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In this work we employed fully atomistic molecular dynamics simulations, aiming towards a better
understanding of the mechanisms associated with the formation and the stability of lipid-based RNA
nanoassemblies, in an aqueous environment. We examined two groups of lipid-based complexation
agents, differing in the degree of hydrophobicity and in the overall charge. The first group was
comprised of cationic ionizable agents while the second included electrically neutral amphoteric
phosphatidylcholine lipids. It was found that the overall charge of the complexation agents played the
most decisive role in the energetics of the lipid/RNA association, while their degree of hydrophobicity
affected their self-assembly and their complexation kinetics. The latter also affected the structural
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stability of the formed complexes since the water entrapped within the clusters of the less hydrophobic
agents appeared to reduce the coherence of the lipid—RNA nanoassemblies. The combined effects of
the aforementioned attributes dictated also the RNA conformation after complexation. The results from
the present study provide thus new insight towards controlling the morphology, the energetic stability
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1. Introduction

During the worldwide pandemic situation a new class of
vaccine products emerged, based on mRNA strands encapsu-
lated in lipid nanoparticles (LNPs)." The design of mRNA-based
vaccines is flexible and fast, especially when lipid nanoparticles
are used as protective agents.” The structure and morphology of
LNPs play a critical role in their chemical stability as well as in
the stability of their complexes with mRNA.?> The composition
of an mRNA-LNP complex is also of fundamental importance.
Despite the remarkable progress that has been made in this
direction, a detailed exploration of the characteristics of
mMRNA-LNP complexes and their influence on their efficiency
is still under investigation. Contradictory findings concerning
the optimal composition of the mRNA-LNP shell*” indicate
the possibility of multiple types of mRNA-LNP structures that
should be considered. The observed discrepancies can be
attributed to the structure of the lipids used and to the nature
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and the structural integrity of the formed complexes.

of their interactions with mRNA. Various unresolved issues still
remain, concerning their storage stability® or the location of
RNA within the lipid nanoparticle. Experimental evidence
indicates that the nucleotide sequence plays also an important
role in this arrangement, suggesting mRNA to be placed at the
core of the LNP, whereas siRNA at its surface.® However, various
studies have demonstrated that mRNA can be exposed to an
aqueous environment even when it is encapsulated within
LNPs, because water molecules can be present within the
formed vesicles.**™*" Furthermore, interest has been expressed
also for short RNA fragments (i.e. 20-30 bases), which are
believed to be able to help in both up and down regulation of
transcription and translation.">** The target is to utilize them
for the development of promising new anticancer micro-RNA
(miRNA) drugs."

Several categories of lipid nanoparticles, such as solid lipid
nanoparticles, nanostructured lipid carriers, nucleic acid com-
plexes with permanently charged cationic lipids and lipid-like
materials (lipidoids), used in formulations for the stabilization
of mRNA and its safe delivery into the target cells, has been des-
cribed in recent review articles.'®>> Among them, pH-responsive
ionizable cationic lipids, for which the surface charge can be
modulated in a controllable manner, promote both the efficient
binding with oppositely charged RNA strands and the internaliza-
tion of the LNPs by the target cells.”* > In formulations based on
these ionizable lipids, several other components, such as helper
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phospholipids, cholesterol and polyethylene glycol (PEG)-lipids
are usually present, affecting the physicochemical milieu relevant
to the lipid-RNA complexation. Apart from optimizing the relative
proportions of these components,'**° improvement of the overall
efficiency of the complexation and the delivery process can also be
promoted by appropriate modification of the structural character-
istics of the ionizable lipids. Subtle changes to their acid-
dissociation constants (pKa) and/or to their chemical structure
were found to profoundly impact the overall delivery properties of
the LNPS.17,25,30732

Another typical class of lipid molecules involved in the
fabrication of LNPs for nucleic-acid delivery is the phosphati-
dylcholines (PCs), which includes saturated and symmetric
phospholipids with a similar molecular structure of the hydro-
philic part but different alkyl chain lengths.>>**** Phosphati-
dylcholine molecules are generally the most abundant lipids in
animal cell membranes, providing structural stability. These
lipids have been used in the very first attempts for nucleic-acid
delivery formulations.**”*® Two of the most common such lipid
membranes are those formed by the 1,2-dilauroyl-sn-glycero-3-
phosphocholine (DLPC) lipid, which has 12 carbon atoms and
the dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) lipid with
16 carbon atoms in their alkyl chains. These molecules are
amphoteric, bearing two charged groups of different sizes. The
anionic part involves phosphates and the cationic part is
located on the ammonium group.®”

Experimental studies examining the affinity of such lipids
with RNA showed that the interaction involved in the associa-
tion is rather weak, and cannot be explained by considering
only electrostatic forces.®® Comparison of the adsorption of
single- and double-stranded nucleic acids onto lipid-based
zwitterionic membranes and cationic surfactant monolayers
highlighted the role of hydrophobic interactions between the
exposed hydrophobic bases of RNA and the hydrocarbon parts
of the phospholipids.** Characteristics of the RNA fragment
(single, or double stranded, short or longer sequences) were
also found to affect the adsorption behavior onto such mono-
layers. In the case of single stranded short RNA sequences
interacting with zwitterionic phospholipids, it was demon-
strated that the presence of RNA resulted in fractal-like inter-
connecting domains.>*

From these and several other studies, it has been
made clear that a rational approach for the design of lipid-
based nanocarriers for gene therapy applications requires a
fundamental understanding of the physicochemical processes
relevant to the association of these molecules with the nucleic
acid sequences. To this end, computer simulations may offer a
detailed description of the structural and conformational char-
acteristics as well as the thermodynamic stability of such lipid/
nucleic acid complexes, shedding light to the mechanisms
involved in the complexation process. All-atom MD
simulations,**** coarse-grained models***® as well as multi-
scale approaches’® have been utilized for the study of the
structure and the function of lipid-based carriers used for
RNA delivery. However, the complexity and the size of these
models present difficulties towards a comprehensive

25,28,39-41
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description of long nucleic acid sequences in the all-atom
representation. For that reason, only a limited number of such
studies have been attempted so far.

In the present work, all-atom molecular dynamics simula-
tions have been utilized for the detailed investigation of the
self-assembly and the efficacy of lipid-based molecules (i.e., the
complexation agents) in forming stable complexes with RNA,
are examined in detail. Ionizable lipids, similar to those
examined in the present study for the construction of LNPs
which successfully delivered the mRNA cargo and led to the
expression of the targeted antibody, have been used in a recent
experimental study.*' We focus on the role of characteristics
such as the charge they bear (polar but overall neutral, or
permanently charged) and their degree of hydrophobicity
(smaller or larger hydrophobic parts). Our main goal is a
detailed investigation on the role of these characteristics in
the structural, conformational and thermodynamic stability of
the formed clusters and of their complexes with RNA. We also
perform kinetic studies for the determination of the timescales
relevant to the complexation process.

