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The development of lipid nanoparticles (LNPs) has revolutionised RNA-based biopharmaceuticals, enabling
efficient delivery of mRNA for therapeutic applications. LNPs consist of an ionisable lipid, a neutral phospho-
lipid, cholesterol, and a PEG-ylated lipid (PL). The mixing of an aqueous solution containing mRNA with an
ethanol solution containing the lipids leads to the spontaneous formation of mRNA-LNP complexes. However, the
mechanisms underlying this process and the behaviour of each component under variable conditions remain
partially unclear. Coarse-grained molecular dynamics was here employed to simulate the formation of RNA-
loaded LNPs under various conditions, with a specific focus on ethanol. Following exposure to a polar solvent,
non-polar forces prevailed, and lipids formed spherical aggregates. Due to Coulombic and hydrophilic in-
teractions, aggregates settled on mRNA surface until they completely cover it. Finally, lipids rearranged
depending on their affinity with the surrounding environment. The variation in the ethanol content did not affect
the behaviour of lipids, except for the PL: when ethanol was added, the PL tended to migrate toward the inner
region of the LNPs. The decrease in PLs on the external surface of LNPs could decrease their ability to regulate
particle aggregation, leading to the formation of larger particles at higher ethanol content. Furthermore, higher
ethanol fractions resulted in larger, less ordered nanoparticles. Together, these two phenomena could explain the
experimental evidence of larger particle produced at higher ethanol content. These findings provide a detailed
molecular understanding of LNP self-assembly, offering pivotal insights for designing more stable lipidic carriers
for RNA encapsulation.

1. Introduction Despite the several advantages of mRNA pharmaceuticals, this

technology has two major drawbacks. mRNA is an anionic macromole-

Interest in mRNA-based pharmaceuticals has notably increased in
recent years. The mRNA therapeutics market was valued at approxi-
mately USD 39 billion in 2022 and is projected to exceed USD 100
billion by 2030, with an estimated CAGR above 13 % over the next
decade (market research future, 2025). This growth is largely attributed
to the rapid deployment of mRNA vaccines during the COVID-19
pandemic, as well as their potential benefits in oncology, rare dis-
eases, and protein replacement therapies (Kim et al., 2021; Pardi et al.,
2018; Verbeke et al., 2019). The active pharmaceutical ingredient (API)
is a mRNA fragment that is introduced inside the human cells and in-
duces the synthesis of a specific protein. In the treatment of infectious
diseases, mRNA stimulates the production of the antibodies necessary
for the recognition of the pathogen by the immune system. In the case of
oncological or genetic ones, it regulates the synthesis of the growth
factor or the protein responsible for the disease.
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cule that very unlikely passes through the non-polar cell membrane. In
addition to that, the stability of mRNA is reduced in vivo by the presence
of RNases, enzymes that decompose the genetic material present in the
extracellular space, but also in vitro by several mechanisms of physical
and chemical degradation (Schoenmaker et al., 2021). Different carriers
have been developed over the years to overcome these issues. Among
them, lipid nanoparticles (LNPs) seem to be the most effective and safe
delivery system for gene therapy (Gote et al., 2023). Their lipidic nature
mimics the structure of the cell membrane, facilitating the internal-
isation of mRNA in the target cells and protecting it from the external
environment. LNPs for mRNA delivery are made up of four lipidic spe-
cies: an ionisable lipid (IL), a neutral lipid (NL), cholesterol, and a PEG-
ylated lipid (PL).

ILs are specifically designed for both encapsulation and endosomal
release of mRNA into target cells. Their polar head acquires a positive
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charge when exposed to an acidic environment. This feature promotes
the encapsulation of mRNA by synthesising the particles at acidic pH.
After the synthesis, the neutral charge is restored by bringing back the
solution to the physiological pH necessary for storage and administra-
tion. ILs are characterised by branched or unsaturated tails that increase
the hindrance of the tails compared to that of the head. This feature
promotes the formation of inverted micellar structures instead of a lipid
bilayer, a conformation that enhances the encapsulation of mRNA
(Gruner et al., 1985; Israelachvili, 2011).

On the contrary, NLs have two saturated and linear tails that enhance
the formation of a double layer. This feature, in addition to their high
transition temperature, makes them suitable for the stabilisation of
LNPs. Cholesterol is a fundamental component for the stability of LNPs
and their interaction with cell membranes. It fills the gap between the
non-polar tails of lipids and modulates their fluidity. A high cholesterol
content makes the structure more rigid and reduces the possibility of
mRNA leakage during storage and in the bloodstream (Briuglia et al.,
2015). Finally, the PLs consist of non-polar tails that integrate on the
surface of the LNPs and a long chain of about 45 PEG residues exposed to
the external environment. The resulting steric hindrance regulates the
size of the nanoparticles and prevents their aggregation during storage
and in the bloodstream (Eygeris et al., 2022; Hald Albertsen et al.,
2022).

LNPs can be prepared using different techniques, such as emulsion
methods, bulk nanoprecipitation, bulk extrusion, and microfluidics
(Osouli-Bostanabad et al., 2022; Xu et al., 2022). The latest method
enables the synthesis of nanoparticles of controlled size, low poly-
dispersity index and high encapsulation efficiency, showing a high
reproducibility and potential for scale-up (Shepherd et al., 2021). RNA
and the mixture of lipids are fed to the two opposite ends of the
microfluidic device: the former in an aqueous solution at acidic pH and
the latter in an ethanol solution. During mixing, the intermolecular
forces acting between mRNA and lipids lead to the spontaneous for-
mation of lipid nanoparticles around the mRNA molecules. These
nanoparticles generally have a spherical shape characterised by an
electron-dense core (Ripoll et al., 2022; Roces et al., 2020). In addition
to the spherical shape, some LNPs exhibit large water compartments
called “blebs”, usually the result of the dissociation of NLs from the LNP
surface. In this configuration, mRNA can be complexed in the lipidic
phase or dissolved into the water pools (Brader et al., 2021).

