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ABSTRACT Crucial for mRNA-based vaccines are the composition, structure, and properties of lipid nanoparticles (LNPs) as
their delivery vehicle. Using all-atom molecular dynamics simulations as a computational microscope, we provide an atomistic
view of the structure of the Comirnaty vaccine LNP, its molecular organization, physicochemical properties, and insight in its pH-
driven phase transition enabling mRNA release at atomistic resolution. At physiological pH, our simulations suggest an oil-like
LNP core that is composed of the aminolipid ALC-0315 and cholesterol (ratio 72:28). It is surrounded by a lipid monolayer formed
by distearoylphosphatidylcholine, ALC-0315, PEGylated lipids, and cholesterol at a ratio of 22:9:6:63. Protonated aminolipids
enveloping mRNA formed inverted micellar structures that provide a shielding and likely protection from environmental factors.
In contrast, at low pH, the Comirnaty lipid composition instead spontaneously formed lipid bilayers that display a high degree of
elasticity. These pH-dependent lipid phases suggest that a change in pH of the environment upon LNP transfer to the endosome
likely acts as trigger for cargo release from the LNP core by turning aminolipids inside out, thereby destabilizing both the LNP
shell and the endosomal membrane.
SIGNIFICANCE mRNA-based vaccines have tremendous therapeutic potential in the prevention of severe SARS-CoV-2
infections. Lipid nanoparticles (LNPs) act as carrier system for mRNA, protecting nucleotides against premature
degradation and allowing for efficient release into target cells. Despite the decisive role of LNPs for the successful delivery
of mRNA and thus for the action of vaccines, little is known about the molecular architecture of LNPs used within SARS-
CoV-2 vaccines. Our molecular dynamics simulations of both lipid model systems and whole LNPs with the lipid
composition used in the BioNTech & Pfizer vaccine offer unique insights into the structure of lipid nanoparticles at the
atomistic scale and suggest a mechanism with an aminolipid acting as pH-sensitive switch for the delivery of mRNA-based
drugs.
INTRODUCTION

Early on, the crucial role of lipid formulations including
cationic, unfortunately typically toxic lipids, for the trans-
fection of cells with RNAwas recognized (1). The formula-
tion of messenger RNA (mRNA) strands within lipid
nanoparticles (LNPs) prevents early degradation of the nu-
cleotides and increases the transfection rate for vaccines
(2,3). Different lipid compositions were investigated to opti-
mize the efficacy and safety of nanoparticles for drug deliv-
ery including also the design of novel molecular structures
(4,5). A huge step forward toward less cytotoxic LNPs
showing less unspecific interactions was made by utilizing
a titratable cationic aminolipid for RNA encapsulation
(6,7). Apart from the aminolipid, most modern LNPs
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include a PEGylated lipid, cholesterol, and a standard phos-
pholipid to effectively encapsulate and deliver mRNA (8).
The PEGylated lipid is usually composed of a hydrophobic
lipid-like anchor with a polyethylene glycol (PEG) chain
attached to the headgroup (9). The polymers prevent the ag-
gregation of LNPs during the shelf time of the vaccine as
well as early neutralization by freely circulating immuno-
cytes after administration (9,10).

mRNA-based vaccines play a vital role in fighting
COVID-19 (11). Along with the conventional available vac-
cine platforms, mRNA-based vaccines were among the first
authorized vaccines against SARS-CoV-2 and were applied
for the first time to a larger part of the population. They
transfer nucleoside-modified mRNA encoding the SARS-
CoV-2 spike protein into the cytoplasm of human cells.
The mRNA strands are then translated to a functional pro-
tein by the cell’s own ribosomal machinery. The spike pro-
tein is usually found on the viral envelope to mediate the
entry of the virus into the host cell via its interaction with
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the angiotensin-converting enzyme 2 receptor (12,13). Its
exposed position as well as its crucial role in viral transfec-
tion makes it a predestined target for an effective immune
response. Neutralizing antibodies binding to the spike pro-
tein would not only mark the virus but would also prevent
it from entering a cell. Two LNP-based mRNA vaccines
which showed a high efficacy against SARS-CoV-2 in their
third clinical trial were Comirnaty (95% (14), BioNTech &
Pfizer) and Elasomeran (94.1% (15), Moderna).

Cationic lipids as a component of vaccine LNPs should
in particular ensure a high encapsulation rate for
mRNA. Transmission cryo-electron microscopy (cryo-
TEM) images, coarse-grained simulations, and small-angle
scattering (SAS) experiments indeed indicated that various
ionizable cationic lipids (e.g., 2,2-dilinoleyl-4-(2-dimethy-
laminoethyl)-(1,3)-dioxolane (DLin-KC2-DMA, abbrevi-
ated as KC2) or heptatriaconta-6,9,28,31-tetraen-19-yl
4-(dimethylamino)butanoate (DLin-MC3-DMA, abbrevi-
ated as MC3)) form inverted micelle-like structures around
mRNAwithin the LNP core (16–18). Protonation of amino-
lipids at low pH presumably results in binding to the nega-
tively charged backbone of the nucleotides. Subsequent
deprotonation at neutral pH then causes a neutral surface
charge and thereby minimizes LNP toxicity. Upon delivery
of LNPs to the acidic endosome, ionization of LNPs is ex-
pected to result in structural changes, presumably leading
to disruption of the endosomal membrane and thus delivery
of the mRNA cargo to the cytosol (7,10).

While a number of studies addressed the properties of
LNPs including KC2 or MC3 lipids, the characteristics of
Comirnaty LNPs including the titratable aminolipid ALC-
0315 was rarely investigated, despite the conspicuous struc-
ture of ALC-0315 with its four fatty acyl chains compared
with two for other standard aminolipids and phospholipids:
A recent computational study by Paloncýová et al. (19) re-
ported an increased disorder for preassembled bilayers
containing cationic lipids and non-lamellar phases with a
separation between 1,2-distearoyl-sn-glycero-3-phospho-
choline (DSPC)/cholesterol and regions rich in the aminoli-
pid in its neutral form. However, the structure of the
Comirnaty LNPs, in particular whether the LNP core is sur-
rounded by a monolayer (17) or a bilayer (20,21), as well as
the composition of shell and core domains, are still largely
uncharted territory.

