH drop, several of the ILs in the LNP become protonated which is
believed to induce structural changes in the LNP that enable particle fusion with the endosomal
membrane and the eventual release of its cargo into the cytosol. In the case of mRNA cargo, as
in the COVID vaccines, the mRNA is then transcribed by the ribosome [6, 7].

Several LNP properties are optimized to improve their potency, such as particle and cargo
stability in storage and/or blood, fusion efficacy in relation to endosomal escape, or even target-cell
specificity [2, 6, 8]. Regarding LNP stability, PEGylated lipids are often used to improve particle
“stealthiness’ in terms of stability in the blood, and to help maintain a certain particle size while
in storage [9]. The main instability, however, has been identified as originating from the cargo,
whether RNA or DNA [10]. Given the extensive experimental data readily available on RNA
degradation rates, Al-based approaches are already a reality for the computational design of
new RNA sequences [11]. However, the situation is different for LNP lipid composition and
its influence on vaccine efficacy. Likely due to the lack of large, curated databases, there are
currently no well-established Al-based protocols for optimizing lipid composition, despite its
clear significance in enhancing LNP properties. Only initial attempts at in silico screening lipid
compositions have been made [12].

An additional issue with current LNP technology is that, only a very small percentage of
the cargo, in the case of RNA, actually reaches the cytosol of target cells. One of the biggest
hurdles is the cargo endosomal escape. To optimize this crucial process, it is necessary to
enhance LNP fusion with the endosome while avoiding excessive fusogenicity with other lipid
compartments [13]. Understanding the pH-dependent phase behavior of LNPs is essential for
optimizing endosomal escape [1]. Despite several studies that attempt to shed light on the matter,
a comprehensive understanding is still lacking due to the multivariate nature of LNPs [5, 14—18].
Overall, the literature still lacks a deep molecular and functional understanding of LNP technology.
Although some small details have been revealed, the puzzle remains incomplete and requires
further integration of experimental and computational approaches to achieve a clear understanding
of the whole picture.

Molecular dynamics (MD) simulations are a valuable tool for studying, in detail, the packing
behavior and organization of LNPs, as well as their endosomal release process. Combining
MD studies of LNPs with available experimental data could provide valuable high resolution
structural insight that would be otherwise inaccessible [15,19,20]. For example, MD simulations
have suggested that optimizing the packing of the Moderna ILs around the RNA nucleobases via
m-r stacking may enhance cargo stability [21]. Such computational strategies could be used to
further optimize and advance LNP technology. However, the sheer complexity and size of LNPs
puts them beyond the reach of traditional spatial and time scales currently accessible to atomistic
MD simulations, posing challenges in terms of computational resources. This is where coarse
grained (CG) MD simulations can play a major role, alleviating these limitations [1,22,23].

The Martini CG force field (FF) [24,25] is a widely used CG model, in particular for MD
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simulations involving lipids in complex biological environment [26] and their interplay with
other biomolecules and synthetic materials [25,27]. Martini enhances sampling efficiency and
reduces system complexity by representing two to four non-hydrogen atoms, along with their
associated hydrogens, as a single CG bead. This model employs a building block approach and
integrates both bottom-up and top-down methods to derive bonded and non-bonded interactions,
respectively. A sub-selection of previous works have highlighted the possibilities for delivery
systems being studied with with Martini force field, examples ranging from simulating the escape
of DNA from a lipoplex [23] to studying the lipid nano-emulation for vitamin delivery [28].
Some wok has also been on LNPs, studying the core and pH dependency [22,29]. The latest
version, Martini 3, significantly improves interaction accuracy and greatly expands chemical
space coverage [30] making it a promising new tool for designing and optimizing LNPs, which
was not as feasible with earlier models [1]. In this work, we introduce an extensive and new
Martini 3 library that includes ILs, sterols, and PEGylated lipids. Additionally, we provide
detailed protocols for exploring fusion processes, investigating pH-dependent phase behavior of
LNPs, and constructing and analyzing whole LNPs in solution or during interactions with target
membranes. This work aims to lay the foundation for computational design and screening of
LNP formulations using Martini CG MD simulations.

2. Results

2.1.  LNP lipid models
2.1.1. lonizable lipid parameterization - a fragment based approach

To build Martini 3 CG models of ionizable lipids, a building block approach was employed (Figure
1). This approach consists of modeling several IL fragments — representing various regions of the
IL, such as the headgroup, linker region or acyl chain — which can then be assembled to model
entire ILs (Figure 1). Not only does this simplify the parameterization process, but it also allows
researchers to use these fragment models to build other IL models or get inspiration for new
ones, making it easier to study different LNPs by changing specific chemical groups within the
lipids. The naming convention adopted for the two-tailed IL. models consists of the two-letter
combination for the tails (typically used for phospholipids), followed by a two-letter combination
for the head/linker region. For the head, the first letter remains the same across protonation states,
while the second letter changes to "P" for the charged protonated state (see Figure 1A).

To obtain the necessary parameters for the IL CG models, atomistic MD simulations were
conducted for each fragment. These simulations provided the bonded parameters and solvent
accessible surface area (SASA) values essential for accurate model construction. In the absence
of experimental data for the fragments, we also used COSMO-RS, a quantum chemistry-based
method, to predict the thermodynamic properties [31]. This approach has consistently been
recognized as one of the best prediction tools for oil/water partitioning data [32,33]. An additional
advantage of COSMO-RS is its ability to predict logP for not only the octanol/water but also
for other partitioning systems, which is crucial for the chemical transferability of the Martini
CG models. In this work, we used all three gold standard partitioning systems employed in
Martini 3 parametrization: octanol/water, hexadecane/water, and chloroform/water. We also
ensured consistency across both the fragment library and the existing phospholipid library. For
some fragments, compromises on the CG partitioning free energy were necessary to maintain
consistency and transferability within the library. It is worth noting that COSMO-RS typically
has an mean absolute error (MAE) range of 2-3 kJ/mol [32,33], which justifies our preference for
maintaining internal consistency with the Martini bead assignment rather than perfectly matching
the free energies.

Figure 1B shows the matching of CG and atomistic SASA, indicating an excellent agreement,
which reflect not only the accurate fitting of bond distance but also the choices of bead sizes. The
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overall comparison between COSMO-RS and Martini 3 CG partitioning free energies showed
a reasonable agreement with a R2 = 0.80 and MAE = 6.4 kJ/mol (Figure 1C). The matching
between the approaches was worse for larger, branched hydrophobic fragments, such as some of
the linker fragments containing several carbons and one hydrophilic group such as an ester or
ether. These discrepancies are expected as experimentally it is impossible to accurately estimate
these values, with any predictions becoming less trustworthy [34]. Additionally, as already
mentioned, there is an inherent error of the COSMO-RS estimates. Therefore, the main focus for
selecting the types of beads was to maintain consistency between fragments, chemical groups,
and other Martini 3 lipid models. Hence, the difference in partitioning free energy between the
CG models and predicted values, is not an issue for the final IL models. The behavior of the ILs
was later compared with atomistic models to further validate the choices.

In total 15 head and 10 linker fragments were made along with 2 fragments for constructing
PEGylated lipids. When combined with the available tail parameters, this setup allows for the
generation of hundred of different lipids. As an example, we provided a total of 117 unique
coarse-grained (CG) models of ILs, each in both neutral and charged states (total of 234 parameter
files). Furthermore, additional IL. models featuring branched tails were constructed, including
the well-known ALC-0315 and SM-102, which are used in Pfizer and Moderna vaccines,
respectively [35,36].

2.1.2. Validation of bonded terms from fragments when used as part of ILs

The bonded parameters obtained for the fragments were further validated with four ILs from the
literature, for which CHARMM36 parameters are available [20]. We focus on the two widely
known ILs, DLMC3 and DLKC2, which will henceforth be referred to as DUM3 / DUMP
and DUK?2 / DUKP, depending on the protonation state, or simply MC3 and KC2. Using the
CHARMM36 FF [20,37], these two IL types were simulated in a IL:POPC bilayer (30:70 mol%)
during 1 us for both the fully charged and neutral state. The corresponding CG systems were
simulated for 1 us as well, and the bonded distributions were compared between the atomistic
and CG simulations. See Figure S2-11 for the SASA and bonded distributions for DUM3/MP
and DUKZ2/KP, the rest can be found on the GitHub (https://github.com/Martini-Force-Field-
Initiative/M3-Ionizable-Lipids/). This comparison aimed to verify that the bonded parameters
derived from the OPLS fragment simulations match well with those obtained from whole ILs,
albeit obtained using a different atomistic force field. In addition to these ILs, Amber FF
simulations of Pfizer (ALC-0315) and Moderna (SM-102) from the work of Paloncova et al. [16]
were also used to cross-validate their CG equivalents. The bonded and SASA distributions
showed a good overlap between the atomistic lipid, fragment and coarse grained lipid model.

