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Zusammenfassung

Lipid Nanopartikel (LNPs) sind etwa 100 nm grofse, synthetische Partikel
mit einem fliissigkristallinen Lipid Kern und einer Lipid Hiille. Die Eigen-
schaften der Lipide spielen eine zentrale Rolle bei der Effizienz dieser Par-
tikel als Transportsystem fiir mRNA-basierte Impfstoffe und Medikamente.
LNPs bestehen typischerweise aus ionisierbaren kationischen Lipiden, Helfer-
lipiden, Cholesterin, und PEG-Lipiden. Diese ermdglichen eine effiziente Kom-
plexierung der negativ geladenen mRNA und die anschliefsende Abgabe in Zel-
len. Trotz ihrer erfolgreichen Anwendung wéihrend der globalen SARS-CoV-
2-Pandemie stellt ein vollstdndiges Verstdndnis des Zusammenhangs zwischen
der LNP Zusammensetzung, der internen Nanostruktur und der anschliefsen-
den biologischen Wirksamkeit weiterhin einen kritischen Engpass fiir ein ratio-
nales Arzneimitteldesign dar. Insbesondere der Mechanismus der entscheiden-
den endosomalen mRNA Freisetzung ist bisher nur unzureichend verstanden.

Diese kumulative Dissertation prasentiert eine strukturelle und biophysi-
kalische Untersuchung von Lipid-Mesophasen mit dem Ziel, Zusammenhénge
zwischen Struktur und Funktion in LNPs zu etablieren. Wir nutzten Kleinwin-
kel-Rontgenstreuung (SAXS) um verschiedene ionisierbare Lipide systema-
tisch zu vergleichen und den Einfluss von pH-Wert, Puffer und Temperatur
auf die interne Struktur der LNPs aufzukléaren. In meiner Arbeit wurden erst-
mals Phaseniiberginge zwischen Mesophasen von ionisierbaren Lipiden (in-
verse mizellar, hexagonal, kubisch) beschrieben und deren Existenz in LNPs
nachgewiesen (Philipp et al., PNAS 2023). Insbesondere der Phaseniibergang
von invers-mizellar zu invers-hexagonal, der bei allen gemessenen ionisierbaren
Lipiden auftritt, wird als entscheidend fiir eine erfolgreiche Transfektion der
mRNA ins Zellplasma vermutet. Es wurde zudem beobachtet, dass der pH-
Wert dieses Phaseniibergangs vom Lipid, der Temperatur und der Wertigkeit
der Gegenionen abhédngt. In-vitro Experimente mit LNPs, die mit verschie-
denen Puffern hergestellt wurden, zeigten eine klare Korrelation zwischen der
Transfektionseffizienz, der Startzeit der kodierten Proteinexpression und dem
pH-Wert des Phaseniibergangs (Carucci, Philipp, et al., ACS Nano 2025). Eine
tiefergehende Analyse der Elektronendichteverteilung lieferte Einblicke in die
interne Struktur der LNPs, insbesondere dem Wassergehalt der Mesophasen
(Philipp et al., Soft Matter 2025). Die Kombination unserer SAXS-Analyse
mit Molekulardynamik (MD) Simulationen ermdéglichte es uns in Zusammen-
arbeit mit AstraZeneca ein Kontinuum-Modell zu erstellen und zu validieren,
das den Wassergehalt invers-hexagonaler Phasen unter Verwendung der ge-
messenen SAXS-Streuprofile berechnet. Beim Vergleich der Hydratation von
LNPs mit verschiedenen ionisierbaren Lipiden beobachteten wir eine Korrela-
tion zwischen dem Wassergehalt und der Wirksamkeit des Gentransfers. Aus
den hier erarbeiteten Zusammenhangen zwischen Hydratation, Phaseniiber-
géngen und der Effizienz des Gentransfers von LNPs lassen sich grundlegende
rationale Designprinzipien ableiten, die wertvoll fiir die Optimierung der the-
rapeutischen Wirksamkeit zukiinftiger LNP Formulierungen sind.






Abstract

Lipid nanoparticles are synthetic particles with sizes in the order of 100
nm, that consist of a liquid crystal core and a lipid shell. The lipid properties
play a central role in the efficiency of those particles as transport system for
mRNA-based vaccines and drugs. Their intricate design, typically comprising
an ionizable cationic lipid, a helper lipid, cholesterol, and a PEG-lipid, allows
for efficient complexation of the negatively charged mRNA and subsequent de-
livery into target cells. Despite their successful application during the global
SARS-CoV-2 pandemic, a complete understanding of the correlation between
LNP composition, internal nanoscale structure, and subsequent biological ef-
ficacy, remains a critical bottleneck for rational drug design. Particularly the
mechanism of crucial endosomal escape is only poorly understood so far.

This cumulative dissertation presents a structural and biophysical investi-
gation of lipid mesophases, aiming to establish structure-function relationships
of LNPs. We utilized small-angle X-ray scattering (SAXS) to systematically
compare different ionizable lipids and to clarify the influence of the environ-
ment (pH, buffer, temperature) on the LNP’s internal structure. During my
PhD research, specific mesophases of ionizable lipids (inverse micellar, hexag-
onal, cubic) were identified for the first time and their existence in LNPs was
demonstrated (Philipp et al., PNAS 2023). Especially the phase transition
from inverse micellar to inverse hexagonal, which occurs in all measured ioniz-
able lipids, is suspected to be crucial for a successful transfection of mRNA into
cell plasma. The pH of this phase transition was observed to be dependent on
the lipid, temperature, and valency of counterions. In-vitro experiments with
LNPs prepared with different buffers have shown a clear correlation between
the transfection efficiency, the onset time of its encoded protein expression,
and the phase transition pH (Carucci, Philipp, et al., ACS Nano 2025). An in-
depth analysis of the electron density profiles provided insights into the LNP’s
internal structure, particularly the water content of the mesophases (Philipp
et al., Soft Matter 2025). The combination of our SAXS analysis with molec-
ular dynamics (MD) simulation enabled us to create and validate a continuum
model in cooperation with AstraZeneca, that calculates the water content of
inverse-hexagonal phases using the measured SAXS scattering profiles. When
we compared the hydration of LNPs with different ionizable lipids, we ob-
served a correlation between the water content and efficiency of gene transfer.
From the relationships developed here between hydration, phase transitions,
and the efficiency of gene transfer by LNPs, it is possible to derive fundamen-
tal rational design principles that are valuable for optimizing the therapeutic
efficacy of future LNP formulations.
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1 Introduction to mRNA-based Therapeutics and Lipid Nanoparticles

1 Introduction to mRNA-based Therapeutics and Lipid
Nanoparticles

Over the last century, medicine has gradually evolved from treading symptoms to curing
the underlying causes of disease. That transformation became possible only because
extensive research has enabled a profound understanding of biological mechanisms. In
modern medicine, nucleic acid-based therapeutics, particularly messenger ribonucleic acid
(mRNA), represent the forefront of pharmaceutical innovation. The ability of mRNA to
act as a temporary genetic blueprint, harnessing the cell’s own machinery to produce a
specific protein, represents a fundamental shift in how drugs are conceived and deployed
against diseases ranging from infectious threats to cancer and genetic disorders. Although
this potential is immense, overcoming significant biophysical hurdles has proven difficult,
as these delicate therapeutic molecules must be shielded from degradation and efficiently
ferried into target cells. Consequently, the field of effective drug delivery has become one
of the main topics of pharmaceutical research today.

1.1 Evolution of RNA-based Therapeutics: From Concept to Clin-
ical Reality

The first conceptualization of RNA as a therapeutic agent started in 1988, before foun-
dational research in 1990 demonstrated that administered mRNA could directly induce
protein production within living cells.?3 Although this laid the groundwork for a new
and revolutionary class of medicines, the field of RNA therapeutics encountered substan-
tial skepticism and formidable developmental hurdles that significantly stalled its progress
for several decades.

A primary hurdle in the development of RNA drugs was the disappointment caused by
the performance of DNA vaccines in the 1990s, particularly within the context of human
immunodeficiency virus (HIV) research.®S Early attempts with DNA vaccines, including
those using viral vectors, largely failed to live up to their initial promise and hindered
funding and sustained research efforts across all nucleic acid-based therapeutic modali-
ties. Additionally, the inherent instability of RNA molecules presented another critical
challenge. RNA is very fragile and sensitive to environmental factors like heat, making it
difficult to handle, impractical for mass manufacturing, and challenging to deliver effec-
tively in-vivo. Viruses evolved for billions of years trying to inject their genome in cells
and in the meantime all living organisms developed mechanisms to prevent this trans-
fection. But the barriers were not only scientific or technological limitations. There was
also a negative perception influenced by the failures of related technologies and economic
disincentives within the pharmaceutical industry, which historically viewed vaccines as an
unprofitable research area due to unpredictable demand, low margins, and high develop-
ment costs. This combination of factors effectively deferred the progress of nucleic acid
based therapeutics.®

The first RNA-based drug to achieve approval was Vitravene (Fomivirsen) in 1998. This
antisense oligonucleotide (ASO) was introduced for the treatment of cytomegalovirus re-
tinitis, an infection of the retina that could rapidly lead to blindness in individuals with



1 Introduction to mRNA-based Therapeutics and Lipid Nanoparticles

HIV. Despite Vitravene’s effectiveness, its market presence only lasted for a short time.
The success of antiretroviral therapies which significantly reduced the incidence of infec-
tions in HIV-positive individuals quickly made Vitravene redundant. For the following
two decades, the RNA therapeutic market remained mostly stagnant, with only very
few new product approvals. This finally changed in 2018 with the approval of Onpat-
tro (Patisiran), which was the first small interfering RNA (siRNA) therapy to enter the
market.5 78

The global SARS-CoV-2 pandemic served as a pivotal catalyst in accelerating the develop-
ment and deployment of mRNA vaccines.! Their success did not exactly come as a sudden
surprise but was the culmination of decades of fundamental research, particularly in the
development of delivery nanotechnology.” An important breakthrough was the research on
nucleoside base modifications by Dr. Katalin Karik6 and Dr. Drew Weissman, for which
they were awarded the 2023 Nobel Prize in Medicine and Physiology. Their joint discov-
ery, published in 2005, demonstrated that modifying uridine in mRNA allowed it to be
introduced into cells without triggering a robust innate immune response, thereby over-
coming a key immunological barrier that had hampered previous mRNA applications.!®
The widespread deployment and high efficacy (95% for Pfizer/BioNTech and 94.1% for
Moderna) of mRNA vaccines during the pandemic demonstrated that mRNA technology
was safe, efficacious and could be produced on a global scale.® This success reignited re-
search interest and caused a significant increase in RNA therapy trial initiations, with
a 53% increase in the last quarter of 2024 alone.® Government initiatives, such as the
US Operation Warp Speed, provided substantial upfront funding and accelerated clini-
cal trials and manufacturing scale-up. This proved that many perceived limitations were
primarily a matter of funding rather than fundamental scientific or technological bar-
riers. The COVID-19 pandemic effectively acted as an extraordinary market corrector
and accelerator as the global health crisis created an urgent demand for rapid vaccine
development. This unprecedented urgency and the massive public funding effectively by-
passed or eliminated the economic disincentives that had previously stifled investment.
This caused pharmaceutical companies to heavily invest in the resolution of practical
challenges related to mRNA’s perceived fragility and manufacturing scalability, pushing
the technology past its theoretical potential into practical, large-scale application. This
shows how a global crisis can help to overcome economic hurdles, allowing a scientifically
mature but commercially undervalued technology to finally flourish.t

1.2 The Expanding Landscape of RNA in Modern Medicine

RNA has rapidly emerged as one of the most important topics in modern medicine, of-
fering a versatile platform for precise treatments across a wide spectrum of diseases. In
contrast to DNA, which serves as a stable library of genetic information, RNA functions
as a short-lived blueprint to translate genetic instructions into proteins and regulate gene
expression.'! This dynamic nature allows RNA molecules to directly influence and mod-
ulate a wide array of cellular processes without causing permanent changes to the DNA.
One of the most profound advantages of RNA-based therapeutics is their theoretical ca-
pacity to target virtually any gene of interest. This capability opens up unprecedented
possibilities for treating rare genetic conditions and addressing a vast landscape of pro-
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teins that were previously out of reach. This is particularly important as conventional
small molecule and antibody drugs have historically only targeted approximately 0.05%
of the human genome, and an estimated 85% of proteins lack the specific binding pockets
or clefts that make them accessible to small molecule interaction.® The ability of RNA
to directly interact with gene expression at various levels, such as mRNA degradation or
splicing modification, fundamentally bypasses the need for specific protein binding pock-
ets, which are often absent in disease-relevant targets. This positions RNA therapeutics
not just as a new alternative, but as an enabling technology that can address a vast and
previously inaccessible therapeutic space. RNA therapeutics have the potential for treat-
ing a wide array of diseases, including complex genetic disorders, cancers, and infectious
diseases, that were once considered intractable.!!

