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Abstract: Lipid nanoparticles (LNPs) represent a promising platform for advanced drug28

and gene delivery, yet optimizing these particles for specific cargos and cell targets poses a29

complex, multifaceted challenge. Furthermore, there is a pressing need for a more compre-30

hensive understanding of the underlying technology. Experimental studies are costly and often31

provide low-resolution information. Molecular dynamics (MD) simulations allow us to study32

these particles at a higher resolution, enhancing our understanding. However, studying these33

systems at atomic resolutions is both challenging and computationally expensive, as well as34

time-consuming. Coarse-grained (CG) models, such as Martini 3, are positioned as promising35

tools for studying LNPs. To enable CG-MD studies of LNPs, accurate and validated models of36

their components are needed. Here, we present a substantial extension of the Martini 3 library of37

lipids, covering the most important LNP components, including over a hundred of ionizable lipid38

(IL) models, along with natural occurring sterol models and PEGylated lipid models. We further-39

more present initial protocols for screening fusion efficacy across different lipid formulations40

and for constructing whole LNPs at CG resolution, enabling future studies of these nanoparticles.41

42

1. Introduction43

The interest in lipid nanoparticles (LNPs) has increased tremendously because of their large44

potential in vaccines as a delivery platform. However, the understanding of this technology is still45

substantially lacking and remains a multivariate problem, making it difficult to investigate and46

decouple specific variables. An LNP typically consists of five major components, an ionizable47

https://doi.org/10.26434/chemrxiv-2024-bf4n8 ORCID: https://orcid.org/0000-0003-2834-3411 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-bf4n8
https://orcid.org/0000-0003-2834-3411
https://creativecommons.org/licenses/by/4.0/


lipid (IL), a sterol, a helper phospholipid, polyethylene glycol conjugated (or PEGylated) lipids,48

and cargo. In addition to optimizing each component, the relative ratio between them can49

also be optimized depending on the cargo, target cell specificity or stability, not to mention50

the assembly process [1, 2]. Although experimental studies can explore certain variations51

under certain conditions, extensive screening of ratios and components is neither easy nor52

cheap, especially when non-commercially available lipids need to be synthesized and tested [3].53

Additionally, experiments often lack high-resolution structural and dynamical information about54

the architecture and phase changes of LNPs under different pH values [4, 5].55

The currently accepted mode of action for LNP delivery is that, upon injection into the56

bloodstream, a corona shell is formed around the particle, where the APO E peptide is an essential57

component in addition to albumin. APO E is responsible for LNP endocytosis into the cell. The58

resulting endosome formed with the LNP inside will then mature, resulting in a pH drop from 759

to around 6-5. Upon the pH drop, several of the ILs in the LNP become protonated which is60

believed to induce structural changes in the LNP that enable particle fusion with the endosomal61

membrane and the eventual release of its cargo into the cytosol. In the case of mRNA cargo, as62

in the COVID vaccines, the mRNA is then transcribed by the ribosome [6, 7].63

Several LNP properties are optimized to improve their potency, such as particle and cargo64

stability in storage and/or blood, fusion efficacy in relation to endosomal escape, or even target-cell65

specificity [2, 6, 8]. Regarding LNP stability, PEGylated lipids are often used to improve particle66

’stealthiness’ in terms of stability in the blood, and to help maintain a certain particle size while67

in storage [9]. The main instability, however, has been identified as originating from the cargo,68

whether RNA or DNA [10]. Given the extensive experimental data readily available on RNA69

degradation rates, AI-based approaches are already a reality for the computational design of70

new RNA sequences [11]. However, the situation is different for LNP lipid composition and71

its influence on vaccine efficacy. Likely due to the lack of large, curated databases, there are72

currently no well-established AI-based protocols for optimizing lipid composition, despite its73

clear significance in enhancing LNP properties. Only initial attempts at in silico screening lipid74

compositions have been made [12].75

An additional issue with current LNP technology is that, only a very small percentage of76

the cargo, in the case of RNA, actually reaches the cytosol of target cells. One of the biggest77

hurdles is the cargo endosomal escape. To optimize this crucial process, it is necessary to78

enhance LNP fusion with the endosome while avoiding excessive fusogenicity with other lipid79

compartments [13]. Understanding the pH-dependent phase behavior of LNPs is essential for80

optimizing endosomal escape [1]. Despite several studies that attempt to shed light on the matter,81

a comprehensive understanding is still lacking due to the multivariate nature of LNPs [5, 14–18].82

Overall, the literature still lacks a deep molecular and functional understanding of LNP technology.83

Although some small details have been revealed, the puzzle remains incomplete and requires84

further integration of experimental and computational approaches to achieve a clear understanding85

of the whole picture.86

Molecular dynamics (MD) simulations are a valuable tool for studying, in detail, the packing87

behavior and organization of LNPs, as well as their endosomal release process. Combining88

MD studies of LNPs with available experimental data could provide valuable high resolution89

structural insight that would be otherwise inaccessible [15,19,20]. For example, MD simulations90

have suggested that optimizing the packing of the Moderna ILs around the RNA nucleobases via91

𝜋-𝜋 stacking may enhance cargo stability [21]. Such computational strategies could be used to92

further optimize and advance LNP technology. However, the sheer complexity and size of LNPs93

puts them beyond the reach of traditional spatial and time scales currently accessible to atomistic94

MD simulations, posing challenges in terms of computational resources. This is where coarse95

grained (CG) MD simulations can play a major role, alleviating these limitations [1, 22, 23].96

The Martini CG force field (FF) [24, 25] is a widely used CG model, in particular for MD97
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simulations involving lipids in complex biological environment [26] and their interplay with98

other biomolecules and synthetic materials [25, 27]. Martini enhances sampling efficiency and99

reduces system complexity by representing two to four non-hydrogen atoms, along with their100

associated hydrogens, as a single CG bead. This model employs a building block approach and101

integrates both bottom-up and top-down methods to derive bonded and non-bonded interactions,102

respectively. A sub-selection of previous works have highlighted the possibilities for delivery103

systems being studied with with Martini force field, examples ranging from simulating the escape104

of DNA from a lipoplex [23] to studying the lipid nano-emulation for vitamin delivery [28].105

Some wok has also been on LNPs, studying the core and pH dependency [22, 29]. The latest106

version, Martini 3, significantly improves interaction accuracy and greatly expands chemical107

space coverage [30] making it a promising new tool for designing and optimizing LNPs, which108

was not as feasible with earlier models [1]. In this work, we introduce an extensive and new109

Martini 3 library that includes ILs, sterols, and PEGylated lipids. Additionally, we provide110

detailed protocols for exploring fusion processes, investigating pH-dependent phase behavior of111

LNPs, and constructing and analyzing whole LNPs in solution or during interactions with target112

membranes. This work aims to lay the foundation for computational design and screening of113

LNP formulations using Martini CG MD simulations.114

2. Results115

2.1. LNP lipid models116

2.1.1. Ionizable lipid parameterization - a fragment based approach117

To build Martini 3 CG models of ionizable lipids, a building block approach was employed (Figure118

1). This approach consists of modeling several IL fragments – representing various regions of the119

IL, such as the headgroup, linker region or acyl chain – which can then be assembled to model120

entire ILs (Figure 1). Not only does this simplify the parameterization process, but it also allows121

researchers to use these fragment models to build other IL models or get inspiration for new122

ones, making it easier to study different LNPs by changing specific chemical groups within the123

lipids. The naming convention adopted for the two-tailed IL models consists of the two-letter124

combination for the tails (typically used for phospholipids), followed by a two-letter combination125

for the head/linker region. For the head, the first letter remains the same across protonation states,126

while the second letter changes to "P" for the charged protonated state (see Figure 1A).127

To obtain the necessary parameters for the IL CG models, atomistic MD simulations were128

conducted for each fragment. These simulations provided the bonded parameters and solvent129

accessible surface area (SASA) values essential for accurate model construction. In the absence130

of experimental data for the fragments, we also used COSMO-RS, a quantum chemistry-based131

method, to predict the thermodynamic properties [31]. This approach has consistently been132

recognized as one of the best prediction tools for oil/water partitioning data [32,33]. An additional133

advantage of COSMO-RS is its ability to predict logP for not only the octanol/water but also134

for other partitioning systems, which is crucial for the chemical transferability of the Martini135

CG models. In this work, we used all three gold standard partitioning systems employed in136

Martini 3 parametrization: octanol/water, hexadecane/water, and chloroform/water. We also137

ensured consistency across both the fragment library and the existing phospholipid library. For138

some fragments, compromises on the CG partitioning free energy were necessary to maintain139

consistency and transferability within the library. It is worth noting that COSMO-RS typically140

has an mean absolute error (MAE) range of 2-3 kJ/mol [32,33], which justifies our preference for141

maintaining internal consistency with the Martini bead assignment rather than perfectly matching142

the free energies.143

Figure 1B shows the matching of CG and atomistic SASA, indicating an excellent agreement,144

which reflect not only the accurate fitting of bond distance but also the choices of bead sizes. The145
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overall comparison between COSMO-RS and Martini 3 CG partitioning free energies showed146

a reasonable agreement with a R² = 0.80 and MAE = 6.4 kJ/mol (Figure 1C). The matching147

between the approaches was worse for larger, branched hydrophobic fragments, such as some of148

the linker fragments containing several carbons and one hydrophilic group such as an ester or149

ether. These discrepancies are expected as experimentally it is impossible to accurately estimate150

these values, with any predictions becoming less trustworthy [34]. Additionally, as already151

mentioned, there is an inherent error of the COSMO-RS estimates. Therefore, the main focus for152

selecting the types of beads was to maintain consistency between fragments, chemical groups,153

and other Martini 3 lipid models. Hence, the difference in partitioning free energy between the154