2.1.3. Increasing the Martini 3 LNP toolbox with sterols and PEGylated lipids

Optimizing LNPs presents a multi-variable challenge. Typically, the composition of LNPs
consists of a base mixture comprising an ionizable lipid, a sterol, a helper lipid like DSPC or
PE, and a PEGylated lipid. [4] Several studies have focused on optimizing the ionizable lipid,
with the emphasis on apparent pKa, fusion efficacy and biodegradability [38—40]. Other studies
have investigated the role of the helper lipid in LNP structure and fusion [41]. Recent studies
are now beginning to reveal the impact of replacing commonly used cholesterol with alternative
sterols, such as plant sterol S -sitosterol. These investigations demonstrate that such substitutions
not only alter LNP properties like shape and structure but can also markedly improve fusion
efficacy [42—44].
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Fig. 1. Representing the fragment-based approach to construct several ionizable lipid
models. A) The funnel illustrates the fragment-based approach and the step-by-step
process for constructing an ionizable lipid. It begins with headgroup fragments and
their corresponding names in the larger section of the funnel, followed by additional
linker fragments that can be incorporated. Finally, the tails are attached to complete the
lipid structure. B) Solvent Accessible Surface Area (SASA) for atomistic vs coarse
grained fragments. C) COSMO-RS vs CG calculated partitioning free energies for the
coarse grained fragments. D) The chemical structure of the ALC-0315 ionizable lipid
is depicted, with the head, linker, and tails regions highlighted to correspond with the
colors shown in the funnel above. Additionally, examples of other key components of a
LNP are presented, including sterol, helper lipid, PEGylated lipid, and RNA cargo.
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We expanded our library with four naturally occurring sterols (Ergosterol, Campesterol,
B-sitosterol, and Stigmasterol), modeled based on the new cholesterol model for Martini 3 [45].
The sterol models were simulated in DSPC bilayers and compared with cholesterol, ensuring a
correct trend in terms of packing, insertion, and melting temperature relative to the experimental
data. See Figure S12-24 in the supporting information for the bonded distributions along with
these properties mentioned above. In addition to sterols, we have also included PEGylated lipid
models in the Martini 3 LNP toolbox. Leveraging the versatility of Polyply, [46] adjustable PEG
head lengths are available, which could be combined with the Martini 3 tail library and with
fragments exclusively generated to facilitate the modeling of DMG-PEG and ALC-0159. As
an example, we provide a model of DMG-PEG 2000 and ALC-0159. It is important to note,
however, that the use of PEG in Martini 3 currently requires some adjustments in the interactions
between SN3r and charged (Q) beads [47].

2.2. Validation of the ionizable lipid models
2.2.1. Reproducing IL charge-dependent lamellar/oil lens behavior

Generally, in bilayer simulations involving helper lipids and different combinations of head/linker
and tail compositions from ILs, it is expected that neutral species will accumulate in the middle,
forming an oil lens between the two leaflets and leading to a significant increase in membrane
thickness. To demonstrate that our model can also capture this effect, we performed Martini
simulations of DLMC3 and DLKC2 (DUM3 / DUMP and DUK?2 / DUKP) when mixed with
POPC (10:90, 20:80, and 30:70 IL:POPC mol%). CHARMM?36 atomistic simulations were
performed of bilayers at the same concentrations of ILs for comparison. These analyses were
performed in either the fully charged or neutral state, representing low- and high-pH situations,
respectively.

Figure 2A and S25 shows the density across the bilayer normal for the DUM3/MP and
DUK?2/KP headgroups in both the atomistic and corresponding CG systems. At low pH the
IL is assumed fully charged, while at high pH it is neutral. As confirmed by the snapshots
of the simulations highlighted in Figure 2B, the IL maintains a lamellar topology at low pH
(charged headgroup), while at high pH (neutral headgroup) it accumulates in between the POPC
leaflets, generating the expected oil lens. This behaviour aligns well with the knowledge in the
literature, where neutral MC3 and cholesterol are concluded to form an oil core within LNPs,
while multilamellar and inverse hexagonal phases are proposed to form under low pH when
ILs are charged [14, 18]. Additional results from atomistic simulations also indicate the same
behavior [19,20].

Notably, the CG models of neutral MC3 (DUM3) and KC2 (DUK?2) tend to aggregate
slightly more in the interleaflet region compared to the corresponding atomistic simulations.
Several parameterizations of MC3 (DUM3) with the CHARMM and Slipids force field have been
presented in the literature and compared to experimental data such as Neutron Reflectrometry [48].
For the CHARMM parameters the accumulation of the neutral specie in the interleaflet is
underestimated. [48] The bilayer thickness of neutral MC3 in DOPC bilayers at 10 and 15 mol%
IL (50 mM NaCl, 288 K) was experimentally determined to be 41 + 3 and 40 + 3 A [48]. For
comparison we simulated the same compositions of MC3:DOPC under the same conditions and
measured a bilayer thickness of 38.20 + 0.27 and 39.61 + 0.31 A, respectively, aligning well with
the experimentally in vitro determined values. Hence the increased accumulation of the neutral
species observed in the CG simulations may not match entirely with the atomistic simulations
but rather appears to agree well with the in vitro experimental data. These findings validate our
model’s ability to replicate the expected behavior across IL protonation states.
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2.2.2. Expanding IL Model Validation: Effects of Headgroup, Linker, and Tail Variations

To further validate our IL models, we took advantage of our building block approach for
constructing ILs and extended our tests to a larger sub-selection of headgroups, linkers, and tails
in 15 x 15 nm? IL:DSPC (50:50 mol%) bilayer patches. From these simulations, we calculated
the area per lipid (APL) and the hydrophobic thickness, specifically the distances between the two
leaflets excluding the polar headgroups. See Figure S26 for the head/linkers and tails under study
along with the APL and thickness values. The APL was only calculated for the charged species
that maintained the lamellar topology. A trend was observed across the lipid tails, with the DU
tail (CDDC CDDC) having the highest APL. The fully saturated tails DL and DS consistently
showed lower and similar APL across the lipid types (see Figure S26 for more details). This
trend aligns with observations in common phospholipids, where polyunsaturated tails exhibit
higher APL compared to saturated ones [49]. The choice between saturated and unsaturated tails
for LNP usage is a topic of discussion in the literature; unsaturated tails, despite being prone to
oxidation and presenting an instability issue, have demonstrated a significant improvement in
LNP transfection efficacy [50,51].

2.2.3. pH-dependent phase behaviour reproduced

It has been suggested that LNP organization depends not only on their lipid composition and
cargo but also on pH of the environment. [5, 14,43,52]. LNPs containing siRNA or mRNA are
proposed to have a multilamellar [18] or inverse hexagonal / worm-like internal structure [5, 14],
respectively. The lamellar topology has been shown to only be maintained with charged MC3
(DUMP) based on SAXS (Small Angle X-ray Scattering) data [18]. The following question is
whether the same ILs can form an inverse hexagonal phase, given the right conditions, such as
pH [5].

Experimental studies [5, 14] have found that both MC3 and KC2 form an inverse hexagonal
phase at low pH with a hydration of around 7-12 water molecules per lipid. They also propose
that the core of LNPs consists of around 75 mol% IL and 25 mol% cholesterol. The presence of
cholesterol has previously been suggested to help maintain the inverted hexagonal phase of the
LNPs based on atomistic MD simulations [17]. The tests for formation of inverse hexagonal
phase were therefore performed with KC2 and MC3 in the presence of either DSPC or cholesterol.

Double bilayer systems were constructed of both MC3 (DUM3/DUMP) and KC2 (DUK2/DUKP)
with 10 mol% DSPC or with 25 mol% cholesterol and low hydration (around 7 water molecules
per lipid) and neutralizing ions, representing low and high pH, assuming fully charged or neutral
lipids, based on the experimental conditions in the work by Philipp et al. [5].

Indeed, both MC3 and KC2 form the inverse hexagonal phase in with both DSPC and
cholesterol, however only at low pH, assuming a plus one charge for all the ILs. The inverse
hexagonal phase does however not seem to depend on the presence or absence of either DSPC
nor cholesterol, see Figure 2C and D. An additional test was performed with only MC3 and KC2
at low pH, and in fact the inverse hexagonal phase was formed as well. The simulations reach the
same conclusion as obtained experimentally [5], that the phase is determined by the ionizable
lipid and not the helper lipid DSPC nor cholesterol.

