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2tŀƭƻƴŎȇƻǾłΣ aΦ Ŝǘ ŀƭΦ /ƻƳǇǳǘŀǘƛƻƴŀƭ aŜǘƘƻŘǎ ŦƻǊ aƻŘŜƭƛƴƎ [ƛǇƛŘ-Mediated Active Pharmaceutical Ingredient 
Delivery. Mol. Pharm.2025, 22 (3), 1110ς1141. https://doi.org/10.1021/acs.molpharmaceut.4c00744.

ÅLipid nanoparticles 

ÅSoft/solid core

ÅLipid inverse hexagonal phase

ÅOnion-like/Bleb phase

Å pH responsive

ÅLiposome

ÅAqueous core

ÅAPIs in lipid or aqueous phase

ÅIn-silico driven cargo delivery optimization

ÅCan we predict LNP organization and stability with MD?

Å LNP organization, pH response

ÅCan we quantify RNA delivery efficiency with MD?

Å LNP-cell membrane interactions



Zoo of Ionizable Lipids in Lipid Nanoparticles
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ÅProtonable amine-based headgroup

ÅApparent pKa 6-7

ÅAffected by the overall composition ïhelper lipids, PEGylated lipids

ÅDiffering position

ÅBiodegradable tails

ÅBranching/unsaturation
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ÅInternal LNP structure not fully resolved

ÅDepends on 

ÅLipid composition

ÅEncapsulated RNA
PEGylated lipid (ALC 0159(47 PEG units))

DSPC/DSPECholesterol

Eygeris, Y.; Patel, S.; Jozic, A.; Sahay, G.; Sahay, G. Nano Lett.2020, 20 (6), 4543ςпрпфΦ 

Ionizable lipid
+

Lipid Nanoparticle Composition



CG self assembly in acidic pH

ÅRapid assembly

ÅRNA encapsulated inside LNP

ÅWater droplets inside LNP

ÅRough shape

pH ~ 4

tŀƭƻƴŎȇƻǾłΣ aΦΤ ~ǊŜƧōŜǊΣ aΦΤ 2ŜŎƘƻǾłΣ tΦΤ YǸƘǊƻǾłΣ tΦΤ ½ŀƻǊŀƭΣ CΦΤ hǘȅŜǇƪŀΣ aΦ J. Phys. Chem. B2023, 127(5), 1158ς1166. 

пллл ƭƛǇƛŘǎΣ ta9Σ ǎƛƳǳƭŀǘŜŘ ŀƴƴŜŀƭƛƴƎΣ a!w¢LbL оΣ ŎƘƻƭŜǎǘŜǊƻƭ ōŜǘŀΣ мл ҡǎ



ÅRNA-rich region ïunequally distributed

ÅLarge water droplet

ÅLipid hexagonal phase

10 x 50-mer
1 x 500-mer

Longer RNA chains

2 x 200-mer

tŀƭƻƴŎȇƻǾłΣ aΦΤ ~ǊŜƧōŜǊΣ aΦΤ 2ŜŎƘƻǾłΣ tΦΤ YǸƘǊƻǾłΣ tΦΤ ½ŀƻǊŀƭΣ CΦΤ hǘȅŜǇƪŀΣ aΦ J. Phys. Chem. B2023, 127(5), 1158ς1166. 



RNA-free LNPs
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ÅHigher hydration level

ÅSeveral water droplets inside

ÅSeparated by lipid bilayers

noRNA

pH ~ 4

tŀƭƻƴŎȇƻǾłΣ aΦΤ ~ǊŜƧōŜǊΣ aΦΤ 2ŜŎƘƻǾłΣ tΦΤ YǸƘǊƻǾłΣ tΦΤ ½ŀƻǊŀƭΣ CΦΤ hǘȅŜǇƪŀΣ aΦ J. Phys. Chem. B2023, 127(5), 1158ς1166. 
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ÅpolyAU siRNA