CG models and predicted values, is not an issue for the final IL models. The behavior of the ILs155

was later compared with atomistic models to further validate the choices.156

In total 15 head and 10 linker fragments were made along with 2 fragments for constructing157

PEGylated lipids. When combined with the available tail parameters, this setup allows for the158

generation of hundred of different lipids. As an example, we provided a total of 117 unique159

coarse-grained (CG) models of ILs, each in both neutral and charged states (total of 234 parameter160

files). Furthermore, additional IL models featuring branched tails were constructed, including161

the well-known ALC-0315 and SM-102, which are used in Pfizer and Moderna vaccines,162

respectively [35, 36].163

2.1.2. Validation of bonded terms from fragments when used as part of ILs164

The bonded parameters obtained for the fragments were further validated with four ILs from the165

literature, for which CHARMM36 parameters are available [20]. We focus on the two widely166

known ILs, DLMC3 and DLKC2, which will henceforth be referred to as DUM3 / DUMP167

and DUK2 / DUKP, depending on the protonation state, or simply MC3 and KC2. Using the168

CHARMM36 FF [20, 37], these two IL types were simulated in a IL:POPC bilayer (30:70 mol%)169

during 1 𝜇s for both the fully charged and neutral state. The corresponding CG systems were170

simulated for 1 𝜇s as well, and the bonded distributions were compared between the atomistic171

and CG simulations. See Figure S2-11 for the SASA and bonded distributions for DUM3/MP172

and DUK2/KP, the rest can be found on the GitHub (https://github.com/Martini-Force-Field-173

Initiative/M3-Ionizable-Lipids/). This comparison aimed to verify that the bonded parameters174

derived from the OPLS fragment simulations match well with those obtained from whole ILs,175

albeit obtained using a different atomistic force field. In addition to these ILs, Amber FF176

simulations of Pfizer (ALC-0315) and Moderna (SM-102) from the work of Paloncová et al. [16]177

were also used to cross-validate their CG equivalents. The bonded and SASA distributions178

showed a good overlap between the atomistic lipid, fragment and coarse grained lipid model.179

2.1.3. Increasing the Martini 3 LNP toolbox with sterols and PEGylated lipids180

Optimizing LNPs presents a multi-variable challenge. Typically, the composition of LNPs181

consists of a base mixture comprising an ionizable lipid, a sterol, a helper lipid like DSPC or182

PE, and a PEGylated lipid. [4] Several studies have focused on optimizing the ionizable lipid,183

with the emphasis on apparent pKa, fusion efficacy and biodegradability [38–40]. Other studies184

have investigated the role of the helper lipid in LNP structure and fusion [41]. Recent studies185

are now beginning to reveal the impact of replacing commonly used cholesterol with alternative186

sterols, such as plant sterol 𝛽 -sitosterol. These investigations demonstrate that such substitutions187

not only alter LNP properties like shape and structure but can also markedly improve fusion188

efficacy [42–44].189
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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,190

𝛽-sitosterol, and Stigmasterol), modeled based on the new cholesterol model for Martini 3 [45].191

The sterol models were simulated in DSPC bilayers and compared with cholesterol, ensuring a192

correct trend in terms of packing, insertion, and melting temperature relative to the experimental193

data. See Figure S12-24 in the supporting information for the bonded distributions along with194

these properties mentioned above. In addition to sterols, we have also included PEGylated lipid195

models in the Martini 3 LNP toolbox. Leveraging the versatility of Polyply, [46] adjustable PEG196

head lengths are available, which could be combined with the Martini 3 tail library and with197

fragments exclusively generated to facilitate the modeling of DMG-PEG and ALC-0159. As198

an example, we provide a model of DMG-PEG 2000 and ALC-0159. It is important to note,199

however, that the use of PEG in Martini 3 currently requires some adjustments in the interactions200

between SN3r and charged (Q) beads [47].201

2.2. Validation of the ionizable lipid models202

2.2.1. Reproducing IL charge-dependent lamellar/oil lens behavior203

Generally, in bilayer simulations involving helper lipids and different combinations of head/linker204

and tail compositions from ILs, it is expected that neutral species will accumulate in the middle,205

forming an oil lens between the two leaflets and leading to a significant increase in membrane206

thickness. To demonstrate that our model can also capture this effect, we performed Martini207

simulations of DLMC3 and DLKC2 (DUM3 / DUMP and DUK2 / DUKP) when mixed with208

POPC (10:90, 20:80, and 30:70 IL:POPC mol%). CHARMM36 atomistic simulations were209

performed of bilayers at the same concentrations of ILs for comparison. These analyses were210

performed in either the fully charged or neutral state, representing low- and high-pH situations,211

respectively.212

Figure 2A and S25 shows the density across the bilayer normal for the DUM3/MP and213

DUK2/KP headgroups in both the atomistic and corresponding CG systems. At low pH the214

IL is assumed fully charged, while at high pH it is neutral. As confirmed by the snapshots215

of the simulations highlighted in Figure 2B, the IL maintains a lamellar topology at low pH216

(charged headgroup), while at high pH (neutral headgroup) it accumulates in between the POPC217

leaflets, generating the expected oil lens. This behaviour aligns well with the knowledge in the218

literature, where neutral MC3 and cholesterol are concluded to form an oil core within LNPs,219

while multilamellar and inverse hexagonal phases are proposed to form under low pH when220

ILs are charged [14, 18]. Additional results from atomistic simulations also indicate the same221

behavior [19, 20].222

Notably, the CG models of neutral MC3 (DUM3) and KC2 (DUK2) tend to aggregate223

slightly more in the interleaflet region compared to the corresponding atomistic simulations.224

Several parameterizations of MC3 (DUM3) with the CHARMM and Slipids force field have been225

presented in the literature and compared to experimental data such as Neutron Reflectrometry [48].226

For the CHARMM parameters the accumulation of the neutral specie in the interleaflet is227

underestimated. [48] The bilayer thickness of neutral MC3 in DOPC bilayers at 10 and 15 mol%228

IL (50 mM NaCl, 288 K) was experimentally determined to be 41 ± 3 and 40 ± 3 Å [48]. For229

comparison we simulated the same compositions of MC3:DOPC under the same conditions and230

measured a bilayer thickness of 38.20 ± 0.27 and 39.61 ± 0.31 Å, respectively, aligning well with231

the experimentally in vitro determined values. Hence the increased accumulation of the neutral232

species observed in the CG simulations may not match entirely with the atomistic simulations233

but rather appears to agree well with the in vitro experimental data. These findings validate our234

model’s ability to replicate the expected behavior across IL protonation states.235

https://doi.org/10.26434/chemrxiv-2024-bf4n8 ORCID: https://orcid.org/0000-0003-2834-3411 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-bf4n8
https://orcid.org/0000-0003-2834-3411
https://creativecommons.org/licenses/by/4.0/


2.2.2. Expanding IL Model Validation: Effects of Headgroup, Linker, and Tail Variations236

To further validate our IL models, we took advantage of our building block approach for237

constructing ILs and extended our tests to a larger sub-selection of headgroups, linkers, and tails238

in 15 × 15 nm2 IL:DSPC (50:50 mol%) bilayer patches. From these simulations, we calculated239

the area per lipid (APL) and the hydrophobic thickness, specifically the distances between the two240

leaflets excluding the polar headgroups. See Figure S26 for the head/linkers and tails under study241

along with the APL and thickness values. The APL was only calculated for the charged species242

that maintained the lamellar topology. A trend was observed across the lipid tails, with the DU243

tail (CDDC CDDC) having the highest APL. The fully saturated tails DL and DS consistently244

showed lower and similar APL across the lipid types (see Figure S26 for more details). This245

trend aligns with observations in common phospholipids, where polyunsaturated tails exhibit246

higher APL compared to saturated ones [49]. The choice between saturated and unsaturated tails247

for LNP usage is a topic of discussion in the literature; unsaturated tails, despite being prone to248

oxidation and presenting an instability issue, have demonstrated a significant improvement in249

LNP transfection efficacy [50, 51].250

2.2.3. pH-dependent phase behaviour reproduced251

It has been suggested that LNP organization depends not only on their lipid composition and252

cargo but also on pH of the environment. [5, 14, 43, 52]. LNPs containing siRNA or mRNA are253

proposed to have a multilamellar [18] or inverse hexagonal / worm-like internal structure [5, 14],254

respectively. The lamellar topology has been shown to only be maintained with charged MC3255

(DUMP) based on SAXS (Small Angle X-ray Scattering) data [18]. The following question is256

whether the same ILs can form an inverse hexagonal phase, given the right conditions, such as257

pH [5].258

Experimental studies [5, 14] have found that both MC3 and KC2 form an inverse hexagonal259

phase at low pH with a hydration of around 7–12 water molecules per lipid. They also propose260

that the core of LNPs consists of around 75 mol% IL and 25 mol% cholesterol. The presence of261

cholesterol has previously been suggested to help maintain the inverted hexagonal phase of the262