The properties of LNPs and their interactions with the cellular
membranes are strictly related to the arrangement of lipids in the
nanoparticles. Therefore, a precise understanding of the structure of
mRNA-LNPs is crucial for the development of mRNA drugs. In this
context, nuclear magnetic resonance spectroscopy (NMR), small-angle
X-ray (SAXS), and small-angle neutron scattering (SANS) have been
employed to investigate the internal structure of LNPs. These studies
have shown that mRNA, when complexed in the lipidic phase, is in
disordered cylindrical water compartments with lipids arranged in an
inverse hexagonal phase (Arteta et al., 2018). The core of the nano-
particles can be covered by a lipid monolayer, bilayer, or no layer at all
(Eygeris et al., 2020; Szebeni et al., 2023). According to Viger-Gravel
et al. (Viger-Gravel et al., 2018), the core of these particles is mainly
formed by mRNA, ILs, and cholesterol, while the NLs and the PLs are
situated on the surface of the particles. In a similar study, Wang et al.
(Wang et al., 2023) reported that about 60 % of the ILs are present on the
LNPs surface, while small amounts of PLs can be present inside the
particle.

Besides experiments, coarse-grained molecular dynamics (CG-MD)
simulations have proven to be a valuable tool for investigating the in-
ternal organization of LNPs. Coarse graining is a procedure that lowers
the computational cost of an MD simulation by grouping atoms in a
single particle called “bead”. It reduces the degrees of freedom of the
system, and therefore the level of details, but makes it possible to
investigate phenomena occurring over wider spatial and temporal scales
than a standard MD simulation. The most suitable force field is the
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MARTINI force field (Souza et al., 2021), specifically tuned for bio-
molecular simulations and widely used to study lipidic membranes
(Kjolbye, 2024). In its latest version, a bead represents 2 to 4 non-
hydrogen atoms, providing a good balance between accuracy and
computational cost. MD has been widely used to investigate the
morphology and the internal organisation of mRNA-loaded LNPs (Gao
et al., 2022; Garaizar et al., 2024; Grzetic et al., 2024; Hardianto et al.,
2023; Leung et al., 2012; Paloncyova et al., 2025, 2023, 2021; Rissanou
et al., 2020; Rozmanov et al., 2014; Trollmann and Bockmann, 2022;
Wang et al., 2025; Zhang et al., 2024). Leung et al. (Leung et al., 2012)
showed that LNPs exhibit an electron dense core, with siRNA located in
disordered water compartments. In this work, LNPs were built starting
from small boxes filled with cholesterol, ILs, NLs and siRNA at low hy-
dration levels. These pre-equilibrated boxes were used as building
blocks and replicated in all three directions to obtain a larger particle.
The external surface was then coated with PLs and re-solvated. Troll-
mann et al. (Trollmann and Bockmann, 2022) used a similar procedure
to investigate the effect of the pH on the retention of mRNA. LNPs were
formed using two different building blocks. The first one composed by
mRNA, ionisable lipid and cholesterol was used as a building block for
the core of the nanoparticle. The second block was mainly made up of
cholesterol and neutral lipids and was used as a building block for the
shell on LNPs. The mRNA-loaded LNP was then formed by duplicating
the core blocks and covering them with a series of shell ones and with
PLs. These approaches are strongly guided by experimental results, as
the species forming the core and the shell were artificially placed in the
expected position.

Paloncyova et al. (Paloncyova et al., 2023) used a different approach,
generating small boxes where individual lipids were randomly dis-
solved. These boxes were then enlarged and filled with water to induce
the formation of the nanoparticles. In accordance with previous studies,
this work reports a loss of mRNA upon exposure to a neutral pH. Wang
et al. (Wang et al., 2025) simulated particles with a diameter of around
80 nm, providing insights into the morphology of LNPs at their actual
size. Under these conditions, the shift from acidic to neutral pH did not
lead to the release of encapsulated mRNA into the external environment.
Despite offering valuable information on lipid organisation within the
particle, the LNPs in these studies are generated from preassembled
components or under conditions that strongly drive their assembly.
Therefore, these studies do not describe the dynamics of self-assembly in
conditions similar to experimental ones. Recently, Grzetic et al. (Grzetic
et al., 2024) developed a CG force field that maps 10 heavy atoms in a
single bead, significantly extending the length scales accessible in mo-
lecular simulations. By enabling the simulation of more diluted systems,
the results of this study highlight the various steps leading to the for-
mation of LNPs. However, this approach leads to a loss of resolution at
the atomistic scale, and the interactions between the different species
cannot be described in detail. Furthermore, the role of ethanol in
influencing the assembly and morphology of LNPs remains unclear, as
current studies focus on lipid and mRNA assembling in pure water.

This work aims to cover these gaps, providing a more realistic
description of the self-assembling process of mRNA-LNP complexes.
Differently from previous studies, where LNPs formation was highly
forced, CG-MD simulations start from a condition in which the different
species are randomly dispersed in the co-solvent mixture and sponta-
neously interact to form the final nanoparticles. The simulation of more
diluted systems allowed us to capture the different steps of the self-
assembling process, reducing the bias induced by the initial conforma-
tion of lipids and mRNA. Furthermore, the composition of the co-solvent
mixture was here varied to assess the effect of different process pa-
rameters on the mechanism of self-assembling, the properties of the
nanoparticles and the interactions of RNA with the lipidic formulation.
This aspect has been overlooked in previous works, which often neglect
the presence of ethanol in the system. As the results of this study provide
a complete and more representative description of the self-assembling
process, they could be extremely helpful in the design of LNPs. The
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development of an in vitro platform could drive the design of new lipidic
species specifically engineered to optimise both the encapsulation of
mRNA and its delivery to the site of action.

