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The ionizable-lipid component of RNA-containing nanoparticles controls the
pH-dependent behavior necessary for an efficient delivery of the cargo—the so-called
endosomal escape. However, it is still an empirical exercise to identify optimally per-
forming lipids. Here, we study two well-known ionizable lipids, DLin-MC3-DMA and
DLin-DMA using a combination of experiments, multiscale computer simulations, and
electrostatic theory. All-atom molecular dynamics simulations, and experimentally meas-
ured polar headgroup pK, values, are used to develop a coarse-grained representation
of the lipids, which enables the investigation of the pH-dependent behavior of lipid
nanoparticles (LNPs) through Monte Carlo simulations, in the absence and presence
of RNA molecules. Our results show that the charge state of the lipids is determined by
the interplay between lipid shape and headgroup chemistry, providing an explanation
for the similar pH-dependent ionization state observed for lipids with headgroup pK,
values about one-pH-unit apart. The pH dependence of lipid ionization is significantly
influenced by the presence of RNA, whereby charge neutrality is achieved by imparting
a finite and constant charge per lipid at intermediate pH values. The simulation results
are experimentally supported by measurements of a-carbon >C-NMR chemical shifts
for eGFP mRNA LNPs of both DLin-MC3-DMA and DLin-DMA at various pH
conditions. Further, we evaluate the applicability of a mean-field Poisson-Boltzmann
theory to capture these phenomena.
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The intracellular delivery of polynucleotides, which is crucial for gene therapy and mes-
senger RNA (mRNA)-based therapeutics, requires sophisticated delivery systems. This is
due to the inherent susceptibility to enzymatic degradation of polynucleotides and to their
limited bioavailability, which primarily stems from their large size and net charge.
mRNA-based therapies, while not requiring entry to the cell nucleus, necessitate targeted
delivery to the appropriate cells and efficient release of mRNA in the cytosol, where it is
made available for translation (1). While several different delivery methods exist, lipid
nanoparticles (LNPs) have emerged as one of the most attractive and effective delivery
systems for mRNA-based therapeutics, as underscored by their important role in the
development of two Covid-19 vaccines.

Since the pioneering work of Safinya et al. (2), a correlation has been established
between lipid structure in the LNP and transfection efficiency. Experimental evidence
indicates a significant uptake of LNPs through ApoE-LDLr receptor-mediated endocytosis
(3, 4), whereas the main bottleneck for LNP delivery is attributed to the endosomal
escape (5, 6). Nowadays, LNPs for mRNA delivery are designed and formulated with
cationic ionizable lipids so that they form inverse hexagonal phases (7) upon endosomal
acidification. This phase transition promotes the escape of mRNA from the endosome,
thereby ensuring efficient translation and protein expression (7, 8). Accordingly, the most
prominent hypothesis ascribes the efficiency of mRNA-LNP delivery systems to the
pH-dependent formation and stability of the inverse hexagonal phase in the LNP core
(7). In this context, the study of Jayaraman et al. (9) on short interfering RNA (siRNA)
LNPs has led to the common assumption that transfection efficiency may be maximized
by an optimal apparent pK], value of the ionizable lipid component. However, data from
the same study also highlight that LNDPs based on ionizable lipids with similar apparent
pK,, values show orders of magnitude differences in biological efficacy. Further, the cur-
vature of the lipid monolayer is also considered to be a key parameter since some of the
most efficient lipids have been shown to form inverse phases in LNDPs also in the absence
of mRNA (7). Therefore, we here focus our attention on inverse hexagonal phases and
the effect of both lipid shape and headgroup intrinsic pK,, on phase morphology.

To guide the design of efficient delivery systems, we need molecular-level understanding
of the pH dependence of the structural properties of the core of LNPs. However, a detailed
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experimental characterization of such systems is challenging.
Although biophysical approaches such as small-angle X-ray scat-
tering (SAXS) can provide structural parameters such as the center—
center spacing of the inverse hexagonal phase, the spontaneous
curvature of the water-lipid interface and elastic moduli of the
monolayer are less straightforward to obtain. Molecular simulations
have emerged as a natural complement to experiments, and there
has been an increased interest in simulations of systems relevant
for mRNA-LNP delivery (10, 11). There is a lack of understanding
of the role of individual lipids in the formation and pH-dependent
stability of LNPs and several AA simulation studies have high-
lighted the interdependence of the lipid charge state and the mor-
phology of lipid/RNA phases. Cornebise et al. recently presented
novel ionizable lipids with improved LNP performance (12) and,
through AA simulations, attributed the enhanced efficiency to spe-
cific interactions between lipids and RNA. Further, AA simulations
have been employed to investigate the associative behavior of RNA
at neutral pH for three different ionizable lipids (13) and the
pH-dependent interactions between Dlin-KC2-DMA and POPC
in the absence of RNA (14). Notably, the AA simulations by
Ramezanpour et al. (14) showed segregation of Dlin-KC2-DMA
from POPC in a monolayer at neutral pH, supporting the hypoth-
esis, proposed by Kulkarni et al. (15), of the formation of an iso-
tropic water-in-oil microemulsion in the LNP core. A multiscale
approach was recently employed to study the pH-dependent behav-
ior of lamellar phases of the ionizable cationic lipids DODMA and
DOPC with and without mRNA (16). AA simulations were ini-
tiated by backmapping longer coarse-grained (CG) simulations,
whereas the pH dependence was modeled using different fixed
ratios of charged species. Further, a large-scale AA simulation study
was performed for lipid mixtures used in the Moderna and
Pfizer-BioNTech Covid-19 vaccines (17). This study investigated
the stability and self-assembly of lipid mixtures in the presence
mRNA fragments and reported the spontaneous formation of
nano-disks as well as cubic and lamellar phases.

The spatiotemporal complexity of LNP delivery poses a con-
siderable challenge for AA simulations. It is for example known
from experiments that LNPs require hours to days to equilibrate,
which is well above the time scales that can be explored in AA
studies. Therefore, CG modeling is a promising approach for sim-
ulations of LNPs, especially for studies of phase transitions and
large-scale reorganization or escape events (18). CG simulations
of the spontaneous formation of inverse hexagonal phases of DNA
lipoplexes were performed using the Martini force field (19). These
simulations reproduced the center—center spacing obtained from
SAXS experiments and recapitulated experimentally observed
transitions between lamellar and inverse hexagonal phases induced
by varying lipid composition (19). Moreover, CG simulations
were employed to investigate fusion of DNA-lipoplexes with the
endosomal membrane (20).