LNPs based on atomistic MD simulations [17]. The tests for formation of inverse hexagonal263

phase were therefore performed with KC2 and MC3 in the presence of either DSPC or cholesterol.264

Double bilayer systems were constructed of both MC3 (DUM3/DUMP) and KC2 (DUK2/DUKP)265

with 10 mol% DSPC or with 25 mol% cholesterol and low hydration (around 7 water molecules266

per lipid) and neutralizing ions, representing low and high pH, assuming fully charged or neutral267

lipids, based on the experimental conditions in the work by Philipp et al. [5].268

Indeed, both MC3 and KC2 form the inverse hexagonal phase in with both DSPC and269

cholesterol, however only at low pH, assuming a plus one charge for all the ILs. The inverse270

hexagonal phase does however not seem to depend on the presence or absence of either DSPC271

nor cholesterol, see Figure 2C and D. An additional test was performed with only MC3 and KC2272

at low pH, and in fact the inverse hexagonal phase was formed as well. The simulations reach the273

same conclusion as obtained experimentally [5], that the phase is determined by the ionizable274

lipid and not the helper lipid DSPC nor cholesterol.275

At high pH, the neutral MC3 or KC2 does not form any topology resembling an inverse276

hexagonal phase. In the presence of DSPC small inverse micelle pockets are formed, with the277

same being observed for the cholesterol-containing systems, though there, the neutral IL mixes278

with cholesterol and separates from the water phase completely, see Figure 2C and D. This aligns279

well with experimental SAXS data [5, 14], suggesting that the parameters can indeed reproduce280

the known pH-dependent phase behaviour of these ILs.281
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Fig. 2. A) Density of headgroups of MC3 (DUM3) and KC2 (DUK2) 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 assays282

A large library of IL models can enable various studies, including the screening and charac-283

terization of different LNP lipid formulations, in terms of their packing, phase behaviour, and284

fusiogenic behaviour against different membrane models. To illustrate the potential of this285

IL model library and to propose an approach for assessing LNP efficiency, we focus here on286

quantifying the fusiogenic properties of different formulations. For this purpose, we adapted287

the protocol by Hub et al. [53] to perform Potential of Mean Force (PMF) fusion assays of288

stalk formation between different LNP formulations and a plasma membrane model [54]. The289

LNP interacting leaflet of this membrane is composed of (in mol%) 24 % POPC, 12 % PAPC,290

2 % POPE, 6 % DIPE, 24 % DPSM and 31 % CHOL while the non-interacting leaflet contains291

14 % POPC, 8 % PAPC, 5 % POPE, 16 % DIPE, 11 % DPSM, 28 % CHOL, 25 % PAPS, 2 % PAP6.292

Additionally, we also studied the stalk formation between the LNP formulations and a membrane293

model enriched with 10 mol % PAPS lipids in the LNP-interacting leaflet to better mimic the294

compositional differences observed in the endosome. PAPS was also included in this leaflet295

based on the hypothesis that anionic lipids, such as PS, could play an important role in the296

transfection mechanism, and to better represent the increase in negatively charged lipid found in297

late endosomes [55, 56].298

The initial barrier to membrane fusion is the formation of a hemifusion stalk, which should299

be followed by the formation of a fusion pore [23, 57, 58], process not covered by our fusion300

assays. Here we use the PMF method to calculate the free energy landscape of the fusion301

intermediates, providing insights into the energetic barriers and stability of the stalk. Figure302

3A presents a schematic overview of the process by which the LNP enters the cell and leads to303

protein expression, with stalk formation highlighted in Figure 3B as the proposed initial barrier304

for endosomal escape.305

2.3.1. Acyl-chain dependent fusion efficacy306

The experimental work by Sabnis et al. [36] marked a pivotal point in the optimization of the307

IL chemistry, focusing on enhancing protein expression and subsequent fusion efficacy. From308

the well-established MC3 lipid, they derived nine additional ILs. Compared to MC3, one309

derivative performed worse (Lipid 2), while others exhibited significantly enhanced performance310

(such as Lipid 10) in terms of protein expression. The distinctions between Lipid 2, 10, and311

MC3 lie in increasing saturation and branching of the tails, coupled with the introduction of312

an additional ester group, which makes Lipid 10 more biodegradable [36]. In an attempt to313

reproduce these experimental trends, we performed a fusion PMF assay with bilayers mimicking314

LNP formulations (IL:CHOL:DSPC at 50:40:10 mol% ratio), were MC3, Lipid 2, or Lipid 10315

where the ILs studied, and a plasma membrane [54], as mentioned above.316

These fusion PMFs (Figure3D) revealed a substantial decrease in the free energy of stalk317

formation for Lipid 10 compared to MC3, and a slight increase for Lipid 2 compared to MC3,318

consistent with the protein expression trend reported by Sabnis et al. [36]. Other studies have also319

shown that replacing alkenes with alkanes and introducing esters and branching of the lipids tails320

enhances delivery, since it helps in lipid protrusion, enabling the lipid to more easily overcome321

the dehydration barrier between the two membranes, and thereby forming the stalk [59, 60]. This322

in turn helps to explain why Lipid 10 outperforms MC3 in the PMF assays, due to the increased323

branching and introduction of an additional ester.324
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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 formulations325

and a simplified plasma membrane, with negatively charged lipids predominantly present in the326

inner leaflet. However, considering the possibility that in the endosome, negatively charged lipids327

might migrate to the LNP-interacting leaflet, we sought to evaluate the impact of this potential328

redistribution. To this end, we performed additional PMF fusion assays against a membrane329

model enriched with 10 mol % PAPS lipids in the LNP-interacting leaflet to better mimic the330

compositional differences observed in the endosome. PS was used as the negative lipid for331

simplicity and comparison to an earlier similar study [23].332

The results for these fusion assays demonstrated a slight reduction in both the initial energetic333

barrier for stalk formation and in the actual stalk across all three lipids (Figure 3C), though for334

Lipid 10 most of the PMF curves overlap the difference in free energy for the stalk formation335

at x=1 show a statistically meaningful difference, confirming the trend. This reduction in the336

barrier reinforces the idea that anionic lipids, such as PS, may play an important role in the337

endosomal membrane during the transfection mechanism. Morover, the overall findings align with338

experimental data indicating that LNPs containing Lipid 10 lead to higher protein expression [36],339

thereby enhancing transfection efficiency.340

2.3.2. Sterol-dependent fusion efficacy341

In two other significant studies [42, 43], the influence of sterols on transfection has also been342

emphasized. Various naturally occurring cholesterol analogs (phytosterols) have been shown to343

markedly enhance transfection efficiency for different ILs, including the widely recognized MC3344

lipid. To test this, we conducted additional PMF fusion assays using LNP bilayers containing345

MC3:STEROL:DSPC (50:40:10 mol%), incorporating cholesterol, 𝛽-sitosterol, ergosterol, and346

stigmasterol to the LNP bilayer. These were tested against the plasma membrane model [54], as347

mentioned previously.348

The resulting fusion PMFs show a more stable stalk formation with 𝛽-sitosterol, ergosterol, or349

stigmasterol compared to cholesterol (Figure 4). This finding correlates with the increased order350

observed for MC3 with double unsaturated tails (DU) and suggests a potential mechanism by351

which substituting cholesterol with phytosterols in LNPs enhances fusion efficacy.352

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 Resolution353

Currently, the understanding of LNP structure and organization is limited, primarily based on354

experimental techniques such as Small-Angle X-ray, Neutron Scattering (SAXS, SANS) and355

low-resolution Cryo-Transmission Electron Microscopy data [5,14]. While these methods provide356

valuable insights, they often lack the resolution needed to fully elucidate the complex architecture357

of LNPs. Simulation studies attempting to model and further understand LNP organization have358

also been limited [15, 16, 19, 22, 23]. These studies typically focus on smaller bilayer patches or359

particles, examining how pH variations affect lipid packing and distribution. Notably, only one360

successful study has simulated the transfection of DNA cargo from a lipoplex [23].361

Despite these efforts, our understanding of LNP structure remains incomplete, with various362

factors such as cargo type, lipid formulation, manufacturing technique, pH, and buffer com-363

position still needing comprehensive exploration [5, 14, 18, 52, 61, 62]. Proposed models for364

LNP organization range widely—from multilamellar structures and nanostructured cores to365

homogeneous core-shells, worm-like models, inverse hexagonal phases, bicontinuous cubic366

phases, and even "bleb" compartments for LNPs containing mRNA [5,14,18,52,61,62]. Among367

these, the inverse hexagonal model is frequently mentioned for smaller cargoes such as siRNA368

or polyA RNA, while the ’bleb’ compartment model is often proposed for LNPs carrying369

mRNA [5,52].370

Understanding these structures in greater detail is crucial for advancing the field, particularly371

in the context of improving LNP efficacy and stability. To address these challenges, we now372

turn our attention to the protocols and tools available for building coarse-grained LNP models,373

followed by a case study analyzing the structure of an LNP composed of Lipid 2, Lipid 10, and374