The success of mRNA vaccines in combating infectious diseases, most notably SARS-CoV-
2, has unequivocally demonstrated RNA’s potential for rapid, adaptable, and targeted
vaccine development. These vaccines ingeniously harness the body’s own cellular machin-
ery to produce specific antigens, thereby causing robust and protective immune responses.
Beyond infectious disease prevention, RNA-based therapeutics hold immense promise for
gene therapy, offering treatments for a wide range of genetic disorders.'? Unlike tradi-
tional gene therapies that may involve altering the host genome, RNA-based approaches
can directly modulate gene expression without permanent genomic integration, reducing
risks such as insertional mutagenesis.'® The field is also actively expanding into person-
alized cancer immunotherapy, where mRNA can be engineered to encode patient-specific
tumor antigens, effectively training the immune system to recognize and attack cancer
cells. Furthermore, RNA therapies are being explored in regenerative medicine.!?!3

The current landscape of RNA therapeutics is rich and diverse, operating through dif-
ferent mechanisms to influence cellular processes. Antisense Oligonucleotides (ASOs) are
short, synthetic nucleic acid sequences designed to bind to specific mRNA targets, thereby
interfering with gene expression through mechanisms such as inhibiting translation or
modulating RNA splicing, as exemplified by Vitravene and Spinraza. Small Interfering
RNAs (siRNAs) uses the natural RNA interference (RNAi) pathway to silence disease-
causing genes by promoting the degradation of their corresponding mRNA transcripts,
with Onpattro being the first FDA-approved siRNA therapy. Messenger RNA (mRNA)
is primarily utilized for rapid in-vivo production of specific proteins, such as antigens
for vaccines or therapeutic proteins for therapies.® MicroRNAs (miRNAs) are endoge-
nous non-coding RNAs that play crucial roles in post-transcriptional gene regulation.
Therapeutic strategies involve either introducing miRNA mimics to restore downregu-
lated miRNAs or using inhibitors to suppress overactive ones.? Circular RNA (circRNA),
characterized by its closed loop structure, exhibits enhanced stability compared to linear
RNAs and holds potential as miRNA sponges, regulators of protein translation, or even as
templates for protein synthesis in gene therapy and vaccine development. Self-amplifying
RNA (saRNA) incorporates replication machinery, typically from alphaviruses, enabling
prolonged intracellular expression at lower doses through RNA amplification, which en-
hances potency and durability. RNA Aptamers are synthetic RNA molecules engineered
to bind specific molecular targets, such as proteins or small molecules, with high affinity
and specificity, finding use in targeted drug delivery and diagnostics. Finally, emerging
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RNA-Editing Technologies, such as those utilizing adenosine deaminases acting on RNA
(ADAR), offer a reversible method to correct genetic mutations directly at the RNA level
without permanently altering the DNA genome.!!

This huge diversity of RNA therapeutics is not just a list of different RNA types but repre-
sents a sophisticated toolkit for precise intervention at virtually every stage of biological
information flow, from gene expression to protein function. Each one offers a distinct
mechanism to either silence, activate, replace, or modify specific biological instructions.
This positions RNA as an unparalleled “information drug” that can be programmed to
fine-tune complex cellular networks, offering a level of control and specificity previously
unattainable with conventional therapeutics.

1.3 Lipid Nanoparticles: Essential Delivery Vehicles for RNA
Therapeutics

Despite their immense therapeutic potential, RNA molecules face significant challenges in
reaching their targets in-vivo. Naked RNA is highly unstable, prone to rapid degradation
by endogenous RNases, and quickly cleared from extracellular circulation. Furthermore,
their large size and polyanionic nature prevent passive diffusion across the cellular mem-
branes, necessitating specialized active transport mechanisms for cellular entry. These
fundamental biophysical barriers severely limit the utility of RNA therapeutics without
an effective delivery system.!

Lipid nanoparticles have emerged as the most successful, optimized, and clinically vali-
dated delivery vehicles capable of overcoming these challenges. They effectively encap-
sulate and protect sensitive RNA payloads from enzymatic degradation, facilitate their
efficient uptake into target cells, and enable the release of RNA from endosomal compart-
ments into the cytosol, where it can exert its therapeutic function. Beyond protection
and cellular delivery, LNPs also contribute to reducing undesired immunotoxicity that
might be triggered by naked RNA. Long polyethylene glycol (PEG) molecules on the
LNP surface help extend the circulation half-life of the therapeutic cargo by avoiding
renal clearance via steric repulsion.'*

The journey of lipid-based nanocarriers began with the discovery of liposomes in the
1960s, which were the first nanomedicine delivery platform to successfully transition from
concept to clinical application. An early example is Doxil, an LNP formulation of the anti-
tumor agent doxorubicin, used for ovarian cancer treatment. Liposomes demonstrated the
versatility of lipid vesicles in encapsulating both hydrophobic and hydrophilic molecules.
While groundbreaking, liposomes had limitations such as complex production methods
involving organic solvents, low drug encapsulation efficiency, and difficulties in large-scale
manufacturing. This led to the development of subsequent generations of LNPs, including
solid lipid nanoparticles, nanostructured lipid carriers, and nonlamellar lipid nanoparti-
cles, which were designed to address the shortcomings of earlier liposomal formulations.
These newer platforms offered enhanced physical stability, higher loading capacities, easier
large-scale production, and more precise control over the drug release.!® The development
of ionizable lipid nanoparticles marked a critical advancement, specifically engineered to

4
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overcome the unique challenges associated with nucleic acid delivery. Their pH-responsive
nature was designed to avoid the systemic toxicity of permanently charged lipids while
facilitating efficient nucleic acid encapsulation and endosomal escape.'® The LNP com-
positions utilized in the highly successful COVID-19 mRNA vaccines (Pfizer/BioNTech,
Moderna) represent the culmination of decades of research and iterative improvements in
lipid chemistry and formulation science. This historical progression of LNPs, from basic
liposomes to increasingly complex and specialized nanocarriers, exemplifies a continu-
ous process of iterative innovation. Each successive generation was developed in direct
response to specific limitations or unmet needs of its predecessors, such as improving sta-
bility, increasing encapsulation efficiency, reducing toxicity, or enabling the transport of
specific cargo like mRNA.

1.4 Functions of Lipid Components in Lipid Nanoparticles

Lipid nanoparticles are typically composed of four main lipid components, each meticu-
lously designed to contribute uniquely to the LNP’s overall stability, transfection efficacy,
and safety profile (Fig. 1).

Table 1: Lipid Components and their Functions in Lipid Nanoparticles'416

Component | Typical Molar | Primary Function(s)
Percentage

Ionizable ~50% RNA encapsulation, endosomal escape
Lipids
Cholesterol ~38.5% Formation of liquid-ordered phase
Phospholipids | ~10% Formation of outer membrane,
(e.g. DSPC) prevents RNA leakage
PEGylated ~1.5% Prolonged circulation, anti-aggregation
Lipids

Ionizable lipids are considered the most crucial component of LNP formulations. Their
functionality hinges on their unique pH-responsive properties. At physiological pH (ap-
proximately 7.4), these lipids remain predominantly neutral, which significantly minimizes
their systemic toxicity and prevents non-specific interactions with proteins. In the acidic
environment of endosomes (pH typically ranging down to 5), the ionizable lipids become
protonated, acquiring a positive charge. This charge switch is essential for two primary
functions: efficient electrostatic encapsulation of the negatively charged RNA payload dur-
ing formulation, and facilitating the critical process of endosomal escape.!*'6:17 Although
the process of endosomal escape is not perfectly understood so far, there are indications
that a combination of pH reduction and subsequent charge of the ionizable lipids play a
major role. Section 1.5 describes different theories as well as our own research on this
topic.

The design of ionizable lipids represents a sophisticated exploit of natural pH gradients
that exist within the cellular environment. This pH-responsive behavior allows the LNP
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Figure 1: Schematic of a typical lipid nanoparticle. The spherical particle has an outer lipid
monolayer including a PEGylated lipid. The inner lipid phase consists of the ionizable lipid,
cholesterol and the RNA payload.

to maintain low toxicity during systemic circulation due to its neutral charge, and then
actively engage in cargo release only when it reaches the acidic pH in endosomes, where
it becomes positively charged. This highly controlled, localized release mechanism is a
significant advancement over earlier, permanently charged cationic lipids, which exhibited
high systemic toxicity due to indiscriminate interactions.!®

The first ionizable lipid used in the context of LNPs was 1,2-dioleoyl-3-dimethylammonium
propane (DODAP), described by a group around Pieter Cullis in 2001. By rapidly mixing
DODAP with other lipids and oligonucleotides in ethanol, LNPs made with this lipid
already achieved RNA encapsulation efficiencies of up to 70%.'° But this only marked
the beginning of the rapid development of improved ionizable lipids. During the follow-
ing years, researchers uncovered that polyunsaturated lipids improved the transfection
efficiency further and in 2006 1,2-dilinoleyl-N,N-dimethyl-3-aminopropane (DLinDMA or
DD) was synthesized and tested in animal studies.?>?! This was then followed by 2,2-
dilinoleyl-4-dimethylaminoethyl-|1,3]-dioxolane (DLin-KC2-DMA or KC2) in 2010* and
in 2012 a study was published in which researchers already compared over 50 different
lipids in mice. One of the most notable ionizable lipids in this study was dilinoleylmethyl-
4-dimethylaminobutyrate (DLin-MC3-DMA or M(C3).23

A crucial parameter of ionizable lipids is the acid dissociation constant (pK,), which is
described by the Henderson-Hasselbalch equation (Eq. 1) and states the pH of the turning
point at which half of the lipids are charged. Another important finding of the mice study
was the optimal acid dissociation constant (pK,) range of ionizable lipids: pH 6.2 - 6.5.23
But in general the optimal pK, of ionizable lipids for LNPs can vary depending on the
target cell type and the route of administration, adding complexity to universal LNP
design.?*%

6
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pH = pK, + logy, <%) (1)

In 2018, the U.S. Food and Drug Administration (FDA) approved Onpattro, the first drug
to utilize a combination of an siRNA therapeutic and the newly developed ionizable lipid
MC3 encapsulated within a lipid nanoparticle.® Shortly afterwards the global COVID-
19 pandemic led to newly developed mRNA vaccines using the ionizable lipids SM-102
(Moderna) and ALC-0315 (Pfizer/BioNTech).'® The ongoing refinement of their chemical
structure, including their ionizable heads, linker groups, and hydrophobic tails, is aimed
at precisely tuning this pH-responsiveness for optimal potency, reduced off-target effects,
and improved safety.?

Cholesterol is an indispensable component of LNP formulations, contributing signifi-
cantly to the formation of its inner liquid-ordered phase and overall nanoparticle stability.
In our publication “Combining SAXS Analysis and MD Simulation to Determine Structure
and Hydration of Ionizable Lipid Hexagonal Phases” (Section 5), MD simulations have
shown that cholesterol accumulates in the edges between three channels within the in-
verse hexagonal Hy phase. There it fills a crucial gap in the structure, stabilizing it in the
process. Recent research has also highlighted the important role of cholesterol, indicating
that its concentration can directly influence the nanoparticle’s transfection efficiency.?”