As opposed to the above-mentioned simulation studies which
used fixed lipid ionization states, in this work, we performed CG
reactive canonical Monte Carlo simulations (21) wherein both
the number of molecules and protonation states of lipids are free
to fluctuate subject to an external chemical potential. For our
simulations, we parametrized a CG model using experimental pX],
values of the lipid headgroups and structural features derived from
SAXS experiments and AA simulations. Our CG Monte Carlo
simulations capture the central aspects of the pH-dependent
behavior of ionizable lipid phases in the absence and presence of
mRNA molecules. These include the spontaneous formation of
inverse hexagonal phases, the pH dependence of the lipid charge
state, and the role of lipid shapes and packing (19, 22). We meas-
ured a-carbon "?C-NMR chemical shifts for LNPs of Dlin-DMA
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(DD) and Dlin-MC3-DMA (MC3), which are ionizable lipids
with different headgroup intrinsic pK, values. The ionization state
of the lipid headgroups in the core of LNDPs is influenced by the
local environment through electrostatic interactions with sur-
rounding charged species, such as other lipid headgroups, salt ions,
and mRNA. Besides these interactions, image—charge repulsive
forces induced by the interfacing aqueous and apolar lipid phase
(23) contribute to modulate the apparent stoichiometric pX, of
the lipids, which typically deviates significantly from the intrinsic
pK, value of the headgroup. The CG model developed in this
study captures these effects and, combined with Poisson—
Boltzmann calculations, provides a molecular-level explanation
for the similar values of the apparent pX, values of DD and MC3
in LNPs, which we estimated from the NMR data. Therefore, our
work addresses current gaps in the interpretation of experimental
data for the characterization of LNPs and contributes to an
improved understanding of the role of pH and lipid shape in LNP
morphology. In turn, this knowledge may translate into principles
for the design of novel lipids that could lead to more efficacious
and safer delivery systems.

Results

All-Atom Molecular Dynamics Simulations. To study pH-
dependent effects on the ionizable lipid/RNA system in inverse
hexagonal phase (Hy), we developed a pH-sensitive CG model
in which the main parameters are the intrinsic pK], of the lipid
headgroups and the shape of the lipids. The latter affects lipid
packing and the curvature of the aqueous channel, where RNA,
water molecules, and counterions reside. To design and parametrize
the coarse-grained model, we first performed AA simulations of
two ionizable lipids, MC3 and DD (SI Appendix, Fig. S1), in
hexagonal periodic cells. Since the inverse hexagonal phase is
expected to form under low pH conditions, lipids are modeled as
fully ionized. The charged head groups of the lipids are arranged
around a cylindrical channel which is filled with water molecules
and counterions (Fig. 14). In the simulated system, the lipid phase
is first put in contact with a bulk aqueous phase located at the ends
of the hexagonal cell (Materials and Methods), which allows the size
of the water channel to fluctuate. After reaching convergence in the
center—center distance, water and salt contents, the system is made
truly periodic in all three dimensions, and equilibrated once again.

To validate the simulation protocol, we use the experimentally
well-studied H; phase of dioleylethanolamine (DOPE)-H,O and
found our simulation data for DOPE-H,O to be in satisfactory
agreement with experimental results from the literature (24)
(SI Appendix, Fig. S2). Therefore, we applied the same protocol
to study the fully ionized MC3 and DD but also including the
LNP helper lipid cholesterol (ionizable lipid/cholesterol molar
ratio of 3:1) (25). AA simulation results for the center—center
distance, the water channel radius, and the area per lipid obtained
for MC3 and DD systems are shown in Fig. 1 B—D. Although
both lipids have the same headgroup and C18:2 tails (differing
only in the linker region), our simulations indicate that both the
center—center distance and the aqueous channel radius are smaller
for Hy; phases of the MC3 than for the DD system (S/ Appendix,
Fig. S3). Whereas the structure of the Hy; phase of DD has not
yet been characterized experimentally, simulations for MC3 indi-
cate a center—center distance of 7.3 nm, which is significantly
larger than the value obtained from SAXS experiments (4 = 6.2
nm) (7). It should be noted, however, that the experimental data
were obtained using an acidic buffer (50 mM citrate, pH 3) con-
taining 25 vol% ethanol so that our all-atom simulations are not
fully comparable with the SAXS data.

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2311700120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311700120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311700120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311700120#supplementary-materials

B C D
04 mm AA m AA
v7; CG 3977 cG
8_
E 6 £ 2- E
T4 < <
1 4
2_
0 - 0 -
MC3 DD MC3 DD MC3 DD

Fig. 1. Comparison between all-atom (AA) and coarse-grained (CG) models of the core of empty LNPs. (A) Snapshots from all-atom and coarse-grained simulations
of fully ionized MC3 at 25 °C. The AA representation shows carbon (gray), oxygen (red), nitrogen (blue), chloride (green), and sodium (purple) atoms. The CG
representation shows tail (gray), neutral head (white), protonated head (blue), and chloride (green) beads. (B-D) Estimates of the center-center separation (B),
radius of the water core (C), and area per lipid (D) from all-atom (gray) and coarse-grained (hatched) simulations of MC3 and DD lipids in inverse hexagonal phase.

Coarse-Grained Monte Carlo Simulations. To investigate how
lipid shape and pH affect the structure of the core of mRNA-
containing LNPs, we developed a pH-dependent, coarse-grained
model based our all-atom molecular dynamics simulation data
(Fig. 1) as well as experimental headgroup pK, values of MC3
and DD lipids. To estimate these, we synthesized the polar DD
and MC3 head groups and performed potentiometric titrations
at 37 °C, resulting in intrinsic pK, values of 9.41 (+0.04)
and 8.46 (+0.07) for MC3 and DD, respectively (26). As a
phenomenological model of the ionizable lipids, we use a three-
bead lipid model which readily self-assembles into bilayer and
micelle phases (27). It has previously been shown that the preferred
phase formed by the lipid model can be controlled by varying
the size of the bead representing the headgroup (28). Therefore,
we use geometrical arguments (Materials and Methods) to design
a three-bead lipid with a conical aspect ratio, which favors the
formation of an Hy; phase with center—center separation, water
channel radius, and area per lipid in reasonable agreement with all-
atom simulations for systems without RNA (Fig. 1). The conical
lipid model is then simulated in the presence of mRNA and NaCl
in the reactive canonical ensemble (21) (Fig. 2 A and B), in which
the number of lipids; ions; the dimensions of the simulation cell;
and the protonation state of lipid head groups are free to fluctuate.
Within this framework, the lipid protonation state is governed
by i) solution pH, ii) intrinsic pK; of the head group, and iii)
molecular interactions in the system.