MC3.375

2.4.1. Protocols and Tools for Building Coarse-Grained LNPs376

To enable further studies of whole particles, we developed a protocol for constructing LNP377

models. As an initial test case, we used an inverse hexagonal core at low pH, as observed378

experimentally [5, 14]. This example demonstrates the protocol’s capability to handle various379

LNP structures.380

When constructing an LNP, several considerations must be taken into account. LNPs are381

potentially metastable structures that can significantly depend on the assembly process. In382

this context, an integrative modeling approach—where LNPs are prebuilt based on available383

experimental evidence and computational predictions—can be a valuable strategy for achieving384

accurate representations of these complex particles.385

In this work, we built a protocol to generate LNPs with the following parameters: a core386

hydration level of approximately 12 water molecules per lipid, and a predefined lipid species387

distribution with a total IL:DSPC:CHOL (for cholesterol) ratio of about 50:10:40 mol%. The388

protocol constructs a low pH LNP with an inverse hexagonal core, encapsulated 7 strands of389

RNA with water and neutralizing ions, and a coating consisting of a monolayer along the core390

channels and a bilayer at the channel ends, closing off the channels. The core comprises IL and391

cholesterol in a 3:1 ratio, while the coating is made of the remaining IL, cholesterol, and DSPC.392

These considerations are based on experimental data for an MC3 LNP [5,14].393

The protocol allows for scaling the size of the cargo and the LNP and also adapt the core394

to other LNP structures and shapes. Factors such as the protonation level of the ILs, the N/P395

(nitrogen to phosphate) ratio, core hydration level, and ion concentration can be customized396

by the user, guided by existing experimental data. Additionally, PEGylated lipids can be397

incorporated into the LNP coating as observed experimentally [14]. The protocol utilizes several398

tools, including TS2CG [63], Polyply [46], Packmol [64], Blender [65], MDVWhole [66],399

MDVContainment [67], the Insane script [49], and VMD [68], combined into four steps (detailed400

in the Methods section). Figure 5 provides an overview of the four main steps involved in the401
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building protocol, along with two test cases demonstrating different possible organizations for402

larger particles. The protocol and scripts are available on GitHub (https://github.com/Martini-403

Force-Field-Initiative/M3-Ionizable-Lipids/). Since the protocol is based on highly versatile404

tools such as TS2CG [63] and Polyply [46], it can be used as a starting point for constructing405

other LNP structures, such as the ’bleb’ compartment LNP see in 5.406

Fig. 5. Representation of the building protocol for LNPs starting at low pH. Step 1)
Build and simulate a periodic HII phase with possible cargo and the desired water and
ion content. Step 2) Extract the core by multiplying the periodic HII 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.

2.4.2. Case study: Analysis of LNP structure composed of Lipid 2, Lipid 10, and MC3407

The protocol described previously was used to construct three LNPs with IL:DSPC:CHOL408

in a 50:10:40 ratio, incorporating the three ILs tested in the PMF fusion assays: MC3, Lipid409

2, and Lipid 10. PEGylated lipids were excluded, as they typically constitute only 1–2% of410

LNP formulations and because these particles were later used to study interactions with an411
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endosomal membrane model. In all three LNPs, the ILs were protonated. Seven RNA strands,412

comprising AU duplexes in a helical conformation, were used as cargo and encapsulated in an413

inverse hexagonal phase. During the 10 𝜇s simulations, all LNPs maintained a compact structure414

(Figure 6), preserving the encapsulated RNA and a generally spherical shape with an approximate415

diameter of ∼20 nm. However, noticeable variations in internal morphology were observed when416

comparing LNPs formulated with Lipid 10 and MC3 to those formulated with Lipid 2.417

Fig. 6. Structure of LNP models, all containing 7 strands of cargo: (A) Cross-section of
LNP structures after 10 𝜇s 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-418

partmental vesicle with lipids preferring a lamellar organization (Figure 6). Intermolecular radial419

distribution function (RDF) between RNA surfaces of MC3 LNP did not evolve significantly420

during the simulation, with two peaks, at 4.7 and 9.3 nm (Figure S28). Lipid 10 was less421

organized, with RDF peaks at 4.3, 8.4 and 10.7 nm. Visually, both these LNPs preserved the422

inverse hexagonal phase for at least part of the LNP, in agreement with experimental observation423

of MC3 [5, 14]. On the other hand, Lipid 2 reshaped its internal organization, formed multicom-424

partmental vesicle with RNA located on the water/lipid interface (Figure 6 Panel A), seemingly425

similar to the reported ’bleb’ compartments observed with Cryo-EM pictures [52].426

To investigate the impact of equilibration process, we performed additional simulated annealing427

of the LNPs. In all of the cases, final LNPs were less regular and more hydrated, see Figure 6B.428

At 310 K, the LNPs in inverse hexagonal phase (Lipid 10 and MC3) contained ∼12 mass% of429

water (Table S1) while Lipid 2-based LNP consisted ∼16 % of water (Figure 6). Heating and430

cooling the systems led to LNPs with ∼14 % of water in inverse hexagonal phase and 24 % in431
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case of multicompartmental vesicle of Lipid 2. The original ∼690 Cl- beads stayed mostly inside432

the LNP, without significant differences between the systems (Table S1).433

To further assess the robustness of the prebuilt structures, we conducted self-assembly434

simulations using the same lipid compositions as in the pre-equilibrated structures. Within the435

first tens of nanoseconds, lipids assembled around the RNA duplexes. In all of the systems436

(including Lipid 2), lipids adopted an inverse hexagonal phase. As expected from an initial437

random distribution of lipids, DSPC was not present only on the LNP surface, but equally438

distributed in its interior (Figure 6C). Furthermore, LNPs were less hydrated (9–10 mass% of439

water inside LNP, Table S1) and with a significant reduction of the amount of Cl- beads trapped440

within the core of LNP: 112 Cl- for Lipid 10, 49 Cl- for Lipid 2 and 128 Cl- for MC3.441

The findings suggest that the building protocol is reasonable, with MC3 LNP serving as442

a control due to its known formation of an inverse hexagonal phase with polyA RNA at pH443

6–4.5 [5, 14]. For Lipid 10 and 2 there is no experimental data on their organization at low pH,444

however, we do observe Lipid 2 adapting a completely different organization rather quickly. This445

shows, that even though we pre-built with an inverse hexagonal phase, other organizations can446

easily be observed and that the LNP, at least in this case, is not stuck in the inverse hexagonal447

phase.448

Self-assembly simulations demonstrate that, for these smaller particles, ILs can rapidly organize449

around RNA cargo to form structures similar to inverse hexagonal phases. However, a potential450

limitation is the discrepancy in ion and hydration levels between prebuilt and self-assembly451

simulations (Table S1). Additionally, the self-assembly simulations did not achieve a neutral core452

in terms of neutralizing ions, likely due to the limitations of the reaction-field method used for453

electrostatics. Ion translocation through the LNP can also be a slow process. Water molecules in454

the core equilibrate relatively quickly (Figure S29), whereas ions require a longer time to reach455

equilibrium, highlighting the importance of considering ion dynamics in the initial structure.456

Overall, the protocol provides a viable approach for prebuilding LNPs with experimentally guided457

parameters, offering a foundation for further studies and refinements.458

2.4.3. Unbiased simulations of LNP-membrane fusion459

Besides demonstrating the capabilities of the models for the three LNPs, we also inserted the460

LNPs into a lipid vesicle representing the same membranes studied in the PMF fusion assays of461

Section 2.3. Two different membrane models were used: one plasma membrane model without462

charged lipids in the interacting leaflet, and another, called endosomal membrane model, with 10463

mol% of PAPC lipids replaced by negatively charged PAPS.464

During our simulations with LNPs embedded in lipid vesicles lacking negatively charged465

lipid species in the interacting leaflet, no fusion phenomenon was observed. For each LNP, we466

extended one of the simulations to over 20 µs, simulating more than 120 µs in total (Table S2).467

Consistent with the high energy barrier observed in the PMF fusion assays, no LNP-vesicle468

fusion occurred. This result also aligns with the kinetic barrier described by Leikin et al. [69],469

which suggests that dehydration of the contact region or another initiation mechanism is required470

for fusion to occur.471

Incorporating negatively charged lipids into the interacting leaflet of the lipid vesicle may472

accelerate the initiation of fusion between positively charged LNPs and the endosomal membrane473

[55, 56]. To test this hypothesis, we modified the vesicles to contain 10 mol% of negatively474

charged PAPS in the inner leaflet and performed three 10 µs LNP-vesicle simulations for Lipid475

10, Lipid 2, and MC3. For each IL system, LNP-vesicle fusion was observed in one replica476

(Figure 7), while in the other three replicas, the LNP remained inside the vesicle without any477

vesicle-LNP contacts. Although the unbiased approach did not clearly distinguish between the478

three IL types, it confirmed that LNP and vesicle lipid fusion is not a barrierless process, even479

with a fraction of negatively charged lipid in the vesicle. However, this barrier is reduced when480
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negatively charged lipids are present in the target membrane.481