Phospholipids are structural helper lipids with a hydrophilic head and hydrophobic
tails. This amphiphilic nature causes phospholipids to spontaneously organize into lipid
bilayers. In LNPs, phospholipids form the outer membrane of the LNP. 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC), with its saturated 18-carbon tails, is a commonly
used structural lipid found in LNPs for siRNA therapy (e.g. Onpattro) and SARS-CoV-2
mRNA vaccines. Its higher phase transition temperature compared to 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) enhances the overall membrane stability of the
LNPs.1¢

PEGylated lipids, despite typically constituting the smallest molar percentage (around
1.5 mol%) of the lipid components in LNPs, exert significant influence on the nanopar-
ticles’ properties and in-vivo behavior. Their primary function is to provide steric hin-
drance for surrounding proteins, effectively cloaking the LNP. This stealth effect protects
LNPs from rapid uptake by the mononuclear phagocyte system (MPS) and reduces an-
tibody association by serum proteins, thereby extending their circulation time in the
bloodstream and preventing premature aggregation.'* Depending on the medical appli-
cation, a prolonged systemic circulation can be crucial for achieving optimal biodistribu-
tion and reaching target tissues. An example for this is PEG-1,2-distearoyl-sn-glycero-
3-phosphorylethanolamine (PEG-DSPE), which is used in the anti-cancer drug Doxil,
boosting the accumulation at the tumor site. In contrast to PEG-DSPE, PEG-c-DMG
is designed to dissociate from the LNP upon administration, to allow for rapid cellular
uptake in the liver. This balance between extended circulation time and efficient cellular
uptake is often referred to as the “PEG dilemma.*
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Despite their critical benefits, PEGylated lipids present notable safety challenges. These
include the accelerated blood clearance (ABC) phenomenon, where repeated administra-
tion can provoke an immune response leading to the production of anti-PEG antibodies,
resulting in rapid clearance and reduced efficacy of subsequent doses.!'® PEG lipids can
also be found in a wide range of cosmetic products. Experiments with mice demonstrated
that frequent application of cosmetics containing PEG can induce the production of anti-
PEG antibodies.?® Therefore excessive usage of these cosmetics could reduce the efficacy
of PEGylated LNPs.

1.5 Cellular Uptake and the Critical Process of Endosomal Es-
cape

For LNPs to deliver their RNA payload, they must first enter target cells. This internaliza-
tion primarily occurs through various endocytosis pathways. These mechanisms include
both clathrin-dependent and clathrin-independent processes, such as macropinocytosis,
with the predominant pathway often depending on the LNP’s size and surface character-
istics. Once internalized, the LNPs become encapsulated within membrane-bound vesicles
known as endosomes, which serve as intracellular sorting compartments.?’

The endosomal pathway is a dynamic intracellular trafficking route that begins with early
endosomes, characterized by a slightly acidic pH of approximately 6.5. These early endo-
somes then progressively mature into late endosomes, where the pH further drops to pH
~ 5.5, and eventually fuse with lysosomes, which are highly acidic (pH =~ 4.5) and serve
as the primary sites of enzymatic degradation within the cell.'® For the RNA payload to
exert its therapeutic effect, it must successfully escape from these endosomal compart-
ments into the cytosol before the maturation of late endosomes to lysosomes, where the
highly acidic environment and hydrolytic enzymes would rapidly degrade the RNA.%® This
progressive acidification and eventual fusion with lysosomes reveals it as a sophisticated
cellular defense mechanism designed to process and degrade foreign materials. For LNPs,
this pathway represents a major challenge that the RNA payload must navigate and es-
cape from. The inherent inefficiency of this escape, with estimates suggesting less than
3% success rate,?% underscores the formidable nature of this cellular barrier, which is a
result of billions of years of cellular evolution to prevent foreign constructs from entering
cells. Therefore, the endosomal escape is not only a simple delivery step but a critical
battle against deeply ingrained cellular defense systems.

Although there is no perfect consensus on the exact process of endosomal escape yet,
it is agreed upon that the primary mechanism is the pH-responsive nature of the ioniz-
able lipids within the LNP.2? As LNPs are trafficked within the progressively acidifying
endosomes, the ionizable lipids become protonated, acquiring a positive charge. Recent
publication like our own named “pH-dependent structural transitions in cationic ionizable
lipid mesophases are critical for lipid nanoparticle function” (Section 4) try to shed light
on this crucial step. We showed in-vitro that the protonation of the ionizable lipids is
capable to trigger a phase transition of the LNP’s inner structure from an inverse mi-
cellar Ly phase to an inverse hexagonal Hy; phase. This internal phase transition could
then influence the LNP surface, which goes hand in hand with another recently suggested

8
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mechanism driving endosomal escape. Positively charged ionizable lipids in the LNP sur-
face could be able to electrostatically interact with the negatively charged phospholipids
present on the inner leaflet of the endosomal membrane. This interaction of oppositely
charged lipids could promote the formation of Hy; structures at the endosomal membrane,
leading to endosomal rupture or fusion and the subsequent release of the nucleic acid pay-
load into the cytoplasm.?® An alternative or complementary theory, the “proton sponge
effect”, suggests that the buffering capacity of lipid nanoparticles within the acidic endo-
somes leads to an increased activation of the endosomal proton pumps. This increased
proton accumulation, accompanied by chloride ion influx to maintain charge neutrality,
could result in increased osmotic pressure within the endosome, causing it to swell and
eventually burst, thereby releasing the cargo.3%2°

Despite significant advancements, endosomal escape remains a major bottleneck in LNP-
mediated therapeutics. Estimates suggest that less than 3% of internalized nucleic acids
successfully transfer their cargo from the endosomal pathway into the cytosol.?® The
vast majority of LNPs are either degraded within lysosomes or recycled out of the cell,
rendering their payload therapeutically inert.!® The field still grapples with limited and
contradicting data regarding the precise mechanism of endosomal escape, and there is no
consensus on the exact endosomal compartment from which escape predominantly occurs.
Furthermore, robust, quantitative, and high-throughput methods to accurately detect and
study endosomal escape in-vivo are currently lacking, hindering rational LNP design.?

Strategies to enhance the escape efficiency include the continued rational design of ioniz-
able lipids, focusing on their ionizable heads, linker groups, and hydrophobic tails. But
this necessitates a deeper understanding of how these structural features influence pH-
dependent protonation and subsequent mesophase transitions.!® A novel and promising
strategy involves actively modulating the intracellular transport of RNA-based drugs. Re-
search has shown that slowing down the transport of those drugs from early endosomes
to lysosomes, for example by selectively inhibiting genes like AP1M1 which regulates this
transport, can significantly increase the residence time in endosomes. This prolonged
residence time enhances the opportunity for endosomal escape, thereby improving ther-
apeutic efficacy without the need to increase drug dosage.®' Additionally, the judicious
selection and optimization of helper lipids, such as cholesterol and phospholipids, can also
contribute to enhancing the overall endosomal escape efficiency. The persistent challenge
of endosomal escape highlights that overcoming this bottleneck requires more than just
incremental improvements in LNP chemistry. It necessitates a truly multidisciplinary
approach that integrates deep understandings from lipid chemistry for rational design of
ionizable lipids that fine-tune pH-responsiveness and membrane-disrupting properties, cell
biology to understand the intricate dynamics of endosomal trafficking, pH gradients, and
cellular defense mechanisms, and drug delivery engineering to develop novel strategies
that actively manipulate cellular processes, such as modulating intracellular transport
kinetics. This integrated approach, moving beyond passive delivery to active cellular in-
tervention, represents the cutting edge of research aimed at unlocking the full therapeutic
potential of RNA-based medicines.
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1.6 Motivation and Research Questions

The journey of RNA-based therapeutics from a concept to a clinical reality has been
remarkable, underscoring the important role of LNPs as delivery vehicles. Despite the
unprecedented success of mRNA-LNPs, particularly during the SARS-CoV-2 pandemic,
the precise molecular and biophysical mechanisms governing their intracellular function,
especially the critical process of endosomal escape, remain incompletely understood. This
knowledge gap represents a significant bottleneck in the rational design and optimization
of next-generation RNA therapeutics. The inherent inefficiency of endosomal escape, with
estimates suggesting less than 3% success rate,?® is mostly caused by an effective cellular
barrier. This barrier is a testament to billions of years of cellular evolution designed to
prevent foreign constructs from entering the cytoplasm. This lack of precise knowledge
about the cellular pathway creates a significant barrier to rational LNP design, making
predictive optimization mostly impossible. Small molecular variations in chemical struc-
ture have unexpectedly large effects on LNP efficiency, underscoring the complexity of
these systems.

The current state of LNP optimization largely proceeds through a trial-and-error method-
ology, driven by the absence of a comprehensive understanding regarding endosomal es-
cape and the subsequent release of mRNA in the cytosol. This empirical approach is
inherently challenging because of the sheer amount of possible combinations, even when
focusing solely on different head-, linker- and tail-groups of the ionizable lipid.*? This
immense experimental landscape, coupled with the high cost of critical materials such as
RNA, makes LNP development economically challenging and exceedingly time-consuming.

A significant consequence of this predominantly empirical approach is the frequent ne-
cessity of conducting extensive in-vivo experiments with animals. In-vitro data often
fails to adequately predict the behavior of LNPs in-vivo, as demonstrated by variable
in-vitro efficacy not consistently correlating with in-vivo outcomes for different LNP
formulations.?® The inherent limitations of empirical optimization underscore the urgent
need for a paradigm shift towards a rational design approach in LNP development. This
strategic shift aims to significantly reduce the amount of animal experimentation required
and accelerate the development of superior LNPs. The objective is to establish a deeper
understanding of lipid structures and formulations that can consistently lead to higher
endosomal escape efficiency. This represents a proactive, knowledge-driven approach that
moves beyond simply observing outcomes to understanding why certain lipid designs are
effective.

This dissertation, through the integration of three distinct but interconnected research
publications, investigates different fundamental properties of LNPs. The first one, “pH-
dependent structural transitions in cationic ionizable lipid mesophases are critical for lipid
nanoparticle function” (Section 4), explores the pH-dependent response of ionizable lipids
and its influence on endosomal release and transfection efficiencies. We systematically
studied the pH response of three ionizable lipids (MC3, KC2, and DD) and identified
pH-dependent structural transitions in their bulk phases. Particularly the transition from
the inverse micellar to inverse hexagonal phase was suspected to play a major role during
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endosomal escape. Additionally, a correlation between their varying in-vivo efficacy and
delayed protein expression onset has been observed.

The second publication, “Buffer Specificity of Ionizable Lipid Nanoparticle Transfection
Efficiency and Bulk Phase Transition” (Section 5), delves into how the chemical identity
of buffer ions, beyond just the pH, influences LNP transfection efficiency by modulating
these critical pH-dependent structural transitions within the LNP core. We demonstrated
that specific ion adsorption at the lipid-water interface altered the area per headgroup,
thereby shifting the transition pH and impacting endosomal release efficiency.

Finally, the third publication, “Combining SAXS Analysis and MD Simulation to Deter-
mine Structure and Hydration of Ionizable Lipid Hexagonal Phases” (Section 6), presents
an integrated approach utilizing small-angle X-ray scattering (SAXS) experiments, molec-
ular dynamics (MD) simulations, and a continuum model to elucidate lipid distribution
and water content within inverse hexagonal (Hyr) phases. We established a link between
the hydration properties of ionizable lipid mesophases and their transfection efficiency,
providing a powerful tool for the rational design and optimization of LNPs by predicting
performance based on structural characteristics.
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2 Theoretical Principles of Small-Angle X-ray Scatter-
ing (SAXS)

Small-angle X-ray scattering (SAXS) is a powerful technique used for the structural in-
vestigation of materials at the nanoscale. This method relies on the elastic scattering
of X-rays by a sample, with the scattered radiation recorded at very small angles, typi-
cally between 0.1° and 10°. At typical SAXS wavelengths of 0.07-0.2 nm, this small-angle
scattering provides information on structural features with dimensions ranging from ap-
proximately 1 to 100 nm. The technique is a standard tool across a wide range of fields,
including condensed matter physics, molecular biology, and materials science.3*

The X-ray beam is scattered by the sample and forms a shallow cone around the unscat-
tered beam before it is recorded by the detector. As long as the structures inside the
sample are small compared to the beam size, the random orientation of those structures
will cause the scattered X-rays to form isotropic patterns. If the contrast is high enough
and the sample shows sufficient ordering, the recorded images show concentric circles
around the unscattered beam.

The fundamental principle underlying the SAXS signal is the difference in electron den-
sity between a scattering object and its surrounding medium. X-rays interact with the
electrons of the material and the resulting scattering pattern arises from the interference
of X-ray waves scattered by these electrons. For biological systems, the electron density
contrast is often subtle. For instance, the average electron density of a protein (~ 0.43
electrons/A®) is only slightly higher than that of water (~ 0.33 electrons/A?), which makes
the scattering signal inherently weak.?® Consequently, high-quality SAXS measurements
require instruments with a high X-ray flux and sensitive detector to capture a clear signal
above the background noise.