At high pH, the neutral MC3 or KC2 does not form any topology resembling an inverse
hexagonal phase. In the presence of DSPC small inverse micelle pockets are formed, with the
same being observed for the cholesterol-containing systems, though there, the neutral IL mixes
with cholesterol and separates from the water phase completely, see Figure 2C and D. This aligns
well with experimental SAXS data [5, 14], suggesting that the parameters can indeed reproduce
the known pH-dependent phase behaviour of these ILs.
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Fig. 2. A) Density of headgroups of MC3 (DUM3) and KC2 (DUK?2) across the
membrane normal at low and high pH. B) Snapshot of the bilayers containing MC3
(in orange) and POPC lipids (in purple) at high and low pH. C) Snapshots of systems
containing MC3:Cholesterol (75:25) forming an inverted hexagonal phase and inverse
micellar phase at low and high pH, respectively. D) Snapshots of systems containing
MC3:DSPC:Cholesterol (50:40:10) forming an inverted hexagonal phase and inverse
micellar phase at low and high pH, respectively. MC3 and MC3H lipids are shown in
orange, DSPC in purple, cholesterol in pink and the water bead in cyan.
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2.3. Towards in silico screening of LNP formulations: fusion assays

A large library of IL models can enable various studies, including the screening and charac-
terization of different LNP lipid formulations, in terms of their packing, phase behaviour, and
fusiogenic behaviour against different membrane models. To illustrate the potential of this
IL model library and to propose an approach for assessing LNP efficiency, we focus here on
quantifying the fusiogenic properties of different formulations. For this purpose, we adapted
the protocol by Hub et al. [53] to perform Potential of Mean Force (PMF) fusion assays of
stalk formation between different LNP formulations and a plasma membrane model [54]. The
LNP interacting leaflet of this membrane is composed of (in mol%) 24 % POPC, 12 % PAPC,
2 % POPE, 6 % DIPE, 24 % DPSM and 31 % CHOL while the non-interacting leaflet contains
14 % POPC, 8 % PAPC, 5 % POPE, 16 % DIPE, 11 % DPSM, 28 % CHOL, 25 % PAPS, 2 % PAP6.
Additionally, we also studied the stalk formation between the LNP formulations and a membrane
model enriched with 10 mol % PAPS lipids in the LNP-interacting leaflet to better mimic the
compositional differences observed in the endosome. PAPS was also included in this leaflet
based on the hypothesis that anionic lipids, such as PS, could play an important role in the
transfection mechanism, and to better represent the increase in negatively charged lipid found in
late endosomes [55, 56].

The initial barrier to membrane fusion is the formation of a hemifusion stalk, which should
be followed by the formation of a fusion pore [23,57, 58], process not covered by our fusion
assays. Here we use the PMF method to calculate the free energy landscape of the fusion
intermediates, providing insights into the energetic barriers and stability of the stalk. Figure
3A presents a schematic overview of the process by which the LNP enters the cell and leads to
protein expression, with stalk formation highlighted in Figure 3B as the proposed initial barrier
for endosomal escape.

2.3.1. Acyl-chain dependent fusion efficacy

The experimental work by Sabnis ef al. [36] marked a pivotal point in the optimization of the
IL chemistry, focusing on enhancing protein expression and subsequent fusion efficacy. From
the well-established MC3 lipid, they derived nine additional ILs. Compared to MC3, one
derivative performed worse (Lipid 2), while others exhibited significantly enhanced performance
(such as Lipid 10) in terms of protein expression. The distinctions between Lipid 2, 10, and
MC3 lie in increasing saturation and branching of the tails, coupled with the introduction of
an additional ester group, which makes Lipid 10 more biodegradable [36]. In an attempt to
reproduce these experimental trends, we performed a fusion PMF assay with bilayers mimicking
LNP formulations (IL:CHOL:DSPC at 50:40:10 mol% ratio), were MC3, Lipid 2, or Lipid 10
where the ILs studied, and a plasma membrane [54], as mentioned above.

These fusion PMFs (Figure3D) revealed a substantial decrease in the free energy of stalk
formation for Lipid 10 compared to MC3, and a slight increase for Lipid 2 compared to MC3,
consistent with the protein expression trend reported by Sabnis et al. [36]. Other studies have also
shown that replacing alkenes with alkanes and introducing esters and branching of the lipids tails
enhances delivery, since it helps in lipid protrusion, enabling the lipid to more easily overcome
the dehydration barrier between the two membranes, and thereby forming the stalk [59, 60]. This
in turn helps to explain why Lipid 10 outperforms MC3 in the PMF assays, due to the increased
branching and introduction of an additional ester.
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Fig. 3. Understanding the first stages of endosomal escape through PMFs of stalk
formation between LNP bilayer containing the MC3 lipid, Lipid 2 or Lipid 10, and an
plasma or endosomal bilayer. A) Currently accepted mode of action for LNP delivery.
Once the LNP is in the bloodstream a protein corona is formed around the particle
enabling endocytosis (not shown in the schematic representation for clarity), resulting
in the LNP being encapsulated into the endosome within the cell. The endosome
maturates resulting in a pH drop from around 7 to 6-5. Upon the pH change the
ionizable lipids become protonated, enabling interaction with the negatively charged
lipids in the endosome. B) Representative frames of Martini simulation system of the
flat LNP and plasma/endosomal membranes, the transition state, and the stalk (from
left to right, respectively). The LNP model membrane is shown in orange while the
target plasma membrane is shown in yellow. C) Comparison of stalk formation PMFs
between LNPs bilayers containing MC3 lipid, Lipid 2 or Lipid 10, and the plasma
membrane or the endosomal membrane models. The error is shown as shading in the
same color as the corresponding line.
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These fusion assays were conducted between a membrane mimicking the LNP formulations
and a simplified plasma membrane, with negatively charged lipids predominantly present in the
inner leaflet. However, considering the possibility that in the endosome, negatively charged lipids
might migrate to the LNP-interacting leaflet, we sought to evaluate the impact of this potential
redistribution. To this end, we performed additional PMF fusion assays against a membrane
model enriched with 10 mol % PAPS lipids in the LNP-interacting leaflet to better mimic the
compositional differences observed in the endosome. PS was used as the negative lipid for
simplicity and comparison to an earlier similar study [23].

The results for these fusion assays demonstrated a slight reduction in both the initial energetic
barrier for stalk formation and in the actual stalk across all three lipids (Figure 3C), though for
Lipid 10 most of the PMF curves overlap the difference in free energy for the stalk formation
at x=1 show a statistically meaningful difference, confirming the trend. This reduction in the
barrier reinforces the idea that anionic lipids, such as PS, may play an important role in the
endosomal membrane during the transfection mechanism. Morover, the overall findings align with
experimental data indicating that LNPs containing Lipid 10 lead to higher protein expression [36],
thereby enhancing transfection efficiency.

2.3.2. Sterol-dependent fusion efficacy

In two other significant studies [42,43], the influence of sterols on transfection has also been
emphasized. Various naturally occurring cholesterol analogs (phytosterols) have been shown to
markedly enhance transfection efficiency for different ILs, including the widely recognized MC3
lipid. To test this, we conducted additional PMF fusion assays using LNP bilayers containing
MC3:STEROL:DSPC (50:40:10 mol%), incorporating cholesterol, S-sitosterol, ergosterol, and
stigmasterol to the LNP bilayer. These were tested against the plasma membrane model [54], as
mentioned previously.

The resulting fusion PMFs show a more stable stalk formation with S-sitosterol, ergosterol, or
stigmasterol compared to cholesterol (Figure 4). This finding correlates with the increased order
observed for MC3 with double unsaturated tails (DU) and suggests a potential mechanism by
which substituting cholesterol with phytosterols in LNPs enhances fusion efficacy.

B-Sitosterol Ergosterol Stigmasterol

2
§ Q P e mm - Q P m—ma -
>
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o
w
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Stalk formation, & Stalk formation, &, Stalk formation, &,

Fig. 4. Potential of mean force calculations of stalk formation with LNP membranes
containing different sterols. PMFs of stalk formation between a plasma membrane
model [54] and an LNP membrane containing MC3:DSPC:STEROL, with three different
sterols.
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2.4. Building LNPs at Coarse-Grained Resolution

Currently, the understanding of LNP structure and organization is limited, primarily based on
experimental techniques such as Small-Angle X-ray, Neutron Scattering (SAXS, SANS) and
low-resolution Cryo-Transmission Electron Microscopy data [5, 14]. While these methods provide
valuable insights, they often lack the resolution needed to fully elucidate the complex architecture
of LNPs. Simulation studies attempting to model and further understand LNP organization have
also been limited [15, 16,19,22,23]. These studies typically focus on smaller bilayer patches or
particles, examining how pH variations affect lipid packing and distribution. Notably, only one
successful study has simulated the transfection of DNA cargo from a lipoplex [23].

Despite these efforts, our understanding of LNP structure remains incomplete, with various
factors such as cargo type, lipid formulation, manufacturing technique, pH, and buffer com-
position still needing comprehensive exploration [5, 14, 18,52,61, 62]. Proposed models for
LNP organization range widely—from multilamellar structures and nanostructured cores to
homogeneous core-shells, worm-like models, inverse hexagonal phases, bicontinuous cubic
phases, and even "bleb" compartments for LNPs containing mRNA [5, 14, 18,52,61,62]. Among
these, the inverse hexagonal model is frequently mentioned for smaller cargoes such as siRNA
or polyA RNA, while the ’bleb’ compartment model is often proposed for LNPs carrying
mRNA [5,52].

Understanding these structures in greater detail is crucial for advancing the field, particularly
in the context of improving LNP efficacy and stability. To address these challenges, we now
turn our attention to the protocols and tools available for building coarse-grained LNP models,
followed by a case study analyzing the structure of an LNP composed of Lipid 2, Lipid 10, and
MC3.

2.4.1. Protocols and Tools for Building Coarse-Grained LNPs

To enable further studies of whole particles, we developed a protocol for constructing LNP
models. As an initial test case, we used an inverse hexagonal core at low pH, as observed
experimentally [5, 14]. This example demonstrates the protocol’s capability to handle various
LNP structures.