In this study, we investigated how a change in pH results
in a dramatic structural transition of the mRNA LNP formu-
lation used in the Comirnaty vaccine. Atomistic molecular
dynamics (MD) simulations provide unique insight into
self-organization of the LNP formulation, the composition
and structure of the LNP core and shell, and mRNA enclo-
sure in the LNP formulation. The Comirnaty LNPs are char-
acterized by an unstructured oil-like core region that is
surrounded by a DSPC/cholesterol lipid monolayer close
to the cholesterol solubility limit that includes PEGylated
lipids and aminolipids in their neutral form. Our results pro-
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vide a new perspective on the molecular organization of
LNPs and suggest a mechanism for the initial steps of
mRNA release from the LNP to the cytoplasm.
MATERIALS AND METHODS

Molecular dynamics simulation

General parameters

The topologies of cholesterol and DSPC as well as the parameterization

for the inter- and intra-atomic interactions were obtained from the

CHARMM36 force field (July 2020) (22,23). Since there were no topol-

ogies available for ALC-0315 and ALC-0159 (PEGylated lipid with 45

PEG units in lipid headgroup), the CGENFF (24,25) webserver was used

to generate the respective files based on already known molecular building

blocks (see Tables S1–S4 for the penalty scores).

All systems were energy minimized using a steepest descent algorithm

either with a convergence limit of 1000 kJ/ðmol� nmÞ or a given number

of steps. During the simulations, the temperature was kept constant with the

Nos�e-Hoover thermostat (26,27) with a temperature coupling constant of

1.0 ps. A reference pressure of 1 bar with a pressure coupling constant of

5.0 ps and a compressibility of 4:5� 10� 5 bar�1 was applied in all simu-

lations. The Berendsen barostat (28) was chosen during the preparation

of the systems because of its higher numerical stability. For production

runs, the barostat was changed to the Parrinello-Rahman barostat (29), since

it better represents the NPT ensemble. For the van der Waals interactions, a

force-based switch function (1.0–1.2 nm) was used, while the long-range

Coulomb interactions were handled by using the particle-mesh Ewald

method (30). The bonds between heavy atoms and hydrogens were con-

strained with the LINCS algorithm (31) using a LINCS order of 4 with

one iteration step. Unless otherwise stated, a time step of 2 fs and a refer-

ence temperature of 310 K were used in the simulations. The CHARMM

TIP3P (23,32) water model was used. The software package GROMACS

(v2019.3) (33) was deployed to prepare, execute, and analyze the simula-

tions. Custom codes were written employing the MDAnalysis library

(34,35) for more specific analysis. All input parameters, topologies, and

structures are available via Zenodo at https://doi.org/10.5281/zenodo.

7037843.

Simulation systems

Configuration of Comirnaty lipid mixture at low and neutral

pH. Spontaneous aggregation and structure formation was studied for a

fully hydrated system mimicking the lipid composition of Comirnaty

LNPs (46.3:9.4:42.7:1.6) (3) (system A in Table 1). All aminolipids were

chosen to be protonated, thus matching a condition well below their pKa

of 6.09 (4); the charge of all other lipids was kept unchanged (pKa of phos-

phatidylcholine (PC) lipids is below 1 (36)). The salt concentration was

chosen as 150 mM NaCl. The bending modulus was analyzed from a

quadruplicated system (system B in Table 1).

For comparison of the lipid bilayer characteristics, a membrane con-

sisting of DSPC and cholesterol was studied. The amount of cholesterol

was kept at a similar level of 43 mol %. This system with 770 DSPC and

580 cholesterol molecules was set up and simulated for a total of 1.3 ms

(system C in Table 1). The effect of neutral pH on the Comirnaty lipid

mixture was studied by deprotonation of the aminolipids (system D in

Table 1) within the equilibrated membrane system (system B). Owing

to the decreased surface area of the membrane, the water content was

reduced to 42 water molecules per lipid to increase the computational

efficiency.

The embedment of short mRNA strands into Comirnaty LNPs was ad-

dressed in spontaneous self-assembly simulations of the above 4-lipid

mixture (at low pH condition) with short mRNA strands: The initial struc-

ture of a short section (CCUUUUGAGAGAGAUAUUUC) of the mRNA

https://doi.org/10.5281/zenodo.7037843
https://doi.org/10.5281/zenodo.7037843


TABLE 1 Summary of main simulation systems used in the present work

System ALC-0315:DSPC:Chol:ALC-0159:mRNA Simulation time (ms) Objective

A 122:24:112:6:0 4.1; 3.0; 3.0 self-assembly of Comirnaty lipids

B 488:96:448:24:0 1 bending modulus of Comirnaty membrane

C 0:770:580:0:0 1.3 bulk properties of DSPC:Chol system

D 488:96:448:24:0 0.633 influence of deprotonation on LNP

E 488:96:448:24:4 4.0; 5.0; 1.0; 1.0 self-assembly of Comirnaty lipids and mRNA

F 7808:1536:7168:384:0 0.240; 0.445; 0.456 Comirnaty LNP without PEG

G 7808:1536:7168:384:0 0.665 Comirnaty LNP with PEG

mRNA lipid nanoparticle phase transition
sequence encoding the spike protein of SARS-CoV-2 (RefSeq:

NC_045512.2, position 22,949–22,968, accessed June 7, 2022) was pre-

pared with AMBER (37) (the full length of the Comirnaty mRNA

isz4000 (38)). According to the modifications of the administered vaccine

each uridine was exchanged with N1-methylpseudouridine (14). Parameters

for the nucleotides were taken from the CHARMM36 force field (39,40).