The unbiased simulations offer insights into the initial stages of the RNA transfection, in482

particular the fusion of LNP and ensosomal membrane. The LNP diffuses inside the vesicle483

and approaches the vesicle membrane, separated by a thin layer of water (Figure 7A). The lipid484

surfaces come close enough that individual lipids can interact. Negatively charged PAPS interacts485

with the positively charged IL, and one of them is pulled out of the lipid layer, lying with its tail486

on the lipid surface (lipid handshake, Figure 7B). If the lipid adopts an extended conformation487

and embeds its other tail into the lipid vesicle (in the case of IL) or LNP (in the case of PAPS),488

fusion begins (Figure 7C). Once the two lipid compartments are connected by this single lipid,489

fusion is initiated and progresses rapidly (Figure 7,D).490

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 𝜇s (Lipid 10) and 10 𝜇s (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 and491

vesicle lipids. Initially, the intact lipid vesicle maintained a spherical shape, but the fusion process492

disrupted this geometry, leading to elongations and other deformations of the vesicle (Figure493

7). Cholesterol from both the LNP and vesicle intermingled and became evenly distributed494

throughout the final structure. DSPC diffused into the inner leaflet of the vesicle, while a small495

fraction of ILs flipped to the outer leaflet. However, the majority of ILs remained in contact496

with RNA (Figure 7). In the final configuration, the RNA was predominantly surrounded by497

cholesterol (originating from both the vesicle and the LNP) and some residual DSPC. Notably,498

very few other vesicle lipids, apart from cholesterol, interacted with RNA by the end of the499

simulation. The RNA-rich compartment was encased in a lipid monolayer primarily composed500
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of vesicle lipids (Figure 7). Although the induced deformations and RNA-lipid clustering might501

impact the stability of the resulting particle, we did not observe any RNA translocation outside502

the vesicle. This phenomenon has been reported for dsDNA in lipoplexes [23], but for RNA in503

LNPs, it remains an open question.504

While the ultimate goal of efficiently studying transfection remains a challenge, it lies beyond505

the scope of this paper. Nevertheless, we have developed and presented the necessary models506

and protocols to facilitate these studies in future research.507

3. Discussions508

Modeling LNPs and designing new formulations present unique challenges for physics-based509

computational approaches due to several critical requirements. Firstly, achieving high chemical510

specificity and accuracy in lipid interactions, while incorporating diverse system components –511

such as solvents, ions, the target endosomal membrane lipids and LNP components, including512

the encapsulated cargos like nucleic acids – can be demanding. Secondly, accurately simulating513

the spatial and temporal scales necessary for LNP behavior and drug delivery poses significant514

computational challenges. The complexity of these systems requires extensive computational515

resources to model interactions over long timescales and large spatial domains. Additionally,516

capturing the conformational flexibility of molecules and the precise thermodynamics of LNP517

assembly and drug delivery is essential. Despite advances in in silico methods, many approaches518

struggle to fully meet these demands, including coarse-grained (CG) methods.519

Recent advancements in the Martini model, particularly Martini 3 [30], offer notable improve-520

ments. The latest version features enhanced bead packing through optimized cross-interactions521

between bead sizes, especially for charged groups, and re-parameterized bonded distances based522

on molecular volume and shape. These upgrades result in more accurate representations of lipid523

assemblies and improved packing of complex molecules. Furthermore, the expanded range of524

chemical bead types in Martini 3 enhances coverage of the chemical space, making it especially525

useful for modeling intricate LNP compositions used in vaccine delivery and gene therapy526

applications. The model’s application is increasingly shifting towards more complex biological527

systems [26], including attempts to model entire cells [70]. In support of this direction, several528

tools have been developed to aid these efforts [46, 63, 71, 72].529

While our work highlights the significant advancements brought by Martini 3 and associated530

tools such as TS2CG [63] and Polyply [46], it is important to acknowledge that these models and531

approaches also have limitations and potential issues. One notable limitation is related to the532

atomistic models used to parameterize bonded terms of lipids. Although lipid atomistic force533

fields have undergone extensive benchmarking and evaluations over the years [73,74], most efforts534

have focused on standard biological phospholipids, particularly PC lipids. A careful evaluation535

of models for ILs is still necessary. CHARMM36 [20,37] with its extensive libraries provided536

by CHARMM-GUI [75], is one of the most promising atomistic force fields for this purpose.537

Another significant concern arises from the parametrization of non-bonded terms in Martini.538

Given the lack of experimental data, the choice of bead chemical types in this work partially539

relied on COSMO-RS [31] predictions. While COSMO-RS has demonstrated accuracy in logP540

predictions [32,33] and has been used effectively in other studies for Martini parametrization [76],541

the adoption of this approach means that the Martini 3 lipid models developed here are based542

on a fully bottom-up strategy. This kind of approach should still be considered with caution, as543

it may not fully align with the Martini parametrization philosophy. This is one of the reasons544

why consistency with experimentally determined bead assignments was also considered. Further545

experimental validation of atomistic force fields and thermodynamic properties will be crucial546

for future refinements of the Martini 3 IL models presented here.547

Regardless of the quality of the Martini 3 LNP models, which will benefit from community548

evaluation with their release, an important aspect of this work is the library of IL models.549
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Although this study parametrizes one of the most extensive sets of Martini lipids in the literature,550

the library is still relatively small compared to the diversity of ILs explored in the literature. The551

building-block approach using overlapping fragments is a promising idea that can expand the552

library in the near future while maintaining consistency across different lipids. Automatic tools553

for modeling small-molecule fragments and lipids, as Automartini [77], CGCompiler [78] and554

Bartender [79], should further facilitate the expansion of lipid libraries. Further development of555

AI-based tools could be particularly beneficial in this regard. Another more specific consideration556

involves lipid tails. The Martini model has traditionally used a simplified approach, where the557

same chain represents two tail lengths. For example, the classic DPPC lipid model represents558

both di-C16:0 and di-C18:0 lengths. Given that Martini 3 can represent up to three resolutions559

via beads of different sizes, current developments [80] may allow for more precise distinction of560

tail lengths, which would significantly enhance the accuracy and expand the IL library models.561

It is also important to note that the RNA Martini 3 models used in this work are still under562

development. While these prototype models have shown reasonable results in stabilizing LNP563

organization in the ’bleb’ or inverted hexagonal assemblies (6A), they currently have limitations564

in accurately representing RNA structure and possible conformational changes induced by565

the lipid environment [81]. Further development of the RNA models could provide better566

insights into how secondary structure and overall nucleobase content might influence LNP567

assembly and transfection efficiency. Presently, optimization efforts for LNP lipid components568

have been conducted separately from RNA sequence optimization. This separation, although569

necessary due to current limitations, underscores the need for more integrated approaches that570

can simultaneously account for both factors, ultimately leading to more effective LNP designs for571

drug delivery applications.572

Beyond the Martini models themselves, there are important considerations regarding the573

protocols we suggest. The degree of protonation of ILs at different pH levels was not explored in574

this work. We approximated IL lipids with pH 7 or higher as fully neutral and lower pH (5-6) as575

fully protonated. Better consideration of the expected degree of protonation based on apparent576

pKas, the influence of the environment (especially nucleic acid cargo), or the use of constant pH577

approaches [82, 83] could improve the assignment of protonation states. Further development of578

Martini constant pH approaches, such as the Titratable variant [84], would also be beneficial.579

Another assumption, now made in building protocols and unbiased fusion assays, concerns580

the variability of LNP morphologies, which are possibly metastable assemblies that can vary in581

size and structure depending on the experimental process used in their production. Integrative582

modeling approaches for prebuilding models seem ideal in this scenario, as precisely modeling583

microfluidic experimental processes [3] used to synthesize LNPs is currently not feasible with584

computational methods. However, the prebuild approach requires experimental information,585

particularly some low-resolution data about the expected organization of the LNP core. Lack of586

information on the concentration of water-soluble ions inside the internal water compartments587

may be a concern in this approach. The self-assembly of small LNPs, as discussed in Section588

2.4, highlights potential issues with ions. More experimental and theoretical studies should be589

conducted to clarify the amount of ions and each LNP component in different subcompartments.590

Further experimental validation of the standard Martini 3 model in reproducing LNP structures591

would also be desirable, in particular concerning the electrostatic treatment used.592

The PMF fusion assays described in Section 2.3 have proven extremely valuable for quantifying593

the efficacy of stalk formation, the initial step in fusion, across different LNP formulations594

and target membrane compositions. However, this approach has limitations: it is performed595

in the absence of curvature in both the LNP and target membrane, and it does not account for596

cargo. Additionally, the fusion protocol only quantifies stalk formation and does not encompass597

other steps involved in complete transfection. While curvature may be incorporated by new598

approaches [85] and additional collective variables could be applied to explore subsequent steps in599
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transfection, such as pore formation [86], PMF fusion assays rely on one fundamental assumption:600

it assumes that the fusion process occurs in an equilibrium regime, where lipids of LNP and601

endosomal membrane fully mix, which may not reflect the real endosomal escape process.602

Unbiased fusion simulations presented in Section 2.4.3 provide a natural alternative to PMF603

fusion assays, as they naturally account for curvature and cargo and reached similar conclusions604

regarding the impact of negatively charged lipids on fusion. However, unbiased simulations605

require significantly more sampling to distinguish between formulations and to fully capture606

the transfection process [23], which remains challenging. Previous work has demonstrated that607

observing the entire process is possible with unbiased simulations [23], although not observed in608

our work. The lack of observed phenomena may be related to limitations in Martini, even in its609

latest version, particularly in forming pores with potentially still show too larger barriers [87].610