2.1 SAXS Instruments

The inherent weakness of the SAXS signal, particularly for systems with subtle electron
density contrast, presents the primary engineering challenge for all SAXS instruments.
The design and evolution of every component in a SAXS system, whether a compact lab-
oratory setup or at a large-scale synchrotron, are a direct response to this foundational
problem. Each element is meticulously engineered to either maximize the flux of the inci-
dent beam to increase the signal or to minimize background noise and parasitic scattering
to improve the signal to noise ratio.

The X-ray source is the starting point of the SAXS beamline, generating the radiation used
to probe the sample. Its characteristics, specifically brilliance, flux, and beam diameter,
are critical determinants of overall instrument performance. In a typical in-house setup,
the source is a microfocus X-ray tube. Inside this tube, a heated cathode emits high-energy
electrons that are accelerated toward a metal anode (often Copper or Molybdenum).
The collision of those high-energy electrons with the metal generates X-rays through two
distinct mechanisms: Bremsstrahlung radiation and Characteristic radiation.
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Bremsstrahlung radiation is caused by the deceleration of electrons, causing their kinetic
energy to be emitted as electromagnetic radiation. With sufficient kinetic energy, this
radiation will be X-rays, but emission is a continuous spectrum. Characteristic radiation,
on the other hand, is discrete and caused by the accelerated electrons knocking specific
electrons from the metal anode’s atoms. Knocked-out electrons are then replaced by elec-
trons from higher-energy shells within the same atom, which emit the energy difference as
Characteristic radiation. The most intense Characteristic radiation is caused by electrons
from the 2nd shell (L shell) replacing holes in the inner-most shell (K shell) and is called
Ka radiation. The wavelength of this Ka radiation depends on the material, being 0.154
nm for copper and 0.071 nm for molybdenum.

In contrast to a laboratory source, the X-ray source for a synchrotron SAXS setup is
fundamentally different, offering vastly superior performance. In this case, the X-rays
are generated by an electron storage ring, where electrons are accelerated to near the
speed of light and forced to change direction by powerful magnets (undulators). This
process produces extremely intense, highly collimated, and naturally brilliant synchrotron
radiation at a far greater flux than any laboratory tube can achieve.

After generation, the raw X-ray beam in both setups is shaped and prepared by a se-
ries of optical components. These optics serve two crucial functions. First, they provide
monochromatization, filtering the X-ray spectrum to a narrow wavelength to ensure accu-
rate scattering analysis. Second, they are responsible for collimation and focusing, creat-
ing a highly parallel or precisely focused beam to illuminate the sample. This is achieved
using a combination of pinholes, slits, and advanced mirrors. To combat the issue of
parasitic scattering from the collimating slits, modern instruments employ sophisticated
designs, such as scatterless blades.

The thin X-ray beam is then directed at the sample and scattered at shallow angles be-
tween 0.1° and 10° creating a cone around the unscattered beam. To be able to record
the scattering even at small angles, the detector is usually located up to several meters
behind the sample. Detectors used in SAXS are typically 2-dimensional X-ray area de-
tectors to detect the 2D scattering pattern, similar to normal cameras but with sensor
chip areas of several hundred cm?.3% High-end versions are sensitive enough to count the
X-ray photons directly, but the unscattered beam has to be blocked before it reaches the
detector to prevent the sensor chip from being damaged by its high flux.

To minimize background noise from air molecules in the beam path, the source, sample,
and detector are usually separated by vacuum tubes. Those tubes are sealed by thin, low-
scattering materials such as Kapton foil. A standard approach for correcting background
scattering is to perform a separate measurement of an empty sample holder, such as a
quartz capillary, and subtract its scattering signal from the sample data. The angular
calibration of the detector is typically performed by using a standard reference material
like silver behenate, which produces a large number of well-defined diffraction peaks at
known positions.

Although advances in laboratory X-ray sources and detection systems have made in-
house instruments increasingly versatile, synchrotron radiation is essential for certain,
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more challenging studies due to its exceptionally high X-ray flux. The high flux of a
synchrotron allows for rapid data acquisition, enabling the measurement of dozens of
samples in a matter of hours instead of weeks. High-end synchrotron instruments can
also achieve higher angular resolutions which makes it possible to differentiate between
individual peaks in close proximity that are otherwise indistinguishable. On the other
hand, in-house instruments usually offer better accessibility and are therefore a crucial
and complementary tool for performing preliminary work, testing different samples and
sample holders, and optimizing preparation techniques before using the limited and highly
competitive synchrotron beamtime, which requires a formal proposal. The complementary
nature of these two types of instruments allows researchers to promptly understand the
general structure of samples in the lab, while reserving the high-resolution experiments
for the limited time at the synchrotron.

2.2 SAXS Data Analysis

For isotropic samples with sufficient ordering, the data recorded by the detector is a 2D
scattering pattern of concentric circles around the unscattered beam, which is usually
blocked to protect the detector from its high intensity. To analyze the data further, the
recorded experimental data is analyzed in reciprocal space, a mathematical construct that
simplifies the interpretation of scattering patterns. The analysis is achieved by integrating
the 2D detector data radially with the unscattered beam position at the center. This
integration converts the 2D pattern into a one-dimensional scattering curve with the
scattered intensity I on the y axis. For the x axis, the scattering angle (26) is converted
into a scattering vector ¢, which is defined by the equation ¢ = 47”32'71(9), where A is the
X-ray wavelength.

The conversion allows the rings from the 2D pattern to be shown as humps in the 1D
plot, which can then be analyzed further to determine structural properties. In highly
ordered materials like liquid crystals, the scattering creates sharp, distinct rings which
lead to sharp Bragg peaks, reflecting the periodicity and symmetry of the arrangement.
For less ordered systems, the rings are more diffuse and the peaks broader. Following the
Bragg condition for constructive interference nA = 2d sin(#), peaks in the ¢ space corre-
spond to recurrent spacings (d) between diffraction planes via d = 2?”.34 This relationship
establishes a crucial inverse correlation between the scattering vector and the real-space
dimensions of the structure, where larger structures correspond to smaller ¢ values and
vice versa.

Lipids, as amphiphilic molecules, possess a remarkable capacity to self-assemble into a
wide variety of ordered structures known as liquid crystalline mesophases. SAXS is the
ideal technique for identifying and characterizing these mesophases, as each has a unique
structural “fingerprint” defined by a set of distinct Bragg reflections. The positions of
these Bragg peaks are directly related to the periodic distances between planes of a crystal
lattice, which are indexed by a set of integers known as Miller indices (h,k,l). Position
ratios of peaks can be calculated by comparing their miller indices and using phase-specific
equations that are listed in Table S1 and S2 inside the Supporting Information of our first
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publication (Section 4). By analyzing the ratios of these peak positions, it is possible to
identify the specific liquid crystalline phase present in the sample.

For example, the two-dimensional inverse hexagonal (H;;) phase, which is composed of
a hexagonal lattice of inverse cylindrical micelles, is characterized by a specific series of
sharp Bragg peaks with relative positions following the ratio 1:4/3:/4 for the first three
peaks. Common inverse mesophases relevant to lipid systems include:

e L;; (Inverse Micellar, disordered): A disordered fluid of inverse micelles, character-
ized by a single, broad peak, indicating a lack of long-range order.3”

e P63 /mme (Inverse Micellar, hexagonal A hexagonal packing of inverse micelles.?839

Relative peak positions: /4/3:1/3/2:1/41/24:1/17/6:1/16:...

e Fd3m (Inverse Micellar, cubic): A cubic packing of inverse micelles.

Relative peak positions: V3:/8:/11:4/12:4/16:...

e H;; (Inverse Hexagonal): A hexagonal lattice of inverse cylinders.?”

Relative peak positions: 1:/3:/4:7/7:4/9:...

e Pn3m (Bicontinuous Cubic): A complex network of interconnected channels.?”

Relative peak positions: V2:/3:0/4:/6:4/8:...

SAXS plots of those five lipid phases can be found in the forementioned Supporting
Information as Figure S1.

37,40

To get even more information about the sample, the usual analytical approach in SAXS
is the deconvolution of the total scattering intensity I(q) into two distinct components:
the form factor P(q) and the structure factor S(q). This separation is mathematically
represented as I(q) ~ P(q) - S(q). The form factor P(q) describes the scattering from
isolated particles or repeating structural units, encapsulating information about their
size, shape, and internal composition. In contrast, the structure factor S(q) describes
the spatial organization and arrangement of these particles relative to one another. It
accounts for the interference of scattered waves from different particles, revealing how
the constituents are organized. In our latest publication, we instead conducted a Fourier
analysis of the peak intensities to create 2D electron density maps following a procedure
described by Michael Rappolt and his colleagues.*! This method and our adjustments to
it are explained in detail in Section 6.
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3.1 Sample Preparation Techniques for the Ionizable Lipid Bulk
Phase

The preparation of the ionizable lipid bulk phase used the procedure developed by Mar-
ianna Yanez Arteta and her colleagues*? as reference. In this procedure, the best com-
parability of bulk phase samples and lipid nanoparticles is achieved by mimicking their
different environments with multiple dialysis steps. For our synchrotron measurements,
the original procedure was adjusted to decrease the volume per sample. In order to
improve sample consistency and reduce inter-sample variability, we standardized the pro-
cedure with small, commercially available dialysis cups and clearly defined step-by-step
instructions. After a lot of trial and error, we found a reliable way to preserve most of
our sample material during crucial steps as outlined below.

The revised procedure started with dissolving cholesterol and the cationic ionizable lipid
(CIL) at a molar ratio of 1:3 in ethanol. 9.35 mg/mL cholesterol was mixed with either
46.5 mg/mL MC3/KC2 or 46.1 mg/mL DD in ethanol. Samples with polyA or mRNA
had their lipid amount adjusted to get the same amount of sample material in the end. For
this reason, the polyA /mRNA samples were prepared with only 6.98 mg/mL cholesterol
and 40.7 mg/mL MC3/KC2 or 40.2 mg/mL DD in ethanol. Adding the right amount of
CIL proved itself tricky since it is usually in a pure, oily form and if pipetted, a certain
amount was always left behind in the pipette tip. Therefore, it was preferable to use a
scale and measure how much CIL was exactly added to the sample. It was also easier to
add the CIL before the ethanol since at those scales the ethanol evaporated quick enough
to hampered the weight measurements.

The polyA or mRNA was dissolved in pure water (MilliQQ) to a concentration of 42.2
mg/mL. Additional 2.5 mM HCI helped dissolving the polyA. The samples were then
mixed directly inside small dialysis cups with one cup per sample. In our case the Slide-
A-Lyzer™ MINI Dialysis Devices from Thermo Scientific™ had proven to be the most
reliable option. Their dialysis membranes had a molecular weight cut-off of 3.5 kDa and
although the cups were indicated to be optimal for a sample volume of 100 nL, up to 500
nL fitted inside. For the synchrotron measurements about 12 mg of material per sample
resulted in a good signal to noise ratio. Therefore 215 pL of lipid-ethanol mixture and
40.5 pL polyA/mRNA-water was added to each dialysis cup. For samples without polyA
or mRNA, the same amount of MilliQQ was added instead. Additionally, 44.5 pL of 100
mM citric acid at pH 3 was added to each sample, which causes the mixed samples to
become slightly opaque. To avoid any contamination, the dialysis cups were sealed once
all components were inside. The Slide-A-Lyzer™ MINI Dialysis Devices came with tiny
lids that were used for this purpose. At this point it was also advisable to label each cup.

For the following dialysis steps, the cups were put in swimmers to keep them afloat in the
buffer, which was slowly stirred with magnetic stir bars during the whole procedure (Fig.
2). The first dialysis was conducted in a 500 mL reservoir of dialysis buffer consisting of
50 mM citrate buffer pH 3 and ethanol at a 3:1 volume ratio for two days. This slowly
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Figure 2: Dialysis of the lipid bulk samples in preparation for SAXS measurements. The samples
are inside pink dialysis cups with dialysis membranes at the bottom. Yellow, custom made
swimmers keep the cups afloat while white magnet stir bars slowly mix the different buffers.

reduced the amount of ethanol which caused the lipids to precipitate in the water phase.
At pH 3 the head groups of the CIL were positively charged, causing them to bind to the
negative charges of polyA and mRNA.