The structure was slowly relaxed in two preparation runs including position

restraints (1000 kJ=ðmol� nmÞ) and increasing integration time steps (1 fs,

1.5 fs). In the last step, the mRNA strand was simulated without position

restraints and with a time step of 2 fs for 0.1 ms to allow an unbiased equil-

ibration of the sequence in solvent. The single mRNA strand was solvated

in a box with randomly placed lipids (similar to systemA) and simulated for

0.44 ms with all aminolipids protonated (two replicas). Subsequently,

different sets of aminolipids were deprotonated to model a sudden increase

to a neutral pH (for both replicas): In set 1, all aminolipids not facing the

mRNA were deprotonated (> 1:2 nm distance from mRNA phosphates,

96 and 92 aminolipids deprotonated), in set 2, randomly selected aminoli-

pids (same number of deprotonated lipids as in set 1) were deprotonated,

and in set 3, all aminolipids were deprotonated. The simulation times

with one mRNA strand ranged between 0.31 and 0.78 ms. Final snapshots

of mRNA-lipid systems with protonated aminolipids (sets 1 and 2) were

quadruplicated and further equilibrated for 4 ms and 5 ms, respectively

(set 1), and 1 ms for replicas of set 2 (system E in Table 1).

Structure of lipid nanoparticles. Spherical all-atom LNPs were modeled

based on results obtained for the Comirnaty LNP composition at

neutral pH (system D in Table 1). Results for the latter system suggested

that a hydrophobic LNP core is formed by aminolipids and cholesterol (ra-

tio of 488:188) surrounded by a lipid monolayer shell composed of

DSPC:cholesterol:ALC-0159 at a ratio of 96:260:24 (for details see results
and discussion). The spherical LNP was set up in the following sequential

manner (compare Fig. 1).

Modeling of the LNP core started from a subsystem of the equilibrated

Comirnaty lipid assembly (system D) that is suggested to model the hydro-

phobic LNP core region (488 aminolipids and 188 cholesterol molecules,

Fig. 1 a). This cuboid model for the LNP core region was reshaped to a

cube (Fig. 1 b). The resulting system was in total multiplied by 16 to reach

a total LNP size estimated from the surface/volume ratio observed for a pe-

riodic membrane built in system D (see results and discussion, snapshots

in Fig. 1, c–e, in total 7808 aminolipids and 3008 cholesterol molecules).

The final cube was further equilibrated and reshaped to a sphere in vacuum

(NVT ensemble) by application of a spherical flat-bottom potential

(20 kJ=ðmol� nmÞ, snapshot in Fig. 1 f ). Subsequently, the lipids of the

monolayer shell (in total 1536 DSPC molecules, 384 PEGylated lipids,

4160 cholesterol molecules) were randomly placed at least 2 nm above

the surface of the hydrophobic LNP core with their tails always oriented to-

ward the core of the LNP. The length of the PEG chain of ALC-0159 was

initially reduced to two monomers. The shell was minimized with a soft-

core potential to relax energetically unfavorable conformations. The energy

minimization was followed by several equilibration steps in the NVT

ensemble. The equilibrated structure of shell and core were solvated in a

150 mM NaCl solution. Solvent molecules placed between shell and core

region were removed. The shell lipids quickly formed a stable lipid mono-

layer around the LNP core (snapshot in Fig. 1 g). After523 ns of equilibra-

tion, the full-length PEG chains were modeled in a mushroom configuration

to the anchors of ALC-0159 (snapshot in Fig. 1 h). The full LNP has a

radius of z17:7 nm (without PEG chains).

The temperature was maintained by the v-rescale thermostat (42) with a

coupling constant of 0.1 ps in the final production simulations. The
FIGURE 1 Snapshots of intermediate steps in

construction of a Comirnaty LNP. An initial amino-

lipid-cholesterol phase (a) was converted into a cube

(b). The cube was subsequently replicated eight

times to form a larger cube (c). A semi-isotropic

pressure coupling scheme was applied to create a

cuboid (d) that was duplicated (e). A spherical

conformation was enforced by equilibration in vacuo

in combination with flat-bottom potentials in (f).

Surface lipids surrounding the core were modeled

as a monolayer (g). Following equilibration, missing

PEG chains were added to the structure (h). The im-

ages were created with PyMol (53). To see this figure

in color, go online.
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remaining parameters were equal to the parameters of the previous simula-

tions. The GROMACS 2021 series (43) was used to prepare, execute, and

analyze the simulations. Custom codes were written by employing the

MDAnalysis library (34,35) for more specific analysis.
Analysis

Spatial lipid composition

The lipid composition in the monolayer and the core was obtained by fitting

a spherical grid to the surface of the LNP. Grid points were placed on a unit

sphere using the spiral method (44),

qj ¼ arccos

�
2j � 1� J

J

�
4j

¼
ffiffiffiffiffiffi
pJ

p
� arcsin

�
2j � 1� J

J

�
;

for j ¼ 1;.;J. In the present work, a total of J ¼ 750 grid points provided

a sufficient trade-off between speed and accuracy. After the setup of the grid,

each point was iteratively displaced along the inward normal of the sphere.

An iteration was terminated if the grid point came into close contact

ð% 1:5 nmÞ with a lipid atom. The grid was subsequently interpolated by

adding a midpoint between neighboring grid points, i.e., between all points

with a distance % 4:0 nm. Lipids with atoms within a distance of 2.5 nm

from the grid were assumed to be part of the surrounding monolayer. The

composition of the core was calculated by subtracting the number of lipids

within the LNP shell from the total number of lipids in the simulation system.

Scattering intensity

SAS experiments are a ubiquitous tool for extracting information on the or-

ganization and shape of a particle. If X-rays are used for the experiment (i.e.,

SAXS), the scattering intensity depends on the distribution of electrons.

SAXS data were reported in the past for a polydisperse solution of different

LNPs (17,18,45). For comparison with the Comirnaty LNPs studied here, we

assumed a constant spherically symmetric electron density taken from our

simulations. The following briefly recapitulates the underlying theory.