To isolate the effect of the lipid shape on the structural prop-
erties of the system, we simulated ten lipid models of different
bead sizes but similar intrinsic pK, and molecular volume (Fig. 2
and SI Appendix, Fig. S4 and Table S1). From these, we selected
a small (S), a medium (M), and a large (L) model, which are
ranked by head bead size in ascending order and by the size of the
second tail bead in descending order (Fig. 2H). The lipids have
approximately equal molecular volume, whereas the deviation
from a cylindrical shape is larger for the S than for the L model
(Fig. 2H). We quantify this deviation using the critical packing
parameter, CPP, which is larger than one for all our models, as
expected for lipids forming inverse phases. For systems containing
mRNA and lipids with pK, = 9.41, we observe that both the
center—center distance, 4, and the radius of the water channel, R,
are differently influenced by pH, depending on the aspect ratio
of the constituent lipids (Fig. 2 C and D). While at pH < 6 the
three lipid models show similar & values, at larger pH values, 4
decreases with increasing head size, as the lipid shape becomes
more prominently cylindrical, dg > dy; > d; (Fig. 2C). The
dependence of R, on pH follows the same trend as & at high pH,
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whereas larger head beads impart larger R, values at low pH
(Fig. 2D). At pH 3 and 4, the large deviation of the R, value for
the L lipids with respect to the other models highlights a difference
in phase behavior. Namely, L lipids in the presence of mRNA form
a lamellar phase at pH 3 to 4 and a stable Hy; phase at pH > 4,
whereas M and S lipids form a stable H; phase in the explored
pH range (Fig. 3). Despite the relatively small differences in R,
across the models, our simulations predict a significant decrease
in charge per lipid with decreasing head-bead size. The effective
pK,, defined as the pH value at which half of the lipids are posi-
tively charged, is 6 for L lipids and ~5 for S lipids (Fig. 2E). This
corresponds to a down-shift of 3 to 4 units compared to the
intrinsic pK), of the head group. The decrease in charge per lipid
with decreasing head-bead size is accompanied by an increase in
lipid packing, which can be quantified by the area per lipid
(Fig. 2F). The decrease in area per lipid with increasing pH and
decreasing head-bead size reflects both changes in R, and in the
lipid-to-nucleotide ratio, which increases as the mRNA molecule
becomes less extended (87 Appendix, Fig. S5). Besides packing, the
shape of the lipids also affects their average orientational order,
which we quantified by the order parameter {cos ), where 0 is the
angle between the head-to-tail vector and the radial vector pointing
toward the middle tail bead. For the S and M lipids, we observed
that (cos @) decreases with increasing pH (Fig.2 G and ).
On the other hand, the H; phase formed by the L model between
pH 5 and 8 is characterized by high orientational order (Fig. 2 G
and /). Notably, the trends described for L, M, and S lipids are
fully consistent with those observed for the other seven lipid mod-
els designed in this study (S7 Appendix, Fig. S4), which under-
scores the pivotal role of the critical packing parameter in
influencing the internal structure and pH response of LNDs.

In our model, we use a dielectric constant of 49 to account for
the nanoconfinement of water in the core of the LNPs (29, 30)
Increasing the dielectric constant by 1/3—to match the value of
74 for bulk water at 37 °C—results in weaker headgroup—phos-
phate interactions. In turn, this effect leads to a shift toward larger
center—center distances, lower lipid order, and decreased charge
per lipid by a similar extent irrespective of lipid shape (SI Appendix,
Fig. S6).

DD and MC3 are modeled as conical lipids with different
intrinsic pK, values and different headgroup sizes (Fig. 4 7and ),
as inferred from our AA simulations which show that DD forms
H;; phases with larger 4, R,, and A values than MC3 in the absence
of mRNA (Fig. 1). Namely, we modeled MC3 and DD as S and
L lipids, respectively, and used the pK, values of the lipid head
groups determined experimentally in this study.
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of the core of MRNA-containing LNPs. (B) Lipid monolayer in H, phase viewed from the center of the water core. (C) Center-center separation, (D) radius of the
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At pH 3 to 5, our CG MC simulations of MC3 and DD in the
presence of mRNA predict a lipid-to-nucleotide ratio of ~3
(SI Appendix, Fig. S7E), which is in good agreement with the
experimental composition of the mRNA-containing LNPs (7).
At pH <6, the larger head bead of the DD model imparts a larger
R, than the MC3 model (S] Appendix, Fig. S7B). However, as
opposed to the L model with pK, = 9.41, the lower charge per
lipid of the DD model results in weaker electrostatic repulsion
between head groups, which enables tighter lipid packing and a
larger lipid-to-nucleotide ratio than for Ly, (S Appendix,
Fig. S7E). Because of this combination of ionization and shape
effects, DD and MC3 show similar values of the apparent lipid
pK, (SI Appendix, Fig. S7C).

https://doi.org/10.1073/pnas.2311700120

13c-NMR Measurements of LNP Lipid Degree of lonization. To
estimate the effect of pH on the protonation state of the ionizable-
lipid component of LNPs, we measured ?C-NMR spectra in the
chemical shift region corresponding to the a-carbons attached
to the nitrogen atom in the MC3 and DD head groups (Fig. 4
A and B and SI Appendix, Fig. S8). At pH 3 to 5, the spectra for
empty and eGFP mRNA-containing LNPs are very similar, which
indicates that the presence of mRNA has insignificant influence
on the local environment of the lipid head groups. However, at
neutral pH, the differences between empty and mRNA-containing
LNPs are pronounced. For empty LNPs, the spectra follow the
expected signature of a pH-induced transition, that is, narrow
peaks at low and high pH, with a broadening at intermediate

pnas.org
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pH due to proton exchange. Conversely, for mRNA LNDPs, we
observe sharp signals only at low pH values and a broadening
which persists beyond neutral pH, which suggests a surprising
heterogeneity of charge states also at high pH. Similar results
are obtained for empty and mRNA LNPs of DD (87 Appendix,
Fig. S8).