After two days the dialysis reservoir was exchanged with PBS buffer consisting of 1 mM
KH5POy, 155 mM NaCl, and 3 mM Na,HPO, at pH 7.4 for another two days. During this
step, the ethanol was dialyzed out of the sample and the PBS mimicked the environment
that lipid nanoparticles experience after their medical application. In the end the dialysis
reservoir was exchanged for a last dialysis towards the desired pH. Mcllvaine buffer was
used for the last dialysis, which is a citrate-phosphate buffer consisting of Na,HPO, and
citric acid. Depending on the ratio of both chemicals the pH is adjustable from 2.2 to 8.0.

The next step was the extraction of the samples from the dialysis cups and transfer to
the quartz capillaries. This part was the most crucial since it was easy to lose significant
amounts of the prepared sample if not handled with the upmost care. The goal here was
to have the samples at the bottom of capillaries, sandwiched between layers of buffer on
both sides to prevent the samples from drying out. This was achieved by first pipetting
about half a centimeter of the final dialysis buffer inside the capillaries. The exact amount
depends on the capillary diameter. The capillaries were then put into conical centrifuge
tubes with a volume of approximately 15 mL. Only one capillary per tube is allowed,
otherwise the capillaries crush each other during the following centrifugation. Although
quartz capillaries are not cheap, it was helpful to sacrifice one or two in order to determine
the maximum centrifugal force they could withstand. A slightly lower force is then used
to centrifuge the buffer to the bottom of the capillaries. This way, capillaries with defects
broke before the precious sample material was inserted.

After preparing the capillaries with buffer, the sample material was carefully scooped
from the dialysis cups and squeezed inside the capillaries. The consistency of our sample
material was highly dependent on the pH of the last dialysis buffer. Below pH 6, the
sample precipitated as white and sticky blobs. Using a small, clean and blunt rod (like
the blunt end of a metal inculation loop), it was possible to fish the precipitates out
without losing much sticking to the rod. Some of it also stuck to the walls of the dialysis
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Figure 3: The thin quartz capillary contains white lipid bulk material, layered between buffer
on both sides.

cups, so it was necessary to carefully scrape it off the dialysis cup walls and inside the
capillaries. Above pH 6, the sample material formed an greasy, liquid film at the top of
the dialysis cups, making it impossible to fish or scrape it out. To still achieve a high
sample concentration, the sample was instead carefully pipetted out, trying to take the
least possible amount of buffer with it.

The sample material was then centrifuged down, forming a distinct layer on top of the
buffer that was inserted before. A second layer of buffer was then pipetted on top. This
second buffer layer was only centrifuged slowly, to prevent it from being pushed below the
sample material. If everything was performed correctly, the result was a capillary with a
layer of sample material between two layers of buffer (Fig. 3). In the end, the capillaries
were sealed using hot wax, forming an airtight seal. The samples were then stored in the
dark and at 4°C for several weeks or even months before being measured. Although these
samples probably cannot be preserved indefinitely, extended storage time gave the lipid
structure time to equilibrate. When remeasuring samples that were stored in the dark
and at room temperature for one year, their signal quality even improved compared to
them being measured after only one month. In any case, the samples were always warmed
to at least room temperature before being measured.

3.2 SAXS Measurement Protocols and Data Acquisition

While adjusting our preparation protocol, we used our in-house SAXS device to compare
sample qualities and to check which pH range to focus on subsequently. But due to its
superior resolution and measuring speed, we exclusively used synchrotron data for our
publications. In total we prepared samples for four beam times at the P12 EMBL beam
line at DESY in Hamburg between 2021 and 2023. At this point I have to thank their
beam line scientist Clement E. Blanchet, who helped us measure about 500 different
capillaries. Each capillary was measured at up to 20 different positions and at each
position 20-40 individual frames were recorded by the detector with a exposure period of
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Figure 4: This 3D printed sample holder contains 16 capillaries with lipid bulk samples and is
mounted on a motorized stage. During the measurement, the X-ray beam is directed through
the upper vacuum tube and the brown Kapton foil before it scatters at the sample and enters
the lower vacuum tube to reach the detector.

100 ms per frame. The capillaries were placed side by side in a 3D printed capillary holder
on a motorized stage, that made it possible to automatically measure up to 16 capillaries
per run (Fig. 4). For our publication “Buffer Specificity of Ionizable Lipid Nanoparticle
Transfection Efficiency and Bulk Phase Transition” (Section 5) we additionally measured
samples at an increased temperature of 37°C by heating them externally for at least three
hours to give the lipid mesophases time to equilibrate.

3.3 SAXS Data Analysis and Interpretation

The recorded SAXS data showed concentric circles around the direct beam, which is
usually blocked to protect the detector from its high intensity. Looking at these circles,
we could already indicate two different types of circles: isotropic and non-isotropic (Fig.
5). Most of the circles were isotropic, indicating that the alignment of the source of these
circles was isotropic at the scale of the beam size. The non-isotropic circles on the other
hand came from crystals that were large enough to create X-ray diffraction into certain
preferred directions. In our lipid bulk phase samples, these non-isotropic circles were
created by cholesterol monohydrate crystals, which can grow large enough to be visible
via conventional light microscopy (Fig. 6).

In order to analyze the measurements further, the 2D detector images was integrated
radially and plotted versus the absolute scattering vector . In this depiction, the rings,
both isotropic and non-isotropic, were presented as peaks. In order to increase the signal-
to-noise ratio, the background was measured by using empty capillaries and subtracted
from the sample measurement. Most of the undesired scattering came from the Kapton
foils at the end of the vacuum tubes with only little contribution by the air between the
tubes and from the capillaries. Since the Kapton scattering always occurred at the same
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Figure 5: Inverted SAXS detector images of lipid bulk phases. The upper scattering pattern
shows an inverse hexagonal structure with its characteristic ratio of 1:1/3:2 around the mostly
blocked direct beam. The lower scattering pattern shows the much more complex inverse micellar
Fd3m structure. Most of the rings are isotropic but two distinct rings contain several radiant
spots. Those non-isotropic rings are caused by large cholesterol monohydrate crystals formed by
an excess of cholesterol inside our samples.

~

20x objective

Figure 6: An excess of cholesterol during the lipid bulk phase preparation causes large cholesterol
monohydrate crystals, which are visible through crossed polarizers in a light microscope. This
microscopy image shows the Hyy phase and was recorded by Dorothea Hofer during her Master
Thesis.
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positions, it was relatively easy to subtract them properly. The resulting SAXS plots
are displayed in Fig. 2 of our first publication in Section 4 and Fig. 3a of our second
publication in Section 5.

The following analysis of the SAXS data was conducted via custom scripts, that were
either entirely written by myself or derived from scripts by Gerome Vancuylenberg and
Michael Rappolt* (2D electron density maps), and Jan Westergren (continuum model).
The whole procedure is described in detail in our publication “Combining SAXS Analysis
and MD Simulation to Determine Structure and Hydration of Ionizable Lipid Hexagonal
Phases” (Section 6) and its Supplementary Information.
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4 Publication 1: pH-dependent structural transitions
in cationic ionizable lipid mesophases are critical for
lipid nanoparticle function

Our first major publication compared different cationic ionizable lipids (CILs) used in
lipid nanoparticle (LNP) formulation and analyzed their structural behaviour in response
to the pH of the environment. In collaboration with Lennart Lindfors and his collegues
(AstraZeneca in Gothenburg), who conducted in-vivo experiments, as well as Nadine
Schwierz and Akhil Sudarsan (University of Augsburg) for molecular dynamics (MD)
simulations, we analyzed three common CILs: DLin-MC3-DMA (MC3), DLin-KC2-DMA
(KC2), and DLinDMA (DD). In-vivo analysis in the mouse liver demonstrated a ranking
of eGFP protein expression (MC3 > KC2 > DD), despite all three CIL-LNPs showing
similar mRNA delivery to the target cells.

This key finding led to the conjecture that the difference in efficacy is entirely caused by the
subsequent endosomal escape and mRNA release efficiency. To confirm this hypothesis,
Anita Reiser conducted in-vitro experiments which showed that DD-based LNPs exhibited
a delayed onset and reduced level of protein expression compared to MC3 and KC2,
directly mirroring the in-vivo ranking.

To find the structural root of this difference, we used synchrotron small-angle X-ray
scattering (SAXS) to systematically study bulk phases consisting only of the CIL and
cholesterol as a simplified model of the LNP core. Upon lowering the pH, we observed a
sequence of ordered mesophases, including inverse micellar (L;;, P63/mmc, and Fd3m),
inverse hexagonal (Hy), and inverse bicontinuous cubic (Pn3m) phases. We identified the
pH-driven transition from the inverse micellar to the inverse hexagonal phase, occurring
around pH 6, to be the critical event, that is likely responsible for endosomal membrane
disruption and mRNA release. The same transition was also observed in molecular dy-
namics (MD) simulations, which was accompanied by the relocation of the MC3 head
groups into the water phase.

Crucially, the SAXS data revealed that while all three CILs underwent the critical inverse
micellar to inverse hexagonal phase transition, the excess lipid phase in DD models exhib-
ited a considerably larger nearest-neighbor distance, which probably also led to a higher
degree of hydration compared to MC3 and KC2. The DD phase also uniquely exhibited
the Pn3m phase at the lowest pH, posing as a possible hindrance during endosomal es-
cape and subsequent release of the mRNA in the cell plasma. This increased spacing and
hydration correlated with our in-vitro and in-vivo findings of the delayed onset and re-
duced level of protein expression for DD-based LNPs. We picked up this link in our latest
publication (Section 6) and extended our analysis of SAXS data and MD simulations.
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Lipid nanoparticles (LNPs) are advanced core-shell particles for messenger RNA (mRNA)
based therapies that are made of polyethylene glycol (PEG) lipid, distearoylphosphati-
dylcholine (DSPC), cationic ionizable lipid (CIL), cholesterol (chol), and mRNA. Yet
the mechanism of pH-dependent response that is believed to cause endosomal release
of LNPs is not well understood. Here, we show that eGFP (enhanced green fluores-
cent protein) protein expression in the mouse liver mediated by the ionizable lipids
DLin-MC3-DMA (MC3), DLin-KC2-DMA (KC2), and DLinDMA (DD) ranks MC3
2 KC2 > DD despite similar delivery of mRNA per cell in all cell fractions isolated. We
hypothesize that the three CIL-LNDPs react differently to pH changes and hence study
the structure of CIL/chol bulk phases in water. Using synchrotron X-ray scattering a
sequence of ordered CIL/chol mesophases with lowering pH values are observed. These
phases show isotropic inverse micellar, cubic Fd3m inverse micellar, inverse hexagonal
Hj; and bicontinuous cubic Pn3m symmetry. If polyadenylic acid, as mRNA surrogate,
is added to CIL/chol, excess lipid coexists with a condensed nucleic acid lipid H I[I phase.
The next-neighbor distance in the excess phase shows a discontinuity at the Fd3m inverse
micellar to inverse hexagonal Hj; transition occurring at pH 6 with distinctly larger
spacing and hydration for DD vs. MC3 and KC2. In mRNA LNPs, DD showed larger
internal spacing, as well as retarded onset and reduced level of DD-LNP-mediated eGFP
expression in vitro compared to MC3 and KC2. Our data suggest that the pH-driven
Fd3m-Hj; transition in bulk phases is a hallmark of CIL-specific differences in mRNA
LNP efficacy.

lipid nanoparticles | mRNA delivery | ionizable lipid | lyotropic mesophases | SAXS