2. Methods

mRNA and the mixture of lipids were randomly placed in a cubic
simulation box. Short RNA chains of 10 (Small-RNA, S), 50 (Medium-
RNA, M), and 200 (Large-RNA, L) uracil residues were chosen as tem-
plate molecules for mRNA. According to the standard formulation of
RNA vaccines (Schoenmaker et al., 2021), the N/P ratio (molar ratio
between ionisable lipids and RNA residues) was set to 6, and the lipid
molar ratio between IL:Chol:NL:PL to 50:38.5:10:1.5. ALC-0315, Dis-
tearoylphosphatidylcholine (DSPC) and ALC-0159 were used as IL, NL,
and PL, respectively. The excess of the ionizable lipids generate a net
positive charge, which was neutralized by adding Cl ions in the solution.
Using the composition of the different flows in a microfluidic mixer as a
reference, lipids and mRNA were dissolved in solvents of different
compositions. Starting from pure water, the molar fraction of ethanol
was varied to simulate different Flow Rate Ratios (FRRs) in a micro-
fluidic device. Temperature and pressure were maintained constant at
310 K and 1 bar, respectively. A summary of the simulated operating
conditions is reported in Table 1.

3. Simulations Setup

Simulations were performed using GROMACS 2022.3 (Abraham
et al., 2015) and the third version of the Martini force field (Souza et al.,
2021). Topologies of poly-U RNA fragments, ALC-0315 and ALC-0159
were obtained by a previous work by Paloncyova et al. (Paloncyova
et al., 2023), while that of cholesterol from its latest release for Martini 3
force field (Borges-Aratijo et al., 2023). A schematic of the present
species and their CG structures is reported in Fig. 1.

The systems were equilibrated in the NPT ensemble for 500 ns with a
time step of 5 fs. The preliminary simulations with mRNA of variable
size aimed to capture the dynamics of the early steps of self-assembly
and were carried out for 3 pus with a time step of 10 fs. To investigate
the effect of ethanol, simulations with different ethanol content were
carried out for 10 ps (time step = 10 fs), with three replicas per system.
The temperature and the pressure were controlled with the v-rescale
thermostat (Bussi et al., 2007) (tr = 4 fs) and the c-rescale barostat
(Bernetti and Bussi, 2020) (tp = 20 fs), respectively. The PME (Darden
et al., 1993) algorithm was used to manage electrostatic and Van der
Waals interactions with a cut-off of 1.3 nm. The final properties of
mRNA-LNPs complexes were evaluated averaging them over the last us
of the production run. The software Visual Molecular Dynamics (VMD)
(Humphrey et al., 1996) was used to generate snapshots from the tra-
jectory file.

Radial distribution functions (RDFs) were computed using RNA
beads as reference, with the bead of lipids and ions selected as the
groups for which the distribution functions were calculated.

The affinity between the different species was evaluated by
computing the number of contacts (NCs) between them. All species,
except mRNA, were broken into heads and tails, the hydrophilic (H) and
the hydrophobic (T) ends of each species, respectively. The H-group of

Table 1
Details on the composition of the simulation boxes.
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each species included the charged, polar and intermediately polar beads,
i.e. the blue, orange and yellow beads depicted in Fig. 1. Conversely, T-
groups comprised the non-polar beads, identified as green beads in
Fig. 1. Two groups were considered in contact when their distance
decreased below 0.6 nm. The NCs of group i with each group j was
computed and expressed as the percentage of the total NCs (%NC) of
group i, according to the following equation:

%NC;; = zljvzxfcjj% 1

The solvent accessible surface area (SASA) was computed using a
probe with a radius equal to 0.191 nm, corresponding to a tiny bead in
the latest version of Martini force field. The same procedure has been
employed to estimate the volume enclosed by the SASA, corresponding
to the volume not accessible by the solvent. The size of LNPs was then
estimated as the diameter of a sphere that has a volume equal to the
excluded volume.

4. Results and Discussion

4.1. Simulation of the self-assembly mechanism driving mRNA
encapsulation

To replicate the mixing of the two solutions within the microfluidic
device, mRNA and lipids were randomly placed in the simulation box.
The system was then solvated with a mixture of water and ethanol to
reproduce an FRR equal to 3:1, known as the optimal value for this
parameter (Roces et al., 2020).

Fig. 2 shows snapshots extracted from the trajectory of solutes during
the simulation. At the beginning of the simulation, lipids and RNA were
randomly distributed throughout the simulation box (Fig. 2a). When
exposed to a polar solvent like the mixture of water and ethanol, lipids
tended to form small aggregates to minimise contact with solvent mol-
ecules (Fig. 2b). The lipidic tails and cholesterol tended to move into the
core of the aggregates, while the hydrophilic heads were exposed at the
interface with water. These aggregates had a random lipidic composi-
tion and took on a spherical shape characterised by an inverted micellar
arrangement. mRNA started to interact with lipidic clusters due to
Coulombic or hydrophilic interactions, forming little complexes where
mRNA settled on the surface of the rising nanoparticle. To further reduce
the surface exposed to the solvent, lipids continued to aggregate until
they formed a single mRNA-LNP complex (Fig. 2c-f). Inside the LNP,
mRNA tended to form clusters that should be the result of base pairing
between uracil bases of different RNA molecules. Due to the tendency of
lipids to form double layers, the final particle deviated from the spher-
ical shape forming empty water pockets.