Likewise, the chemical shifts for the a-carbon atoms of DD
and MC3 have similar values with and without mRNA at low
pH, whereas at pH > 5, the chemical shifts increase more steeply
in the absence than in the presence of mRNA (Fig. 4 C and D).
Encouraged by the coarse-grained simulation data, we make the
approximation that the chemical shifts observed for the empty
LNPs at pH 3 and 8 are truly representative of the fully ionized
and the neutral state, respectively, also for the mRNA-containing
LNPs. We then use those “end-point” chemical shifts to calculate
the degree of ionization for both empty and mRNA LNPs of DD
(Fig. 4E) and MC3 (Fig. 4F). Interestingly, we observe that for
mRNA LNPs, the degree of ionization levels out to a value ~1/3,
which corresponds to the charge neutralization of mRNA by ion-
izable lipids since the mRNA LNPs of both MC3 and DD were
prepared at a 3:1 lipid-to-nucleotide molar ratio.

We also predicted the degree of ionization using constant-pH
CG simulations for the L and S lipid models, using the experimental
polar headgroup pX,, values of 8.46 and 9.41 to represent DD and
MC3, respectively (Fig. 4 G and H). The agreement between exper-
iments and simulations is encouraging, and our molecular model
suggests that a more prominently conical lipid shape can almost
completely compensate for the effect of a higher headgroup pX,
value on the properties of an mRNA-containing Hy; phase.

Mean-Field Theory. We finally used electrostatic mean-field theory
at the Poisson—Boltzmann (PB) level to investigate the effect of
pH on the lipid ionization state. For our numerical calculations,
we used geometrical and thermodynamic parameters obtained
from CG simulations, namely, the radius of the water core, the
nucleotide-to-lipid ratio, the concentrations of sodium and
chloride ions, and the lipid density (Fig. 54). PB calculations
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yield ionization curves with similar shapes as the predictions from
CG simulations, where the charge per lipid ranges from unity at
low pH values, to around 0.3 (~the nucleotide-to-lipid ratio)
at high pH values. However, in contrast to CG simulations, PB
calculations predict a monotonous decrease of the charge per lipid
with increasing pH and decreasing pK,. Notably, PB calculations
lack the plateau in the degree of ionization between pH 6 and 8
(Fig. 5B), which we observed in the ionization profiles obtained
from CG simulations and NMR experiments (Fig. 4). Further,
compared to CG simulations, the effect of the lipid size on the
degree of ionization in PB calculations is less pronounced and
shows the opposite trend, i.e., a systematic decrease in charge per
lipid with increasing headgroup size (Fig. 5B).

Discussion

For constant lipid volume and constant intrinsic pK, value,
increasing pH leads to an increase in the hexagonal center—center
separation, d, regardless of headgroup size (Fig. 2C). This general
trend is due to weakened electrostatic attraction between lipids
and nucleotides as the lipids gradually neutralize at higher pH. At
low pH, the lipids are fully protonated (Fig. 2E), and the radius
of the water core, R, increases with increasing headgroup size, as
the smaller headgroups of S lipids can get closer to the oppositely
charged nucleotides than the larger headgroups of L lipids
(Fig. 2D). The trend is reversed at high pH where L lipids form
an Hj; phase with smaller 4 and R, values compared to S lipids,
reflecting how neutral lipids pack in the absence of strong lipid—
nucleotide interactions (Fig. 2 /and /). Of the three lipid models,
neutral L lipids form an Hy; phase with higher lipid order, which
is less sensitive to electrostatic interactions and weakly affected by
changes in pH (Fig. 2 G and ). Conversely, S and M lipids rely
on electrostatics for tight packing at low pH and form a more
disordered phase when deprotonated (Fig. 2 G and ).

The lipid protonation state strongly depends on the local envi-
ronment (Fig. 2E), and the apparent (or stoichiometric) pK, is
downshifted by 4 to 5 units from the intrinsic pX], of the isolated
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Fig. 4. Estimating the charge per lipid in the core of LNPs using NMR experiments and CG simulations. (A and B) '*C NMR spectra measured for empty (A)
and mRNA-containing (B) LNPs of MC3 lipid. Peaks assigned to citrate molecules in the buffer served as an internal standard for pH calibration and are shown
in gray. (Cand D) 3C NMR chemical shifts measured for empty (open circles) and mRNA-containing (closed circles) LNPs made of DD (C) and MC3 (D) lipids at
various pH values. (E-H) Comparison between estimates from NMR experiments (£ and F) and CG simulations (G and H) of the charge per lipid as a function of
pH for DD (E and G) and MC3 (D and H) lipids in empty (open markers) and mRNA-containing (closed markers) LNPs. Circles (O) and stars (x) indicate systems in
H, and disordered phase, respectively. Dashed lines indicate the nucleotide-to-lipid ratio in the experimental composition of the mRNA-containing LNPs. (/ and

J) Schematic illustrations of the DD (/) and MC3 (/) coarse-grained models.

headgroup. This perturbation is caused by electrostatic repulsion
from i) other, like-charged headgroups and ii) desolvation due to
the nonpolar environment created by the surrounding layer of lipid
tails. That is, the acid-base equilibrium is strongly shifted toward
the neutral, deprotonated state to minimize electrostatic repulsion.
This effect is slightly less pronounced for L lipids, for which the
large headgroup size sets a limit on how close the embedded charge
can approach other charged moieties. It is noteworthy that the
lipids do not fully deprotonate at high pH values in the H;; phase
containing mRNA. As further discussed below, this effect vanishes
in the absence of mRNA and we attribute it to the negative elec-
trostatic potential emanating from the central nucleic acid chain.

We now turn to NMR experiments and CG simulations of DD
and MC3 lipids (Fig. 4). Whereas chemical shifts with and without
mRNA are very similar at low pH, they differ significantly at high
pH (Fig. 4 Cand D). In the absence of mRNA, the system of neutral
lipids at pH > 6 may adopt a disordered morphology distinct from
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the Hj; phase. Because of this change in the chemical environment
of the head groups, chemical shifts at pH > 6 are considerably larger
in the absence than in the presence of mRNA. This argument agrees
very well with our simulations without mRNA (Fig. 4 G and H)
where we indeed find that the Hy; phase is unstable for neutral lipids.
Conversely, in the presence of mRNA, the lipids never fully depro-
tonate due to the ever-present negative electric potential from the
central nucleotides, and the Hj; phase is maintained over the sampled
pH range. Accepting this argument, the NMR chemical shifts can
be reinterpreted as lipid protonation states (Fig. 4 £ and F).

Both NMR experiments and CG simulations unambiguously
show that the lipid degree of ionization vs pH is highly similar for
DD and MC3, despite the difference of about one unit between their
intrinsic pK], values. Our phenomenological lipid model offers a clear
explanation for this effect: The acid-base equilibrium is governed by
i) the intrinsic pK,, value and i) the local chemical environment, where

the latter is highly affected by the lipid shape through packing.
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Fig. 5. Estimating the charge per lipid in the core of LNPs using Poisson-
Boltzmann calculations. (A) Schematic illustration of the geometry used for
the Poisson-Boltzmann calculations. (B) Charge per lipid as a function of pH
calculated from Poisson-Boltzmann calculations for Sq 4, (green), Mg 4, (blue),
L4 (Orange), and Lg 4 (red) lipid models, i.e., the same color scheme as in
Figs. 2 and 4.