When constructing an LNP, several considerations must be taken into account. LNPs are
potentially metastable structures that can significantly depend on the assembly process. In
this context, an integrative modeling approach—where LNPs are prebuilt based on available
experimental evidence and computational predictions—can be a valuable strategy for achieving
accurate representations of these complex particles.

In this work, we built a protocol to generate LNPs with the following parameters: a core
hydration level of approximately 12 water molecules per lipid, and a predefined lipid species
distribution with a total IL:DSPC:CHOL (for cholesterol) ratio of about 50:10:40 mol%. The
protocol constructs a low pH LNP with an inverse hexagonal core, encapsulated 7 strands of
RNA with water and neutralizing ions, and a coating consisting of a monolayer along the core
channels and a bilayer at the channel ends, closing off the channels. The core comprises IL and
cholesterol in a 3:1 ratio, while the coating is made of the remaining IL, cholesterol, and DSPC.
These considerations are based on experimental data for an MC3 LNP [5, 14].

The protocol allows for scaling the size of the cargo and the LNP and also adapt the core
to other LNP structures and shapes. Factors such as the protonation level of the ILs, the N/P
(nitrogen to phosphate) ratio, core hydration level, and ion concentration can be customized
by the user, guided by existing experimental data. Additionally, PEGylated lipids can be
incorporated into the LNP coating as observed experimentally [14]. The protocol utilizes several
tools, including TS2CG [63], Polyply [46], Packmol [64], Blender [65], MDVWhole [66],
MDVContainment [67], the Insane script [49], and VMD [68], combined into four steps (detailed
in the Methods section). Figure 5 provides an overview of the four main steps involved in the
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202 building protocol, along with two test cases demonstrating different possible organizations for
a3 larger particles. The protocol and scripts are available on GitHub (https://github.com/Martini-
a4 Force-Field-Initiative/M3-Ionizable-Lipids/). Since the protocol is based on highly versatile
a5 tools such as TS2CG [63] and Polyply [46], it can be used as a starting point for constructing
a6 other LNP structures, such as the ’bleb’ compartment LNP see in 5.

Step 1 Step 2

Hexagonal LNP "Bleb" LNP

Test cases

40 nm ) 95 nm

Fig. 5. Representation of the building protocol for LNPs starting at low pH. Step 1)
Build and simulate a periodic Hyj phase with possible cargo and the desired water and
ion content. Step 2) Extract the core by multiplying the periodic Hy; phase in x, y, and
z, depending on the desired size. Use VMD to generate a triangulated surface of the
core. Step 3) Coat the core using TS2CG with the triangulated surface. A bilayer is
placed on top of the otherwise open channels, and a monolayer along the sides of the
channels. Step 4) If desired, PEGylated lipids can be added to the surface of the LNP
using the PolyPly tool. Two test cases are shown below: one with an inverse hexagonal
core and the other phase-separated into two compartments—a "bleb’ compartment
containing water, ions, and cargo, and a compartment containing neutral ionizable
lipids and cholesterol.

w07 2.4.2. Case study: Analysis of LNP structure composed of Lipid 2, Lipid 10, and MC3

a8 The protocol described previously was used to construct three LNPs with IL:DSPC:CHOL
a9 in a 50:10:40 ratio, incorporating the three ILs tested in the PMF fusion assays: MC3, Lipid
40 2, and Lipid 10. PEGylated lipids were excluded, as they typically constitute only 1-2% of
411 LNP formulations and because these particles were later used to study interactions with an
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endosomal membrane model. In all three LNPs, the ILs were protonated. Seven RNA strands,
comprising AU duplexes in a helical conformation, were used as cargo and encapsulated in an
inverse hexagonal phase. During the 10 us simulations, all LNPs maintained a compact structure
(Figure 6), preserving the encapsulated RNA and a generally spherical shape with an approximate
diameter of ~20 nm. However, noticeable variations in internal morphology were observed when
comparing LNPs formulated with Lipid 10 and MC3 to those formulated with Lipid 2.

MC3

A Lipid 10

B Prebuilt Self-assembly
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Fig. 6. Structure of LNP models, all containing 7 strands of cargo: (A) Cross-section of
LNP structures after 10 us of simulations at 310 K. Note, because it’s a cross-section not
all RNA strands are visible, however all are present within the water compartments in
the LNP. Water inside LNPs is shown in cyan balls, RNA in yellow, CHOL in magenta,
DSPC in violet, Lipid 10 in blue, Lipid 2 in green and MC3 in orange. (B) Time
evolution of LNP hydration. (C) Radial number density profile of Lipid 10 containing
LNP resulting from pre-built and self-assembly simulations. Water density is scaled by
the factor of 0.1 to fit into plot.

While Lipid 10 and MC3 maintained an inverse hexagonal phase, Lipid 2 formed a multicom-
partmental vesicle with lipids preferring a lamellar organization (Figure 6). Intermolecular radial
distribution function (RDF) between RNA surfaces of MC3 LNP did not evolve significantly
during the simulation, with two peaks, at 4.7 and 9.3 nm (Figure S28). Lipid 10 was less
organized, with RDF peaks at 4.3, 8.4 and 10.7 nm. Visually, both these LNPs preserved the
inverse hexagonal phase for at least part of the LNP, in agreement with experimental observation
of MC3 [5, 14]. On the other hand, Lipid 2 reshaped its internal organization, formed multicom-
partmental vesicle with RNA located on the water/lipid interface (Figure 6 Panel A), seemingly
similar to the reported ’bleb’ compartments observed with Cryo-EM pictures [52].

To investigate the impact of equilibration process, we performed additional simulated annealing
of the LNPs. In all of the cases, final LNPs were less regular and more hydrated, see Figure 6B.
At 310K, the LNPs in inverse hexagonal phase (Lipid 10 and MC3) contained ~12 mass% of
water (Table S1) while Lipid 2-based LNP consisted ~16 % of water (Figure 6). Heating and
cooling the systems led to LNPs with ~14 % of water in inverse hexagonal phase and 24 % in
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case of multicompartmental vesicle of Lipid 2. The original ~690 CI" beads stayed mostly inside
the LNP, without significant differences between the systems (Table S1).

To further assess the robustness of the prebuilt structures, we conducted self-assembly
simulations using the same lipid compositions as in the pre-equilibrated structures. Within the
first tens of nanoseconds, lipids assembled around the RNA duplexes. In all of the systems
(including Lipid 2), lipids adopted an inverse hexagonal phase. As expected from an initial
random distribution of lipids, DSPC was not present only on the LNP surface, but equally
distributed in its interior (Figure 6C). Furthermore, LNPs were less hydrated (9—10 mass% of
water inside LNP, Table S1) and with a significant reduction of the amount of CI" beads trapped
within the core of LNP: 112 CI" for Lipid 10, 49 CI" for Lipid 2 and 128 CI" for MC3.

The findings suggest that the building protocol is reasonable, with MC3 LNP serving as
a control due to its known formation of an inverse hexagonal phase with polyA RNA at pH
6-4.5 [5, 14]. For Lipid 10 and 2 there is no experimental data on their organization at low pH,
however, we do observe Lipid 2 adapting a completely different organization rather quickly. This
shows, that even though we pre-built with an inverse hexagonal phase, other organizations can
easily be observed and that the LNP, at least in this case, is not stuck in the inverse hexagonal
phase.

Self-assembly simulations demonstrate that, for these smaller particles, ILs can rapidly organize
around RNA cargo to form structures similar to inverse hexagonal phases. However, a potential
limitation is the discrepancy in ion and hydration levels between prebuilt and self-assembly
simulations (Table S1). Additionally, the self-assembly simulations did not achieve a neutral core
in terms of neutralizing ions, likely due to the limitations of the reaction-field method used for
electrostatics. Ion translocation through the LNP can also be a slow process. Water molecules in
the core equilibrate relatively quickly (Figure S29), whereas ions require a longer time to reach
equilibrium, highlighting the importance of considering ion dynamics in the initial structure.
Overall, the protocol provides a viable approach for prebuilding LNPs with experimentally guided
parameters, offering a foundation for further studies and refinements.

2.4.3. Unbiased simulations of LNP-membrane fusion

Besides demonstrating the capabilities of the models for the three LNPs, we also inserted the
LNPs into a lipid vesicle representing the same membranes studied in the PMF fusion assays of
Section 2.3. Two different membrane models were used: one plasma membrane model without
charged lipids in the interacting leaflet, and another, called endosomal membrane model, with 10
mol% of PAPC lipids replaced by negatively charged PAPS.

During our simulations with LNPs embedded in lipid vesicles lacking negatively charged
lipid species in the interacting leaflet, no fusion phenomenon was observed. For each LNP, we
extended one of the simulations to over 20 ps, simulating more than 120 ps in total (Table S2).
Consistent with the high energy barrier observed in the PMF fusion assays, no LNP-vesicle
fusion occurred. This result also aligns with the kinetic barrier described by Leikin et al. [69],
which suggests that dehydration of the contact region or another initiation mechanism is required
for fusion to occur.