Å20 nm in diameter

ÅInverted hexagonal phase ïIL, cholesterol

ÅHydration, neutralization

ÅTS2CG

ÅCovered by mixture of IL, cholesterol, DSPC

YƧǄƭōȅŜΣ [Φ wΦ Ŝǘ ŀƭΦ aŀǊǘƛƴƛ о .ǳƛƭŘƛƴƎ .ƭƻŎƪǎ ŦƻǊ [ƛǇƛŘ bŀƴƻǇŀǊǘƛŎƭŜ 5ŜǎƛƎƴΦ ChemRxiv2025, 02 January 2025. https://doi.org/10.26434/chemrxiv-2024-bf4n8-v2.
van der Pol, R. W. I.; Brinkmann, B. W.; Sevink, G. J. A. J. Chem. Theory Comput.2024, 20 (7), 2888ς2900. https://doi.org/10.1021/acs.jctc.4c00082.

LNP Building

[ƛǎōŜǘƘ wΦ YƧǄƭōȅŜ



Lipid phase preference
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ÅLipid 10, MC3 ïpreserve inverse hexagonal phase

ÅLipid 2 ïmulticompartmental vesicle

YƧǄƭōȅŜΣ [Φ wΦ Ŝǘ ŀƭΦ aŀǊǘƛƴƛ о .ǳƛƭŘƛƴƎ .ƭƻŎƪǎ ŦƻǊ [ƛǇƛŘ bŀƴƻǇŀǊǘƛŎƭŜ 5ŜǎƛƎƴΦ ChemRxiv2025, 02 January 2025. https://doi.org/10.26434/chemrxiv-2024-bf4n8-v2.
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~4000 lipids, reaction-ŦƛŜƭŘΣ ǎƛƳǳƭŀǘŜŘ ŀƴƴŜŀƭƛƴƎΣ a!w¢LbL оΣ ŎƘƻƭŜǎǘŜǊƻƭΣ мл ҡǎ



LNP Hydration/ion content
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ÅWater equilibrates during the simulation

ÅIons depend on initial structure

YƧǄƭōȅŜΣ [Φ wΦΤ Ŝǘ ŀƭΦ Martini 3 building blocks for Lipid Nanoparticle design,
ChemRxiv2024. 10.26434/chemrxiv-2024-bf4n8

~4000 lipids, reaction-ŦƛŜƭŘΣ ǎƛƳǳƭŀǘŜŘ ŀƴƴŜŀƭƛƴƎΣ a!w¢LbL оΣ ŎƘƻƭŜǎǘŜǊƻƭΣ мл ҡǎ



Real-scale LNP
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ÅMC3-based LNP

ÅSelf-assembly simulation

Å~50 nm in diameter

ÅMore bleb-phase organization

ÅRNA-rich phase

ÅWater-rich phase

ÅNon-spherical organization

~40,000 lipids, reaction-ŦƛŜƭŘΣ ǎƛƳǳƭŀǘŜŘ ŀƴƴŜŀƭƛƴƎΣ a!w¢LbL оΣ ŎƘƻƭŜǎǘŜǊƻƭΣ с ҡǎ



LNP Deprotonation
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ÅNeutral pH

Å80 ï20% - large structural changes

ÅDehydration

ÅRNA Ăblebñ phase

ÅProtonated IL surround RNA

ÅRNA

Å Interaction with IL(+1)

Å Interaction with water + LNP surface

YƧǄƭōȅŜΣ [Φ wΦΤ Ŝǘ ŀƭΦ Martini 3 building blocks for Lipid Nanoparticle design,
ChemRxiv2024. 10.26434/chemrxiv-2024-bf4n8

~4000 lipids, reaction-ŦƛŜƭŘΣ ǎƛƳǳƭŀǘŜŘ ŀƴƴŜŀƭƛƴƎΣ a!w¢LbL оΣ ŎƘƻƭŜǎǘŜǊƻƭΣ мл ҡǎ