Decades of research, based on rational design and screening approaches, resulted in the
achievement of lipid nanoparticles (LNPs), which have improved efficiency and safety
of nucleic acid delivery over several orders of magnitude (1-3). First formulations based
on LNP technology have been approved by the US Food and Drug Administration,
including Onpattro, the first LNP-based drug delivering small interference RNA (siRNA)
(4), as well as Moderna's and Pfizer/BioNTech’s mRNA LNP-based vaccines against
SARS-CoV-2 (5, 6). It is expected that LNPs will play a vital role in future mRNA-based
vaccines for cancer immunotherapy (6), chimeric antigen receptor T cell-based immu-
notherapies (7), and gene editing using CRISPR (8). LNPs exhibit favorable properties
such as defined size, colloidal stability, and surface inertness. Efficient condensation and
encapsulation of negatively charged nucleic acid cargo in LNPs is enabled via cationic
lipid charge and rapid microfluidic mixing during the self-assembly process (9, 10). The
choice of ionizable and biodegradable lipids reduces cytotoxicity and enables rapid elim-
ination from plasma and tissue (11). Finally, LNDPs efficiently mediate cellular uptake via
plasma proteins and subsequent release of nucleic acid to the cytosol (12). It is understood
that these properties come about by optimal choice of four lipid components including
cholesterol (chol) that self-assemble into a well-defined core-shell architecture which
distinguishes LNPs from other gene delivery particles. Typically, PEG-lipid and a struc-
tural helper lipid are employed to form a surface monolayer that stabilizes LNP size,
while cationic ionizable lipid (CIL) and chol represent the components that condense
and encapsulate nucleic acid in the LNP core. Cryo-TEM imaging provides some insight
into LNP size and morphology (13-16). For LNPs formulated from ionizable lipid and
siRNA, spherical morphology is observed with relatively homogeneous size and core
textures indicating dense hexagonal or lamellar order (13, 15). The picture is in agreement
with coarse-grained simulations of siRNA-LNPs reproducing core-shell particles with
PEG-lipid segregated at the surface and a disordered, densely packed core phase (10, 17).
The mRNA LNPs discussed here show spherical shapes with dense, homogenous cores
in cryo-TEM images (14).
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Despite clinical success, the mechanism of how LNPs mediate
release of mMRNA from endosomes into the cytosol is still not fully
resolved. As a result of this, we are not yet in the position to design
predictable nanomedicine from the bottom up. Small molecular
variations in chemical structure have unexpectedly large effects on
efficiency. While transport and biodistribution in the extracellular
space as well as adhesion and uptake by target cells is controlled
by surface properties, it is generally believed that the core structure
and pH-dependent properties of the fusogenic ionizable lipid
components enable endosomal release. Specifically, the claim was
made that for optimal siRNA-mediated gene silencing, the effec-
tive pK, of ionizable lipids, as determined using the anionic flu-
orescent dye 2-(p-toluidino)-6-naphthalenesulfonic acid binding
assay, should be in the range between 6.2 and 6.5 (18). The ion-
izable lipids DLin-DMA (DD), DLin-KC2-DMA (KC2) (19),
and DLin-MC3-DMA (MC3) (18) have been a showcase of ion-
izable lipid optimization featuring dramatically improved in vivo
activity (Fig. 1 A and B). However, despite the use of the same
ionizable dimethylamino group and tail length, DD, KC2, and
MC3 perform differently. It appears that the pH-dependent
response of ionizable lipids is key to understand endosomal release,
but the choice of an optimal ionizable lipid headgroup alone is
not the full answer (13, 20).

It has been argued for long that lipid polymorphism, i.e., the
properties of lipids to aggregate into various liquid crystalline
symmetries, plays a role in lipid-mediated delivery of nucleic acid

buffgr pH 3
um}é&z?x‘)

A

ke

DMPE-PEG2000
DLin-MC3-DMA

3 DSPC ¢ Cholesterol

ionizable lipid in liver cells
per cell (t=5 and 24 h)

o
O

eGFP mRNA in liver cells
per cell (t=5 and 24 h)

(19, 21, 22). In the past, cationic lipid complexed with negatively
charged DNA has been shown to form distinct mesophases with
lyotropic lipid order and DNA superlattices (22-26). These con-
densed lipid phases are indexed with a superscribed “c” for com-
plexed and constitute electrostatically neutral thermodynamic
phases with defined DNA spacings. With increasing nitrogen—
phosphate (N/P) ratio, complexed nucleic acid lipid phases coexist
with excess cationic lipid. Phase behavior depends on composi-
tion, temperature, and salt conditions. Recently, lamellar CIL
phases mixed with mRNA were studied and shown to be pH
responsive (27-29). It has been shown that inverse hexagonal and
cubic symmetries of complexed phases lead to increased nucleic
acid delivery compared to lamellar order, a structure—activity rela-
tion that seems to hold both for lipoplexes (22-24) as well as LNPs
(15, 16). In contrast to lipoplexes, that can be perceived as dis-
persed complexed mesophases without dedicated surface compo-
nent, LNPs are core-shell particles with distinct surface and core
composition. In fact, as shown in recent neutron scattering studies,
the surface-active components PEG-lipid and DSPC are phase
separated, for the most part, from ionizable lipid—chol that pre-
dominantly form the core phase (14). This finding is of funda-
mental value since it allows to study and improve surface and core
properties separately. In this spirit, it is insightful to study phase
behavior of macroscopic bulk samples that mimic the LNP core
moiety. Yet, studies on CIL/chol bulk phases with and without
nucleic acid are missing.
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Fig. 1. LNP-mediated mRNA delivery and protein expression in vivo. (A) Schematic drawing of production, internalization via endocytosis, and pH-dependent
maturation of LNPs preceding endosomal release. mRNA LNP particles exhibit a core-shell structure consisting of a condensed core phase composed of MRNA,
CIL, and chol, with an outer shell enriched in DSPC and a PEG corona. (B) The ionizable lipids MC3, KC2, and DD differ in head group area while sharing the
same lipid tails and ionizable dimethylamino-group. (C) Mice study of ionizable lipid uptake in liver cells, (D) mRNA uptake in liver cells, and () in vivo protein
expression per cell type showing same uptake yet unexplained order of protein expression efficacy MC = KC2 > DD. Four mice in each group were used with an
mRNA dose of 0.5 mg/kg. Error bars in figures (C-£) are the SEM. Significance levels are based on the Mann-Whitney method.
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Here, we explore the in vivo delivery of eGFP (enhanced green
fluorescent protein) mRNA LNPs based on MC3, KC2, and DD
and quantify the cell-specific lipid and mRNA delivery as well as
the consecutive protein expression. To rationalize these in vivo
observations, we systematically study the mesophases of the
core-forming LNP components, i.e., the CIL, MC3, KC2, and
DD and chol. Using high-resolution synchrotron X-ray scattering,
we identify lyotropic structures as a function of pH in pure CIL/
chol/buffer phases and phases of CIL/chol/buffer and nucleic acid.
We pursue the hypothesis that structures found in reconstituted
bulk phases are meaningful for the clarification of LNP response
inside endosomes. Throughout this manuscript, we will distin-
guish macroscopic “bulk phases” with defined lipid composition,
from “LNP core phases”, which represent the inner lipid moiety
of LNPs. We find for the three ionizable lipids, MC3, KC2, and
DD, that first the pure lipid/chol phases exhibit ordered meso-
phases in the following order of appearance: Lj;, cubic micellar
Fd3m, inverse hexagonal H};,and bicontinuous cubic Pn3m, when
lowering pH from pH7 to pH5. Second, if polyA (polyadenylic
acid) as linear mRNA model is added to the bulk phases, coexist-
ence of pure lipid phases and a complexed nucleic acid lipid /7,
phase is evidenced by separate sets of Bragg reflections. We show

that the observed structures are consistent with SAXS (Small angle
X-ray scattering) data from less ordered phases containing
eGFP-mRNA as well as from LNPs. We find that the excess lipid
phase for all three CIL studied undergoes an Fd3m-Hj; transition
atabout pH 6. However, DD exhibits considerably larger micellar
nearest-neighbor distances in the transition region. Likewise, we
observe that in LNPs, both spatial order and lipid mobility
undergo a pronounced transition with pH. This finding goes hand
in hand with a distinctly delayed onset and reduced level of
eGFP expression in DD-meditated compared to MC3- and
KC2-mediated mRNA LNP transfection. We discuss how the
pH-sensitive transition from inverse spherical micellar to inverse
hexagonal lipid structures in lipid excess phases explains the
observed CIL-dependent difference in LNP endosomal release.

Results

In Vivo eGFP-mRNA LNP Dosing Experiment in Mice. The LNPs
studied here are prepared at pH 3 by rapid mixing of an aqueous
mRNA citrate buffer phase and lipid/chol components dissolved
in ethanol phase. The resulting particles are dialyzed against
phosphate-buffered saline (PBS, pH 7.4) in order to adjust the
pH and remove residual ethanol (Materials and Methods). LNPs
are composed of ionizable lipid, DSPC, Chol and PEGylated lipid
(DMPE-PEG2000) forming core-shell particles as schematically
depicted in Fig. 14. The N/P ratio of nitrogen atoms on the
ionizable lipid and phosphor atoms on the mRNA chain was 3:1.
In the following, we compare the three ionizable lipids DLin-
MC3-DMA (MC3), DLin-KC2-DMA (KC2), and DD, which
are outfitted with the same ionizable (dimethyl)-amino group and
the identical (dilinoleyl) tail moiety as shown in Fig. 1B (Materials).
However, the ionizable lipids differ in their linker group, and it has
been noticed earlier that also the siRNA knockdown efficiency of
the three lipids vastly differ both in vitro as well as in vivo (18). LNPs
are internalized by cells via receptor-mediated endocytosis. Inside
endosomes, pH is lowered over time and pH-induced structural
changes are believed to induce LNP-endosomal membrane fusion
and subsequent release of mRNA from LNPs (Fig. 14). The
different efficiency of the three ionizable lipids is believed to be
routed in the endosomal release mechanism. In order to verify that
this hypothesis is valid for mRNA delivery in vivo and furthermore
that the mechanism is independent of cell type, we designed a

PNAS 2023 Vol.120 No.50 2310491120

comparative LNP dosing experiment in CD1 mice. Specifically, we
measure uptake of the ionizable lipid component and the eGFP-
mRNA via MC3-, KC2- and DD-based LNP formulations and
compare relative uptake to protein expression. To this end, mice
were injected with eGFP encoding mRNA LNPs, and the resulting
mRNA and eGFP level in liver cells was analyzed. In order to
quantify uptake into various types of liver cells in an unbiased
way, cells from the liver were carefully isolated, thus removing
extracellular components containing unsuccessful LNP material.
Subsequently, cells were sorted to yield insight into possible
cell type dependence. Specifically, hepatocytes, liver sinusoidal
endothelial cells (LSECs), and Kupffer cells (KCs) were isolated
from mouse liver. Hepatocytes make up 90% of the liver volume,
LSECs account for most of the liver endothelial interface, and KCs
comprise tissue-resident macrophages (30). There is a distinct dual
blood clearance functionality between LSECs, which are specialized
on uptake of macromolecules and nanoparticles <approx. 200 nm,
and KCs, which are specialized on uptake of particles >approx.
200 nm (31). All three cell types are then subject to analysis of
mRNA, eGFP, and ionizable lipid content. As shown in Fig. 1 C
and D, the uptake of both ionizable lipid and mRNA in liver cells
is similar between MC3-, KC2-, and DD-mediated delivery. In
control mice given only PBS, analytical measurements of either
the ionizable lipid, the mRNA or the protein was below the lower
limit of quantification. A significant fraction of the lipid dose for all
three LNPs is found in hepatocytes, likely because by both number
and volume, these cells constitute the major part of the liver. Note
that the study was designed with animals randomized in pairs as
diagramed by two bars in the plot representing samples taken at
5 and 24h, respectively. Protein expression was most pronounced
in the hepatocyte fraction vs LSECs and KCs. Furthermore, in
the hepatocytes, eGFP expression varied in the order MC3 > KC2
> DD (Fig. 1E), despite similar lipid and mRNA uptake at the
cellular lever (per cell). It should be noted that for LSEC and
KC fractions, LNPs of MC3 and KC2 gave similar but higher
expression vs DD LNPs. Furthermore, the order of expression
level follows the same trend, albeit less pronounced, as for siRNA-
LNP-mediated hepatic gene silencing (18, 19). Hence, the quest
to search for difference in the pH-dependent response of the three
different CIL-LNPs during endosomal release is of immediate
importance for clinical applications.