Our findings indicate that the structural and the thermo-
dynamic stability of the complexes formed in an aqueous
environment, as well as key morphological features of the
nanoassemblies, such as the average size, the conformation
of the RNA sequence after complexation and its location with
respect to the surface of the complex, can be controlled by the
overall charge of the lipid-based agents, and by their degree of
hydrophobicity.

2. Systems and simulation details

2.1. Description of the systems

We have examined two different groups of lipids or lipid-
derived mRNA complexation agents. The agents of the first
group bear a cationic diketopiperazine core, with varying end-
groups (i.e., X1, X2, X3, X4), as described in Fig. 1a. The second
group is comprised of two amphoteric phosphatidylcholine
lipids differing in the size of the aliphatic part, DPPC
(C40HgoNOgP) and DLPC (C;,He,NOgP), as depicted in Fig. 1b
and c respectively. In the first group, one complexation agent
bears four methyl end groups, i.e., X1, X2, X3, X4 in Fig. 1a are
methyls (it will be referred to as DM henceforth), a second
agent bears two methyl end-groups, i.e., X1 and X3 in Fig. 1a
and two linoleic ethyl ester end-groups (with 17 carbon atoms),
i.e., X2 and X4 in Fig. 1a (it will be referred to as DML*’ from
now on), and the third member bears four linoleic ethyl ester
end-groups (with 17 carbon atoms), i.e., X1, X2, X3 and X4 in
Fig. 1a, and will be referred to as OfDegLin, as was reported in
ref. 39 All systems contain a single mRNA nucleotide sequence
comprised of 30 nucleotides, which is part of an mRNA
sequence of 642 nucleotides that is based on the fragment of
the Herceptin antibody (light chain),*®*° (see ESIf). Such short
RNA sequences have been considered for more than a decade in
nucleic-acid-based therapeutics.™ It should be noted here that
the short mRNA fragment simulated in the present study,

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Chemical structures of all complexation agents examined in the present study. (a) Diketopiperazine-core agents. X1, X2, X3 and X4 are different
end-groups characterizing these agents (see text). (b) DPPC lipid (c) DLPC lipid.

exhibits similar physicochemical behavior with a much longer
RNA sequence, as far as it concerns the mechanisms of com-
plexation with DML, at timescales of the order of 100 ns.*
On these grounds, it appears that examination of the interac-
tions between the short mRNA fragment and the complexation
agents is able to capture the main characteristics of their
associative behavior, while providing a computationally afford-
able route for a comparative study involving several of such
molecules.

In the systems containing molecules of the first group (DM,
DML and OfDegLin), three kinds of molecules, in terms of the
protonation state of the two ionizable nitrogens, were consi-
dered in each one of them: electrically neutral (denoted as
Lipids0), single protonated (denoted as Lipids1) and double
protonated (denoted as Lipids2). This setup is based on the
protonation state of diketopiperazine core at neutral pH con-
ditions. An estimation of the pKa of the ionizable nitrogen
atoms in these agents, renders a value close to 7, based on
calculations performed using the OPERA suite’®” and the
Marvin module from ChemAxon.’* This value corresponds
to a degree of ionization®® close to 0.5 for each ionizable
nitrogen atom, hence the three states of ionization of the
diketopiperazine-based molecules. In the systems containing
the molecules of the first group, the negative charge of the
mRNA nucleotides is counterbalanced by the positive charge
of the protonated agents. In the systems comprised of the
electrically neutral DPPC and DLPC lipids, an appropriate
amount of sodium counterions were added to maintain the
overall electrical neutrality. Details regarding the composition
of the examined systems are provided in Table 1. The weight

Table 1 Description of the simulated systems

mRNA (30 nucleotides)
# # #

#t Water Water # Na #

System Lipids0 Lipidsl Lipids2 molec. (wt%) ions Atoms
DM 29 5 12 51637 96.1 — 160047
DML 29 5 12 54387 94.5 — 172345
OfDegLin 29 5 12 104204 96.0 — 325844
DPPC 45 — — 55256 95.8 29 172614
DLPC 45 — — 55500 96.3 29 172266

This journal is © The Royal Society of Chemistry 2022

percentage of water is kept between 92-96% in all systems.
At such levels of water content, it is expected that the timescales
associated with the self-assembly of the lipid-based agents, as
well as with their complexation with RNA, is essentially related
to the behavior corresponding to a high dilution limit. At
different conditions (e.g., at lower water content, different
pH, very high ionic strength), these timescales may vary signifi-
cantly compared to those discussed in the present study and
different equilibration/simulation protocols might be more
appropriate than those presented here.

2.2. Simulation details

All-atom Molecular Dynamics simulations of aqueous solutions
of lipid molecules and one mRNA chain were performed using
the GROMACS package.’® All components (i.e., both mRNA®®
and the complexation agents®**’) were modeled through the
CHARMM36°%° all atom force field.®® The SPC/E explicit
solvent model®"®> was used. The particle-mesh Ewald (PME)
algorithm with cutoff distance of 1 nm was used for the
evaluation of the electrostatic interactions, whereas non-
bonded interactions were parameterized through a spherically
truncated 6-12 Lennard-Jones potential, with cutoff distance of
1 nm and standard Lorentz-Berthelot mixing rules. We adopted
the SPC/E model for water, using a VDW cutoff of 1 nm and
PME-based electrostatics, on accounts of a previous study,63
where it was shown that this combination rendered reliable
results for systems interacting with Lennard-Jones pairwise
potentials. This rigid-water model is known to provide transport
and dielectric properties of water much closer to experimental
findings compared to those of the water model which was origin-
ally optimized with the CHARMM potential (ie. the TIP3P).5*
Similar SPC-based water models combined with the CHARMM
forcefield were found to provide comparable static/structural pro-
perties with the TIP3P/CHARMM combination (in agreement with
our own tests), while improving significantly in the description of
dynamic and dielectric properties.®” %

The charge distribution of the diketopiperazine-based and
the phospholipid molecules was assigned by the Gasteiger
method.”® This method allows for the assignment of partial
charges without dependence on the molecular conformation,”*
while it has also been used for charge assignment of lipids and

Soft Matter, 2022,18, 6229-6245 | 6231
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ligands in combination with the use of the CHARMM and the
AMBER forcefields families, for their binding hosts.”>”* The
time step for the integration of the equations of motion was 1 fs.
Simulation runs were executed in the NPT statistical ensemble
keeping constant pressure of 1 atm, using the Berendsen
barostat,”* and constant temperature at 300 K using velocity
rescaling thermostat.”” The simulation box size ranged between
11.60 and 11.97 nm. The initial geometry of the mRNA
sequence was based on a Monte Carlo procedure’® (selected
as the minimum energy configuration among 10 000 generated),
whereas the molecules used as complexation agents were uni-
formly distributed in the simulation box (see Fig. S1 in the ESIT).
This starting configuration was preferred against the condensed
monolayer or double-layer arrangement of the lipids, on one hand
because both of the examined phospholipids were found to form
micelle-like aggregates in water and in the absence of RNA under
the examined conditions, and on the other hand to facilitate the
comparison with the behavior of the diketopiperazine-core mole-
cules which do not form layered phases.”””” Although amphi-
philes with two hydrocarbon chains per head group are expected
to form extended bilayers’® or vesicles’ rather than spherical or
ellipsoidal micelles in an aquatic environment, micellization is
the first stage involved in the relevant self-assembly kinetics.*>*"
In order for the association process to develop towards the
formation of these morphologies, a much larger number of lipids
than the one used here, would be required. Solvation in water
followed by energy minimization in order to produce the initial
configuration of the examined systems. Short equilibration runs
of ~30 ns were also performed prior to production runs, which
extended to about 200 ns. The length of the trajectory after the
systems have reached a steady state (i.e., after all kinetics related
to the self-assembly of the lipids and their complexation with RNA
have been completed), sufficed for a complete relaxation of the
autocorrelation functions of the end-to-end distance of the RNA
chain and of the radius of gyration of the complexation agents
(see Fig. S2 in the ESIY).