In this simplified system, mRNA was assimilated to a short fragment
made up of 10 residues (Small-RNA). The interactions described here
can be extended to the case of an entire mRNA molecule made of
thousands of bases, but the self-assembling mechanism could be slightly
different. To evaluate whether the self-assembling is affected by the size
of the mRNA, RNA fragments were substituted by bigger ones. The total
number of RNA residues was kept constant at 200, replacing small
fragments with 4 chains made up of 50 residues (Medium-RNA) and 1
chain made up of 200 ones (Large-RNA). The mechanism of the self-

Simulation Nbases Ngna N Nni Nchol Npr, Ne. Nwater NEton Simulation time, us
S-3:1 200 20 1200 240 924 36 1000 84,932 35,068 3

M-3:1 200 4 1200 240 924 36 1000 84,932 35,068 3

L-3:1 200 1 1200 240 924 36 1000 84,932 35,068 3

S-1:0 x3 100 10 600 120 462 18 500 120,000 0 10

S-3:1x3 100 10 600 120 462 18 500 84,932 35,068 10

S-1:1x3 100 10 600 120 462 18 500 53,604 66,396 10
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Fig. 1. Schematic of the chemical structure and coarse grain mapping of (a) cholesterol, (b) DSPC, (c) ALC-0315, (d) ALC-0159, (e) ethanol, (f) water and (g) uracil
residue. The atoms present in each species were grouped in (green) non-polar, (yellow) intermediately polar, (orange) polar, (blue) charged, and (purple)

water beads.

assembling in the new systems is reported in Figs. S1 and S2 in the
Supporting Information. It was very similar to the previous case study,
with lipids that started to form small clusters that gradually interacted
with RNA. Since RNA was bigger, it seemed to accelerate the coales-
cence of the particles that gradually settled on its surface. At the end of
the process, the RNA molecules were entirely encapsulated in the LNP
and isolated from the external environment.

The mechanism described by CG-MD simulations can be outlined in
three steps, as reported in Fig. 3. The process was driven by the aggre-
gation of lipids, and the interactions with mRNA began at a later stage.
For this reason, the following description would remain valid even
changing the lipid species or their molar ratios. At first, the organic and
the aqueous phase were segregated, with lipids and mRNA completely
dissolved in ethanol and water, respectively (Fig. 3a). When the two
streams started to mix, lipids started to randomly aggregate due to their
insolubility in water (Fig. 3b). Due to Coulombic and hydrophilic in-
teractions, lipidic clusters interacted with mRNA and started to cover its
surface. To further reduce the interface with the solvent, lipidic clusters
tended to coalesce to form bigger particles (Fig. 3c). In the final step of
the process, lipids tended to rearrange and consolidate their structure
depending on their affinity with the external environment (Fig. 3d).

4.2. Lipid arrangement and morphology of the final assembly

At the end of the simulations, lipids and RNA formed a unique cluster
with mRNA encapsulated in the core of the LNP. As an example, Fig. 4
reports the clusters extracted from the last frame of the simulation of the
Large-RNA. Although the initial clusters had a random lipidic compo-
sition, species tended to occupy specific positions in the final configu-
ration. IL is the most abundant component in the formulation, and it was
distributed throughout the nanoparticle. NLs and PLs tended to cover
the external surface of the nanoparticle due to their higher hydrophi-
licity. Cholesterol, as expected, was complexed into the lipidic tails

because of its strong hydrophobicity. A cross-section of the nano-
particles is reported in Fig. 4b to observe the internal organization of the
mRNA-LNP complex. mRNA could be contained in inverted micellar or
disordered cylindrical cavities, as confirmed by previous experiments
(Arteta et al., 2018; Brader et al., 2021; Eygeris et al., 2020; Szebeni
et al., 2023) and simulations (Leung et al., 2012; Paloncyova et al.,
2023; Wang et al., 2025). The cross section highlights the presence of
empty water pockets, detectable as areas where the density of the lipidic
matrix is lower.

In addition to the visual inspection, radial distribution functions
(RDFs) were computed to investigate the arrangement of lipids around
mRNA. RDFs of the four lipidic species and the Cl" ions computed from
the surface of Small, Medium, and Large-RNA are reported in Fig. 5. ILs
presented a single peak in their distribution, indicating that they were
distributed throughout the particle. In all three cases, the peak slightly
shifted to the left because of their affinity with the nucleic acid.
Cholesterol showed a similar behaviour, with a single peak located in
the middle of the lipidic phase.

On the contrary, NLs and PLs showed a single or a double peak in the
inner and/or in the outer part of the particle. These species were not
present in the bulk of the lipidic phase but tended to dispose at the
interface with the solvent. NLs seemed to be always present in both
interfaces, with peaks of different heights that may be the result of the
stochastic nature of the self-assembling. On the other side, PLs can or not
remain trapped in the inner part of the particle. Both species showed a
high hydrophilicity compared to the other lipids, a property that caused
their migration to the interfaces with solvents. In the case of PLs, the
steric hindrance of the long PEG-ylated chains enhanced its migration to
the external surface of LNPs. To balance the positive charge of the ILs, Cl°
ions tended to accumulate in the inner side of LNPs, and they showed a
lower peak on the external surface of the nanoparticles.