Incorporating negatively charged lipids into the interacting leaflet of the lipid vesicle may
accelerate the initiation of fusion between positively charged LNPs and the endosomal membrane
[55,56]. To test this hypothesis, we modified the vesicles to contain 10 mol% of negatively
charged PAPS in the inner leaflet and performed three 10 ps LNP-vesicle simulations for Lipid
10, Lipid 2, and MC3. For each IL system, LNP-vesicle fusion was observed in one replica
(Figure 7), while in the other three replicas, the LNP remained inside the vesicle without any
vesicle-LNP contacts. Although the unbiased approach did not clearly distinguish between the
three IL types, it confirmed that LNP and vesicle lipid fusion is not a barrierless process, even
with a fraction of negatively charged lipid in the vesicle. However, this barrier is reduced when
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negatively charged lipids are present in the target membrane.

The unbiased simulations offer insights into the initial stages of the RNA transfection, in
particular the fusion of LNP and ensosomal membrane. The LNP diffuses inside the vesicle
and approaches the vesicle membrane, separated by a thin layer of water (Figure 7A). The lipid
surfaces come close enough that individual lipids can interact. Negatively charged PAPS interacts
with the positively charged IL, and one of them is pulled out of the lipid layer, lying with its tail
on the lipid surface (lipid handshake, Figure 7B). If the lipid adopts an extended conformation
and embeds its other tail into the lipid vesicle (in the case of IL) or LNP (in the case of PAPS),
fusion begins (Figure 7C). Once the two lipid compartments are connected by this single lipid,
fusion is initiated and progresses rapidly (Figure 7,D).

Fig. 7. Left: Cross-section of the initial structure of MC3-LNP embedded in a lipid
vesicle (left) and a detailed insight into the initiation of the LNP-vesicle fusion (A-D).
The initial fused MC3 is shown in red. Right: Cross-section of fused structures after
7 us (Lipid 10) and 10 us (Lipid 2, MC3) of simulations with vesicle CHOL in cyan,
other vesicle lipids in grey, RNA in yellow, LNP CHOL in pink, DSPC in purple, Lipid
10 in blue, Lipid 2 in green and MC3 in orange. Water and ions are omitted for clarity.

LNP fusion with the lipid vesicle induces deformation of the vesicle and mixing of LNP and
vesicle lipids. Initially, the intact lipid vesicle maintained a spherical shape, but the fusion process
disrupted this geometry, leading to elongations and other deformations of the vesicle (Figure
7). Cholesterol from both the LNP and vesicle intermingled and became evenly distributed
throughout the final structure. DSPC diffused into the inner leaflet of the vesicle, while a small
fraction of ILs flipped to the outer leaflet. However, the majority of ILs remained in contact
with RNA (Figure 7). In the final configuration, the RNA was predominantly surrounded by
cholesterol (originating from both the vesicle and the LNP) and some residual DSPC. Notably,
very few other vesicle lipids, apart from cholesterol, interacted with RNA by the end of the
simulation. The RNA-rich compartment was encased in a lipid monolayer primarily composed
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of vesicle lipids (Figure 7). Although the induced deformations and RNA-lipid clustering might
impact the stability of the resulting particle, we did not observe any RNA translocation outside
the vesicle. This phenomenon has been reported for dsSDNA in lipoplexes [23], but for RNA in
LNPs, it remains an open question.

While the ultimate goal of efficiently studying transfection remains a challenge, it lies beyond
the scope of this paper. Nevertheless, we have developed and presented the necessary models
and protocols to facilitate these studies in future research.

3. Discussions

Modeling LNPs and designing new formulations present unique challenges for physics-based
computational approaches due to several critical requirements. Firstly, achieving high chemical
specificity and accuracy in lipid interactions, while incorporating diverse system components —
such as solvents, ions, the target endosomal membrane lipids and LNP components, including
the encapsulated cargos like nucleic acids — can be demanding. Secondly, accurately simulating
the spatial and temporal scales necessary for LNP behavior and drug delivery poses significant
computational challenges. The complexity of these systems requires extensive computational
resources to model interactions over long timescales and large spatial domains. Additionally,
capturing the conformational flexibility of molecules and the precise thermodynamics of LNP
assembly and drug delivery is essential. Despite advances in in silico methods, many approaches
struggle to fully meet these demands, including coarse-grained (CG) methods.

Recent advancements in the Martini model, particularly Martini 3 [30], offer notable improve-
ments. The latest version features enhanced bead packing through optimized cross-interactions
between bead sizes, especially for charged groups, and re-parameterized bonded distances based
on molecular volume and shape. These upgrades result in more accurate representations of lipid
assemblies and improved packing of complex molecules. Furthermore, the expanded range of
chemical bead types in Martini 3 enhances coverage of the chemical space, making it especially
useful for modeling intricate LNP compositions used in vaccine delivery and gene therapy
applications. The model’s application is increasingly shifting towards more complex biological
systems [26], including attempts to model entire cells [70]. In support of this direction, several
tools have been developed to aid these efforts [46,63,71,72].

While our work highlights the significant advancements brought by Martini 3 and associated
tools such as TS2CG [63] and Polyply [46], it is important to acknowledge that these models and
approaches also have limitations and potential issues. One notable limitation is related to the
atomistic models used to parameterize bonded terms of lipids. Although lipid atomistic force
fields have undergone extensive benchmarking and evaluations over the years [73,74], most efforts
have focused on standard biological phospholipids, particularly PC lipids. A careful evaluation
of models for ILs is still necessary. CHARMM?36 [20, 37] with its extensive libraries provided
by CHARMM-GUI [75], is one of the most promising atomistic force fields for this purpose.
Another significant concern arises from the parametrization of non-bonded terms in Martini.
Given the lack of experimental data, the choice of bead chemical types in this work partially
relied on COSMO-RS [31] predictions. While COSMO-RS has demonstrated accuracy in logP
predictions [32,33] and has been used effectively in other studies for Martini parametrization [76],
the adoption of this approach means that the Martini 3 lipid models developed here are based
on a fully bottom-up strategy. This kind of approach should still be considered with caution, as
it may not fully align with the Martini parametrization philosophy. This is one of the reasons
why consistency with experimentally determined bead assignments was also considered. Further
experimental validation of atomistic force fields and thermodynamic properties will be crucial
for future refinements of the Martini 3 IL models presented here.

Regardless of the quality of the Martini 3 LNP models, which will benefit from community
evaluation with their release, an important aspect of this work is the library of IL models.
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Although this study parametrizes one of the most extensive sets of Martini lipids in the literature,
the library is still relatively small compared to the diversity of ILs explored in the literature. The
building-block approach using overlapping fragments is a promising idea that can expand the
library in the near future while maintaining consistency across different lipids. Automatic tools
for modeling small-molecule fragments and lipids, as Automartini [77], CGCompiler [78] and
Bartender [79], should further facilitate the expansion of lipid libraries. Further development of
Al-based tools could be particularly beneficial in this regard. Another more specific consideration
involves lipid tails. The Martini model has traditionally used a simplified approach, where the
same chain represents two tail lengths. For example, the classic DPPC lipid model represents
both di-C16:0 and di-C18:0 lengths. Given that Martini 3 can represent up to three resolutions
via beads of different sizes, current developments [80] may allow for more precise distinction of
tail lengths, which would significantly enhance the accuracy and expand the IL library models.

It is also important to note that the RNA Martini 3 models used in this work are still under
development. While these prototype models have shown reasonable results in stabilizing LNP
organization in the ’bleb’ or inverted hexagonal assemblies (6A), they currently have limitations
in accurately representing RNA structure and possible conformational changes induced by
the lipid environment [81]. Further development of the RNA models could provide better
insights into how secondary structure and overall nucleobase content might influence LNP
assembly and transfection efficiency. Presently, optimization efforts for LNP lipid components
have been conducted separately from RNA sequence optimization. This separation, although
necessary due to current limitations, underscores the need for more integrated approaches that
can simultaneously account for both factors, ultimately leading to more effective LNP designs for
drug delivery applications.

Beyond the Martini models themselves, there are important considerations regarding the
protocols we suggest. The degree of protonation of ILs at different pH levels was not explored in
this work. We approximated IL lipids with pH 7 or higher as fully neutral and lower pH (5-6) as
fully protonated. Better consideration of the expected degree of protonation based on apparent
pKas, the influence of the environment (especially nucleic acid cargo), or the use of constant pH
approaches [82, 83] could improve the assignment of protonation states. Further development of
Martini constant pH approaches, such as the Titratable variant [84], would also be beneficial.

Another assumption, now made in building protocols and unbiased fusion assays, concerns
the variability of LNP morphologies, which are possibly metastable assemblies that can vary in
size and structure depending on the experimental process used in their production. Integrative
modeling approaches for prebuilding models seem ideal in this scenario, as precisely modeling
microfluidic experimental processes [3] used to synthesize LNPs is currently not feasible with
computational methods. However, the prebuild approach requires experimental information,
particularly some low-resolution data about the expected organization of the LNP core. Lack of
information on the concentration of water-soluble ions inside the internal water compartments
may be a concern in this approach. The self-assembly of small LNPs, as discussed in Section
2.4, highlights potential issues with ions. More experimental and theoretical studies should be
conducted to clarify the amount of ions and each LNP component in different subcompartments.
Further experimental validation of the standard Martini 3 model in reproducing LNP structures
would also be desirable, in particular concerning the electrostatic treatment used.