Energetic calculations related to the estimation of the
enthalpy of association were performed using the Molecular
Mechanics/Poisson Boltzmann Surface Area method (MM/
PBSA) method, as implemented in the g mmpbsa GROMACS
utility tool,®* which uses the APBS solver®® for computing the
polar part of the solvation free-energy. The parameters used
were based on recent relevant works.***> Namely, the dielectric
constants of the solute and solvent were set to 2 and 80
respectively. The surface tension parameter for the surface area
calculations was set to 0.0226778 k] mol™* A~2, the offset to
3.84928 k] mol ™" and the solvent probe radius to 1.4 A. The
entropic contributions were estimated through an in-home
script, based on the procedure described by Duan et al.®®

3. Results

3.1 Structural properties

Elucidation of the structural organization of the mole-
cules involved, is highly desired for a rational design of
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nanoparticle-based vehicles for nucleic-acid therapeutics.®”
Therefore, the present section provides information regarding
the morphology of the self-assembled structures (formed either
by the complexation agents, or by the complexation agents and
RNA). To this end, we have examined the relative spatial
arrangement of the complexation agents and their location
with respect to mRNA. In addition, we have explored important
morphological characteristics of the formed clusters, such as
their average size and composition, as well as their charge
distribution profiles.

All the results concerning static/structural properties, origi-
nate from the analysis of the part of the trajectory in which the
systems have reached a steady conformational state, as it will
be further discussed in Section 3.3.

a. Relative arrangement of the complexation agents. The
complexation agents examined, tend to self-assemble in an
aqueous environment, while they are also expected to associate
with single-stranded mRNA fragments.***”%%5% The competi-
tion between these two trends (i.e., self-assembly and mRNA-
lipid association) should essentially drive their equilibrium
spatial arrangement.

The self-arrangement of the complexation agents as well as
their association with mRNA can be examined through the
calculation of pair radial distribution functions (rdf). The pair
radial distribution function is proportional to the conditional
probability to find particles at a specific distance () from one to
another.”® Since mRNA chain is rather elongated, rdfs have
been calculated between the centers of mass of the nucleotides
and the centers of mass of the respective lipid molecules and
then averaged.

Fig. 2a shows rdfs between the complexation agents in each
system (note that all diketopiperazine-core molecules were
included in this analysis, irrespective of their charge). Spectral
characteristics such as the peak location, its sharpness, its
intensity as well as the width of each curve, denote structural
attributes associated with the relative arrangement of the
molecules and the extent of spatial correlations between them
(for molecules that tend to self-assemble as the ones examined
here, the sharper the peak and the narrower the distribution of
the particle separations, the lower the spatial extent of the self-
assembled structures). Amongst all the molecules, the highest
peak is exhibited by DM, at a characteristic distance of
about 1 nm. The curves describing the two phospholipids are
immediately lower in intensity, with a most probable distance
somewhat shorter than 1 nm. The other two ionizable lipids
(i.e., DML and OfDegLin) show peaks with lower intensities and
wider distributions. This order reflects the self-assembly pro-
pensity of the molecules, which depends on various factors,
such as their average size, their structural details, their degree
of hydrophobicity and their protonation state. In particular, the
width of the peaks (being wider for DML and OfDegLin),
already provides useful information regarding the spatial extent
of the aggregates formed.

The corresponding rdfs between lipids and mRNA are
presented in Fig. 2b. Visual inspection of the intensity of the
peaks at short separations implies that amongst the examined

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Pair radial distribution function between (a) the centers of mass of
the complexation agents (b) the centers of mass of the mRNA bases and
those of the complexation agents and (c) the phosphorus atoms of the
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inset is a zoomed-in view of the main plot.
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complexation agents, the most favorable interactions are those
between DM molecules and mRNA. The distributions descri-
bing DML and OfDegLin (which bear 2 and 4 linoleic ethyl ester
end-groups respectively) exhibit a low intensity peak at dis-
tances between 1 nm and 1.5 nm, while those of the amphoteric
lipids (DPPC and DLPC) exhibit a rather smooth maximum at
the same range of separations. The higher intensity of the
peaks characterizing the spectra of Fig. 2a when compared to
those in Fig. 2b, indicate more favorable interactions between
the complexation agents than between them and mRNA. The
tendency of these molecules to self-assemble, is consistent with
the formation of clusters, but at the same time the behavior
observed in their rdfs with mRNA, implies complexation between
these molecules and the nucleic acid sequence, as well.

Fig. 2c shows the atomic pair rdfs between the nitrogen
atoms of the complexation agents (N) and the phosphorous
atoms (P) of the RNA bases. It is observed that in the presence
of the hydrophobic tails (ie., for all agents except DM), the
closest separation between the N (lipids) and P (RNA) atoms is
larger compared to that of the DM (see inset), while for larger
separations (i.e., between 1-2.5 nm), the degree of “shielding”
of the nitrogen atoms that do not interact directly with RNA, is
higher for the agents bearing hydrophobic tails, as implied by
the lower amplitude of the respective rdfs.

The rdfs between water molecules and lipids as well as
between water molecules and nucleotides, provide information
regarding the hydrophobicity of both components. The corres-
ponding curves for all systems are presented in Fig. 3a. The
presence of water molecules near either mRNA or lipid mole-
cules is of low probability at short distances (i.e., the rdf curves
attain values considerably lower than 1). All the complexation
agents are found to be more hydrophobic compared to the
nucleotides, which implies that their self-assembly precedes
their complexation with mRNA. Since rdfs are calculated on the
part of the trajectory where the association between mRNA
and lipid has already been completed, differences among the
various mRNA-water curves are most probably a result of the
structural differences between the formed complexes, which
allow a different degree of exposure of mRNA to the aqueous
environment. Fig. 3b compares the rdfs between the complexa-
tion agents and water molecules. From the group of the
cationic agents, DML and OfDegLin appear as more hydropho-
bic compared to the phospholipids; this should essentially be
ascribed to the presence of the hydrophobic linoleic arms. The
absence of these end-groups in DM, leads to a rather similar
behavior with that observed in DLPC and DPPC.