Fig. 2E shows that regardless of pH, the charge per lipid
decreases with decreasing headgroup size. This means that the
apparent pK, value downshifts more for smaller head groups than
for larger head groups. Therefore, MC3 (intrinsic pK, = 9.41,
small head) and DD (intrinsic pK], = 8.46, large head) display very
similar protonation profiles as observed with both NMR and sim-
ulations (Fig. 4 £~H). Our interpretation is that because of the
larger critical packing parameter, neutral MC3 lipids may form a
less ordered phase than neutral DD lipids (Fig. 2 7 and /). This
suggests two effects that may come into play at pH 2 6 and favor
the downshift in apparent pK: Lipid heads are exposed i) less to
the oppositely charged nucleotides and ii) more to the apolar lipid
tails, which penalizes the protonated state through desolvation.
Moreover, the tighter packing of MC3 lipids, compared to DD
lipids (81 Appendix, Figs. S7 D and E), may imply stronger elec-
trostatic repulsions between like-charged headgroups, which also
contribute to the downshift of the apparent pKa (31). Note that
the concept of a single apparent or stoichiometric pK, value inside
a complex, pH-responsive environment has little predictive power
as the shape of the proton titration curve can be highly asymmetric
and ill-described by the Henderson—Hasselbalch equation. Here,
we simply define the apparent pK], as the inflection point of the
pH titration curve and use it merely qualitatively.

Explicitly accounting for molecular packing, desolvation, and
correlations, the CG simulations well capture the local chemical
environment of titratable head groups. Our PB calculations are
more approximate and, although based on geometrical parameters
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obtained from CG simulations, neglect several aspects that might
affect the titration behavior, namely: i) ion—ion, ion-lipid, and
lipid-lipid correlations (32, 33); ii) excluded volumes; and iii)
geometrical fluctuations. Moreover, in our PB calculations, all lipids
are modeled with the same capacitance, whereas in principle, the
capacitance might increase with decreasing headgroup size, as it is
inversely proportional to the closest lipid—ion separation. However,
accounting for this effect in our PB calculations would result in a
larger difference between the apparent pK, value predicted for MC3
and DD, thereby increasing the discrepancy between PB and sim-
ulation predictions. Thus, PB theory captures the ionization general
trend but not the dependence on the size of the headgroups.

Conclusions

The pH-dependent ionization profile of the lipids is key for the
efficacy of LNP delivery systems since mRNA release is triggered
in a narrow pH window. It is therefore tempting to target the intrin-
sic headgroup pK, value when designing new lipids. However, lipids
with significantly different intrinsic pX, values can have surprisingly
similar ionization states at a given pH. Our explanation, which is
based on NMR and computer simulations, is that the lipid shape
has a large effect on the local chemical environment via its influence
on lipid packing. Notably, we show that in the biomolecule-rich
core of LNPs, subtle changes in lipid conicity strongly perturb the
ionization state of the lipid headgroup and can shift the apparent
pK, by several pH units. Specifically, our results indicate that the
protonated state of poorly packed lipids is destabilized due to two
electrostatic mechanisms: i) loss of contacts with the oppositely
charged mRNA phosphate groups and ii) repulsion from the apolar
tail groups. These effects are exemplified by the two differently
shaped lipids investigated in this work, DD and MC3, which have
almost identical apparent pK], values, despite a difference of one
unit in the intrinsic pK], of their headgroups. Taken together, this
study provides a molecular-level description of the interplay
between the internal structure of the LNPs and the ionization state
of the lipids. Our findings suggest that both lipid shape and head-
group intrinsic pK), are key determinants of the pH response and,
hence, contribute to the efficient endosomal escape of mRNA-
containing LNPs. This insight may facilitate the rational design of
ionizable lipids for more efficacious and safer delivery systems,
whereby the synthesis of polar headgroups and hydrophobic chains
may target optimal combinations of intrinsic pX,, and steric prop-
erties. Moreover, this work presents a computational approach to
study the pH-dependent structural reorganization of biomolecule-
rich phases, which is applicable to other multicomponent systems,
such as biomolecular condensates, where changes in pH have
important biological implications (34, 35).

Materials and Methods

Materials. The ionizable cationic lipids (6Z, 92, 28Z, 312)-heptatriaconta-6, 9,
28, 31-tetraen-19-yl-4-(dimethylamino)butanoate (DLin-MC3-DMA or MC3)
and 1, 2-dilinoleyloxy-n, n-dimethyl-3-aminopropane (DLin-DMA or DD) were
synthesized at AstraZeneca. 1, 2-distearoyl-sn-glycero-3-phosphocholine (DSPC)
was obtained from Avanti Polar Lipids, 1, 2-dimyristoyl-sn-glycero-3-phosph
oethanolamine-N-[methoxy(polyethyleneglycol)-2000] (DMPE-PEG,qq,) from
NOF Corporation and Cholesterol (Chol) from Sigma-Aldrich. Enhanced Green
Fluorescent Protein (eGFP) mRNA (996 nucleotides) ARCA capped modified with
methoxiuridine was purchased from Trilink Biotechnologies. Hydrogeneous
phosphate-buffered saline (PBS, T mM KH,PO,, 155 mM NaCl, and 3 mM
Na,HPO,-7H,0, pH 7.4) was obtained from Life Technologies. Citrate buffer was
purchased from Teknova, and HyClone RNAse-free water was obtained from GE
Healthcare Cell Culture. The polar headgroups of MC3 and DD were synthesized
as described below.
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Synthesis of Polar Headgroups.