The PMF fusion assays described in Section 2.3 have proven extremely valuable for quantifying
the efficacy of stalk formation, the initial step in fusion, across different LNP formulations
and target membrane compositions. However, this approach has limitations: it is performed
in the absence of curvature in both the LNP and target membrane, and it does not account for
cargo. Additionally, the fusion protocol only quantifies stalk formation and does not encompass
other steps involved in complete transfection. While curvature may be incorporated by new
approaches [85] and additional collective variables could be applied to explore subsequent steps in
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transfection, such as pore formation [86], PMF fusion assays rely on one fundamental assumption:
it assumes that the fusion process occurs in an equilibrium regime, where lipids of LNP and
endosomal membrane fully mix, which may not reflect the real endosomal escape process.
Unbiased fusion simulations presented in Section 2.4.3 provide a natural alternative to PMF
fusion assays, as they naturally account for curvature and cargo and reached similar conclusions
regarding the impact of negatively charged lipids on fusion. However, unbiased simulations
require significantly more sampling to distinguish between formulations and to fully capture
the transfection process [23], which remains challenging. Previous work has demonstrated that
observing the entire process is possible with unbiased simulations [23], although not observed in
our work. The lack of observed phenomena may be related to limitations in Martini, even in its
latest version, particularly in forming pores with potentially still show too larger barriers [87].

Finally, although our work has highlighted the importance of target endosomal models
in understanding transfection trends, larger benchmarks with more extensive sets of LNP
formulations are needed. Also comparing against in vitro experimental fusion trends, and not
only with in vivo protein expression [88], may help to isolate the impact of fusion from other
factors affecting RNA delivery efficiency, such as LNP structure and the interaction strength of
ILs with nucleic acids. Detailed lipidomics studies of endosomal membrane composition in
different cell types could also improve the accuracy of observed trends and aid in developing
cell-specific LNP formulations, which is a significant goal in the field, especially for promising
cancer vaccines [89, 90].

4. Conclusion

We have developed and presented a comprehensive toolbox for in silico studies of Martini 3 LNPs,
offering a robust platform for advancing nucleic acid delivery systems. This toolbox includes an
extensive library of ionizable lipids and naturally occurring sterol models, specifically designed
for Martini 3, which can serve as essential building blocks in the study of LNPs. Additionally, we
provide a detailed protocol for constructing full-scale LNPs, guided by experimental data such as
cargo contents, PEGylation, lipid formulation, hydration levels, internal ion concentration, and
N/P ratio. Moreover, we have introduced a protocol for screening and quantifying the fusion
efficacy of various LNP formulations.

These models and protocols not only enable the detailed study of LNP organization, structure,
and fusion but also pave the way for routine screening of lipid mixtures, prediction of LNP
stability, and optimization of fusion efficacy. Through our showcase of Martini 3 LNP applications
in fusion assays, we have demonstrated the critical role of endosomal negatively charged lipids
in enhancing transfection efficiency and identified trends in fusion efficiency across different
LNP compositions. This underscores the importance of accurately modeling the endosomal
membrane to improve LNP predictions. Simulating whole LNPs with our toolkit can possibly
provide, in the future, additional insights into how lipid formulation influences corona formation
in the bloodstream, which is also a critical factor for LNP internalization into cells.

In summary, the toolbox we provide here empowers researchers to perform in silico optimization
of LNP compositions, potentially enhancing the efficacy of nucleic acid delivery, gene therapies,
and beyond. This work represents a significant step forward in the design and development of
more effective LNP-based delivery systems for a wide range of therapeutic applications.

5. Data availability

All the protocols, parameters, test systems, and plots for bonded distributions for each fragment
and lipid tested can be found on this GitHub page: https://github.com/Martini-Force-Field-
Initiative/M3-Ionizable-Lipids/
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6. Methods

All simulations were run using the GROMACS package versions 2019 and 2018 [91] and analyzed
using the python packages, MDAnalysis [92,93], Numpy [94], Scipy, scikit-learn, matplotlib [95],
Fatslim [96], MDVWhole [66], or GROMACS [91]. Visualization was performed using VMD,
Inkscape, or the Python RDkit package. [97-99] All CG simulations were modelled with the
Martini 3 CG model for biomolecular simulations [30]. For packing and constructing the
systems the packages Blender [65], insane [49], Packmol [64], TS2CG [63], PolyPly [46], and
MDVContainment [67] were used.

6.1. Fragment modeling

The design of the fragments was based on relevant ILs and divided into head and linker fragments.
The fragments were ensured to overlap with each other so that they could later be combined. The
mapping of the head or linker fragments was designed such that they were compatible with the
phospholipid tails and consistent across fragments, thereby ensuring the building block approach.
The bond distances were based on the center of geometry rule, with the mapping chosen to get
an optimal molecular volume and shape while keeping chemical groups within one bead, as
described in the parametrization guidelines of Martini 3 [30, 100] and tutorials [101].

6.1.1. Atomistic modelling of fragments

Once the fragments were identified and mapped, their atomistic parameters were obtained using
the software LigPargen [102], with the OPLS-AA/1.14*CM1A(-LBCC) force field [103]. Each
fragment was simulated for 1 us in water with 0.15 mM NaCl. For very hydrophobic linker
fragments, the fragment was simulated in bulk as well as in water.

Fragment systems were minimized using steepest descent with 5000 steps followed by a
relaxation of 250 ps using 1 fs timestep, and a production run of 1 us using 2 fs time step. The
temperature and pressure were held constant at 298 K and 1 bar using the Berendsen thermostat
and barostat [104] for relaxation and the V-rescale thermostat [105] and Parrinello-Rahman
barostat [106] for the production run.

The pressure coupling was isotropic with a compressibility of 4.5 x 107> bar~!. The
temperature was coupled using 7 = 1 ps during both relaxation and production run. For pressure
coupling, 7 = 1 ps was set during relaxation and 5 ps during the production. The electrostatics
were treated with the PME algorithm [107] using a cutoff of 1.2 nm, while the van der Waals
interactions were truncated, smoothly switching the force to zero between 1.0 and 1.2 nm [108].
Bonds involving hydrogen atoms were restricted using the LINCS algorithm [109].

6.1.2. Parametrization of bonded terms

Atomistic fragment simulations were mapped into coarse grained (CG) resolution using MD-
Analysis [92,93]. The bonded terms were then measured and the distributions plotted. The
fragment was then modeled in CG and simulated for 1 us in water with 0.15 mM NaCl. The
bonded distributions were fitted onto the corresponding atomistic distributions. For the highly
hydrophobic fragment, a bulk simulation was performed as well for 1 us.

For the CG fragment simulations, the system was minimized using 500 steps using the deepest
descent algorithm, followed by a relaxation of 10ns, using 10fs timestep, and final a 1 us
production run using 20 fs time step.

Temperature and pressure were kept constant during both the relaxation and production runs
at 310K and 1 bar. The coupling for the pressure was isotropic, using the Berendsen [104]
and Parinello-Rahman barostats [106] with 7 = 12.0 ps during respectively the relaxation and
production run, having the compressibility set to 3 x 107*bar~!. The Berendsen [104] and
Velocity-rescale thermostat [105] were used respectively for relaxation and production run with 7
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= 1.0 ps for maintaining the temperature. The reaction field method was used to treat electrostatics
while van der Waals interactions were truncated after 1.1 nm (New-RF" Martini settings [110])
using the potential-shift Verlet scheme [108].

6.1.3. Reference partitioning free energies

Given the lack of experimental data, the reference partitioning free energies were estimated
using COSMO-RS approach [31]. Three partitioning systems were considered: octanol/water,
hexadecane/water and chloroform/water. For each molecule, 500 ps of semiempirical Born-
Oppenheimer molecular dynamics were performed at the GFN2-xtb [111] level, in gas phase,
with the xtb program [112]. Samples were taken from the resulting trajectory in such a way that
the spacing between samples corresponded to a value for the trajectory self-correlation function
less or equal to 0.05. Each sample was optimized at the BP86-D3(BJ)/def2-TZVP [113-116]
density-functional level of theory, and frequencies were obtained at the same level. Gibbs free
energies were obtained in gas-phase from those frequencies. The systems were then optimized
at the pre-defined BP-TZVP-COSMO level with a single-point calculation at the BP-TZVPD-
FINE-COSMO-SP level [31] for each sample. All the density-functional calculations used the RI
approximation [117] and were performed in Turbomole v7.7 [118]. From those calculations we
obtained the data required by COSMO-RS [31], as implemented in the COSMOtherm program.
Finally, the values obtained were averaged, weighted by their relative abundance in gas phase,
calculated from their Gibbs free energies, and the logarithm of the average was obtained. The
error bars correspond to the inter-quartile range for the non-weighted logP of all the employed
conformers.