Characteristic snapshots for the examined systems are
presented in Fig. 4a-e, providing a visual impression of the
preferable arrangement of the different molecules at stabilized
conditions (i.e., any kinetics of self-assembly of the lipids and/
or their complexation with mRNA has already been completed).
In all cases, clusters of the complexation agents have been
formed. The morphological features of the clusters and the
manner that mRNA is complexed with these clusters differ
depending on the nature of the complexation agent. A single,
almost spherical cluster is formed by the ionizable molecules

Soft Matter, 2022, 18, 6229-6245 | 6233
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Fig. 3 Pair radial distribution function between the centers of mass of (a)
lipids and water molecules and between mRNA nucleotides and water
molecules and (b) between the centers of mass of the lipids and the water
molecules.

which bear linoleic ethyl ester end-groups, i.e., OfDegLin and
DML and, (Fig. 3a and b). mRNA appears to be wrapped around
this cluster. In the DM-based system, the mRNA sequence is
interdigitated among the formed aggregate (note that for the
purposes of the analysis that will follow, this aggregate will be
considered as a single cluster). In the systems comprised of the
amphoteric phospholipid molecules, rather asymmetric and
smaller in size clusters are formed, with the mRNA chain being
partially complexed with them. This clustering/complexation
behavior emerging from the snapshots corroborates the quali-
tative picture as described in Fig. 2 and 3 earlier.

To better characterize the different self-assembled lipid
structures and to gain more information regarding their com-
plexation propensity with mRNA, we can quantify pertinent
morphological features of the formed clusters and elaborate more
on the energetics of the association with mRNA and on the driving
forces which lead to the observed associative behavior.
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b. Morphological features of the formed clusters. The
number of complexation agents which constitute a cluster,
was used as a guide to monitor both the approach to a
morphologically stabilized state and the expected average clus-
ter size when this state is reached. For this purpose, the
GROMACS utility g_clustsize®*®" was employed to calculate
the average cluster size and a histogram of cluster sizes using
appropriate parts of the simulation trajectory file. Monitoring
of the clustering process was based on the single linkage
algorithm.”” In the beginning of this process, each molecule
constitutes a cluster of its own. New neighboring molecules are
then added to a cluster if the minimum distance between the
existing cluster and the molecules (the distance of closest
approach) is smaller than the distance of the first maximum
in the corresponding pair radial distribution function, between
the centers of mass of the complexation agents (see Fig. 2a).
The clusters are then sequentially combined into larger clus-
ters, based on the same criterium.

Following this method, clusters of lipids are classified
according to their size, in terms of the number of lipids (s)
that they contain. A histogram of the number of the formed
clusters as a function of the percentage of the lipid molecules
involved in their formation is presented in Fig. 5. Values equal
to 1 in the x-axis indicate the formation of a single cluster from
all molecules. This is on average the case for the ionizable
molecules, DM, DML and OfDegLin. Some off-cluster mole-
cules can occasionally be recorded in the DML case, which
indicates instances of a dynamic attaching/detaching of lipids
to the formed clusters (at least to the degree that the cluster-
detection algorithm used, can identify these cases as different
clusters). For DPPC and DLPC there is a wider distribution of
cluster sizes (including also the single cluster case, mostly for
the DPPC lipid). The smallest aggregates contain 4 and 8
molecules for the DPPC and DLPC lipids respectively, while
isolated molecules are not detected in the examined part of the
trajectory.

Furthermore, an estimation of the dimensions of a cluster,
can be performed by calculating the average radius of gyration

1

z (ri - Rc)z
(Ry), defined by: (Ry) = <T

>, where r; is the

position of the iy, atom belonging to a molecule within the
cluster, R is the position of the geometric center of the cluster
and N is the total number of atoms within the cluster. This
calculation has been performed for the larger in size cluster.
These results, together with the radii of gyration of the indivi-
dual molecules and the end-to-end distance of mRNA are
presented in Table 2.

The size of the largest clusters in the diketopiperazine-based
agents (i.e. DM, DML and OfDegLin,) which assume approxi-
mately a spherical geometry, is rather similar, ranging between
2.1 and 2.5 nm. The average size of the largest DLPC and DPPC
formed clusters, although it appears to be comparable to that
formed by the ionizable agents, it has been calculated with a
larger uncertainty due to the larger deviation of its shape from
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Fig. 4 Clusters of (a) OfDeglin, (b) DML; (c) DM; (d) DPPC; (e) DLPC molecules complexed with the oligonucleotide mRNA. Water molecules are
omitted for clarity. In (a)—(c), LipidsO are represented as gray, Lipidsl in iceblue and Lipids2 in silver. In (d) and (e), lipid atoms are represented in gray.
Atoms with different than the aforementioned colors, represent the mRNA bases.

the spherical geometry. Nevertheless, their average size and
their aggregation number is consistent with previous estimations
based on experimental data® and theoretical predictions.®*

Examination of the degree of orientation between the com-
plexation agents within the formed clusters (see Fig. S3 in the
ESIT), showed that there is no long range order (e.g., a parallel
arrangement) between them. The somewhat increased mRNA
end-to-end distances, as implied by the average values, in the
presence of the amphoteric molecules, could be correlated to
the weaker interactions between these lipids and mRNA. In all
systems, the average dimensions of the RNA fragment are
found to be smaller by about 20% compared to its dimensions
in a water/RNA system without the presence of the lipids
(see Fig. S4 in the ESIt).

Further characterization of the formed clusters can be
provided by additional analysis which involves the charge
distribution with respect to the geometric center of the cluster.
Charge profiles, calculated for single clusters, are presented in
Fig. 6 for all systems. Differences can be noted between the two
classes of lipids (phospholipids and ionizable molecules) with

This journal is © The Royal Society of Chemistry 2022

respect to the distribution of their charge. Phospholipids are
overall electrically neutral, thus small fluctuations in charge
values are present throughout the cluster. Of interest is the case
of the cationic lipids, where it appears that the presence
(or absence) of the hydrophobic end groups affects the overall
charge distribution. For the DML and the OfDeglin cases, the
excess charge is located close to the cluster’s periphery. This is
not however the case for the DM agents. For the DM cluster,
the distribution is broader and with more intense variations,
consistent with a looser (and thus more deformable) structure.
Examination of the partial charge profiles arising from the
different types of lipids (i.e., those bearing different charge), as
shown in Fig. S5 in the ESL,{ reveals that in the case of the DM
molecules, the doubly charged agents (denoted as Lipid2) are
located closer to the center of the cluster. These variations in
the charge profiles, appear to correlate strongly with the loca-
tion of the mRNA chain with respect to the clusters geometric
center (see Fig. 4). In the case of the OfDeglin and DML agents,
where RNA is wrapped around the clusters exterior, the excess
charge is preferably located close to the cluster’s surface. In the

Soft Matter, 2022, 18, 6229-6245 | 6235
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Fig. 5

(a) Average number of clusters, n(s) formed by the complexation agents, as a function of the percentage (s/si) of the molecules each one

contains, where sy is the total number of lipid molecules in the system. (b) A zoomed-in part of the histogram in the y-axis. (c) A zoomed-in part of the
histogram in the x-axis. This analysis was performed at the part of the trajectory where the self-assembly of the lipid-based agents and their association

with RNA, had been completed.