Since SAXS reports on the difference in scattering intensity to bulk

water, and since molecules of interest (i.e., proteins, LNPs, and so forth)

carry a solvation shell along with properties different from bulk water,

the intensity of the displaced bulk water, IBðqÞ, must be subtracted from

the intensity ISðqÞ of the solvated solute to yield the SAXS scattering inten-

sity IðqÞ:

IðqÞ ¼ ISðqÞ � IBðqÞ: (1)

q is the scattering wave vector with a magnitude of

q ¼ 4psinðqÞ
l

: (2)

The wave vector depends only on the scattering angle q and the

wavelength l of the incident X-ray beam. The intensity IðqÞ can

be directly calculated from atomistic models by using the explicit positions

of the atoms together with their atomic form factors. Park et al. (46) and

Chen and Hub (47) showed that trajectories generated by MD simulations

are suitable for computing reliable SAXS curves. The intensity is

IðqÞ ¼ C
��CSðqÞ � BðqÞDu

��2 þ h
C
��SðqÞ��2Du

� ��CSðqÞDu��2
i
�

h
C
��BðqÞ��2Du � ��CBðqÞDu��2

i
DU ; (3)
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whereSðqÞ andBðqÞ are theFourier transformsof the electron densities of both

the solute and its hydration layer and of the bulkwater in the excluded volume,

respectively. The average over a simulation trajectory is denoted as C.Du,
while the spherical average C.DU takes all possible rotations of the solute

into account. For a static continuous electron density, the above relation re-

duces to

IðqÞ ¼ C
��CSðqÞ � BðqÞDuj2DU: (4)

The size and the shape of the simulated LNPs allow not only to assume a

continuous but also a spherically symmetric distribution of electrons. Simi-

larly, the density of the bulk water rsolvent was taken as uniform. The elec-

tron density of the LNP with its hydration layer follows as

SðrÞ ¼ SLðrÞ þ SWðrÞ; (5)

where SLðrÞ and SWðrÞ are the radial electron densities of the LNP mole-

cules and of the hydration shell, respectively. The electron density of the

bulk water is expressed as

BðrÞ ¼ rsolvent � 1½0; R�ðrÞ: (6)

The indicator function 1½0; R�ðrÞ sets the border of the volume containing

the solute and the hydration layer. The spherical symmetry of the systems

allows us to rewrite the intensity as (see also (48))

IðqÞ ¼ �
CCSðqÞDuDU � CCBðqÞDuDU

�2
: (7)

Both Fourier transforms are obtained from the integrals over the distance

r from the center of symmetry (48),

CCSðqÞDuDU ¼
Z N

0

CSðrÞDu � sinðqrÞ
qr

� 4pr2dr and (8)

Z N sinðqrÞ 2
CCBðqÞDuDU ¼
0

CBðrÞDu �
qr

� 4pr dr: (9)

The integral for SðqÞ is solved numerically, e.g., with the integrate mod-

ule of the scipy package (49). In the case of BðqÞ, the integral has the analyt-
ical solution

BðqÞ ¼ 4prsolvent
q3

� ðsinðqRÞ � cosðqRÞ � hR Þ: (10)

Eqs. 8 and 9 were employed to analyze the expected scattering intensity

for a polydisperse LNP solution (Fig. 6 d), assuming that the LNP sizes

follow a generalized extreme value distribution. The model parameters

were estimated by comparison with cryo-TEM data and fit to SAXS

data for MC3-LNPs (17). To validate our approach, we calculated the in-

tensity pattern for a small LNP (half the number of lipids compared with

system G and only two PEG monomers in the headgroup of ALC-0159)

with Eqs. 8 and 9, respectively, and the method of Chen and Hub (47)

(see Fig. S7).

Membrane bending modulus

The membrane bending modulus was calculated via the Helfrich-

Canham theory of surface undulations (50,51). This method approxi-

mates a membrane as an elastic sheet without an internal structure,

making it more suitable for membranes containing components with a

non-standard structure. The surface of the elastic sheet was defined by

the height field hðxi; yjÞ of the lipid headgroups in the opposite leaflets

as a function of the lateral coordinates xi; yj at grid points i; j. The power
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spectrum C
��hðqÞj2D of the height h averaged over both leaflets was ob-

tained by a two-dimensional fast Fourier transformation of hðx; yÞ.
C
��hðqÞj2D was subsequently reduced to a one-dimensional representation

by averaging intensities for which jqj ¼ q. The bending modulus KC of

the membrane can be extracted from a linear fit on the power spectrum

with the equation

C
��hðqÞj2D ¼ kBT

KC � q4
; (11)

where T is the temperature, and kB the Boltzmann constant. The algorithm is

described in more detail by Levine et al. (52).
FIGURE 2 Self-assembly process of a membrane based on the lipid com-

ponents inside the Comirnaty vaccine. Shown are snapshots of the initial

random distribution of the lipids inside a cubic box (a) and the formation

of intermediate structures observed after t ¼ 4 ns (b) and t ¼ 244 ns

(c), and a snapshot during a temperature spike simulation at 400 K (d).

Finally, (e) shows an intact bilayer-type structure after 1 ms equilibration

of a quadruplicated structure (system B in Table 1). The lateral box size

for the latter bilayer structure was approximately 19.1 nm � 19.1 nm.

The images were created with PyMol (41). To see this figure in color,

go online.
RESULTS AND DISCUSSION

The structure of Comirnaty LNPs, their loading with
mRNA, and pH-induced mechanisms governing potential
mRNA release were studied employing atomistic MD
simulations.

In a first step, the self-assembly of a complex lipid
mixture in solvent was studied at low pH using the lipid
composition of Comirnaty LNPs, in both the presence
and absence of short mRNA fragments. The structural tran-
sition upon a sudden increase to neutral pH was initiated by
deprotonation of all aminolipids for the mRNA-free case
and selected aminolipids in the presence of mRNA. The
system sizes were chosen to enable the formation of mem-
brane-like phases (‘‘LNP membrane’’) across the periodic
boundaries of the simulation systems, i.e., the system
size is well below the size expected for LNPs (radius of
tens of nanometers). The computational effort is thereby
substantially reduced without altering the main characteris-
tics, as was shown by Paloncýová et al. (19) and Ramezan-
pour et al. (53).