Bulk CIL/Chol Mixtures Exhibit Sequence of Lyotropic Phases as
a Function of pH. In order to understand structural transitions that
occur in the core of LNPs, we study macroscopic bulk phases of
CIL/chol/water with and without nucleic acid as a function of pH.
An overview of the high-resolution synchrotron SAXS data is given
in Fig. 2. SI Appendix, Fig. S1 shows an overview of these SAXS
measurements at a higher resolution. Adenoside monophosphate
homopolymer, polyA, was selected as a model for mRNA because
of similar biophysical properties. The experiments follow the
investigations done in previous work (14) exploring bulk phase
properties as proxies for LNP core phase behavior. In their stcudy
as well as in ours, the bulk phases were produced in a way that
was as analogous to LNP production as possible. CILs, chol, and
polyA were mixed and dialyzed against the same buffer used in the
microfluidic mixer during the formation of LNPs (50 mM citrate
pH 3 and ethanol, in a 3 to 1 volume ratio (S Appendix, Fig. S2).
Afterward, to simulate the process of LN production, the bulk
phases were dialyzed against PBS pH 7.4. Finally, a third dialysis
step was used to bring the bulk phases to the required pH. The
chosen pH range (pH 4.5 to pH 7.4) was adjusted to match the
pH conditions experienced by LNPs within the cellular endosome
(32) to capture the entire gamut of interactions of polyA with the
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coexistence of lipid mesophases with a complexed, nucleic acid containing, phase is observed. In the pH range from 5.0 to 6.0 typically H, and Hj, coexist. See

main text for further information.

lipids. Samples were equilibrated over 1 to 4 wk. The long dialysis
and equilibration time are required to ensure the formation of
equilibrated homogeneous phases as also seen in the evolution
of SAXS data with time (SI Appendix). Note that according to
the preparation protocol, water is added in excess and CIL/chol/
buffer phases typically swim above supernatant buffer due to their
lower density. Fig. 24 shows the scattering data of CIL/chol/buffer
bulk phases dialyzed to a range of pH conditions for the three
CILs, MC3, KC2, and DD. Sharp Bragg reflections emerge at
pH values lower than about 6.5, indicating the formation of
ordered phases. The crystal symmetries of the ordered phases are
identified according to the relative peak positions (Fig. 2C and
Methods). The overall progression of structures exhibits a general
trend for all three CIL/chol/buffer phases: At neutral pH, the bulk
phase is a disordered inverse micellar Z;; phase with one main
structural peak (in the region of 0.1 A™) and a weak second-order
peak at about 0.2 A", As the conditions become more acidic, at
a pH of around 6.0 to 6.5, an isotropic cubic inverse micellar
phase (Fd3m) appears, which is followed by a transition to an
inverse hexagonal Hj; phase. In the case of DD/chol/buffer, one
additional phase, a bicontinuous cubic phase Pn3m, appears at
very low pH values below pH 5.0. In rare cases, we observe an
inverse hexagonal micellar phase with P6;/mmc symmetry (33)
preceding the Fd3m cubic phase at pH 7.0. All core phases, in
all pH conditions, also showed two characteristic peaks at q

https://doi.org/10.1073/pnas.2310491120

values of 0.186 A" and 0.368 A™" (Bragg spacings of 33.8 A and
17.0 A, respectively), which were noted previously (14) as chol
monohydrate crystals (34). The chol crystals are already present
during the preparation steps of the bulk phases. These crystals
are not expected to be present in the LNPs due to the nano-sized
precipitates rapidly formed by microfluidic mixing. The overall
sequence of CIL mesophases observed in Fig. 24 follows well-
known behavior in lyotropic liquid crystalline phase formation
which are driven by the molecular shape factor, also known as
critical packing parameter (CPP) (35). This interpretation suggests
that at neutral pH the effectively charge neutral CIL monolayer
possesses negative curvature favoring inverse micelles. Increasing
protonation of the CIL headgroup will increase the headgroup area
and hence shifts the spontaneous curvature of the CIL monolayer
toward less negative values. In summary, the lipid bulk phases of
the three CIL/chol/buffer mixtures show almost identical order
of distinct mesophases following a trend from negative curvature
toward zero curvature structure with decreasing pH.

polyA-Complexed CIL Phase Coexistence with Excess CIL. If
polyA is added to CIL/chol/buffer phases (Fig. 2B), we observe
additional peaks in the SAXS data which correspond to nucleic
acid complexed phases. The additional peaks appear on top of
the phases without polyA, hence showing coexistence of an excess

CIL phase with polyA-CIL complexed phases (S Appendix). Most
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prominently, coexistence is observed in the pH range 5.5 t0 6.5,  We combine experiments and all-atom MD simulations by
where a complexed inverse hexagonal H7, and the inverse lipid ~ incorporating the experimental lattice symmetry and distances
H,; phases are seen by two closely spaced first-order reflections.  as constraints to the simulations and yield an accurate form
Higher-order reflection with spacings 1:V3:V4 is found in some ~ factor from MD to model the SAXS intensities. Using this
cases. At pH values above pH 6.5, when the ordered lipid phases ~ approach, the simulations provide detailed molecular insights
turn into the disordered Z;; phase, the complexed phase Hj,  into the lyotropic phases Hj; and Lj; and resolve the individual
seems to continue to exist as seen by the sharp peak on top of contri.butiofls. to the scattering intensities. The n}easured Bragg
the L;; phase signature. However, over periods of weeks, this peak intensities show.t}.lat th.e lipid phases contain a water core
peak broadens, shrinks, and eventually disappears (SI Appendix, surrounded by MC3 I}P}ds "“’lth hea(.igroups facing _the. water core
Fig. $3). We investigated whether polyA was released from the and chol and MC3 hPld ta‘!s forming an outer oil-like moiety.
bulk phase during this process but did not find increased nucleic We performed MD simulations of MC3/chol/water using our

acid content in the supernatant (87 Appendix, Fig. S4). Hence, rCC.Cntly devel(?ped force fields for uncharged and charged MC3,
we interpret the disappearance of the A, as unbundling of the which were validated based on neutron reflectometry data of MC3

lipid bilayers (36). Fig. 34 shows the inverse hexagonal structure
with fully protonated MC3 obtained from the simulations. In
the simulation, we assumed that MC3 at pH 5.5 is fully charged.
Note that the exact degree of protonation of MC3 as a function
of pH is difficult to determine and remains a matter of ongoing
research. For the two extreme cases, we find that the hexagonal
assembly with protonated headgroup is stable over the course
of the simulation, while the corresponding simulation with
uncharged MC3 headgroup is not. In the MD simulation, the
phase. At high pH values (pH 6 to pH 7), a less defined isotropic  water content is a free variable described by the molar ratio ny,
complexed L, phase forms. of water to CIL molecules. In order to determine the correct

water content in the Hj; phase, we performed simulations with
Electron Density Profiles and Water Content of Inverse Phases varying molar ratios ny. During the simulations, the box size
for MC3. Next, we study the electron density distribution and ~ and hence the lattice constant adapts to the external conditions.

hexagonal bundles into dispersed polyA filled inverse cylindrical
micelles dissolved in the excess micellar lipid phase. As this
equilibrated phase is stable over long time and SAXS pattern at
long time scales do not show signs of phase coexistence, we term
this isotropic complexed L, for a nucleic acid complexed micellar
phase. Taken together, the addition of polyA to CIL/chol/buffer
systems leads to complexation of polyA and CIL as indicated by
the appearance of an additional inverse hexagonal condensed /7,

molecular conformations within the MC3/chol/buffer phases. ~ From these simulations, we selected the ratio that reproduced
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Fig. 3. MD simulations and electron density profiles of inverse phases for MC3. (A) Snapshot from an all-atom MD simulation of the H,, phase for fully charged
MC3 and chol. Water is shown in blue; cationic headgroup and tail of MC3 are shown in red and green, respectively. Chol is shown in yellow. (B) corresponding
radial electron density profile for the individual components of a single cylindrical micelle from MD simulations. The black line indicates the total electron density;
the vertical dash line is the half nearest neighbor distance (C) SAXS data are plotted as black dots, the fitted SAXS profile in blue and the form factor obtained
from MD in orange. (D) Simulation of tightly packed inverse micelles for uncharged MC3 and (E) electron density profile. (F) Scattering of L, phase in red fitted in
blue with the structure factor for densely packed spheres multiplied by the form factor obtained from MD. (G) Time series showing a cross-sectional view of an
inverse-spherical to inverse-cylindrical micellar transition after charging the MC3 ionizable group at time t = 0. First, the MC3 headgroups swing into the water
phase. Subsequently, a slower rearrangement from an inverse spherical to inverse cylindrical micelle takes place.
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the experimentally measured lattice distance (SI Appendix,
Fig. S5). Fig. 3B shows the electron density profile of an isolated
inverse cylindrical micelle, i.e., a water channel surrounded by a
monolayer of ionizable lipid and chol. The electron density profiles
can be converted into effective volume fractions of the water and
lipid components (see details in S/ Appendix, Fig. S6). We obtain
a water volume fraction ¢y = 24 % for ny, = 12 in the Hj; phase
in good agreement with earlier experimental work for the core
phase MC3 LNPs at neutral pH using neutron scattering. (14).
Next, we calculated the scattering form factor from the radial
MD electron density profile of an H}; cylinder considering also
neighboring cylinders (S Appendix, Fig. S6C) and compared the
result with the experimentally observed peak intensities. Fig. 3C
shows a direct comparison of the SAXS data with a H}; structure
factor including Lorentzian line shapes and peak intensity given
by the form factor from MD data with ny = 12 (orange line).
The model agrees without any parameter adjustment, besides a
global scaling factor, indicating that MD simulations reliably
reproduce the Hj; structure. In the simulations, the electron
density profiles of water, lipid headgroup, lipid tails, and chol
can be calculated separately. In order to approach simulation of
the disordered inverse micellar phase L;;, we performed MD
simulations of inverse spherical micelles with face-centered
cubic symmetry providing periodic boundary conditions with
twelve neighboring micelles. As before, the water content of the
micelles was varied in multiple MD simulations (SI Appendix,
Fig. S4 C and D). Note that the inverse spherical shape of the
micelles is well reproduced by MD simulation even though the
packing order of the simulation (fcc) and the more random
packing in experiment differ. In particular, the simulations show
that inverse micelles are stable if the MC3 head is uncharged,
but unstable if the headgroup is charged. Moreover, we find a
dramatic difference in the MC3 headgroup conformations in
Hj; compared to Lj; phase. As the electron density profiles show,
the charged MC3 headgroup sticks into the Hj; water column
(Fig. 3B), while in case of Lj; spherical micelles, the uncharged
MC3 headgroup hides within the hydrophobic lipid tail region
(Fig. 3E). A cross-sectional view of the two phases clearly displays
the different headgroup conformations (S Appendix, Fig. S7). The
experimental scattering data were fitted by the so-called Percus-
Yevick structure factor with two free parameters for densely packed
spheres and employing the form factor from MD simulations
(Fig. 3F, red line). Moreover, the MD simulations are able to
reproduce the L;; to Hy; phase transition. As pH decreases, MC3
headgroups get charged. This is simulated by introducing charge
to the MC3 headgroups at time t = 0 starting from an equilibrated
conformation with uncharged MC3 headgroups (Fig. 3G). Within
the first 120 ps, the headgroups swing out from an in-plane
conformation toward a straight conformation that sticks into the
water phase. Following this process on a time scale of 10 ns, we
then see the transition of an inverse spherical to inverse cylindrical
micelle, which is the basic local rearrangement in a transition
from a disordered spherical water-in-oil microemulsion (Lj;) to
an ordered anisotropic inverse hexagonal phase (H};) (Movie S1).
To summarize, the MD simulations confirm the stability of the
proposed liquid crystalline order for uncharged and fully charged
MC3 headgroup. In addition, the combined approach allows
us to assign the water content to the Hj; phase and to provide
quantitative comparison with SAXS data by including the form
factor from the all-atom simulations in the model fits.