In the simulations of these diluted systems, lipids and mRNA grad-
ually interacted to form the final nanoparticle, highlighting the different
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(f)

Fig. 2. Snapshots extracted from the trajectory of Small-RNA and lipids at
0 (a), 1 (b), 5 (c), 50 (d), 300 (e),1000 (f) ns. At the beginning of the simulation,
the lipidic mixture containing the ionisable (cyan), neutral (red), PEG-ylated
lipids (blue) and cholesterol (black) was randomly distributed throughout the
simulation box Then, lipids started to form small clusters of random composi-
tion that gradually fused in a single one encapsulating mRNA.

steps that led to its formation. The molecules were free to interact, and
spontaneously arranged themselves in positions where they were more
stable, not affected by the initial conformation. These results were
consistent with previous experimental studies (Arteta et al., 2018; Ueda
et al., 2023; Viger-Gravel et al., 2018), supporting the validity of the
mechanistic description of the self-assembly provided in the previous
section. mRNA is contained in disordered cylindrical channels with
lipids in an inverted hexagonal arrangement. ILs strongly interact with
RNA but are also present on the surface of LNPs. NLs and PLs tend to
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cover the external surface of the particles and, in traces, can be found at
the interface with the water pools containing RNA. Finally, cholesterol
fills the gaps between the hydrophobic tails of the other lipids.

4.3. RNA dffinity with the lipidic formulation

The phenomenon of self-assembling is driven by the molecular in-
teractions between the species present in the system. A precise under-
standing of these interactions could be extremely helpful in the design of
future and more performing lipidic species. To improve the statistical
reliability of the number of contacts between the species in the system,
simulations were repeated in triplicate. Table 2 reports the %NC of
species i (rows) with all other species j (columns), averaged over the
three replicas of the system with a FRR equal to 3:1. The analysis of the
%NC underlines that non-polar species strictly interacted with one
another, forming the hydrophobic core of the particle. Approximatively
52-66 % of contacts of the lipidic tails took place with other lipidic tails,
while around 17-22 % occurred with cholesterol. Focusing on choles-
terol, 54 % of its contacts occurred with molecules of the same species.
This behaviour might be due to the scarce solubility of cholesterol in the
unsaturated lipidic tails of ILs. Consequently, cholesterol tended to
cluster and can arrange in a crystalline form (Szebeni et al., 2023).

On the other side, the hydrophilic ends tended to interact with the
solvent, with which they establish 43-65 % of their contacts. Each of the
three species preferentially interacted with water, the most abundant co-
solvent, and behaved differently based on their hydrophilicity. For the
ILs, the difference in the %NC with water and ethanol was approxi-
mately 33 %, while for NLs and PLs this value increased to around 48 %
and 57 %, respectively, due to their higher affinity with water. Being
exposed to the interface, a small number of contacts occurred between
the heads of different species, including cholesterol with its small hy-
droxyl group. Despite the low affinity between polar and non-polar

Fig. 4. (a) mRNA-LNP complex and (b) its cross-section extracted from the last
frame of the simulations of Large-RNA. mRNA is located in water pockets of
disordered cylindrical shape with lipids in an inverted hexagonal arrangement.
ILs (cyan) and cholesterol (black) form the bulk of the lipidic phase, while NLs
(red) and PLs (blue) cover the external surface of the particle.

Fig. 3. Schematic of the self-assembling of mRNA-LNPs complexes. (a) Ionisable (cyan), neutral (red), PEG-ylated lipids (blue) and cholesterol (black) are dissolved
in the organic phase, while mRNA (orange) is dissolved in water. (b) At the beginning of the process, non-polar forces prevail, and lipids tend to aggregate randomly.
Some lipids clusters can settle on mRNA surface starting the encapsulation process. (c) The aggregation of the lipidic clusters continue, completely covering the
mRNA surface and reducing their interface with water. (d) According to their affinity with the external environment, lipids rearrange and consolidate the structure of

the final particle.
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Fig. 5. Radial distribution functions of lipids and CI" ions around Small (a),
Medium (b), and Large RNA (c). Peaks corresponding to ILs (cyan curve), and
cholesterol (black curve) are localised in the middle of the lipidic phase, with
ILs slightly shifted on the left because of their affinity with RNA. NLs (red
curve) and PLs (blue curve) show single or double peaks at the inner or the
outer interface with solvents due to their hydrophilicity. Cl” ions (green curve)
presented two peaks, as the ions tended to accumulate in regions with higher
positive charge.

groups, they exhibited a non-negligible %NC. This result may be due to
the presence of ester linkers in the tails of both NL and IL. They affinity
with external polar groups can facilitate closer contact between non-
compatible beads and increase their number of contacts. Furthermore,
the increase in the %NC may be caused by interactions of the two por-
tions of the same molecule. Since both lipids and mRNA adopted a
stretched configuration, the number of self-contacts was expected to be
negligible compared to contacts with other species.

Table 2
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Passing to RNA, it mainly interacted with other RNA molecules,
highlighting the tendency of RNA to form clusters as proposed in a
previous study (Szebeni et al., 2023) and confirmed by molecular sim-
ulations (Paloncyova et al., 2023). Its interactions with ILs were
approximatively five times those with NLs, reflecting the molar ratio
between the two lipids in the formulation. Despite the neutral charge,
the chemistry of the polar head of NLs is similar to that of ILs, and its
polarity made its interaction with RNA non-negligible.

To further investigate the interactions involving RNA, the %NC were
re-computed for the RNA backbone (BB) and side chain (SC). The %NC
between positive (+), negative (—), ester (—EL) or hydroxyl groups
(—OH) with BB or SC is expressed as a fraction of the total number of
contacts of that portion of lipid with RNA. Table 3 reports the %NC of
the two fractions of RNA with each other and with the polar groups of ILs
and NLs. Despite the Coulombic attraction between the phosphate group
in the BB and the positive head of ILs, it similarly interacted with the SC.
These interactions could arise from the excess of ILs compared to RNA,
as the N/P ratio was set to 6. ILs that did not interact with BB seemed to
establish an alternative mechanism of interaction with RNA, which may
persist even when the neutrality of the system is re-established. More-
over, the hydroxyl groups showed a good affinity with the SC as if they
were able to form hydrogen bonds typical of base pairing (Cornebise
et al., 2022; Szebeni et al., 2023). The slight polarity of the ester linker
caused this portion of the lipid to predominantly interact with the BB.
These interactions with the RNA-SC could be the reason why mRNA and
ILs continue to interact even when ILs are in their neutral form. How-
ever, due to the low resolution of the CG at the atomistic level, all-atoms
simulations could provide a better understanding of the nature of this
phenomenon. Future work could focus on these interactions, acceler-
ating the self-assembly process through coarse-grained simulations and
analysing them by back-mapping the final structure to its atomistic
resolution. On the contrary, because of their neutral head, NLs prefer-
entially interacted with the SC, confirming the strong affinity of the
heads of lipids with this portion of RNA. Finally, the %NC between the
two portions of RNA shows that RNA tended to cluster by establishing
hydrogen bonds between the nitrogen bases present in the SC.