6.1.4. Bead assignment, estimated CG partitioning free energies and SASA

Bead types and sizes were selected according to Martini 3 parametrization guidelines, ensuring
consistency with default bead assignments for specific chemical groups. These choices were
validated by estimating CG partitioning free energies. The calculated partitioning free energies
were obtained by Thermodynamic Integration [119]. The fragment was solvated in a 5 x 5 x 5 nm?
box with either water or 25 % hydrated octanol [120,121]. A set of 11 simulations were performed
with equally spaced points from O to 1, where fragment-solvent interactions were scaled down
from full (1 = 0) to zero (1 = 1). A stochastic integrator [122] was applied and each simulation
was minimized with 10,000 deep descent steps followed by a 50 ns production run. A soft-core
potential was applied with the parameters of @ = 0.5 and p = 1. The free energy was then
calculated using the Multistate Bennett Acceptance Ratio (MBAR) [123].

To ensure correct packing further validate the choices for bead sizes, the CG Solvent Accessible
Surface Area (SASA) was fitted against the atomistic mapped SASA as well, having less then
10% difference. The SASA was calculated using the GROMACS package [91] as described in
the Supporting Information of the Martini 3 paper [30].

6.2. Lipid modeling

Once the fragments were done, they were combined with known ILs from the literature and tested
against CHARMM36 [20, 37]. Bilayer simulations in both atomistic and CG resolution were
performed with a mixture of IL:POPC of 30:70 mol%.

6.2.1. CG bilayer simulations

Bilayer patches were constructed with a modified version of the insane software [49], which
is available in the GitHub repository associated with this work. The systems were neutralized
and ions added to obtained a 0.15 mM NaCl concentration using the GROMACS software [91].
The systems were simulated with the Martini 3 force field [30]. All systems were subjected
to the same relaxation protocol. First a minimization of 500 steps using steepest descent
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followed by 10 ns of relaxation and finally 1-2 us production run. The target temperature was
310K during both relaxation and production runs using, respectively, the Berendsen [104] and
Velocity-rescale thermostat [105] with T = 1 ps, coupling lipids separately from the solvent. The
pressure was maintained with a semiisotropic pressure coupling during relaxation and production
run using respectively the Berendsen [104] and Parrinello-Rahman [106] pressure coupled
with 7 = 12 ps and the compressibility at 3 x 10 bar"'. The verlet buffer tolerance was set to
0.002kJ mol! ps!. The reaction field method was used to treat electrostatics and van der Waals
interactions were truncated after 1.1 nm ("New-RF" Martini settings [110]) using the potential
shift Verlet scheme [108].

6.2.2. Atomistic bilayer simulations

The atomistic bilayer patches were constructed using the CHARMM-GUI Membrane Builder
tool [75]. The CHARMM36 [20, 37] force field (FF) and the TIP3P water model were used, and
the systems were neutralized with 0.15 M NaCl. The systems were first minimized using the
steepest descent algorithm for 5000 steps, followed by 6 steps of relaxation, each 1 ns long with a
timestep of 1 fs, where position restraints on headgroups and dihedrals were gradually lowered
from 1000 to 0kJ mol~'nm~2. For the production run, the timestep was increased to 2 fs.

For both the relaxation and production runs, the temperature and pressure were held constant at
310K and 1 bar, respectively. The pressure was held constant using a semiisotropic coupling. In
the relaxation the Berendsen barostat and thermostat [104] was applied with 7 = 1.0 ps, while in
the production run the Velocity-rescale thermostat [105] with 7 = 1.0 ps and Parrinello-Rahman
barostat were used with 7 = 5.0 ps and a compressibility of 4.5 x 107> bar~!. The lipids and
solvent were coupled independently.

Electrostatics were treated with the PME method [107] using a cutoff point of 1.2 nm while
van der Waals interactions were truncated, smoothly switching the force to zero between 1.0 and
1.2nm. The bonds involving hydrogen atoms were constrained using the LINCS algorithm [109].

6.3. Sterol modelling

Sterol modelling followed the same parameterization strategies as those employed to model
cholesterol for Martini 3 [45]. Most sterol molecules parameterized in this work share their
sterol core with cholesterol, only differing on their aliphatic chains (5-sitosterol, stigmasterol and
campesterol). To model each of these a building block approach was used, where the cholesterol
sterol core was attached to the corresponding aliphatic chain. Aliphatic chain mapping and
bead typing followed standard Martini 3 parameterization guidelines [30]. Chain dynamics and
bonded parameters were modeled using reference CHARMM36 simulations of the corresponding
sterols [124], both inserted in POPC membranes and in water. To match atomistic reference
dynamics, 1 to 2 dihedral potentials and 2 to 4 angle potentials were employed. This is not unlike
the strategy used to model the Martini 3 cholesterol model [45], albeit complicated by the fact
that the sterols parameterized in this work have aliphatic chains made up of a larger number of
beads.

Ergosterol required us to model their sterol core. The same single-frame virtual site topology
approach that was used to model the cholesterol sterol core was applied to these molecules [45].
Additionally, the mapping was kept as close as possible to that used for cholesterol. In short,
three beads (typically R1, R2 and C1) were used to define a rigid triangular frame assembled
using linear constraints. The beads that make up this triangular frame were then used as the
constructing particles from which the remaining beads (other than aliphatic chain beads) were
defined as out-of-plane virtual sites. Parameters for virtual site construction were obtained
as described in detail elsewhere [45,125,126], from CHARMM36 simulations of each sterol
inserted in POPC bilayers. Briefly, the atomistic references were CG-mapped and the positions
of the particles were then averaged after rotationally and translationally fitting the entire molecule
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to the virtual-site frame. The placement of the virtual site beads relative to the frame; ;; was then
defined as a function of ij, ik and of their cross product. Nonbonded interactions between virtual
site particles were excluded. Martini bead masses were then redistributed from the virtual site
beads to the beads making up the virtual site frame. The corresponding aliphatic chains were
then attached to each core as described above.

Each sterol molecule was then validated to ensure correct behaviour and numerical stability.
For stability validation, large sterol containing bilayers 30 x 30 nm? were simulated at 20 fs for
over 5 microseconds. For sterol behavior validation, 10x10 nm? DPPC lipid bilayers containing
increasing concentrations of sterols were simulated at 323 K. Several membrane biophysical
properties were then probed, such as area per lipid, membrane thickness and acyl chain order.
Trends were compared between each sterol and against a cholesterol reference.

6.3.1. Bilayer melting temperature protocol

As part of the validation of the sterols, the melting temperature was calculated using a simulated
annealing approach, where the simulations starts at 373 K, followed by a quenching of the
temperature at a rate of 1 K/100 ns, until reaching 273 K, followed by a heating of 1 K/100 ns
returning to 373 K. The Lindemann index was then calculated for all lipid beads in blocks of
100 ns, such that each block corresponds to a change of approximately 1 K (Eq. 1, 2). Overheating
(T+) and under-cooling (T-) temperatures were determined using the largest gradient in the
Lindemann index. The mean T+ and T- were calculated from 5 repeats each of 2 us. The
simulation Tm was the obtained through Equation 3, known ad the "hysteresis method" [127].

__ 1 2N _
"= G N M
|
Lindemann = ) ;(qi) ()
Ty =T, +T —\T.T 3)

The pressure, temperature, van der Waals and electrostatic interactions were treated as described
in section 5.2.1.

6.4. Nucleic acid models

A preliminary Martini 3 model for nucleic acids was used in this work for the simulations with
RNA. For simulations performed in LNP with an inverted hexagonal phase, 21 nucleotide-long
polyA dsRNA sequences were modeled using the same preliminary model employed in recent
biomolecular condensate studies [128,129]. In this model, bead mapping and bonded parameters
were based on the phosphate and ribose of the Martini 2 nucleic acid models [130, 131], with
adaptations to the bead types. Phosphate groups are represented by Q5 beads, while ribose is
represented by SN3a-SP1 fragments. Aromatic nucleobase rings were already available with
Martini 3 [30]. Since this model was still a prototype, the -stacking between nucleobases was
reinforced via an elastic networks. For the long 1,000 nucleotide polyA ssRNA used in the bleb
LNP, a more advanced, but still preliminary, model was utilized. This model did not include
elastic networks, with mapping and bonded terms aligned with Martini 3 guidelines. Specifically,
ribose fragments followed the recent guidelines suggested for carbohydrates [132]. Although
promising, this new prototype model presents some numerical instability, with all production
simulations performed using a 10 fs time step instead of the 20 fs time step used in the rest of
the CG simulations performed in this work. Coordinate and parameter files are provided on the
GitHub repository associated with this work.
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6.5. LNP - Endosomal Bilayer Fusion assays

Bilayer fusion assays between LNP membranes with different ionizable lipids (MC3H, Lipid 2 or
Lipid 10) and a target plasma membrane were performed using the method described in [53].
We used a plasma membrane model called A8 [54], which has reduced complexity, but captures
reasonably well the properties of more complex compositions. The LNP interacting leaflet of
this membrane is composed of (in mol%) 24 % POPC, 12 % PAPC, 2 % POPE, 6 % DIPE, 24 %
DPSM and 31 % CHOL while the non-interacting leaflet contains 14 % POPC, 8 % PAPC, 5 %
POPE, 16 % DIPE, 11 % DPSM, 28 % CHOL, 25 % PAPS, 2 % PAP6. An additional membrane
model, enriched with 10 mol % PAPS lipids in the LNP-interacting leaflet, was also considered
to better model the differences in composition in the endosome. All bilayer fusion systems were
built with an automated protocol written in python, and the same protocol was used for all studies
of these systems, differing only in the composition of the membranes. Initially, two independent
membrane bilayers corresponding to the target LNP and endosomal target membrane are built
ina 10 x 10 x 8 nm? box using the insane software [49]. Each system was then hydrated and
neutralized using sodium ions. This was followed by energy minimization and equilibration for
20 ns to relax the box dimensions completely.