Methyl 4-(dimethylamino)butanoate (DLin-MC3-DMA headgroup). Thionyl chlo-
ride (1.669 mL, 22.87 mmol) was added slowly to a solution of 4-(dimethylamino)
butanoicacid (1 g, 7.62 mmol) in anhydrous MeOH (20 mL) at 0 °C. The reaction
mixture was warmed to 25 °C over a period of 1 h under nitrogen. The resulting
mixture was stirred at 40 to 50 °C for 3 h.The reaction mixture was evaporated to
dryness and redissolved in acetone (5.00 mL). The resulting solution was precip-
itated in ether (100 mL), and the precipitate was collected by filtration, washed
with Et20 (100 mL), and dried under vacuum. The precipitate was dissolved in
DCM (10.00 mL), and potassium carbonate (1.159 g, 8.39 mmol) was added
in one portion. The mixture was stirred at room temperature for 24 h, filtered,
and dried under reduced pressure to afford methyl 4-(dimethylamino)butanoate
(0.499 g,45.1 %) free base as a white solid. "HNMR (500 MHz, DMSO-d6) 1.86-
1.95(m, 2H),2.43(t,2H),2.72 (s, 6H), 2.99-3.06 (m, 2H), 3.61 (s, 3H). UPLC, ms
detection (ES+) ([M + H]+) = 146.1 Da; RTELSD = 0.11 min.

2, 3-dimethoxy-N, N-dimethylpropan-1-amine (DLin-DMA headgroup). Into a
100-mL round-bottom flask, sodium hydride (2.63 g, 65.85 mmol) was added
portion-wise to a stirred dissolved of 3-(benzyloxy)propane-1, 2-diol (5 g,
27.44 mmol) in DMF (50 mL) at 0 °C over a period of 5 min under nitrogen.
methyliodide (5.15 mL, 82.32 mmol) added dropwise to the stirred mixture at
0°Covera period of 15 min under nitrogen. The resulting mixture was stirred at
room temperature for 4 h.The reaction mixture was quenched by the addition
of water/ice (100 mL) and washed sequentially with ethyl acetate (3 x 100
mL). The organic layers were combined and extracted with (water) (3 x 100
mL).The organic layer was dried over Na,SO,, filtered, and concentrated under
reduced pressure to afford crude product. The resulting residue was purified
by flash silica chromatography, elution gradient 0 to 100% EtOAc in hexanes.
Product fractions were evaporated to dryness to afford the intermediate ((2,
3-dimethoxypropoxy)methyl)benzene (3.6864 g, 63.9 %) as a pale yellow oil.
"H NMR (500 MHz, CHLOROFORM-d) 3.39 (s, 3H), 3.49 (s, 3H), 3.51-3.64
(m, 5H), 4.58 (s, 2H), 7.28-7.40 (m, 5H). ((2, 3-dimethoxypropoxy)methyl)
benzene (3.6864 g, 17.53 mmol) and palladium on carbon (2.61 g, 24.54
mmol) in methanol (30 mL) were stirred under an atmosphere of hydrogen
at atmospheric pressure for 16 h. The reaction mixture was filtered through
Celite and the reaction mixture was concentrated under reduced pressure to
dryness to afford pale yellow oil. The resulting residue was purified by flash
silica chromatography, elution gradient 0 to 100% EtOAc in hexanes. Product
fractions were concentrated under reduced pressure to dryness to afford a
second intermediate 2, 3-dimethoxypropan-1-ol (1.901 g, 90 %) as a pale,
yellow oil. "H NMR (500 MHz, DMSO-d6) 3.18-3.46 (m, 11H), 4.56 (br s, TH).
Finally, trifluoromethanesulfonic anhydride (0.773 mL, 4.58 mmol) was added
slowly to a stirred mixture of 2, 3-dimethoxypropan-1-ol (0.5 g, 4.16 mmol)
and 2, 6-dimethylpyridine (1.015 mL, 8.74 mmol) in DCM (20 mL) at =40 °C
over a period of 5 min under nitrogen. The resulting mixture was stirred at
—40 °C for 1 h. The reaction mixture was warmed to room temperature and
stirred for an additional 1 h. The reaction mixture was evaporated to dryness
and redissolved in dimethylamine in THF (31.2 mL, 62.42 mmol) at 0 °C. The
reaction was stirred overnight and concentrated under reduced pressure to
dryness to afford crude product. The resulting residue was purified by flash silica
chromatography, elution gradient 0 to 100% (20% MeOH and 1% NH,OH in
DCM)in DCM. Product fractions were concentrated under reduced pressure to
dryness to afford 2, 3-dimethoxy-N, N-dimethylpropan-1-amine (0.343 g, 56.0
%) as a yellow oil. 'H NMR (500 MHz, DMS0-d6) 2.77 (s, 6H), 3.11-3.21 (m,
2H),3.27-3.31(m, 3H), 3.37 (s, 3H), 3.39-3.51 (m, 2H), 3.73 (m, TH). UPLC,
ms detection (ES) ((M + H]+) = 148.9; tR ELSD = 0.23 min.

Lipid Nanoparticles (LNPs) Preparation and Characterization. LNPs were
prepared using the microfluidic setup described in detail elsewhere (36). Briefly,
stocks of lipids were dissolved in ethanol and mixed in the appropriate molar
ratios to obtain a lipid concentration of 12.5 mM (1.85 mg/mL). mRNAwas diluted
in RNAse-free 50 mM citrate buffer pH 3.0 to obtain a mRNA:lipid weight ratio of
10:1 (CIL:nucleotide 3:1 molar ratio). Empty LNPs were also prepared using 50
mM citrate buffer as the aqueous phase. The aqueous and ethanol solutions were
mixed in a 3:1 volume ratio using a microfluidic apparatus NanoAssemblr, from
Precision NanoSystems Inc., at a mixing rate of 12 mL/min. LNPs were dialyzed
overnight against 500 x sample volume using Slide-A-Lyzer™ G2 dialysis cas-
settes from Thermo Scientific with a molecular weight cutoff of 10 K. For 3C-NMR
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measurements, the particles were concentrated after dialysis to approximately
0.3 mg/mL of lipid using Amicon ultracentrifugation filters.

The size of LNPs was determined by dynamic light scattering (DLS) measure-
ments using a Zetasizer Nano ZS from Malvern Instruments Ltd. The encapsulation
and concentration of mRNA were determined using the RiboGreen assay. The
encapsulation in all the samples was typically 90-99%. All the samples were
prepared within a week of use to ensure the chemical stability of the components.

NMR. "*C-NMR experiments were acquired on a 600-MHz Bruker Avance Ill NMR
spectrometer equipped witha QNP ("H, *'P, °C, ™°N) cryoprobe at 37 °C. In order
to obtain an NMR lock signal for the LNP preparations, samples were prepared
using 10% deuterated water. A standard Bruker zgpg30 pulse sequence with
"H decoupling was used with an acquisition time of 0.6 s and a delay of 0.1 s.
Typically, 40,000 pulses were acquired with a sweep width of 33,333 Hz using
32 k data points. The data were processed using zero filling to 64 k and a line
broadening factor of 3 Hz.