Table 2 Radii of gyration of the complexation agents (distinguished according to their protonation state) and of the corresponding larger in size clusters,
and the end-to-end distance (R..) of the mRNA sequence in all systems (averaged over the last 50 ns of the trajectory)

R
, (nm) RNA R, (nm)
System Lipids0 Lipids1 Lipids2 Cluster
DM 0.58 £ 0.01 0.61 + 0.01 0.68 + 0.01 2.51 + 0.12 6.23 + 0.40
DML 0.82 £ 0.02 0.79 £ 0.02 0.84 £ 0.01 2.10 £ 0.07 6.56 £ 0.43
OfDegLin 0.97 £ 0.03 0.88 £+ 0.04 0.87 + 0.02 2.39 £ 0.16 6.95 £ 0.41
DPPC 0.74 £ 0.01 — — 2.55 + 0.20 7.18 + 0.76
DLPC 0.63 £ 0.01 — — 3.18 £ 0.30 7.78 £ 0.48
3.5 . : . . of RNA. This behavior emphasizes the role of the electrostatic
I —— DM 1 interactions in the lipid-RNA association.
3.0 i - DML ] c. Packing of the molecules within the clusters. Apart from
25k OfDegLin - the morphqlog{cal features.of the formed clusters.and their
- : charge distribution, another important parameter which charac-
. terizes their structure, is the packing of the molecules within the
- DLPC : . S
151 ) clusters. Those clusters possessing a more compact interior,
S ] would behave very differently from those with a loose internal
1.0F B structure or with a large fraction of unevenly distributed internal
I 1 voids (i.e. in terms of their deformability and generally their
0.5 _ j response to hydrodynamic stresses during transport).
0.0 === ,.Q_./’,\,. vy 27. Vo -\ _,,(ry.-.,_.y,.s Y The packing of molecules that form a cluster is explored
- . through the calculation of the respective density profiles. Mass
-0.5F b density profiles of clusters, for configurations where a single
1 1 1 1 1

0 1 2 3 4 5 6
r(nm)

Fig. 6 Radial charge profiles of the lipid clusters as a function of the
distance from the geometric center of the corresponding aggregate. The
charge is expressed in electron charge units.

case of DM, where RNA is practically interdigitated within the
cluster, the excess charge is distributed in a manner which
favors a closer interaction with the oppositely charged groups

6236 | Soft Matter, 2022,18, 6229-6245

cluster is formed from the lipid molecules, are presented in
Fig. 7. Both diketopiperazine-based ionizable lipids bearing
the linoleic ethyl ester end-groups (i.e., DML and OfDegLin),
form clusters with an almost uniform profile throughout
their volume, indicating a rather compact interior. In the third
molecule of the same group, DM, the density is very low close to
the center of mass of the cluster, while the overall density is
lower compared to that of the DLM and the OfDegLin analo-
gues. This observation is consistent with the fact that mRNA
appears to be incorporated within the formed cluster (see
Fig. 3a and 4c), affecting thus the density profile of the DM

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Mass density profiles of clusters formed by the complexation
agents (single cluster formation) in the examined systems. Distance 0
corresponds to the geometric center of the cluster.

molecules. The rest of the density profile shows a peak followed
by a gradual drop towards the periphery of the cluster. This
profile indicates a rather loose internal structure for the DM
clusters. For the phosphatidylcholine lipids, dense-core and
loose-periphery density profiles are observed, at the instances
where they form a large cluster (it should be noted that since
such instances are not frequent, statistics in these systems is
rather poor). A comparison of the density profile of RNA with
that of the respective complexed agent in each system, is shown
in Fig. S6 in the ESL. In line also with the snapshots shown in
Fig. 4, RNA appears to be located preferably at the exterior of
the cluster in the more hydrophobic DML and OfDeglin lipids,
while its density profile overlaps to a large extent with that of
the DM, the DPPC and the DLPC lipids.

Examination of the partial density profiles of the ionizable
agents with respect to the charge they bear (Fig. S7 in the ESIY),
shows that the mass density of the electrically neutral lipids
(Lipids0) of the DML and the OfdegLin agents, peaks close to
the geometric center of the cluster while for lipids bearing an
excess charge (Lipids1l and Lipids2) peaks closer to the clusters
periphery. For the DM agent, there is a lower density at the cluster’s
geometric center, which should be attributed to the location of the
RNA fragment with respect to the this center (see Fig. 4c).

In all cases, the mass distribution of the agents bearing
different charge, is closely correlated with the location of RNA
with respect to the geometric center of the respective cluster.
In addition, for those lipids bearing long hydrophobic parts
(i.e., for all but the DM complexation agents), the density
distribution of these tails was found to depend on whether
the lipids are ionized (i.e. DML, OfDeglin) or electrically neutral
(i.e., DLPC and DPPC), as shown in Fig. S8 in the ESIL.{ Namely,
these tails were found to be preferably located close to the
cluster’s geometric center for the zwitterionic lipids, whereas
for the ionizable complexation agents, their mass is almost
uniformly distributed within the cluster’s volume.

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Water density as a function of the distance from the geometric
center of the maximum in size cluster formed.

d. Degree of water penetration inside the clusters. An open
question concerning the composition of the lipid-based
nanoclusters, is whether water molecules are trapped in their
interior.*'®?*> Water inclusion may increase the degree of the
interaction of the nucleotides with the clusters, while at the
same time it may also affect their compactness. The density
profiles of water atoms as a function of the distance from the
geometric center of the cluster, for single cluster configurations,
is presented in Fig. 8. Evidently, no water penetration close to the
cluster’s center can be detected in clusters formed by DML and
OfDegLin. Presence of water molecules is only detected at
distances longer than 2.0 nm and 2.5 nm respectively, from
the geometric center of the cluster (ie., further than their
external boundaries (see Table 2)). A gradual increase of water
content is observed when moving outwards from the center
beyond the aforementioned distances. This increase initiates at
a distance closer to the cluster’s geometric center in the DML
case compared to that observed in the cluster formed by
OfDegLin, indicating a less penetrable exterior shell for the
latter. The interior of the cluster formed by the DM molecules
is penetrated by water molecules, with several of them being
detected even at distances of about 0.3 nm from its center.
In addition, the density of water grows significantly when moving
away from the geometric center of the cluster, due to its looser
structure. The presence of a significant amount of water in the DM
cluster, promotes the interaction with mRNA, resulting in a
configuration where mRNA is practically incorporated within the
cluster, as was demonstrated in Fig. 4c. A similar behavior is found
for the DPPC and DLPC clusters, with water molecules penetrating
close to their centers (ie., at ~0.35-0.4 nm).

3.2 Quantification of the interactions between the
complexation agents and mRNA

In this section, we provide information regarding the relative
contribution of the different kinds of interactions in the lipids/
RNA association phenomena.
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a. Association free energies. A more quantitative approach
concerning the mRNA-lipid complexation can be provided by
the estimation of the respective free energy of association.
Naturally, the energetics related to the interactions among
them, play a crucial role in this association process. Estimation
of the binding free energy can be realized through various
computational approaches.®°°'®" Here we resort to the
MM/PBSA approach,’®'%? in conjunction with the interaction
entropy method,?»'°® for the calculation of the enthalpic and
the entropic contributions, respectively. All the MD simulation
data used for energetic calculations, were collected from the
last 50 ns of the trajectory, within which the systems are in a
stabilized state.