In a second step, insights from these comparably small,
membrane-like systems were used to guide the atomistic
modeling and simulation of full LNPs.
Self-assembly of Comirnaty lipid composition at
low pH

The lipid composition of the studied systems was chosen
according to the molar fractions in the Comirnaty vaccine
(3), i.e., the molar lipid ratio for ALC-0315:DSPC:
cholesterol:ALC-0159 (PEGylated lipid) is 46.3:9.4:42.7:
1.6. Spontaneous self-assembly of the lipidswas initially stud-
ied for a cubic 10� 10� 10 nm3 box containing the following
numbers of randomly placed lipids: 122 protonated ALC-
0315s, 24 DSPC molecules, 112 cholesterol molecules, and
6 ALC-0159 molecules solvated by z82 water molecules
per lipid (Fig. 2 a, system A in Table 1). Metastable bilayer-
like structures were established after 0.2–0.3 ms of simulation
time (Fig. 2 c). The formation of stable lipid bilayers was
accelerated by applying a temperature of 400 K (for 213 ns,
see Fig. 2, d and e). The mass density of the lipids along the
membrane normal analyzed from at least 3-ms-long all-atom
simulations shows a typical membrane morphology with the
polar headgroups of all lipids oriented toward the solvent
and the acyl chains forming the hydrophobic core (Fig. 3, a
and b), overall comparable with a previous study that started
from a bilayer configuration (19).

The DSPC lipids within the LNP mixture adopt a fluid
conformation as suggested by the rather low deuterium or-
der parameters of the DSPC acyl chains (Fig. 4, a and b,
red curves). For comparison, a substantially increased pack-
ing density of DSPC lipids was observed for a binary DSPC/
cholesterol membrane (43 mol % cholesterol) that is
mirrored in increased order parameters (Fig. 4, a and b,
blue curves). The packing of PC lipids with a high amount
of cholesterol drives the binary membrane to adopt a liquid-
ordered membrane phase (Lo) (54). In turn, the conical ami-
nolipid in combination with a high amount of cholesterol
pushes the LNP mixture to adopt a fluid-like phase even
at ambient temperatures, despite the high melting tempera-
ture of z54�C for DSPC.

The high flexibility of the lipids affects the elasticity of
the membranes: The bending modulus KC of the binary
membrane was computed to 38:652:2 kBT as compared
with only KC ¼ 4:350:3 kBT for the more complex
LNP membrane. This low bending modulus—also when
compared with standard fluid-phase PC bilayers with
bending moduli ranging between 13 and 28 kBT for different
saturated and monounsaturated acyl chains (55)—is likely
beneficial for the (initial) packing of mRNA strands for
Biophysical Journal 121, 3927–3939, October 18, 2022 3931



FIGURE 3 Mass density of the lipid headgroups (a þ c, one atom per molecule) and of the lipid acyl chains (bþ d, last carbon atom of each tail) of ALC-

0159, ALC-0315, DSPC, and cholesterol for the protonated (a þ b, system A) and deprotonated (c þ d, system D) aminolipids along the membrane normal.

To see this figure in color, go online.
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vaccine LNPs, since it enables the formation of small vesi-
cles with a high curvature.
pH-induced phase transition of Comirnaty
bilayers

The influence of pH on themembrane phasewas addressed by
instantaneous deprotonation of the titratable cationic aminoli-
pidswithin the equilibrated low-pHmembrane patch (Fig. 5 a;
system D in Table 1, see materials and methods). The loss of
positive charge induced a rapid change in the morphology of
3932 Biophysical Journal 121, 3927–3939, October 18, 2022
the bilayer. The increased hydrophobicity of the aminolipids
at neutral pH as well as their conical shape (19) drives the
neutralized lipids away from themembrane polar interface to-
ward the hydrophobic core region (Fig. 5 b).

The fast depletion of the aminolipid from the lipid/solvent
interface led to the formation of two stable and different
phases: two decoupled and solvent-facing monolayers built
mainly by DSPC, the PEGylated lipid (ALC-0159), and
cholesterol that sandwich a thick apolar core region contain-
ing the aminolipids and cholesterol (Fig. 3, c and d). This
phase transition at neutral pH is connected to a drastically
increased shielding of the membrane surface by the
FIGURE 4 The order of three bilayer-like systems

was assessed through the deuterium order parame-

ters calculated for the (a) sn1 and the (b) sn2 acyl

chains of DSPC. An in-house written script was

used to calculate the order parameters according to

the local normal of the lipids. The error bars repre-

sent the standard error of the mean. To see this figure

in color, go online.



FIGURE 5 Atomistic (upper panels) and schematic (lower panels) structures of the Comirnaty lipid-mRNA mixture derived from self-assembly MD sim-

ulations. (a) The protonation of ALC-0315 enables the formation of stable bilayers, implying vesicular structures of unloaded LNPs at a low pH. (b) The

deprotonation of ALC-0315 leads to a change of the unilamellar structure toward a LNPmembrane with an electron-dense core built by both the deprotonated

aminolipid and cholesterol molecules. (c) The addition of mRNA and the partial deprotonation of aminolipids leads to an assimilation of the polynucleotides

into the LNP membrane core enveloped mainly by the cationic ALC-0315. Lipids, water, and ions are represented as spheres. mRNA is shown in stick rep-

resentation. The lower panels show schematic structures for the Comirnaty vaccine lipid/mRNA composition. At low pH, these are suggested to form lipid

vesicles (d) and LNPs at neutral pH in absence (e) and presence (f) of mRNA. The images were created with PyMol (41) and BioRender.com. To see this

figure in color, go online.

mRNA lipid nanoparticle phase transition
PEGs: The deprotonation of the aminolipids results in a
bilayer surface area decreased by z71% (from 734 nm2

to 210 nm2), and a thus substantially increased PEG-covered
surface of the membrane-like phase (20:5%50:4% of sol-
vent-accessible surface was PEG-covered at low pH, and
58:9%50:8% at neutral pH, sketched in Fig. 5, d and e
for LNPs). The depletion of aminolipids and cholesterol
from the surface additionally induced an increase in the
order of DSPC lipids (Fig. 4, a and b, green line).
Self-assembly of Comirnaty lipid/mRNA
composition

Next the organization of the LNP lipid mixture containing
mRNA was studied, based on multiple self-assembly simu-
lations in the presence of short strands of nucleoside-modi-
fied mRNA (see materials and methods, similar to the
mRNA-free case). The length of the mRNA was chosen to
yield an N=P-ratio of around 6 between the positively
charged nitrogen groups (N) of the aminolipids and the
negatively charged phosphate groups (P) of the polynucleo-
tide. The same ratio is used in the mixture of the Comirnaty
vaccine (3).