All-Atom Molecular Dynamics Simulations. The CHARMM-GUI (37) mem-
brane builder module (38) was used to generate a system of dilinoleylphos-
phatidylcholine (DLiPC) lipids in inverse hexagonal phase. The hexagonal cell
has a length of 20 nm and a radius of 3 nm. Lipids are oriented radially around
a cylindrical region parallel to the z-axis which encloses the aqueous phase. We
chose DLIPC because it has the same lipid tail as DD and MC3 (18 carbon atoms
and double bonds between C9 and C10, and C12 and C13), and subsequently
modified the headgroups of DLIPC to those of DD and MC3. After an initial equi-
libration step, the system is placed in direct contact with two 5-nm-wide bulk
water regions located at the ends of the long axis of the hexagonal cell. The excess
aqueous phase allows water and ions inside the cylindrical region to equilibrate
with the bulk solution, which results in a fully hydrated inverse hexagonal phase.
We built systems of both neutral and fully protonated lipids. Whereas neutral
systems contain only lipids and water molecules, ionized systems additionally
contain chloride counterions, for electroneutrality, and cholesterol in 3:1 lipid-
to-cholesterol molar ratio to enhance the stability of the H, phase. The addition
of excess water and the ionization of the system was carried out using VMD (39)
scripts. CHARMM36 all-atom lipid parameters (40) and the TIP3P water model
(41) were employed. All molecular dynamics simulations were carried out using
NAMD 2.12(24,42,43).Long-distance electrostatic interactions were evaluated
using the particle-mesh-Ewald method (44). A cutoff of 1.2 nm was used for the
nonbonded interactions.The nearest-neighbor list cutoff was set to 1.4 nm. After
an initial energy-minimization of the starting configurations, three equilibration
steps were performed with a timestep of 1 fs and for a total simulation time of
21 ns.The first equilibration step was performed in the NVT ensemble, whereas
the NPTensemble at 1 atm was used for the next two equilibration steps as well as
forthe production runs. In all simulations, the ratio between the lateral (x- and y-)
dimensions was kept constant, and periodic boundary conditions were applied in
three dimensions. The ionized systems were simulated at 298 K for 400 ns since
these systems underwent a phase transition to lamellar state at 310 K, whereas
the inverse hexagonal phase remained stable throughout the simulations at the
lower temperature. The last 300 ns of the trajectories were used for the analyses.
R, and ¢ were estimated by counting the number of water molecules within
the cylindrical water channel, assuming a bulk water density of 1 g/mL. Since the
calculation of theoretical SAXS spectra requires a hexagonal phase spanning the
periodic boundaries along the z-axis, we constructed systems without bulk water
regions based on the densities of molecules and ions calculated for systems where
the H, phase is flanked by water regions. An additional 500-ns simulation was
performed, and configurations sampled every 50 ns were used for calculating
theoretical SAXS spectra.

Coarse-Grained Monte Carlo Simulations. We developed an implicit-solvent
coarse-grained (CG) model for reactive Monte Carlo simulations of the inner core
of LNPs comprising ionizable lipids, mRNA, and NaCl. Our starting point was a
three-bead lipid model which i) spontaneously self-assembles into lipid bilayers,
i) reproduces experimental mechanical properties and iii) captures the dielectric
mismatch between bilayer core and surrounding aqueous medium (45, 46).To
favor the formation of the inverse hexagonal phase over the lamellar phase, we
modified the shape of the CG lipid from cylindrical to conical. The size of the lipid
beads was derived from the geometrical constraints imposed by the structure of
the core of the mRNA-containing LNPs, which was characterized experimentally
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by Yanez Arteta etal. (7) and in silico in the present work (center-center distance
d = 6.2 nm, volume per lipid of ~1 nm® and ~22 lipids per a cross-section of
the H, phase). The radius of the terminal tail bead is set to R;, = 0.43 nm, and
(4V3-21%Rr)

cot(n/22) + 1

WCOS(rij)z{
d/V3-2"/8(Rry +Rpy)

~ 033 nmand Ry, = YT =~ 0.235 nm. These equations are

obtained by considering each lipid to be inscribed in cones lying perpendicular
to the water core with the vertexes at its axis. Each cone has radius R;, = 0.43nm

and height d/\/§ — Ry,. The size of the remaining lipid beads can be derived
from the following system of equations:

the radii of the middle-tail and head beads are derived as Ry, =

R
tang = 12

2 d/\B-R,

1R, = <d/\/§—2R,2—R” )tang,
Rio= (4/V/3= 2R~ 2Ry, ~Ryp Jtan

where @ is the aperture of the cones. Compared to DD, our all-atom simulations
show that MC3 forms a H, phase with larger monolayer thickness and smaller
area per lipid. Therefore, for the CG model of MC3, we used a more pronounced
conical shape than for DD.The conicity is quantified by the critical packing param-

eter CPP = ———— (47), where v is the volume of a truncated cone of height
mXRyp® xh

h =Ry, + 2Ry, + Ry, and with upper and lower radii R,y and Ry, respectively.
To systematically investigate the effect of lipid shape on head-group protonation
state, we scanned the bead sizes and generated ten lipid models with CPP values
between 2.06 and 3.03, while keepingh = 1.32 + 0.01 nm and the sum of the
bead volumes within 0.54 + 0.01nm? (S/ Appendix, Table S1).

Bonded interactions within lipids are modeled via the FENE potential,

1 i\
Weene (1) = = EkFENErzoln [1 - <,_> ]'

where r; is the distance between bead i and j, ke = 120 kI mol ™" nm ™, and
I'o = 3(Rpy + R;)/2 with i = T2 or HD. Lipid molecules are kept in extended
conformation by a harmonic bond between the terminal beads,

1
Ekha/m (rij_req)zl

where Ky,,, = 40 kJ mol™" nm™ and r,, = 3Ry, + 2.5(Rp + Rp,). The NaCl
model consists of oppositely charged beads of radius Ry, = Ry = 0.23 nm and
reproduces experimental activity coefficient derivatives for NaCl electrolyte solutions
of a wide range of salt concentrations. The mRNA molecule is modeled as a chain
of neutral unphosphorylated nucleotide beads of radius Ry, = 0.35 nm, each
connected to negatively charged monophosphate beads of radius R, = 0.23nm.
Al mRNA beads are bound via harmonic bonds with k., = 480 kJ mol~" nm™
whiler,, = 0.5nm between unphosphorylated nucleotide beads and r,, = 0.35
nm between unphosphorylated nucleotide and monophosphate beads. To vali-
date the mRNA model, we performed Monte Carlo simulations of a single chain
of 30 nucleotide beads at different ionic strengths and found good agreement
between radii of gyrations predicted from simulations and the values obtained by
Plumridge etal. from small-angle X-ray scattering experiments (48) (S Appendix,
Fig. S9A).