Finally, although our work has highlighted the importance of target endosomal models611

in understanding transfection trends, larger benchmarks with more extensive sets of LNP612

formulations are needed. Also comparing against in vitro experimental fusion trends, and not613

only with in vivo protein expression [88], may help to isolate the impact of fusion from other614

factors affecting RNA delivery efficiency, such as LNP structure and the interaction strength of615

ILs with nucleic acids. Detailed lipidomics studies of endosomal membrane composition in616

different cell types could also improve the accuracy of observed trends and aid in developing617

cell-specific LNP formulations, which is a significant goal in the field, especially for promising618

cancer vaccines [89, 90].619

4. Conclusion620

We have developed and presented a comprehensive toolbox for in silico studies of Martini 3 LNPs,621

offering a robust platform for advancing nucleic acid delivery systems. This toolbox includes an622

extensive library of ionizable lipids and naturally occurring sterol models, specifically designed623

for Martini 3, which can serve as essential building blocks in the study of LNPs. Additionally, we624

provide a detailed protocol for constructing full-scale LNPs, guided by experimental data such as625

cargo contents, PEGylation, lipid formulation, hydration levels, internal ion concentration, and626

N/P ratio. Moreover, we have introduced a protocol for screening and quantifying the fusion627

efficacy of various LNP formulations.628

These models and protocols not only enable the detailed study of LNP organization, structure,629

and fusion but also pave the way for routine screening of lipid mixtures, prediction of LNP630

stability, and optimization of fusion efficacy. Through our showcase of Martini 3 LNP applications631

in fusion assays, we have demonstrated the critical role of endosomal negatively charged lipids632

in enhancing transfection efficiency and identified trends in fusion efficiency across different633

LNP compositions. This underscores the importance of accurately modeling the endosomal634

membrane to improve LNP predictions. Simulating whole LNPs with our toolkit can possibly635

provide, in the future, additional insights into how lipid formulation influences corona formation636

in the bloodstream, which is also a critical factor for LNP internalization into cells.637

In summary, the toolbox we provide here empowers researchers to perform in silico optimization638

of LNP compositions, potentially enhancing the efficacy of nucleic acid delivery, gene therapies,639

and beyond. This work represents a significant step forward in the design and development of640

more effective LNP-based delivery systems for a wide range of therapeutic applications.641

5. Data availability642

All the protocols, parameters, test systems, and plots for bonded distributions for each fragment643

and lipid tested can be found on this GitHub page: https://github.com/Martini-Force-Field-644

Initiative/M3-Ionizable-Lipids/645
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6. Methods646

All simulations were run using the GROMACS package versions 2019 and 2018 [91] and analyzed647

using the python packages, MDAnalysis [92,93], Numpy [94], Scipy, scikit-learn, matplotlib [95],648

Fatslim [96], MDVWhole [66], or GROMACS [91]. Visualization was performed using VMD,649

Inkscape, or the Python RDkit package. [97–99] All CG simulations were modelled with the650

Martini 3 CG model for biomolecular simulations [30]. For packing and constructing the651

systems the packages Blender [65], insane [49], Packmol [64], TS2CG [63], PolyPly [46], and652

MDVContainment [67] were used.653

6.1. Fragment modeling654

The design of the fragments was based on relevant ILs and divided into head and linker fragments.655

The fragments were ensured to overlap with each other so that they could later be combined. The656

mapping of the head or linker fragments was designed such that they were compatible with the657

phospholipid tails and consistent across fragments, thereby ensuring the building block approach.658

The bond distances were based on the center of geometry rule, with the mapping chosen to get659

an optimal molecular volume and shape while keeping chemical groups within one bead, as660

described in the parametrization guidelines of Martini 3 [30, 100] and tutorials [101].661

6.1.1. Atomistic modelling of fragments662

Once the fragments were identified and mapped, their atomistic parameters were obtained using663

the software LigPargen [102], with the OPLS-AA/1.14*CM1A(-LBCC) force field [103]. Each664

fragment was simulated for 1 𝜇s in water with 0.15 mM NaCl. For very hydrophobic linker665

fragments, the fragment was simulated in bulk as well as in water.666

Fragment systems were minimized using steepest descent with 5000 steps followed by a667

relaxation of 250 ps using 1 fs timestep, and a production run of 1 𝜇s using 2 fs time step. The668

temperature and pressure were held constant at 298 K and 1 bar using the Berendsen thermostat669

and barostat [104] for relaxation and the V-rescale thermostat [105] and Parrinello-Rahman670

barostat [106] for the production run.671

The pressure coupling was isotropic with a compressibility of 4.5 × 10−5 bar−1. The672

temperature was coupled using 𝜏 = 1 ps during both relaxation and production run. For pressure673

coupling, 𝜏 = 1 ps was set during relaxation and 5 ps during the production. The electrostatics674

were treated with the PME algorithm [107] using a cutoff of 1.2 nm, while the van der Waals675

interactions were truncated, smoothly switching the force to zero between 1.0 and 1.2 nm [108].676

Bonds involving hydrogen atoms were restricted using the LINCS algorithm [109].677

6.1.2. Parametrization of bonded terms678

Atomistic fragment simulations were mapped into coarse grained (CG) resolution using MD-679

Analysis [92, 93]. The bonded terms were then measured and the distributions plotted. The680

fragment was then modeled in CG and simulated for 1 𝜇s in water with 0.15 mM NaCl. The681

bonded distributions were fitted onto the corresponding atomistic distributions. For the highly682

hydrophobic fragment, a bulk simulation was performed as well for 1 𝜇s.683

For the CG fragment simulations, the system was minimized using 500 steps using the deepest684

descent algorithm, followed by a relaxation of 10 ns, using 10 fs timestep, and final a 1 𝜇s685

production run using 20 fs time step.686

Temperature and pressure were kept constant during both the relaxation and production runs687

at 310 K and 1 bar. The coupling for the pressure was isotropic, using the Berendsen [104]688

and Parinello-Rahman barostats [106] with 𝜏 = 12.0 ps during respectively the relaxation and689

production run, having the compressibility set to 3 × 10−4 bar−1. The Berendsen [104] and690

Velocity-rescale thermostat [105] were used respectively for relaxation and production run with 𝜏691
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= 1.0 ps for maintaining the temperature. The reaction field method was used to treat electrostatics692

while van der Waals interactions were truncated after 1.1 nm (New-RF" Martini settings [110])693

using the potential-shift Verlet scheme [108].694

6.1.3. Reference partitioning free energies695

Given the lack of experimental data, the reference partitioning free energies were estimated696

using COSMO-RS approach [31]. Three partitioning systems were considered: octanol/water,697

hexadecane/water and chloroform/water. For each molecule, 500 ps of semiempirical Born-698

Oppenheimer molecular dynamics were performed at the GFN2-xtb [111] level, in gas phase,699

with the xtb program [112]. Samples were taken from the resulting trajectory in such a way that700

the spacing between samples corresponded to a value for the trajectory self-correlation function701

less or equal to 0.05. Each sample was optimized at the BP86-D3(BJ)/def2-TZVP [113–116]702

density-functional level of theory, and frequencies were obtained at the same level. Gibbs free703

energies were obtained in gas-phase from those frequencies. The systems were then optimized704

at the pre-defined BP-TZVP-COSMO level with a single-point calculation at the BP-TZVPD-705

FINE-COSMO-SP level [31] for each sample. All the density-functional calculations used the RI706

approximation [117] and were performed in Turbomole v7.7 [118]. From those calculations we707

obtained the data required by COSMO-RS [31], as implemented in the COSMOtherm program.708

Finally, the values obtained were averaged, weighted by their relative abundance in gas phase,709

calculated from their Gibbs free energies, and the logarithm of the average was obtained. The710

error bars correspond to the inter-quartile range for the non-weighted logP of all the employed711

conformers.712

6.1.4. Bead assignment, estimated CG partitioning free energies and SASA713

Bead types and sizes were selected according to Martini 3 parametrization guidelines, ensuring714

consistency with default bead assignments for specific chemical groups. These choices were715

validated by estimating CG partitioning free energies. The calculated partitioning free energies716

were obtained by Thermodynamic Integration [119]. The fragment was solvated in a 5×5×5 nm2
717

box with either water or 25 % hydrated octanol [120,121]. A set of 11 simulations were performed718

with equally spaced points from 0 to 1, where fragment-solvent interactions were scaled down719

from full (𝜆 = 0) to zero (𝜆 = 1). A stochastic integrator [122] was applied and each simulation720

was minimized with 10,000 deep descent steps followed by a 50 ns production run. A soft-core721

potential was applied with the parameters of 𝛼 = 0.5 and p = 1. The free energy was then722

calculated using the Multistate Bennett Acceptance Ratio (MBAR) [123].723

To ensure correct packing further validate the choices for bead sizes, the CG Solvent Accessible724

Surface Area (SASA) was fitted against the atomistic mapped SASA as well, having less then725

10% difference. The SASA was calculated using the GROMACS package [91] as described in726

the Supporting Information of the Martini 3 paper [30].727

6.2. Lipid modeling728

Once the fragments were done, they were combined with known ILs from the literature and tested729

against CHARMM36 [20, 37]. Bilayer simulations in both atomistic and CG resolution were730

performed with a mixture of IL:POPC of 30:70 mol%.731

6.2.1. CG bilayer simulations732

Bilayer patches were constructed with a modified version of the insane software [49], which733

is available in the GitHub repository associated with this work. The systems were neutralized734

and ions added to obtained a 0.15 mM NaCl concentration using the GROMACS software [91].735