Fig. 9 maps the variation of the enthalpic part (AH) of the
association free energy between mRNA and the complexation
agents, as a function of time. The lowest energy indicates the
energetically most stable association (i.e., stronger attraction).
Comparing the behavior of the two groups of the complexation
agents, it appears that those based on the ionizable diketo-
piperazine core associate more favorably with mRNA than those
based on the amphoteric phospholipids. Among the former,
larger fluctuations are observed in the system with the four
mehtyl end-groups (DM), indicating a conformationally more
volatile structure of the formed complex (since such a structure
would involve frequent changes regarding the distance between
the mRNA bases and the DM atoms). Combining the informa-
tion regarding the average value of the association enthalpy and
the degree of its fluctuation with time, it appears that DML
molecules form the more stable complexes with mRNA.

To further elaborate on the origin of the enthalpic affinity
between the complexation agents and mRNA, we examined
separately the different energetic components involved. These
are presented in Table 3, together with the estimated entropic
contributions in the association free energy. A cursory glance in
the values listed, shows that the entropic part increases the free
energy of association (due to the loss of configurational entropy
of the molecules upon association), but its contribution is
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Fig. 9 Temporal variation of the association enthalpy per lipid molecule,
between the complexation agents and mRNA.
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rather small compared to the enthalpic part. In the latter, both,
van der Waals and electrostatic interactions act favorably
towards the association, but the higher contribution arises
from the electrostatic part. Furthermore, the ionizable mole-
cules of the first group (i.e., DM, DML and OfDegLin), exhibit
considerably higher energetic affinity with mRNA, when com-
pared to the amphoteric phosphatidylcholine lipids (i.e., DPPC
and DLPC). Given the key role of the electrostatic interactions
in the association, it appears that the overall electrical neutral-
ity of the DPPC and DLPC lipids (and thus the weak electro-
static interactions with mRNA) diminishes the energetic affinity
between the latter and the charged mRNA sequence. Between
the diketopiperazine-core molecules, DM and DML show simi-
lar (within the error margins), but higher binding affinities
compared to the fully capped with ethyl ester linoleic end
groups, OfDegLin lipids. The observed difference arises mainly
from the contribution of the electrostatic interactions. Given
that on average all of the diketopiperazine-core molecules
bear essentially the same effective charge, it follows that the
presence of a larger number of the linoleic end-groups (prob-
ably via steric interactions which affect the ability of opposite
charges to approach at shorter distances) lead to less favorable
electrostatic interactions with mRNA.

b. The role of hydrogen bonding. Apart from the energetics
of the association between mRNA and the complexation agents,
another parameter that is known to affect the residence time of
a ligand (being ionizable or not) near a nucleic acid fragment, is
hydrogen bonding.'**"'°® It is also associated with the tendency
of the ligands (here the complexation agents) to form clusters.*’
To obtain information regarding the formation of hydrogen
bonds either between the complexation agents, or between the
latter and mRNA, we have performed a hydrogen bonding
analysis following characteristic geometric criteria: (1) the
distance r between a hydrogen donor and an acceptor,
1(D---A) < 3.5 A, and (2) the angle HDA < 30°, where A and
D represent an acceptor and a donor respectively, bonded to a
hydrogen (H) atom. The so-calculated number of hydrogen
bonds was normalized with the total number of complexation
agents in each system and presented in Table 4. Values are
statistical time averages over the last 50 ns of the trajectory,
within which the systems were at a stabilized state.

For the phosphatidycholine lipids at a non-layer (i.e., not in
a monolayer or bilayer) phase, as it is in our case, hydrogen
bonding between the lipids is very scarce. The lower degree
of lipid-lipid hydrogen bonding, combined with their lower
hydrophobicity (Fig. 3b) which favors a larger degree of water
interpenetration, contributes to the formation of less stable
clusters. Practically, this is also the case for the fully-capped
with linoleic end-groups, OfDegLin molecule, where the
detected number of hydrogen bonds between the lipids, lies
marginally above the statistical error. A differentiation, however,
is observed in the propensity for hydrogen bonding between the
two remaining ionizable agents, i.e., DM and DML. The former,
bearing no linoleic end-groups, appears to form hydrogen bonds
more frequently compared to the latter. This should be attributed
to the fact that in DM molecules, the hydrogen-bonding-capable

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sm00403h

Open Access Article. Published on 25 July 2022. Downloaded on 3/21/2026 7:30:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

View Article Online

Paper

Table 3 Average binding enthalpy between the complexation agents and mRNA, resolved in van der Waals and electrostatic components, along with
the entropic contribution in the free energy of association. The units are kJ mol™*

S}’Stem <EVdW> <Eelec> <Etotal> —TAS
DM —1588.6 % 370 —48414.6 + 8511 —50003.1 + 8874 431.2 + 53.9
DML —1196.5 &+ 71 —46153.6 + 561 —47350.1 + 595 564.5 + 243.3
OfDegLin —682.1 + 290 —27765.5 + 7872 —28447.6 + 8154 405.7 + 44.1
DPPC —323.4 £ 130 —1540.6 + 604 —1864.0 + 675 500.3 + 104.5
DLPC —226.3 + 63 —713.3 + 394 —939.6 + 440 399.8 4 22.9
Table 4 Normalized average humbers of hydrogen bonds per timeframe, [ T T T
between the components of the systems 300 peee- DM T
o ¢ o am DML
H-bonds between H-bonds between mRNA and 25

System complexation agents the complexation agents i OfDegLin

3 — DPPC
DM 0.246 + 0.06 0.244 £ 0.06 A7 20 |
DML 0.183 =+ 0.06 0.116 + 0.04 = \ DLPC
OfDegLin 0.09 + 0.04 0.053 £+ 0.03 L: \
DPPC — 0.152 + 0.06 S 15H i
DLPC — 0.155 + 0.05 5, ]

© i

g 10 |\, .

. . . S M, )
nitrogen atoms are more exposed and thus more likely to parti- P,
Y. Ve A

cipate in hydrogen bonding. The same reasoning can also 5r '\.\ kL N ,‘_3\’\’ §
account for the different propensity of the DM, DML and TN N PSR AN A
OfDegLin molecules to form hydrogen-bonds with mRNA. 0 ! ] ' 1 ! 5
The ethyl ester linoleic groups, in their arrangement to form 0 50000 00000 50000 00000
a cluster, may partially shield the diketopiperazine core of the t(ps)

DML and OfDegLin molecules, keeping it at longer distances
from the mRNA nucleotides and thus reducing the probability
for lipid-mRNA hydrogen-bond formation (see also the respec-
tive density profiles of the hydrophobic tails in Fig. S4 (ESIY)
and the amplitude of the longer-separation peaks in the P-N
rdfs in Fig. 2¢). In the DPPC and DLPC systems a similar level of
hydrogen bonding is observed between the lipids and mRNA,
which is somewhat higher than that observed in the DML and
OfDegLin-based systems. The latter observation is consistent
with the fact that the DLPC and DPPC lipids, form on average
smaller in size clusters (see Fig. 4), thus allowing a larger
percentage of these lipids to access the mRNA hydrogen-
bonding-capable sites.