Table 3
Percentage of the total number of contacts between RNA backbone (BB) and
sidechain (SC) and (+) positive, (—) negative, (-OH) hydroxyl, and (—EL) ester
linker of ILs and NLs. The results were averaged over the three replicas of the
system.

BB SC
IL+ 46.83 % 53.17 %
IL-OH 40.44 % 59.56 %
IL-EL 57.39 % 42.61 %
NL+ 30.55 % 69.45 %
NL- 37.33 % 62.67 %
NL-EL 50.29 % 49.71 %
BB 42.28 % 57.72 %
SC 25.33 % 74.67 %

Percentage of the total number of contacts with a FRR equal to 3:1 averaged over the three replicas. Hydrophilic groups are denoted with the letter H, while hy-

drophobic ones are denoted with the letter T.

IL-H IL-T NL-H NL-T CHOL-H CHOL-T PL-H PL-T RNA CL w ETOH
IL-H 9.5 % 25.7 % 1.5% 1.4% 2.3% 6.6 % 2.9 % 0.2 % 4.9 % 2.2 % 37.8 % 5.1%
IL-T 13.4% 45.9 % 0.5 % 5.5% 1.5% 17.4 % 1.6 % 0.9 % 0.4 % 0.2 % 10.5 % 2.1 %
NL-H 6.1 % 3.9% 11.7 % 4.4 % 1.6 % 1.9% 4.1 % 0.1 % 4.0 % 1.0 % 54.9 % 6.5 %
NL-T 4.8 % 37.0 % 3.8% 24.9 % 1.2% 22.3 % 0.8 % 1.2% 0.0 % 0.0 % 3.1% 0.9 %
CHOL-H 11.8% 15.0 % 21% 1.8 % 3.2% 27.4 % 2.2 % 0.2 % 4.2 % 2.4 % 25.5 % 4.2 %
CHOL-T 5.3% 26.9 % 0.4 % 5.1% 4.2 % 53.7 % 0.5 % 0.7 % 0.2 % 0.1 % 2.3% 0.7 %
PL-H 6.3 % 6.7 % 2.2 % 0.5 % 0.9 % 1.2% 14.7 % 0.4 % 0.3 % 1.9% 60.9 % 4.0 %
PL-T 4.6 % 39.3 % 0.3 % 8.1% 0.8 % 21.0 % 4.0 % 18.5% 0.0 % 0.0 % 2.7 % 0.7 %
RNA 10.3 % 1.7 % 2.0 % 0.0 % 1.7 % 0.5 % 0.3 % 0.0 % 68.6 % 4.3 % 9.2 % 1.4%
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4.4. Effect of ethanol

The FRR (aqueous/organic flow rate) is one of the two processing
parameters that influence the size and the polydispersity of the LNPs,
with both decreasing as FRR increases (Ripoll et al., 2022; Roces et al.,
2020). To evaluate the molecular phenomena that lead to these results,
lipids and RNA were dissolved in different solvents with an increasing
quantity of ethanol. Keeping the number of solvent molecules constant,
some water beads were replaced with ethanol ones. The simulations
were repeated with a molar fraction of ethanol equal to 0, 0.09, and
0.24, corresponding to an FFR of 1:0, 3:1, and 1:1, respectively. To
improve the statistical reliability of the dataset, simulations were
repeated in triplicate.

Fig. 6 reports the RDFs of the four lipidic species around mRNA. The
distributions of NLs, ILs and cholesterol (Fig. 6a-c) were very similar in
the three cases, with a difference in their peaks that may be associated to
the different size of ethanol and water bead. The RDFs of cholesterol
showed a slight shift toward shorter distances as the water content
increased. When particles were exposed to a more polar solvent, i.e.
higher concentration of water, lipids were more forced to assemble due
to their insolubility. In these conditions, the particle may show a more
compact structure, characterised by a core enriched of lipidic species.
Conversely, the ethanol content modified the RDFs of PLs, that showed a
single or double peak depending on the presence of ethanol. When
ethanol was not present in the system (blue curve in Fig. 6d), PLs showed
a single peak on the external surface of the LNPs. On the contrary, when
ethanol was added to the simulation box PLs showed an additional peak
on the inner side of the LNPs. As previously discussed, PLs are more
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Fig. 6. Radial distribution functions of (a) ILs, (b) cholesterol, (c) NLs and (d)
PLs around mRNA in case of FRR equal to 1:0 (blue curve), 3:1 (green curve)
and 1:1 (red curve). The solid line represents the average distribution, while the
lighter shade the standard deviation observed over the three replicas of each
system. ILs, cholesterol and NLs showed a similar behaviour in the different
environments. PLs showed remarkable differences, as their peaks in the inner
parts of the particles increase with the ethanol content.
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likely to interact with water than ethanol. Therefore, when the number
of ethanol beads increased, PLs tended to migrate in a more polar
environment as the cavities containing mRNA. The decrease in the PLs
exposed on the external surface may decrease their ability to regulate
particle aggregation, leading to the formation of larger particles. This
result could explain the increase in particle size observed in experi-
mental studies (Ripoll et al., 2022; Roces et al., 2020). These works
report that the particle size at a FRR of 1:1 is approximatively twice that
measured at a FRR of 3:1.