The systems were simulated with the Martini 3 force field [30]. All systems were subjected736

to the same relaxation protocol. First a minimization of 500 steps using steepest descent737

https://doi.org/10.26434/chemrxiv-2024-bf4n8 ORCID: https://orcid.org/0000-0003-2834-3411 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-bf4n8
https://orcid.org/0000-0003-2834-3411
https://creativecommons.org/licenses/by/4.0/


followed by 10 ns of relaxation and finally 1–2 𝜇s production run. The target temperature was738

310 K during both relaxation and production runs using, respectively, the Berendsen [104] and739

Velocity-rescale thermostat [105] with 𝜏 = 1 ps, coupling lipids separately from the solvent. The740

pressure was maintained with a semiisotropic pressure coupling during relaxation and production741

run using respectively the Berendsen [104] and Parrinello-Rahman [106] pressure coupled742

with 𝜏 = 12 ps and the compressibility at 3 × 10-4 bar-1. The verlet buffer tolerance was set to743

0.002 kJ mol-1 ps-1. The reaction field method was used to treat electrostatics and van der Waals744

interactions were truncated after 1.1 nm ("New-RF" Martini settings [110]) using the potential745

shift Verlet scheme [108].746

6.2.2. Atomistic bilayer simulations747

The atomistic bilayer patches were constructed using the CHARMM-GUI Membrane Builder748

tool [75]. The CHARMM36 [20, 37] force field (FF) and the TIP3P water model were used, and749

the systems were neutralized with 0.15 M NaCl. The systems were first minimized using the750

steepest descent algorithm for 5000 steps, followed by 6 steps of relaxation, each 1 ns long with a751

timestep of 1 fs, where position restraints on headgroups and dihedrals were gradually lowered752

from 1000 to 0 kJ mol−1nm−2. For the production run, the timestep was increased to 2 fs.753

For both the relaxation and production runs, the temperature and pressure were held constant at754

310 K and 1 bar, respectively. The pressure was held constant using a semiisotropic coupling. In755

the relaxation the Berendsen barostat and thermostat [104] was applied with 𝜏 = 1.0 ps, while in756

the production run the Velocity-rescale thermostat [105] with 𝜏 = 1.0 ps and Parrinello-Rahman757

barostat were used with 𝜏 = 5.0 ps and a compressibility of 4.5 × 10−5 bar−1. The lipids and758

solvent were coupled independently.759

Electrostatics were treated with the PME method [107] using a cutoff point of 1.2 nm while760

van der Waals interactions were truncated, smoothly switching the force to zero between 1.0 and761

1.2 nm. The bonds involving hydrogen atoms were constrained using the LINCS algorithm [109].762

6.3. Sterol modelling763

Sterol modelling followed the same parameterization strategies as those employed to model764

cholesterol for Martini 3 [45]. Most sterol molecules parameterized in this work share their765

sterol core with cholesterol, only differing on their aliphatic chains (𝛽-sitosterol, stigmasterol and766

campesterol). To model each of these a building block approach was used, where the cholesterol767

sterol core was attached to the corresponding aliphatic chain. Aliphatic chain mapping and768

bead typing followed standard Martini 3 parameterization guidelines [30]. Chain dynamics and769

bonded parameters were modeled using reference CHARMM36 simulations of the corresponding770

sterols [124], both inserted in POPC membranes and in water. To match atomistic reference771

dynamics, 1 to 2 dihedral potentials and 2 to 4 angle potentials were employed. This is not unlike772

the strategy used to model the Martini 3 cholesterol model [45], albeit complicated by the fact773

that the sterols parameterized in this work have aliphatic chains made up of a larger number of774

beads.775

Ergosterol required us to model their sterol core. The same single-frame virtual site topology776

approach that was used to model the cholesterol sterol core was applied to these molecules [45].777

Additionally, the mapping was kept as close as possible to that used for cholesterol. In short,778

three beads (typically R1, R2 and C1) were used to define a rigid triangular frame assembled779

using linear constraints. The beads that make up this triangular frame were then used as the780

constructing particles from which the remaining beads (other than aliphatic chain beads) were781

defined as out-of-plane virtual sites. Parameters for virtual site construction were obtained782

as described in detail elsewhere [45, 125, 126], from CHARMM36 simulations of each sterol783

inserted in POPC bilayers. Briefly, the atomistic references were CG-mapped and the positions784

of the particles were then averaged after rotationally and translationally fitting the entire molecule785
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to the virtual-site frame. The placement of the virtual site beads relative to the frame𝑖 𝑗𝑘 was then786

defined as a function of 𝑖 𝑗 , 𝑖𝑘 and of their cross product. Nonbonded interactions between virtual787

site particles were excluded. Martini bead masses were then redistributed from the virtual site788

beads to the beads making up the virtual site frame. The corresponding aliphatic chains were789

then attached to each core as described above.790

Each sterol molecule was then validated to ensure correct behaviour and numerical stability.791

For stability validation, large sterol containing bilayers 30 × 30 nm2 were simulated at 20 fs for792

over 5 microseconds. For sterol behavior validation, 10×10 nm2 DPPC lipid bilayers containing793

increasing concentrations of sterols were simulated at 323 K. Several membrane biophysical794

properties were then probed, such as area per lipid, membrane thickness and acyl chain order.795

Trends were compared between each sterol and against a cholesterol reference.796

6.3.1. Bilayer melting temperature protocol797

As part of the validation of the sterols, the melting temperature was calculated using a simulated798

annealing approach, where the simulations starts at 373 K, followed by a quenching of the799

temperature at a rate of 1 K/100 ns, until reaching 273 K, followed by a heating of 1 K/100 ns800

returning to 373 K. The Lindemann index was then calculated for all lipid beads in blocks of801

100 ns, such that each block corresponds to a change of approximately 1 K (Eq. 1, 2). Overheating802

(T+) and under-cooling (T-) temperatures were determined using the largest gradient in the803

Lindemann index. The mean T+ and T- were calculated from 5 repeats each of 2 𝜇s. The804

simulation Tm was the obtained through Equation 3, known ad the "hysteresis method" [127].805

𝑞𝑖 =
1

(𝑁 − 1)
∑︁
𝑖≠ 𝑗

(
√︃
⟨𝑟2

𝑖 𝑗
⟩ − ⟨𝑟𝑖 𝑗⟩2) (1)

𝐿𝑖𝑛𝑑𝑒𝑚𝑎𝑛𝑛 =
1
(𝑁)

𝑁∑︁
𝑖=𝑖

(𝑞𝑖) (2)

𝑇𝑚 = 𝑇+ + 𝑇− −
√︁
𝑇+𝑇− (3)

The pressure, temperature, van der Waals and electrostatic interactions were treated as described806

in section 5.2.1.807

6.4. Nucleic acid models808

A preliminary Martini 3 model for nucleic acids was used in this work for the simulations with809

RNA. For simulations performed in LNP with an inverted hexagonal phase, 21 nucleotide-long810

polyA dsRNA sequences were modeled using the same preliminary model employed in recent811

biomolecular condensate studies [128,129]. In this model, bead mapping and bonded parameters812

were based on the phosphate and ribose of the Martini 2 nucleic acid models [130, 131], with813

adaptations to the bead types. Phosphate groups are represented by Q5 beads, while ribose is814

represented by SN3a-SP1 fragments. Aromatic nucleobase rings were already available with815

Martini 3 [30]. Since this model was still a prototype, the 𝜋-stacking between nucleobases was816

reinforced via an elastic networks. For the long 1,000 nucleotide polyA ssRNA used in the bleb817

LNP, a more advanced, but still preliminary, model was utilized. This model did not include818

elastic networks, with mapping and bonded terms aligned with Martini 3 guidelines. Specifically,819

ribose fragments followed the recent guidelines suggested for carbohydrates [132]. Although820

promising, this new prototype model presents some numerical instability, with all production821

simulations performed using a 10 fs time step instead of the 20 fs time step used in the rest of822

the CG simulations performed in this work. Coordinate and parameter files are provided on the823

GitHub repository associated with this work.824
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6.5. LNP - Endosomal Bilayer Fusion assays825

Bilayer fusion assays between LNP membranes with different ionizable lipids (MC3H, Lipid 2 or826

Lipid 10) and a target plasma membrane were performed using the method described in [53].827

We used a plasma membrane model called A8 [54], which has reduced complexity, but captures828

reasonably well the properties of more complex compositions. The LNP interacting leaflet of829

this membrane is composed of (in mol%) 24 % POPC, 12 % PAPC, 2 % POPE, 6 % DIPE, 24 %830

DPSM and 31 % CHOL while the non-interacting leaflet contains 14 % POPC, 8 % PAPC, 5 %831

POPE, 16 % DIPE, 11 % DPSM, 28 % CHOL, 25 % PAPS, 2 % PAP6. An additional membrane832

model, enriched with 10 mol % PAPS lipids in the LNP-interacting leaflet, was also considered833

to better model the differences in composition in the endosome. All bilayer fusion systems were834

built with an automated protocol written in python, and the same protocol was used for all studies835

of these systems, differing only in the composition of the membranes. Initially, two independent836

membrane bilayers corresponding to the target LNP and endosomal target membrane are built837

in a 10 × 10 × 8 nm3 box using the insane software [49]. Each system was then hydrated and838

neutralized using sodium ions. This was followed by energy minimization and equilibration for839