3.3 Kinetics of association/dynamics

In this section we address issues regarding the timescales
relevant to the association kinetics and the diffusive behavior
of the systems’ constituents.

a. Clustering kinetics. One of the parameters relevant to
the fabrication of lipid-based nanoparticles for mRNA delivery
is the kinetics associated with the formation of lipid-nucleic
acid complexes and their enclosure to appropriate delivery
vehicles."”™°”'%® As discussed in the previous paragraphs,
at the stabilized state, we observed clusters of the examined
complexation agents which were associated with mRNA, rather
than the interaction of individual molecules with the nucleic
acid bases. It appears therefore, that the first stage of the
packing procedure of mRNA, using such lipid-based nano-
particles, is the formation of clusters comprised of the com-
plexation agent molecules. To monitor the kinetics of this

This journal is © The Royal Society of Chemistry 2022

Fig. 10 Number of clusters formed by the complexation agents as a
function of time, in the examined systems. Smoothing of the data has
been performed for better visualization.

process in our systems, we followed the temporal evolution of
the aggregation process. Starting from an out-of-equilibrium
initial configuration (as realized also experimentally in micro-
fluidic mixing devices'®), where all lipid molecules and mRNA
are uniformly distributed in water, we recorded the evolution of
the number of the formed clusters towards the stabilized state.
This clustering kinetics process is presented in Fig. 10, whereas
representative snapshots of initial configurations are presented
in Fig. SI-1 (ESIY).

Apparently, the evolution of the clustering process in the
presence of mRNA differs depending on the complexation
agent. This procedure is expected to be affected by several
competing factors, such as the hydrophobicity of each agent,
its tendency to form hydrogen bonds, its size and its propensity
to aggregate close to mRNA. Focusing on the first group of
molecules based on the diketopiperazine core, DM is smaller in
size and thus easier to diffuse, but less hydrophobic than DML
and OfDegLin since it does not bear the linoleic end-groups.
In addition, hydrogen bonding is more frequent among the
DM molecules (see Table 4). On the other hand, DML and
OfDegLin, are more hydrophobic than DM due to their end-
groups but larger in size (see Table 2) and with a lower
probability of forming hydrogen bonds between their molecules.
These competing factors seem to result in faster clustering
kinetics towards the equilibrium size in the DML and OfDegLin
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molecules (they reach equilibrium at a timescale close to 50 ns),
indicating that the degree of hydrophobicity plays the most
significant role in this process. The lower hydrophobicity of
DM, DPPC and DLPC lipids, results in slower clustering kinetics,
reaching stabilization at a timescale somewhat longer than
100 ns.

Complementary information regarding the kinetics of
cluster formation is provided in Fig. 11, where the percentage
of complexation agents belonging to clusters, is presented as a
function of time. In the case of the ionizable DM, DML and
OfDegLin molecules, the single cluster state remains stable at
the last part of the trajectory. This state is reached somewhat
earlier for the DML and OfDegLin clusters, i.e., at a timescale
close to 50 ns and for the DM clusters at a timescale close to
100 ns. In contrast, the fluctuating values for the DLPC- and
DPPC-based clusters, even at the last part of the trajectory,
imply a dynamic equilibrium between the formation and the
dissociation of a single cluster, attesting to the unstable nature
of these aggregations.

b. Hydrogen-bonding kinetics between the complexation
agents and RNA. The number of hydrogen bonds formed
between mRNA and the complexation agents is also found to
be an increasing function of time as the approach of the two
components evolves over time. The number of hydrogen bonds
per complexation agent is shown in Fig. 12. Note the different
scale of the y-axis in the plots, for reasons of better visualiza-
tion. Curves tend to an almost steady state beyond approxi-
mately 50 ns for DML and OfDegLin-based systems and few
tens of ns later in the DM clusters, whereas at least 100 ns are
required for a similar leveling-off in the DPPC and DLPC based
models. Further restructuring of the molecules within the clus-
ters after complexation with mRNA,*” justifies the fluctuation of
the curves at the long time limit. Moreover, since hydrogen
bonding is a dynamic process (i.e., hydrogen bonds are created
and destroyed continuously), such variations in the number of
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Fig. 11 Percentage of the molecules belonging to clusters as a function
of time (starting from an out-of-equilibrium state).
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Fig. 12 Average number of hydrogen bonds per lipid molecule, between
the complexation agents and mRNA, as a function of time. Smoothing of
data has been performed for better visualization.

hydrogen bonds are expected. The timescales associated with the
attainment of the fluctuating plateaus in Fig. 12, are consistent
to those discussed earlier (Fig. 10 and 11) for the formation of a
single cluster containing all molecules. However, the large drop
of curves of Fig. 10 at short timescales (of the order of few ns),
indicates that the formation of clusters is a process that precedes
their association with mRNA, since hydrogen bonding between
mRNA and lipid molecules continues to increase at these times.

c. Degree of confinement of the complexation agents
within the formed clusters. Based on the results from the
previous sections where it was shown that, depending on the
lipid, the clusters formed bare different structural charac-
teristics, one would expect that these differences could also
affect the dynamics of the lipids within the clusters, and to an
extend their overall diffusive behavior. Fig. S9 in the ESI shows
the mean squared displacement (MSD) of the center of mass of
the lipid molecules, for the part of the trajectory beyond 100 ns
from the start of the production run, when self-assembled
groups of lipids have already been associated with mRNA.
Clearly, the curves corresponding to the amphiphilic lipids
denote faster diffusion compared to the ionizable agents.
Although a slower diffusion for the heavier DML and OfDegLin
lipids is expected due to their larger masses, this is not
expected for the DM agent, where its mass is smaller compared
to the DLPC and the DPPC lipids. We should therefore assume
that the lipids’ diffusional behavior is affected also by their
complexation with RNA, either as individual lipids or as part of
a complexed cluster.

To demonstrate the different degrees of confinement experi-
enced by the various lipids, we have calculated the distinct part
of the Van Hove correlation functions, Gq4(r, ¢), given by the

This journal is © The Royal Society of Chemistry 2022
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expression Gq(r,t) = ]17<Z > 0[r— |ri(e) — r;(0)]] > In this
i i

expression J represents the Dirac’s function, while r,(¢) is the
position vector of the iy, particle at time ¢ (here each lipid is
considered as a particle represented by its center of mass). This
function is proportional to the probability that a particle i is at
distance r from the origin at time ¢, provided that a different
particle j was located at the origin (r = 0) at ¢ = 0. The distinct
Van Hove function probes collective dynamics arising from the
evolution of the local environment (i.e., of the relative location
of neighbors) around a molecule. This information is of special
interest, because of its relationship with the dynamic rearran-
gements of the lipid molecules within the formed clusters.