At low pH, i.e., with protonated aminolipids, we observed
a fast adsorption of the aminolipids to the backbone of
the mRNA within nanoseconds. Subsequently, a sudden in-
crease in pH to z7 was modeled by decharging different
sets of aminolipids (system E, two replicas each): 1) amino-
lipids at a distance of > 1:2 nm from the mRNA, 2) a similar
number of randomly chosen aminolipids, and 3) all amino-
lipids (see materials and methods). Specifically, for set 1 it is
suggested that the pKa of those aminolipids be close to the
negative charge of the mRNA increases based on electro-
static stabilization of the protonated form of the aminolipid.
Set 2 investigates for comparison the effect of the specific
positioning of protonated aminolipids. Finally, the possibil-
ity that all aminolipids are deprotonated also in the presence
of mRNA is studied in set 3. For all systems and replicas, the
Biophysical Journal 121, 3927–3939, October 18, 2022 3933
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subsequent equilibration of the systems led to the formation
of an oil-like phase sandwiched between two monolayers
containing mainly DSPC, the PEGylated lipid, and choles-
terol, as described above for the mRNA-free Comirnaty
lipid composition. The negatively charged mRNAwas either
completely (three simulations) or partly embedded (one
simulation) within the lipid bulk for those systems including
protonated aminolipids (Figs. 5 c and S1 a and b). In
contrast, the mRNA dissolved into the aqueous phase if
all aminolipids were neutralized (Fig. S2, a and b). The
latter finding strongly suggests that a partial protonation
of the aminolipids is required for mRNA encapsulation in
LNPs. Accordingly, for sets 1 and 2, the protonated amino-
lipids were found to be the main type of lipids around the
backbone of the mRNA strands (Fig. 5, c and f; radial distri-
bution function of lipids around mRNA is shown in Fig. S3).
Similar to earlier reports (16,19,56), we observed a few
DSPC lipids that contributed also to the lipid shell around
the nucleotides by interaction of their polar headgroups
with the negatively charged backbone of the mRNA.
However, most of the phospholipids resided at the interface
between the solvent and the apolar bulk phase. In addition to
mRNA, the formed caveats were filled by water and ions.
During the simulation time, the largely isolated caveats
stayed stable and did not coalesce.
Atomistic structure of Comirnaty lipid
nanoparticles

In the following, the structural characteristics deduced from
MD simulations of the Comirnaty lipid mixture at neutral
pH (Fig. 5 b) was conferred to full, mRNA-free LNPs.
The absence of any internal structure within the hydropho-
bic core of the membrane-like configuration (‘‘LNP mem-
brane,’’ Fig. 5 b) suggests that the energetically most
favorable configuration for Comirnaty LNPs is an oil-like
phase as a spherical droplet that is surrounded by a lipid
monolayer (sketched in Fig. 5 e). Accordingly, the lipid
composition of the hydrophobic core of the LNP membrane
was used for construction of the LNP core, and the LNP
shell was constructed as a monolayer similar to the interfa-
cial layers of the LNP membrane (Fig. 5 b).

Additionally, the LNPmembrane was used to estimate the
size of mRNA-free LNPs. Assuming a similar surface/vol-
TABLE 2 Distribution of lipids in differently composed LNPs assu

Composition Mo

A ALC-0315:DSPC:Chol:ALC-0159

B DLin-MC3-DMA:DSPC:Chol:DMPE-PEG2000:mRNA 5

C DLin-KC2-DMA:DSPC:Chol:PEG-DMG

Row A shows results derived here from MD simulations of a mRNA-free Comi

(abbreviated as MC3-LNPs, B) were reported based on SANS and solubility expe

components were used to determine their molar fractions under the assumption o

and cholesterol in the core fits to the solubility limit of cholesterol in DLin-MC3-

(abbreviated KC2-LNPs, C) was estimated based on the solubility limit of chol
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ume ratio for the LNP membrane (Fig. 5 b) and for the
full LNPs at neutral pH, the LNP diameter in solution is
estimated as 33.7 nm (Fig. 5 e), very close to the diameter
of z40 nm at which LNPs were reported to form bilayer
blebs (56).

A similar segregation of a deprotonated aminolipid from
phospholipids was also reported previously for other lipid
mixtures containing aminolipids using MD simulations
(19,53). Cryo-TEM images at pH 7.4 for mixtures contain-
ing KC2:DSPC:Chol:PEG-c-DMA (40:11.5:47.5:1 mol %)
(16), KC2:DSPC:Chol:PEG-DMG (50:10:38.5:1.5 mol %)
(57), and MC3:DSPC:Chol:DMPE-PEG2000 (17) (50:10:
38.5:1.5 mol %) further suggested an amorphous core re-
gion similar to the one observed here for the aminolipid
ALC-0315; at low pH of 4.0, the KC2 aminolipid mixture
formed vesicles with a diameter decreasing for increasing
KC2 concentrations (57).

Based on the above considerations, a fully atomistic
model of a mRNA-free LNP at neutral pH with a diameter
of around 35 nm was constructed (systems F and G in Ta-
ble 1). The iterative setup of the system including in total
7.2 Mio atoms is sketched in Fig. 1 and further detailed in
materials and methods.

Upon simulation (simulation length 1.2 ms), the
monolayer surrounding the LNP core equilibrated to a
composition for aminolipid:DSPC:cholesterol:ALC-0159
of 8.8:22.3:63.3:5.6 mol % (compare Table 2 and Fig. S4).
The very high cholesterol content of 63% remained below
the solubility limit of cholesterol in PC bilayers of 66%
(58). A high cholesterol content of 51 mol % within the shell
was also reported for MC3-LNPs based on modeling of
small-angle neutron scattering (SANS) data (18). Differ-
ently, however, the model for MC3-LNPs contained a sub-
stantially increased amount of aminolipids within the shell
(28 mol % vs. 8.8 mol % for the Comirnaty LNP).