Tables 4-6 report the %NC in case of FRR equal to 1:0 and 1:1
averaged over the three replicas of each system. In both, the interactions
between the lipidic formulation and mRNA were not affected by the
presence of ethanol, showing a similar trend previously observed. The
only difference lied in the interaction with the co-solvents, as lipids have
a higher affinity with ethanol than with water. For this reason, as the
ethanol content increased, they increased their contact with the organic
solvent and decreased their contact with water.

To analyse the distribution of the two co-solvents within the LNPs,
RDFs of ethanol and water beads around RNA are reported in Fig. 7. In
all three cases, the distributions showed a peak in the regions close to the
mRNA surface, indicating that mRNA is surrounded by solvent mole-
cules in the cavity of the lipidic phase. After a decrease due to the
presence of the lipidic phase, the curves reached their maximum at
greater distances, as water and ethanol were most distributed outside
the nanoparticle. Differently from water, RDFs of the organic solvent did
not decrease to zero when moving from the inner to the outer part of the
LNP. This result suggest that ethanol may remain in the non-polar core
of the nanoparticle due to its affinity with the lipidic tails. Its presence in
the membrane could reduce its compactness, altering the morphology of
LNPs. The increase in the ethanol content caused a slight increase in
both the RDFs, indicating a higher penetration of both water and ethanol
inside the nanoparticles. These results suggested an increase in LNPs
permeability due to their solubility in ethanol (Hardianto et al., 2023),
which facilitated the migration of water and ethanol into the particle.

To further investigate this effect and to estimate the size of the LNPs,
the solvent accessible surface area (SASA) and the particle size were
computed as a function of the ethanol molar fraction. As shown in Fig. 8,
both SASA and the particle size increased with the molar fraction of
ethanol, confirming the behaviour observed in previous experimental
studies (Ripoll et al., 2022; Roces et al., 2020). When exposed to an
environment characterized by a higher ethanol content, lipids were less
forced to assemble due to their higher affinity with ethanol than water.
Consequently, they assembled and formed a more disordered and less
compact structure characterized by a higher SASA, which increased as
the ethanol molar fraction increases. As a result of the disordered and
less forced assembly, the particles showed a slight increase in the par-
ticle size. This effect is expected to be more significant in real-size par-
ticles, which are approximately ten times larger than those examined in
this study.

5. Conclusions

In this work, CG-MD was employed to investigate the phenomena
that occur during the synthesis of LNPs containing RNA. Starting from a
disperse phase, lipids and mRNA were free to interact in a mixture of
water and ethanol of variable composition. The results of the simula-
tions showed that the self-assembling of lipids and mRNA was charac-
terised by three different steps. At first, lipids tended to form small
aggregates of casual composition to minimize exposure to the solvent.
These aggregates gradually settled on the surface of mRNA until they
completely covered it, further reducing the contact with the solvent.
During the coalescence of these particles, lipids rearranged according to
their affinity with the surrounding environment. A spherical shape with
a dense core characterised the final LNP. mRNA clusters are dissolved
into cylindrical water pools bordered by lipids in an inverted hexagonal
arrangement. It mainly interacted with ILs, which demonstrated a high
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Table 4
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Percentage of the total number of contacts with a FRR equal to 1:0 averaged over the three replicas. Hydrophilic groups are denoted with the letter H, while hy-
drophobic ones are denoted with the letter T.

IL-H IL-T NL-H NL-T CHOL-H CHOL-T PL-H PL-T RNA CL w
IL-H 9.1 % 24.3 % 1.6 % 1.3% 22% 6.1 % 2.5 % 0.2 % 4.2 % 2.0 % 46.4 %
IL-T 13.3% 45.3 % 0.5 % 5.4 % 1.5% 16.7 % 1.5% 0.9 % 0.4 % 0.2 % 14.3 %
NL-H 6.3 % 3.7% 10.9 % 4.0 % 1.7 % 1.8% 3.2% 0.1 % 5.6 % 0.9 % 61.9 %
NL-T 5.0 % 36.7 % 3.7 % 24.8 % 1.3% 22.6 % 0.6 % 1.2% 0.0 % 0.0 % 4.0 %
CHOL-H 11.7 % 149 % 2.3% 1.9% 3.5% 27.3% 1.5% 0.2 % 4.3 % 2.3% 30.1 %
CHOL-T 5.3% 26.4 % 0.4 % 5.2% 4.3 % 54.3 % 0.3 % 0.7 % 0.2 % 0.1 % 2.8%
PL-H 5.2% 5.9 % 1.7 % 0.4 % 0.6 % 0.7 % 12.4 % 0.3 % 0.0 % 1.5% 71.4 %
PL-T 4.9 % 40.1 % 0.3 % 7.9 % 0.8 % 19.2% 3.8% 18.5% 0.0 % 0.0 % 4.4 %
RNA 9.3% 1.6 % 3.1% 0.0 % 1.7 % 0.5 % 0.0 % 0.0 % 68.6 % 3.9% 11.3 %
Table 5

Percentage of the total number of contacts with a FRR equal to 1:1 averaged over the three replicas. Hydrophilic groups are denoted with the letter H, while hy-
drophobic ones are denoted with the letter T.