At t = 0 (i.e, at a time which is taken as the time origin),
Gq(r, 0) = pg(r), where p is the number density of the probed
particles and g(r) corresponds to the rdf of the centers of mass
of each particle. Since the first peak of the rdf denotes the
most probable distance of the first neighbors, its amplitude is
proportional to the probability of finding close neighbors at the
separation corresponding to that peak’s location. If we take the
peak’s height as a measure of the coherence of the local
environment, the rate of change of its height (i.e., the rate at
which the local arrangement of neighboring molecules loses its
structural coherence with respect to an initial configuration),
is indicative of the time scale characterizing the rearrangement
of the local environment.

The analysis has been performed in the part of the trajectory
where the kinetics of the lipids’ self-assembly and of their
association with RNA, has been completed. Fig. S10a-e (ESIt)
show such correlation functions. The curves shown for each
lipid, correspond to timescales at which the first-neighbor
peak remains discernible (i.e., at longer timescales, the peak
is smeared out). As can be seen by a visual comparison of the

1 ‘ T T
n
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Fig. 13 Time dependence of the height of the first-neighbor peak shown

in Fig. S10a—e, with respect to its value at t = 0. The determination of the peak
height was performed after smoothing the data shown in Fig. S10a—e (ESI).
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plots, the first-neighbor peak is smeared out at different time-
scales depending on the complexation agent. In addition, the
rate of change of the height of the first-neighbor peak also
varies with the kind of molecule examined.

Fig. 13 plots the height of this peak, normalized by the
height of the peak at the ¢ = 0. The rate of change of this height,
is considerably lower in the OfDegLin and the DML, indicating
a slower change of the relative spatial arrangement of their
neighbors, or in other words, a more confined environment
experienced by these molecules. The environments experienced
by the DLPC and DPPC molecules are shown to loose coherence
at a considerably faster rate, while the DM molecules exhibit
a rate of local rearrangement, intermediate between those
characterizing the hydrophobic ionizable agents and the
zwitterionic lipids.

4. Discussion

In this work we have compared by means of fully atomistic
molecular dynamics simulations, the propensity of two groups
of lipid-based molecules to self-assemble and to complex with a
short mRNA fragment, in a dilute aqueous solution. The first
group included three diketopiperazine-core ionized molecules
(DM, DML and OfDegLin) bearing a different number of
hydrophobic end-groups. The second group was comprised by
amphoteric but overall neutral phosphatidylcholine lipids,
bearing hydrophobic parts of different length (DLPC and
DPPC). We focused on the elucidation of the role of parameters
related to their structure, their association free energies and to
other physicochemical features (size, charge, degree of hydro-
phobicity), in their ability to form structurally and energetically
stable complexes with mRNA.

Structural analysis of the formed clusters revealed that the
more hydrophobic charged lipids of the first group (i.e., DML
and OfDegLin) formed almost spherical in shape and more
compact clusters, compared to the rather loose interior of the
clusters formed by their less hydrophobic counterpart (i.e., DM)
and by the amphoteric DLPC and DPPC lipids. The interior of
the DML and OfDegLin clusters was found to be practically
impenetrable by water while in the case of the less hydrophobic
DM, DLPC and DPPC molecules, water was found to penetrate
their interior to a large extent. The presence or absence of water
in the interior of the clusters, in combination with the charge
distribution within the clusters, appears to affect the chain
conformation of mRNA in the formed complexes.

The presence of water molecules seems to increase the prob-
ability of mRNA hydrogen-bonding within the cluster. However,
energetic analysis of this association revealed that the stronger
driving force for complex formation is the electrostatic interaction.
Therefore, given the charged state of the diketopiperazine-based
agents, these molecules exhibit higher affinity with mRNA
compared to the electrically neutral DLPC and DPPC lipids.
Among the ionized lipids, the free energy of association
between the DM molecules and mRNA appears to fluctuate
strongly, most probably due to the loose structure of the formed
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cluster which affects the distances between the charges. Between
the DML and OfDegLin lipids, the larger number of the linoleic
acid end-groups in the latter, appears to affect the intensity of
the electrostatic interactions with mRNA by sterically obstructing
the oppositely charged groups to come at closer distances.

The different characteristics of the complexation agents have
a direct impact on the kinetics of their self-assembly and their
complexation with mRNA. Among the diketopiperazine-based
molecules, the more hydrophobic (i.e., DML and OfDegLin)
assume faster clustering kinetics. DM, DPPC and DLPC, which
show a similar degree of hydrophobicity, exhibit slower aggre-
gation kinetics. However, the number of the formed clusters
continues to fluctuate for the DLPC and DPPC, whereas it
remains stable at the last part of the trajectory for the diketo-
piperazine-based molecules. Kinetics of hydrogen bonding
between the complexation agents and mRNA shows that this
is realized at a shorter timescale in the diketopiperzine-based
molecules, while the timescale for the attainment of a plateau
in the hydrogen bond number, follows the same temporal order
for the formation of a single cluster by the different agents.

From the VanHove analysis it is shown that the ionizable
lipids experience a more confined environment compared to
the phosphatidylcholine amphoteric molecules, resulting in
longer periods for their structural rearrangement. This prompts
to more stable complexes, in accordance with the results
obtained from the other measures mentioned above. Among
the three ionized agents, the less hydrophobic DM molecules
exhibited a shorter restructuring timescale, implying more
deformable clusters.

5. Conclusions

Considering all the above findings, it appears that an appro-
priate balance between the effective charge and the hydro-
phobicity of a potential complexation agent should be present,
for the formation of structurally and thermodynamically stable
complexes with mRNA fragments. Variation of these attributes
appears also to affect the average size of the lipid-based
assemblies and the RNA conformation (i.e., more extended
and surrounded by the lipid molecules, or wrapped around
the formed clusters). Since the present study has been per-
formed in the absence of organic solvents, the information
obtained would be of particular relevance to organic-solvent-
free fabrication processes of lipid based LNPs, designed for the
entrapment of nucleic-acids. In the case where ethanol or other
organic solvents are used in the mixing process, we expect that
several of the mechanisms described, which are related to the
association between RNA and lipid molecules, will still be at
work in the interior of the LNPs where an aqueous environment
is formed.

Although the extent of the RNA chain and the sequence of
the bases, are also anticipated to play a significant role in
the complexation with such lipid-based compounds, it is also
expected that the main features of the complexation process
would remain the same. These features concern (a) the
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timescales related to self-assembly and the association with
RNA, (b) the nature and the relative importance of the inter-
actions driving the complexation and (c) parameters that may
affect the structural and thermodynamic stability of the lipid
clusters and of their complexes with RNA.

Despite the fact that no detailed-information regarding the
association of such lipids with mRNA is as yet available from
relevant experiments, so that a direct comparison could be
made, insight from the present work may serve as a first step
towards the comprehension of the microscopic mechanisms
involved in the lipid/mRNA complexation process. This infor-
mation could lead to better practices as far as it concerns
the design of lipid-based RNA complexes, where RNA can be
incorporated in LNPs for a more efficient nucleic acid delivery.
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