All particles interact via the Coulomb and the Weeks-Chandler-Andersen
potential

Wharm (rij) =
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€ rUSI

where by is the sum of the radii of beads of type i and j, r, = 2'/¢b;, and
€;=8. 3145 % 7 J mol”’ except for ey,q = 0.01kJ mol™". In the |mpl|ut sol-

vent the self-assembly of the lipids into the H, phase is driven by an effective
long-range attractive interaction between the tail beads,

Cecos | Pl <1 <1+ 17b,, 0,1, <1, +17b,
i 345, |/ SH=H

where e; =83145x T J mol~". Charged beads interact via the Coulomb
potential
q:9;

4n'€0€,r,]

wee (1) =

where g; and g; are the charges of the interacting beads and € is the vacuum
permittivity. The dielectric constant was set to e, = 49 to account for the lower
average dielectric constant exhibited by water nanochannels (29, 30). For compar-
ison, a subset of simulations was also performed usinge, = 74, i.e., the dielectric
constant of bulk water at 310 K (S/ Appendix, Fig. S6) (49).

In the single-chain simulations used to validate the mRNA model, the pres-
ence of saltin solution is instead treated implicitly via the Debye-Hiickel potential

99

_rl///lDl
47r€0€ T

Wpy (r,j)

where g; and g; are the charges of the phosphate beads, e, = 78.5 (49), and

Ap = 4/0.0924 M nm? /¢, is the Debye length for an aqueous solution of NaCl
molar concentration ¢, at 298 K.

The repulsion of a charged bead from the core of the lipid monolayeris approx-
imated by an ion-induced dipole interaction (46),

3
q/ a] R/

o (rl/) 87[€0€,f/./.

where R;and o; are, respectively, the radius and the unitless excess polarizability
of the second lipid tail beads, T2, and €, = 74 is the dielectric constant of water
at310K(49).The value of a; used in this study was determined by matching the
free energy barrier for the translocation of a sodium ion across a DOPC bilayer at
320 K. Via Wang-Landau Monte Carlo simulations of a lipid bilayer consisting
of 150 cylindrical lipids with Ry, = Ry, = 0.45nm R, = 0.4275 nm (46), we
determined thata;, = —18yields a free energy barrierin good agreement with
the reference value of 53 + 4 kJ mol ™" estimated from all-atom simulations by
Pokhrel et al. (50) (S Appendix, Fig. S9B).

The simulation cell is a hexagonal prism of volume 320 nm?* with periodic
boundary conditions. Monte Carlo isochoric moves allow for the aspect ratio of
the simulation cell to fluctuate while keeping the volume constant (46). The RNA
molecule isinitially aligned to the z-axis with its termini are connected through the
periodicimages. Nucleotide and monophosphate beads are confined ina cylindrical
region of radius 1.2 nm parallel to the z-axis using a harmonic potential of force
constant of 10.0 kJ mol ™ nm ™2 The system is simulated at 7 = 310K (and also
at 298 K for empty LNPs) in the semigrand canonical ensemble using the reactive
canonical Monte Carlo method (21), wherein the simulation cell is at equilibrium
witha bulk solution thatacts as a reservoir of lipids, salt, and protons. The concentra-
tions of neutral lipids and NaClfluctuate throughout the simulations via Monte Carlo
insertion/deletion moves, which are associated with the following energy change:

B I <N+v) f)""Hafv"

where kg is the Boltzmann constant, V is the volume of the simulation cell, and N,
is the number of particles of species i in the current state. v; is the stoichiometric
coefficient of species i, which is equal to + Tor —1depending on whether the
species is inserted or deleted. a; is the activity of species i, which is pH-dependent
for both neutral lipids and salt. Assuming an overall activity in the bulk solution
0f 1073 (molar scale) for all lipids, the Henderson-Hasselbalch equation is used
to estimate the activity of the neutral lipids via

https://doi.org/10.1073/pnas.2311700120 9 of 11


http://www.pnas.org/lookup/doi/10.1073/pnas.2311700120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311700120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311700120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311700120%23supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311700120#supplementary-materials

10 of 11

10°°

4 =—
1+ 1071

where pK, is the acidic dissociation constant of the polar headgroup measured
experimentally in the present study for DD and MC3. The activity of sodium
and chloride ions is approximated to the product of the monovalention con-
centrations in the Mcllvain buffer (51) and the experimental activity coefficient
of NaCl aqueous solutions of equivalent concentrations at 298.15 K (52) inter-
polated as described elsewhere (53, 54). Lastly, the charge state of the lipid
head groups can fluctuate by means of (de)protonation Monte Carlo moves,
which are coupled with insertion/deletion of NaCl, to ensure electroneutrality,
and included in the energy change, AU, given in the equation above. All
Monte Carlo simulations were performed using Faunus version 2.4.2 (55).

Modified Poisson-Boltzmann Calculations. We use a modified Poisson-
Boltzmann approach in cylindrical geometry. The radius of the cylinder was set
to the radius of the water core, R, obtained from the CG simulations at each
corresponding pH. The presence of the mRNAmolecule is modeled by smearing
outthe charge of the macromolecule within an inner cylindrical layer of thickness
&= 0.3 nm (Fig. 54). To model the water core, we used a Bjerrum length, I, of
0.7 nm, corresponding to a dielectric constant of 80 and room temperature. We
solved the following differential equation:

dw(r) 1 dylr
dllzl( ) + 7% = —dxlg | = prgua() + Zp,z,exp ( —z(y/(r)) ,
r i

betweenr =0andr =R, and

Ty | 1dvo)
d’r rodr

between r = R, and r = R, + €, where r is the radial distance away from the
center of the cylinder, R,, is the radius of the cylinder, p, the ion density of species
i, ; the valency of ion species i, p,aua the charge density of the mRNA layer, e the
capacitance separation, and y(r) = Be(r)is the reduced form of the electrostatic
potential, ¢. The capacitance separation, ¢, reflects the closest distance between
a lipid headgroup and an ion, which gives rise to an extra electrostatic potential
increase or decrease at the center of the lipid headgroups. We used a fixed value
of e = 0.25 nm throughout our calculations. The density of mRNA was defined as

=0:

-1
SR, 52

NS N|°’L| -
L (R,+€) 2(R,+e)
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