IL-H IL-T NL-H NL-T CHOL-H CHOL-T PL-H PL-T RNA CL w ETOH
IL-H 10.1 % 27.6 % 1.6 % 1.5% 2.3% 7.2% 3.3% 0.2 % 5.2% 2.6 % 26.9 % 11.4 %
IL-T 13.5% 46.9 % 0.5 % 5.6 % 1.5% 18.1 % 1.7 % 0.9 % 0.4 % 0.2 % 6.4 % 4.4 %
NL-H 6.7 % 4.2% 13.6 % 5.0 % 1.9% 2.2% 4.9 % 0.1% 5.3 % 1.2% 40.0 % 14.9 %
NL-T 4.7 % 36.7 % 3.8% 25.2% 1.2% 22.6 % 0.8 % 1.2% 0.0 % 0.0 % 1.8% 1.9%
CHOL-H 11.8% 15.0 % 2.2 % 1.8% 2.9 % 28.0 % 2.6 % 0.2 % 3.0% 2.8% 19.5 % 10.0 %
CHOL-T 5.3 % 27.2 % 0.4 % 5.2 % 41 % 53.2 % 0.5 % 0.7 % 0.1% 0.1 % 1.6 % 1.5%
PL-H 7.5 % 7.8 % 2.6 % 0.6 % 1.2% 1.7 % 18.0 % 0.4 % 0.3 % 25% 47.6 % 9.7 %
PL-T 4.5 % 39.4 % 0.3 % 8.2% 0.8 % 21.2% 4.1 % 18.7 % 0.0 % 0.0 % 1.5% 1.4 %
RNA 10.0 % 1.5% 2.4 % 0.0 % 1.2% 0.3 % 0.3% 0.0 % 69.5 % 4.6 % 7.1 % 3.1%
Table 6 1 T T
Percentage of the total number of contacts between RNA backbone (BB) and -
sidechain (SC) and (+) positive, (—) negative, (-OH) hydroxyl, and (—EL) ester 0.8
linker of ILs and NLs. The results were averaged over the three replicas of the ! -
systems. c 0 6 -
o L
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BB sc BB sc 04
S L
IL+ 49.71 % 50.29 % 48.14 % 51.86 % Y— 0 2 B
IL-OH 43.30 % 56.70 % 40.66 % 59.34 % c ) |
IL- EL 59.88 % 40.12 % 59.53 % 40.47 % g N
NL+ 27.88 % 72.12 % 29.50 % 70.50 % > 1 *
NL- 36.30 % 63.70 % 37.28 % 62.72 % 'g B
NL- EL 53.92 % 46.08 % 54.51 % 45.49 % - 0.8 F
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affinity with both BB and SC of the RNA chains. Despite the positive Ih'a I i
charge of ILs, they were also present on the surface of LNPs, exposing 02F .
their polar head to the external environment. The external surface of - E
LNPs was rich in NLs and PLs that tended to migrate to the interface with . . L L 1 . L L
water. This migration was due to the high hydrophilicity of their 0 2 4 6 8 10

headgroup, which was accentuated by the steric hindrance of the long
PEG-ylated chains in the case of PLs. Finally, cholesterol filled the gap
between the non-polar tails due to its strong hydrophobicity and inter-
acted with the polar environment through its hydroxyl group. Increasing
the ethanol content in the system, i.e., decreasing the FRR between
water and ethanol, the description of self-assembling and the final
structure were still valid. The difference in the ethanol content affected
the arrangement of PLs, which tended to migrate in the inner pools of
LNPs when ethanol was added to the system. The decrease of PLs on the
surface of the nanoparticles could decrease its ability to regulate the
particle aggregation, leading to the formation of larger particles when
particles are synthesised at lower FRRs. Moreover, higher quantity of
ethanol in the system decreased the polarity of the solution, making the
lipids less forced to assemble. Consequently, LNPs had a less regular and
less compact structure that results in particles of bigger size. These two
considerations could motivate the experimental evidence of larger par-
ticles produced at lower FRRs.

Radial coordinate, nm

Fig. 7. Radial distribution functions of water (a) and ethanol beads (b) around
mRNA in case of FRR equal to (blue curve) 1:0, (green curve) 3:1, and (red
curve) 1:1. The solid line represents the average value, while the lighter shade
represent the standard deviation over the three replicas of each system. The
increase in the ethanol content slightly increased the quantity of solvent in the
nanoparticles probably due to an increase in the permeability of the
lipidic phase.

The analysis of the affinity of RNA with ILs suggested that Coulombic
interactions are not the predominant ones. Despite the Coulombic
attraction between the positive charged choline group and the negative
charged RNA BB, the head of ILs interacted with the SC in a similar way.
Moreover, both the hydroxyl and the ester linker group showed a good
affinity with the SC, probably due to the formation of hydrogen bonds.
These alternative mechanisms of interactions could explain the affinity
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Fig. 8. Solvent accessible surface area (a) and particle size (b) of LNPs as a
function of the ethanol molar fraction. The bar represents the average value
over the three replicas of the systems, while the error bar represents the stan-
dard deviation. Both increased as the molar fraction increased due to the higher
solubility of lipids that assemble in a more disordered and less
compact structure.

of RNA and ILs even when they are in their neutral form. However, this
aspect can be better analysed in future studies by complementing CG
simulations with all-atom ones.

These results give a complete overview of the interactions that occur
during the synthesis of mRNA-LNP complexes, highlighting the prefer-
ential interaction between RNA and the ILs and the effect of the ethanol
content on the final assembly. Since CG-MD simulates the system in
static conditions, these results could also be extended to other prepa-
rations techniques such as bulk mixing. Some differences may be
observed due to the different ratios between the aqueous and the organic
solvent, but the overall dynamics of the system and the interactions
involved would remain unchanged. A precise knowledge of these phe-
nomena could be beneficial in the design of the next generation of lipids
for RNA delivery, improving its encapsulation and its stability inside
LNPs. This in silico approach could then be extended to any kind of API,
optimising the lipidic formulation and the operating conditions for a
successful delivery inside human cells.
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