Almost half of the solvent-accessible surface area of the
LNP (system G) (46:8%50:3%) is coated with the poly-
mers of the PEGylated lipids (using a probe radius of
0.27 nm). Interestingly, 80:6%50:5% of the solvent-acces-
sible surface area of the deprotonated aminolipids within the
LNP shell is shielded by the PEG chains. Cholesterol and
DSPC at the surface are only covered by 46:8%50:6%
and 24:4%50:4%, respectively. The observation that
mainly the more hydrophobic aminolipids are coated by
ming a core-shell structure

lar fractions (mol %) Core (mol %) Shell (mol %)

46.2:9.1:42.4:2.3 71.9:0:28.1:0 8.8:22.3:63.3:5.6

0:10:38.5:1.5:0.015 76:0:24:0:0.033 28:18:51:2.7:0

50:10:38.5:1.5 92:0:8:0 –

rnaty LNP. Data on the composition of LNPs containing DLin-MC3-DMA

riments (18). The scattering length densities and the volume fractions of the

f a core-shell sphere model (18). The modeled ratio between the aminolipid

DMA (17). The core composition of the DLin-KC2-DMA containing LNPs

esterol within the aminolipid (57).
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PEG polymers substantiates the hypothesis that PEGylated
lipids might stabilize the structure of LNPs in the absence
of a fully enclosing DSPC/cholesterol monolayer as dis-
cussed by Kulkarni et al. (57).

The composition of the core domain of the Comirnaty
LNPs equilibrated within 0.8–1.2 ms to an aminolipid/
cholesterol ratio of 1.0:0.39, corresponding to an overall
proportion of 28.1 mol % cholesterol (core of LNP mem-
brane at 27.8 mol %, see also Fig. S5), as compared with
24 mol % cholesterol observed for MC3-LNPs (18) and
only 8 mol % reported for the solubility of cholesterol in
KC2 (57).

Different authors (17,18,57) discussed the possible ex-
istence of cholesterol crystals in the core and the shell
of LNPs. In our simulations, cholesterol did not show
FIGURE 6 (a) Cross section of a lipid nanoparticle with a diameter ofz35 n

of the remaining cholesterol and the neutral ALC-0315 (see Fig. 5 for color co

function of cholesterol in the core (red line) and the surface (black line) of the li

nanoparticles, close to the solubility limit. (c) SAXS intensity curve calculate

lipids (green line) and of the surrounding solvent (blue line). (d) A compariso

LNP solution (black line) and the corresponding experimental SAXS curve (red)

go online.
any indication of crystal formation within the core of
the Comirnaty LNP as evidenced by the cumulative radial
distribution function shown in Fig. 6 b. Similarly, despite
the high concentration at the solubility limit, no crystal
formation was observed within the LNP shell. However,
the high amount of cholesterol within the LNP shell
further confines the area occupied by the tails of DSPC
and the PEGylated lipids. This results in deuterium order
parameters for the DSPC acyl chains within the LNP shell
comparable with binary DSPC/cholesterol membrane
(Fig. S6, a and b).

Of note, while the suitability of the CHARMM36 force
field for the formation of possible cholesterol crystals is
not entirely clear, a recent study indicates that the
CHARMM36 lipid force field performs well for
m. DSPC, cholesterol, and ALC-0159 form a shell around a core composed

de). The image was created with PyMol (41). (b) Cumulative distribution

pid nanoparticle. Cholesterol packs more densely on the surface of the lipid

d for the LNP model. The inset shows the radial electron densities of the

n between the theoretical prediction of a SAXS curve for a polydisperse

for MC3:DSPC:Chol:DMPE-PEG2000 LNPs (17). To see this figure in color,
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cholesterol-cholesterol interactions at least up to a concen-
tration of 44 mol % cholesterol in ternary membranes (59).

For comparison with other LNPs, but also for future
experimental validation, we analyzed the intensity curve
to be expected from SAXS on (mRNA-free) Comirnaty
LNPs from our simulations. Two approaches were chosen
and combined with each other: First, an established protocol
for the calculation of SAXS curves from MD simulation tra-
jectories for an LNP of defined size was employed that takes
the explicit positions of solute and solvent atoms into
account (47). The obtained scattering intensity is the one ex-
pected for monodisperse LNPs (Fig. S7). To extend this
approach to a polydisperse LNP solution present in experi-
ments, we assumed 1) a continuous electron density and 2) a
spherical symmetry of the solvated nanoparticles (see mate-
rials and methods). The continuous electron density yields a
decent agreement of the scattering intensity for monodis-
perse LNPs as compared with the atomistic approach for a
q-range below 2 � 3 nm�1 (see Fig. S7). The electron den-
sities for different LNP radii were generated based on the
electron density of the simulated LNP (system G) assuming
an unaltered density shape for different sizes.

Finally, averaging the scattering intensity for an assumed
polydisperse distribution of LNPs employing continuous
electron densities allows comparison of theoretical
curves obtained for the Comirnaty LNPs to experimental
SAXS scattering intensities previously reported for
MC3:DSPC:Chol:DMPE-PEG2000 nanoparticles (50:10:
38.5:1.5 mol %) (17) (Fig. 6 d). Assuming a generalized
extreme value distribution for the LNP radii with a most
likely radius of z39:4 nm, the scattering intensities show
an excellent agreement for low q-values and diverge for
lower correlation lengths (q-values above 2.5 nm�1).
This larger radius for MC3-LNPs fits well to LNP size dis-
tributions extracted from cryo-TEM (17). The weak addi-
tional bump for the experimental scattering intensity at
qz1 nm�1—i.e., for a correlation length of z 6 nm—
may hint at an internal structure of MC3-LNPs (17) that
was absent for the Comirnaty LNPs studied here. Likewise,
the SAXS pattern of KC2-LNPs did not indicate a structural
arrangement of the lipids in the amorphous core region (57).
FIGURE 7 Representative snapshot of the LNP displayed (a) with and