Subsequently, the two membranes were stacked on top of each other (as shown in Figure 4A).
To fully hydrate the distal leaflets, the box was extended along the z-axis, and additional water
was added to until there were 5 water beads per lipid between the proximal leaflets. Sodium
ions were introduced to neutralize the system’s charge. The double membrane system was then
equilibrated for an additional 20 ns.

To avoid waters from permeating the leaflets and changing the hydration of the inner layer,
we applied flat-bottomed position restraints to all water beads. The reference positions of all
flat-bottomed position restraints were taken as the center of the box along z. The force constant
for the quadratic potential was set to 100 kJ mol™! nm™. Together, these flat-bottomed position
restraints potentials allowed normal diffusion and fluctuation of water in both compartments and
applied only if water beads deeply penetrated the hydrophobic membrane.

The initial frames for the umbrella sampling (US) simulations were extracted from constant-
velocity pulling simulations. In these simulations, the systems were pulled from reaction
coordinate £ch = 0.25 to £ch = 1 over 1000 ns using a force constant of 5000 kJ mol™!, for five
replicates. Nineteen umbrella windows were employed, with reference positions ranging from
&éch =0.1 to 1 in increments of 0.05, where 1 is the fully formed stalk. The force constant was
set to 5000kJ mol!. Each window was simulated for 1 us, with the initial 500 ns excluded for
equilibration. An integration time step of 20 fs was utilized. The potential of mean force (PMF)
was computed using the weighted histogram analysis method (WHAM) [133].

6.6. Constructing whole LNPs
6.6.1. Building protocol

The construction of whole LNPs with inverse hexagonal core utilizes the tool TS2CG [63],
Packmol [64], Polyply [46], the insane script [49], VMD [68] and the python packages fatslim [96],
MDAnalysis [92], MDVContainment [67], and MDVwhole [66]. The procedure is an evolution
of a protocol previously described for building cationic lipid/DNA lipoplex models studied in the
context of gene therapy delivery [23, 134]. The different steps for constructing the particles are
described in Jupyter notebooks and made available on the GitHub repository associated with this
work. Within the nookbooks are the parameters for construction set as well.

Step 1 involves constructing a periodic system of the inverse hexagonal phase of a given lipid
composition using TS2CG in combination with MDAnalysis and fatslim. A single cylinder is
constructed with TS2CG, with the principal axis aligned with the z-axis. The cylinder is then
filled with possible cargo, water and ions using Packmol. The cylinder is then replicated 3 times,
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such that there is 4 cylinders in a hexagonal periodic box. This system is then relaxed for 10 ns.

Step 2 is the extraction of a hexagon from the periodic inverse hexagonal system. This
is done through duplicating the relaxed inverse hexagonal system using GROMACS, after
which MDVContainment along with MDVWhole are used to identify the different channels and
extracting a whole hexagon with 7 channels in total.

Step 3 is the coating of the core hexagonal system. VMD is used in combination with Blender
to obtain a triangulated surface of the hexagon, which is used as input for TS2CG to generate a
monolayer and a bilayer of the desired lipid composition for the coating of the hexagon. At the
top of the hexagon the channels are open, hence a bilayer is placed at either end of the channels
such that the hydrophilic headgroups of the lipids are facing both the open channels as well as the
solvent. Along the channels the monolayer is placed, with the lipid headgroups facing the solvent.

Step 4 involves possible PEGylation of the coating using Polyply, resulting in a LNP with 20
nm in diameter.

A similar procedure was performed to build a larger LNP with a diameter of approximately 40
nm. In this case, after step 1, the relaxed inverse hexagonal system was replicated in step 2 to
generate an LNP with 44 channels in total, followed by the same procedures described in steps 3
and 4. For the *bleb’ structure, steps 1 and 2 were replaced by the construction of two vesicle-like
compartments using TS2CG and Polyply. One compartment contained water, ions, and a long
1,000 ssRNA chain, while the other contained neutral ionizable lipids and cholesterol. After
construction, both compartments were relaxed and the outer coating was generated, as described
in Steps 3 and 4. After construction, the resulting LNP particles are then solvated and the desired
ions are added using insane and GROMACS, followed by 5 steps of relaxation, as detailed in the
Jupyter notebooks.

6.6.2. Assessment of the pre-build structures

The pre-built LNPs were equilibrated for 10 us at a) constant temperature of 310 K and b) via
rapid periodic simulated annealing with linear heating and cooling the system between 290 and
390 K in 40 ns cycles. The remaining simulation parameters were the same as in other production
simulations in this manuscript, except for the use of isotropic pressure coupling.

To also compare different strategies for generating LNP models, we performed also self-
assembly simulations of the same composition of lipids and RNA molecules as in the prebuilt
structures. The molecules were randomly inserted into a cubic simulation box (18 nm side).
The box was enlarged (35 nm side), hydrated, neutralized with CI" ions and then CI" and Na*
ions were added in physiological conditions. The system was equilibrated and simulated for
10 us with annealing, as in the case of pre-assembled LNPs and in previous work [15]. The
structures of the LNPs were then characterized in terms of their size, shape, density distribution
and hydration level using the same protocols provided in ref [15], with average values calculated
for the last 2 us of the simulation.

In order to evaluate the role of initial hydration and ionization level of the LNP, we modified the
structure of LNP with Lipid 2. We reduced the number of water beads up to a full dehydration of
the initial structure (90, 80, 50 and 0% of original water level). Further, we reduced the number
of CI" ions to 90, 50 and 0% of original level at the fully hydrated structure and to 50 and 0% at
the fully and 50 % dehydrated LNP structure (Figure S29). The LNPs were simulated for 10 us
with annealing as other LNPs in this paper and their level of their hydration was evaluated as in
ref [15].

Further, we tested the changing LNP morphology dependent on the protonation level of Lipid
2. We used the initial structure of fully protonated LNP with Lipid 2 and deprotonated a fraction
of Lipid 2 (Figure S30), keeping the system net-neutral (replacing the required amount of CI” ions
by water beads) and simulated them for 10 us with annealing. The protonation or deprotonation
of 10% of ILs did not make a significant difference in the LNP structure. Deprotonation of more
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molecules of Lipid 2 resulted in RNA cluster surrounded by a bulk lipid phase (Figure S30).

6.7. Unbiased fusion simulations of whole LNPs

For unbiased fusion simulations we used the approach of simulating an LNP encapsulated in a
lipid vesicle. Three lipid vesicles with outer diameters ranging from 15-16 nm were prepared
by TS2CG tool [63] with water pores of 2 nm in diameter. The lipid composition of the lipid
vesicle corresponded to the plasma membrane model used in the fusion assays in section 2.3 with
negatively charged lipids (PAPS) in the outer non-interacting membrane leaflet. Lipid tails were
excluded from the region of water pore with cylindrical restraints and a short vacuum energy
minimization was performed (as recommended in the original vesicle formation protocol). The
equilibrated structure of the LNP was inserted inside the lipid vesicle to align the LNP and vesicle
centers of gyration. The LNP was restrained at its original position for the whole time of the
equilibration (with force constant of 1,000 kJ mol™! nm?). Afterwards, the system was solvated
and neutralized with Na* ions and minimized again. During system equilibration, neutral and
negatively charged vesicle lipids were treated differently. Neutral lipids were only restrained by
keeping their tails out of the water pore (with 1,000 kJ mol"! nm), that was gradually closing
(with 2.0, 1.5, 1.0 nm in diameter). Charged lipids were kept out of the pore with higher force
(with 10,000kJ mol! nm™) and their headgroups were restrained spherically to stay in the outer
leaflet. This process did not prevent all flip-flops or vesicle deformations, therefore after pore
reduction to 1.0 nm in diameter, charged PAPS in the internal leaflet were changed to PAPC, and
PAP6 was removed. Further, lipids in vesicle deformations were removed. The equilibration
with 1.0 nm pore was repeated, followed by steps with 0.5 and 0.2 nm of pore diameter. Finally,
all restraints were removed and the LNP-vesicle system was simulated for at least 10 us with
the same simulation protocol as bare LNPs at 310K (see the Table S2). For each LNP, three
different vesicles were prepared and simulated independently.

To evaluate the role of negatively charged lipids in the fusion process, we prepared another
set of lipid vesicles with 10 % of lipids of the internal leaflet exchanged for PAPS, mimicking
the endosomal membrane. We used the same lipid vesicles as in the previous case (after the
equilibration), exchanged the required amount of PAPC with PAPS and performed 10 us of
simulations.
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