20 ns to relax the box dimensions completely.840

Subsequently, the two membranes were stacked on top of each other (as shown in Figure 4A).841

To fully hydrate the distal leaflets, the box was extended along the z-axis, and additional water842

was added to until there were 5 water beads per lipid between the proximal leaflets. Sodium843

ions were introduced to neutralize the system’s charge. The double membrane system was then844

equilibrated for an additional 20 ns.845

To avoid waters from permeating the leaflets and changing the hydration of the inner layer,846

we applied flat-bottomed position restraints to all water beads. The reference positions of all847

flat-bottomed position restraints were taken as the center of the box along z. The force constant848

for the quadratic potential was set to 100 kJ mol-1 nm-2. Together, these flat-bottomed position849

restraints potentials allowed normal diffusion and fluctuation of water in both compartments and850

applied only if water beads deeply penetrated the hydrophobic membrane.851

The initial frames for the umbrella sampling (US) simulations were extracted from constant-852

velocity pulling simulations. In these simulations, the systems were pulled from reaction853

coordinate 𝜉ch = 0.25 to 𝜉ch = 1 over 1000 ns using a force constant of 5000 kJ mol-1, for five854

replicates. Nineteen umbrella windows were employed, with reference positions ranging from855

𝜉ch = 0.1 to 1 in increments of 0.05, where 1 is the fully formed stalk. The force constant was856

set to 5000 kJ mol-1. Each window was simulated for 1 𝜇s, with the initial 500 ns excluded for857

equilibration. An integration time step of 20 fs was utilized. The potential of mean force (PMF)858

was computed using the weighted histogram analysis method (WHAM) [133].859

6.6. Constructing whole LNPs860

6.6.1. Building protocol861

The construction of whole LNPs with inverse hexagonal core utilizes the tool TS2CG [63],862

Packmol [64], Polyply [46], the insane script [49], VMD [68] and the python packages fatslim [96],863

MDAnalysis [92], MDVContainment [67], and MDVwhole [66]. The procedure is an evolution864

of a protocol previously described for building cationic lipid/DNA lipoplex models studied in the865

context of gene therapy delivery [23,134]. The different steps for constructing the particles are866

described in Jupyter notebooks and made available on the GitHub repository associated with this867

work. Within the nookbooks are the parameters for construction set as well.868

Step 1 involves constructing a periodic system of the inverse hexagonal phase of a given lipid869

composition using TS2CG in combination with MDAnalysis and fatslim. A single cylinder is870

constructed with TS2CG, with the principal axis aligned with the z-axis. The cylinder is then871

filled with possible cargo, water and ions using Packmol. The cylinder is then replicated 3 times,872
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such that there is 4 cylinders in a hexagonal periodic box. This system is then relaxed for 10 ns.873

Step 2 is the extraction of a hexagon from the periodic inverse hexagonal system. This874

is done through duplicating the relaxed inverse hexagonal system using GROMACS, after875

which MDVContainment along with MDVWhole are used to identify the different channels and876

extracting a whole hexagon with 7 channels in total.877

Step 3 is the coating of the core hexagonal system. VMD is used in combination with Blender878

to obtain a triangulated surface of the hexagon, which is used as input for TS2CG to generate a879

monolayer and a bilayer of the desired lipid composition for the coating of the hexagon. At the880

top of the hexagon the channels are open, hence a bilayer is placed at either end of the channels881

such that the hydrophilic headgroups of the lipids are facing both the open channels as well as the882

solvent. Along the channels the monolayer is placed, with the lipid headgroups facing the solvent.883

Step 4 involves possible PEGylation of the coating using Polyply, resulting in a LNP with 20884

nm in diameter.885

A similar procedure was performed to build a larger LNP with a diameter of approximately 40886

nm. In this case, after step 1, the relaxed inverse hexagonal system was replicated in step 2 to887

generate an LNP with 44 channels in total, followed by the same procedures described in steps 3888

and 4. For the ’bleb’ structure, steps 1 and 2 were replaced by the construction of two vesicle-like889

compartments using TS2CG and Polyply. One compartment contained water, ions, and a long890

1,000 ssRNA chain, while the other contained neutral ionizable lipids and cholesterol. After891

construction, both compartments were relaxed and the outer coating was generated, as described892

in Steps 3 and 4. After construction, the resulting LNP particles are then solvated and the desired893

ions are added using insane and GROMACS, followed by 5 steps of relaxation, as detailed in the894

Jupyter notebooks.895

6.6.2. Assessment of the pre-build structures896

The pre-built LNPs were equilibrated for 10 𝜇s at a) constant temperature of 310 K and b) via897

rapid periodic simulated annealing with linear heating and cooling the system between 290 and898

390 K in 40 ns cycles. The remaining simulation parameters were the same as in other production899

simulations in this manuscript, except for the use of isotropic pressure coupling.900

To also compare different strategies for generating LNP models, we performed also self-901

assembly simulations of the same composition of lipids and RNA molecules as in the prebuilt902

structures. The molecules were randomly inserted into a cubic simulation box (18 nm side).903

The box was enlarged (35 nm side), hydrated, neutralized with Cl- ions and then Cl- and Na+
904

ions were added in physiological conditions. The system was equilibrated and simulated for905

10 𝜇s with annealing, as in the case of pre-assembled LNPs and in previous work [15]. The906

structures of the LNPs were then characterized in terms of their size, shape, density distribution907

and hydration level using the same protocols provided in ref [15], with average values calculated908

for the last 2 𝜇s of the simulation.909

In order to evaluate the role of initial hydration and ionization level of the LNP, we modified the910

structure of LNP with Lipid 2. We reduced the number of water beads up to a full dehydration of911

the initial structure (90, 80, 50 and 0% of original water level). Further, we reduced the number912

of Cl- ions to 90, 50 and 0% of original level at the fully hydrated structure and to 50 and 0% at913

the fully and 50 % dehydrated LNP structure (Figure S29). The LNPs were simulated for 10 𝜇s914

with annealing as other LNPs in this paper and their level of their hydration was evaluated as in915

ref [15].916

Further, we tested the changing LNP morphology dependent on the protonation level of Lipid917

2. We used the initial structure of fully protonated LNP with Lipid 2 and deprotonated a fraction918

of Lipid 2 (Figure S30), keeping the system net-neutral (replacing the required amount of Cl- ions919

by water beads) and simulated them for 10 𝜇s with annealing. The protonation or deprotonation920

of 10% of ILs did not make a significant difference in the LNP structure. Deprotonation of more921
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molecules of Lipid 2 resulted in RNA cluster surrounded by a bulk lipid phase (Figure S30).922

6.7. Unbiased fusion simulations of whole LNPs923

For unbiased fusion simulations we used the approach of simulating an LNP encapsulated in a924

lipid vesicle. Three lipid vesicles with outer diameters ranging from 15–16 nm were prepared925

by TS2CG tool [63] with water pores of 2 nm in diameter. The lipid composition of the lipid926

vesicle corresponded to the plasma membrane model used in the fusion assays in section 2.3 with927

negatively charged lipids (PAPS) in the outer non-interacting membrane leaflet. Lipid tails were928

excluded from the region of water pore with cylindrical restraints and a short vacuum energy929

minimization was performed (as recommended in the original vesicle formation protocol). The930

equilibrated structure of the LNP was inserted inside the lipid vesicle to align the LNP and vesicle931

centers of gyration. The LNP was restrained at its original position for the whole time of the932

equilibration (with force constant of 1,000 kJ mol-1 nm-2). Afterwards, the system was solvated933

and neutralized with Na+ ions and minimized again. During system equilibration, neutral and934

negatively charged vesicle lipids were treated differently. Neutral lipids were only restrained by935

keeping their tails out of the water pore (with 1,000 kJ mol-1 nm-2), that was gradually closing936

(with 2.0, 1.5, 1.0 nm in diameter). Charged lipids were kept out of the pore with higher force937

(with 10,000 kJ mol-1 nm-2) and their headgroups were restrained spherically to stay in the outer938

leaflet. This process did not prevent all flip-flops or vesicle deformations, therefore after pore939

reduction to 1.0 nm in diameter, charged PAPS in the internal leaflet were changed to PAPC, and940

PAP6 was removed. Further, lipids in vesicle deformations were removed. The equilibration941

with 1.0 nm pore was repeated, followed by steps with 0.5 and 0.2 nm of pore diameter. Finally,942

all restraints were removed and the LNP-vesicle system was simulated for at least 10 𝜇s with943

the same simulation protocol as bare LNPs at 310 K (see the Table S2). For each LNP, three944

different vesicles were prepared and simulated independently.945

To evaluate the role of negatively charged lipids in the fusion process, we prepared another946

set of lipid vesicles with 10 % of lipids of the internal leaflet exchanged for PAPS, mimicking947

the endosomal membrane. We used the same lipid vesicles as in the previous case (after the948

equilibration), exchanged the required amount of PAPC with PAPS and performed 10 𝜇s of949

simulations.950
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