(b) without the PEGylated lipid (ALC-0159). The images were created

with PyMol (41). To see this figure in color, go online.
CONCLUSION

Our investigation outlined some important features of the
lipid mixture used in the Comirnaty vaccine against the
SARS-CoV-2 virus. In its protonated state, i.e., at low pH,
the ionizable aminolipid ALC-0315 supports the formation
of typical bilayer structures. The composition is character-
ized by high disorder (19) and substantially enlarged elastic-
ity compared with typical phospholipid bilayers. A phase
transition is observed upon deprotonation of the aminolipids
at neutral pH, likely resulting in the formation of LNPs. The
simulations suggest that these phases separate into a hydro-
phobic core region formed by the aminolipid and cholesterol
3936 Biophysical Journal 121, 3927–3939, October 18, 2022
and a surrounding shell formed by a monolayer of DSPC,
cholesterol, aminolipids, and surface-covering PEGylated
lipids. This outer shell is characterized by a cholesterol con-
centration close to the solubility limit, a comparably high
order of the DSPC acyl chains, a partial coating with PEGy-
lated lipids, and the emergence also of neutral aminolipids.
Experimental reports indicated both monolayer-surrounded
LNPs (17,57) and multilamellar structures (3,18,45) sur-
rounding the aminolipid-cholesterol phase. Our results
obtained on LNP-membrane-like systems and for a full
LNP clearly favor an LNP configuration with an oil-like
core surrounded by a highly ordered phospholipid mono-
layer. The PEG chains establish an umbrella-like shield
with aminolipids clustering beneath within the outer shell
(Fig. 7).

However, we cannot exclude that with growing size (e.g.,
mRNA loading, different preparation technique, etc.) multi-
lamellar structures appear at the surface of the LNPs due to,
for example, an increasing volume-area ratio.

For mRNA-containing LNPs, our results hint mainly at
the formation of shielded polar mRNA cavities within the
Comirnaty LNPs that are stabilized by charged aminolipids.
This is in strong contrast to the reported formation of multi-
lamellar lipid structures for KC2 LNPs sandwiching small
interfering RNA for a lower N=P ratio (57). Our results
are more consistent with a model for mRNA LNPs proposed
by Arteta et al. (17), which suggests rigid mRNA-water cyl-
inders within the core of LNPs surrounded by lipids in an
inverted hexagonal (HII) phase. Indeed, in one simulation
of the LNP membrane starting from a random deprotonation
of aminolipids (see Fig. S1 b), the final structure is reminis-
cent of an inverted hexagonal phase. Our simulations
corroborate the necessity of charged aminolipids to stabilize
mRNA-lipid complexes within the apolar core of the Com-
irnaty LNPs during the transition from low to neutral pH.

The size of Comirnaty vaccine LNPs containing a full-
length mRNA strand can be estimated by multiplying the
volume of the mRNA-containing LNP-membrane systems
(excluding water, Fig. 5 c) with the ratio between the
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number of nucleotides in the vaccine (z4000 (38)) and in
the simulations (80; the N=P ratio between vaccine and
simulation is similar). This rough calculation yields an
average diameter of z50 nm for Comirnaty vaccine LNPs
with one mRNA strand, compared with z35 nm for the
mRNA-free LNPs (see above). Nanoparticles of this size
would harbor a z47% increase of phospholipids per area.
Thus, even for larger Comirnaty nanoparticles, the forma-
tion of bilayers shielding the core appears unlikely, all the
more as the phospholipid content is not even sufficient for
establishing a closed phospholipid monolayer for the small
LNPs studied here and as phospholipids contribute to
mRNA shielding within the LNP core as well.

Methodologically, limited by poor scaling of constant
pH simulations with the number of titratable sites, we
here employed an instantaneous deprotonation of the ami-
nolipids corresponding to a global switch in pH from low
pH to neutral pH (at low pH all titratable sites are exposed
to the solvent). In the near future, scalable constant pH
simulations (60) will likely enable us to study as well
reverse smooth pH transitions for systems as large as
LNPs from neutral to low pH corresponding to the situation
in endosomes.

Regarding processes following administration of LNPs
loaded with mRNA, the surface of the LNP usually becomes
coated with a biomolecular corona composed of different
proteins influencing the distribution, the circulation time,
and the transfection efficiency of the nanoparticle (61–63).
Apolipoprotein E (ApoE) plays, for example, a major role
in the uptake of LNPs and liposomes into hepatocytes
(64–66). Sebastiani et al. (18) measured fast binding ki-
netics of ApoE to LNPs and proposed that the presence of
ApoE induces even an increased cholesterol level within
the LNP surface. The observed formation of large solvent-
accessible DSPC/cholesterol domains at the surface of the
Comirnaty LNP could represent a preferential binding site
for ApoE. Hence, we think that the headgroup of the titrat-
able aminolipid seems to play a minor role in the initial
binding of ApoE at the LNP surface.

mRNA release following cellular internalization of
loaded LNPs, trapping in endosomes, and endosomal matu-
ration with a concomitant decrease in pH is probably initi-
ated by protonation of ALC-0315 aminolipids readily
accessible within the LNP shell (Fig. S1). Coarse-grained
MD simulations by Bruininks et al. (67) focused on the
escape of double-stranded DNA from an HII phase formed
in combination with a binary mixture of cationic lipids
and standard phospholipids (so-called lipoplexes). They
showed that the formation of a fusion stalk between the en-
dosomal membrane and a lipoplex followed by an unzipping
of the HII phase initiates the release of the polynucleotides.
However, their results cannot be fully transferred to the sys-
tems in the present work owing to the differences in compo-
sition of the delivery systems. Using single-molecule
localization microscopy experiments, mRNA release from
recycling tubules of the early endosome was recently shown
to depend on accumulation in the tubules (68). Additionally,
images of single mRNA escape events indicated a disas-
sembly of the LNPs in the early endosome releasing the
mRNA first into the endosomal lumen. ALC-0315 aminoli-
pids, either freely diffusing or bound to the released mRNA,
with their pronounced cone-like structure, will accumulate
in regions of the tubules with negative curvature. This sup-
ports the formation of a membrane-destabilizing HII phase
(69,70) inducing membrane leakage to facilitate mRNA
escape into the cytoplasm. The recharging of the aminoli-
pids within the LNP shell is therefore likely to destabilize
the nanoparticle by reversal of the aforementioned phase
transition. The titratable aminolipid ALC-0315 thus acts
as a highly cooperative molecular switch to dismantle the
integrity of the LNP as well as to reduce the potential barrier
for mRNA escape.
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