SAXS Signal of LNPs Is Broader but Retains Hallmarks of pH-

Dependent Structural Changes. Additionally, we demonstrate that
the structural hallmarks, which are clearly visible in reconstituted

https://doi.org/10.1073/pnas.2310491120

macroscopic bulk phases, persist in LNP core phases. To this end,
we directly compare the SAXS scattering profiles of CIL+polyA
against bulk CIL+mRNA and mRNA containing LNPs at both
pH 5 and pH 7 (Fig. 44). Here, we observe two effects. First,
exchanging polyA with mRNA, in this case mRNA encoding for
eGFD, the sharp peaks of the polyA containing complexed H7,
phase disappear. We attribute this finding to secondary mRNA
structure, which is incompatible with long range inverse hexagonal
order. We also see that the order of the lipid-only Hj; is disturbed,
even though the 2nd- and 3rd-order peaks remain visible. In the
course of this, the signatures of polyA-filled H' i phase and the
lipid-only Hj; phase become indistinguishable. Second, when we
compare CIL-mRNA bulk phase with scattering from dispersed
100 nm-size mRNA LNPs we see an additional broadening of the
remaining peak together with a small shift of the q,,, position
toward smaller g-values. We attribute this behavior to a finite size
effect, which reduces long-range order of the inverse hexagonal
phase even further. The fact that the real-space spacing increases
is likely caused by the fact that the LNP core phase composition
might slightly differ from the reconstituted CIL bulk phase,
since small amounts of both CIL as well as chol are also present
in the surface monolayer. Overall, we can state that the SAXS
data from bulk phases are consistent with the observed LNP
scattering. Most importantly CIL+mRNA bulk phases exhibit
scattering that closely resembled the signal from LNPs suggesting
that the main CIL transition from high pH Lj; to low pH Hy;
phase also takes place in the LNP core phase. However, the highly
ordered polyA condensed Hy, appears to be a special feature of the
linear homopolymer polyA. At pH 6.5, the H ;[ phase becomes
metastable and dissolves into a disordered isotropic phase L{,. We
graphically depict the H; to L}, transition in Fig. 4B showing
an order hexagonal arrangement loosening into dispersed inverse
wormlike micelles containing linear polyA molecules (37). If
mRNA is mixed into CIL bulk phases, no H, is observed at any

pH. We expect that mRNA retains secondary structure and that
cylindrical CIL structures will cover the mRNA contours as shown
as L;I(mRNA) in Fig. 4B. Hence, the highly ordered CIL+polyA
H ;[ phases represent a rather artificial case. However, we show

in the following that we can derive some general insights about
nucleic acid-CIL complexes from the ordered HJ; phases.

pH-Induced Transitions in CIL Phases and LNPs. Furthermore,
we study the evolution of real-space distances as a function of
pH. We define the nearest neighbor distance, dyy;, as a figure of
merit which can be deduced for all liquid crystalline phases shown
in Fig. 2. In Fig. 4, the nearest neighbor distances are shown for
all three CIL/chol/buffer mesophases Fig. 4C as well as for the
condensed CIL/chol/polyA/buffer phases, Fig. 4D. At first glance,
we note that MC3 and KC2 exhibit remarkably similar trends and
spacings. The nearest neighbor distance in the inverse micellar
phase Lj; increases with decreasing pH. This can be interpreted
as protonation of the ionizable lipid headgroup concomitant with
water uptake and swelling of the micelles. With increasing size, the
degree of packing order increases, which ends up in cubic liquid
crystalline phases at pH values around 6.5. In this pH regime,
we almost always see coexistence with an inverse hexagonal phase
Hj;, with considerably smaller nearest neighbor spacing of 60 A.
Interestingly, the nearest neighbor spacing does not change as pH
values decrease further. In mesophases containing the ionizable
lipid DD, the nearest neighbor distances are considerably larger,
showing dyy, of about 85 to 89 A for inverse micellar and inverse
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Fig. 4. Scattering signature and pH-induced transitions in CIL bulk vs. LNP core phase. (A) SAXS scattering at pH 7 (red curves) of MC3/chol/water L, bulk phase,
MC3/chol/water/polyA L,C, bulk phase, MC3/chol/water/mRNA Lﬁ bulk phase, and mRNA LNPs and corresponding SAXS data at pH 5 (black curves). The MC3/
chol/water/polyA preparation at pH 7 showed time dependence with the H,f peak dissolving over weeks. We denote the dashed line as micellar isotropic L,C,
phase. The mRNA filled bulk phases and LNPs exhibit less long-range order due to mRNA secondary structure. (B) Schematic drawing of the polyA condensed
Hﬁ phase at pH 5, the polyA condensed Lﬁ (polyA) phase at pH 7, and an mRNA condensed Lf, (mRNA) phase. mRNA is assumed to retain secondary structure in
a disordered L, —micellar-like lipidic phase. (C) Next nearest neighbor distances as a function of pH showing pH-induced transitions in CIL bulk phases and (D)
in polyA containing complexed phases. The gray area indicates the transition region with cubic phases. The reddish area indicates metastability of Hj. (£) pH-
dependent correlation distance in LNPs derived from SAXS data (F) Fluorescence anisotropy of a hydrophobic probe (DPH) as a function of pH for MC3-, KC2-,
and DD-LNPs, respectively. Increasing anisotropy indicates decreasing mobility. The critical pH values of half-maximum are 6.0, 6.1, and 6.0 for MC3-, KC2-, and
DD, respectively. Data shown in (C and D) are measured at room temperature, (E and F) at 37 °C.

micellar cubic phase and dyy of 77 A for the corresponding
inverse hexagonal phase Hj;. Another peculiarity of DD is the
coexistence of a bicontinuous cubic and an H; phase with the
Pn3m dyy spacing swelling with decreasing pH value. Hence, DD
clearly shows features that are distinct from MC3 and KC2. At
the same time, there is the common feature of all three ionizable
lipid CIL/chol mesophases that the micellar-to-inverse hexagonal
Fd3m — Hp transition occurs at around the same pH value of 6.5
and in a regime, when the inverse micellar phase is most tightly
packed with cubic order (highlighted as gray area in Fig. 4C). Itis
remarkable that the transition regime with coexistence of Fd3m
and Hj; occurs at almost the same pH values for the three CILs.
Fig. 4D shows the nearest neighbor spacing in polyA complexed
H ;[ phases to increase with increasing pH. At pH 6.5, the H ;[
becomes metastable and dissolves into a disordered isotropic L,

phase (metastable region highlighted in red). Before we discuss
how these features possibly link to mechanistic action, we show
that this feature and the distinction of DD are present in LNP
SAXS data. Fig. 4E shows the 27 / g,,,,, spacing derived from LNP
SAXS measurements that exhibit one maximum (87 Appendix,
Fig. $8). We find that the characteristic internal spacing of MC3
and KC2 clearly exhibits the signature of a transition around the
same pH value at which the Fd3m — Hj; transition occurs in the
MC3 and KC2 mesophases. Strikingly, the spacing of DD-based
LNPs does not exhibit a characteristic jump as dyy values in the
bulk phases.

In order to further substantiate the existence of a structural
pH-dependent transition in the LNP core phase, we carried out

PNAS 2023 Vol.120 No.50 2310491120

fluorescence anisotropy measurements using the hydrophobic
tracer diphenylhexatriene (SI Appendix). Fluorescence anisotropy
is inversely proportional to the tracer mobility in the lipid tail
region (38). We find that fluorescence anisotropy, with increasing
pH, exhibits a transition toward larger values around pH 6.0 for
all three ionizable lipids. Again, MC3 and KC2 show closer agree-
ment in absolute numbers, while DD exhibits the same trend but
larger fluorescence anisotropy values indicating lower mobility in
DD LNPs over the entire pH range. At the same time, the spher-
ical to cylindrical transition does not significantly change the
characteristic spacing in DD LNPs while it does in MC3 and KC2
LNDPs.

DD-Mediated Transfection Exhibits Delayed Expression Kinetics
vs. MC3 and KC2. Finally, we explore the kinetics of endosomal
fusion and mRNA release in transfection experiments. As the
endosome matures, its pH lowers and CILs become positively
charged. The structural changes discussed above provide a
reasonable basis to assume that LNP core phases become more
fusogenic. However, little is known when endosomal fusion
events occur and if MC3, KC2, and DD differ in expression
kinetics. For this reason, we pursue single-cell eGFP transfection
experiments using Cy5-labeled eGFP mRNA. Cells are seeded on
micropatterned arrays with fibronectin coated squares in otherwise
PEGylated, nonadhesive area (S Appendix, Fig. S9). We monitor
the Cy5 fluorescence of the Cy5-labeled mRNA and the onset
of eGFP expression after LNP transfection (Fig. 5A4). Typically,
12 view fields per channel are sequentially imaged in 10-min
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Fig.5. Expression kinetics after eGFP-mRNA LNP transfection in vitro. (A) Exemplary single-cell fluorescence time courses of mMRNA-Cy5 and eGFP (B) Correlation

of transfection efficiency and onset time of single cells reveals delayed and less efficient expression for DD vs. MC3 and KC2. (C) eGFP-onset typically occurs 0.9

h after the event of Cy5-signal increase.

intervals. In total about 1,000 fluorescence time courses of single
cells are recorded. LNPs were prepared as described in the Methods
section. Microscopy channel slides are used to infuse cells with
LNP transfection medium (dose 5 ng/uL mRNA) for a defined
period of 1 h (gray bar in Fig. 54). After the incubation period,
the channels were washed with fresh medium. Setup and protocol
has been described in the Methods section and previous work (39).
We determine the time points of fluorescence onset, t,,, after
incubation, as well as the eGFP fluorescence intensity 5 h after ¢,
for each single-cell trajectory. The fluorescence increase over the
first 5 h is taken as a measure for the initial expression rate ke
(32). Fig. 5B shows the single-cell scatter plot of eGFP onset time
and expression rate, ke for MC3, KC2 and DD respectively. The
mean eGFP onset times (see distribution functions S Appendix,
Fig. S10) show the order #c; < fyc3 < fpp while the initial
expression rates show opposite order kgcy > kyvics > kpp
(ST Appendix, Fig. S9). This inverse relation states that on average,
early expression onset is likely to lead to larger expression levels.
This finding agrees with the notion that endosomal release is
associated with a window of opportunity (40). We also observe
that the Cy5 fluorescence signal of the labeled Cy5-mRNA
exhibits an abrupt increase over time (Fig. 5A4). We attribute this
signal to an dequenching of the Cy5 quantum efficiency as a result
of an abrupt change in the environmental conditions. It stands to
reason that this transition is associated with mRNA release from
LNPs. Plotting Cy5 onset vs. onset of the eGFP signal exhibits
similar timing for MC3 and KC2, while both Cy5 onset as well
as eGFP onset are delayed for DD with respect to MC3 and KC2
(Fig. 5C). Hence, we conclude that endosomal fusion of DD-
mediated transfection is delayed with respect to MC3 and KC2
and likely as a consequence of this, DD-mediated eGFP initial
expression rate is reduced.

Discussion

We showed that LNP-mediated delivery in mice experiments
results in different protein expression of the three CILs DD, KC2
and MC3, while the lipid and mRNA uptake was similar for the
three LNDPs. From this finding, we concluded that there must be
distinct differences in the behavior of LNPs inside endosomes that
affects escape from endosomes and hence expression efficiency. To
this end, we studied reconstituted mixtures of CIL and chol as
proxy for the LNP core phase and explored the structural
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evolution of these model systems as a function of pH. We find
ordered mesophases that appear in a distinct sequence. These
observations are unique for the ionizable lipids MC3, KC2, and
DD but fall in line with lyotropic phase behavior of binary or
ternary lipid—water mixtures in general. Many amphiphilic liquid
crystals display lyotropic order from inverse micellar (L), iso-
tropic cubic inverse micellar (I), inverse hexagonal (Hp;), and
bicontinuous cubic (Q) toward lamellar (Z,) lipid order depend-
ing on the preferred curvature of the amphiphiles (35, 41). In
lyotropic liquid crystals, the CPP, which describes the ratio of
headgroup to tail volume and hence the preferred curvature, pre-
dicts the observed sequence of mesophases. Applied to CILs the
CPP will continuously increase with protonation of the ionizable
lipid headgroups due to electrostatic headgroup repulsion explain-
ing the sequence of all three ionizable lipids. In the specific case
of MC3, all-atom MD simulations reveal that protonation of the
lipid headgroup goes along with a remarkable relocation of the
charged amine group from the hydrophobic part of the membrane
into the aqueous phase. However, we notice CIL-specific differ-
ences in the SAXS data showing that first the nearest neighbor
spacing is about 30% larger for DD vs. MC3 and KC2 phases
and second that only DD exhibits a bicontinuous Pn3m phase
coexisting with Hj; at low pH values. Both phenomena indicate
a larger water content in DD compared to MC3 and KC2 for
CIL/chol/water phases without polyA. When polyA is added to
these phases at N/P ratio of three, we find coexistence of pure
lipidic structures and polyA complexed structures. At pH above
6.5, the complexed inverse hexagonal structure H,‘, dominates
and decomposes at high pH into a disordered condensed phase
L¢, over time periods of weeks. The /};
work on DNA-lipoplexes (22) and general conjectures about a

phase agrees with previous

critical role of inverse hexagonal structures in LNP activity (19).
However, the coexistence of two inverse hexagonal phases, a polyA
filled one and an empty one, raises the question, which of the two
phases relates to endosomal fusion. The data presented here sup-
port the notion that a structural transition in excess lipid is causal
for fusion as key features of the lipid bulk phase transition seem
to prevail in the LNP core phase. First, the curvature-driven tran-
sition from inverse spherical to inverse cylindrical structures is
likely fusogenic as topological rearrangements include defects and
fusogenic intermediates. In contrast, the polyA-condensed H7,
phase shows no abrupt transition at pH 6 rather coexistence of
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H, with a hypothetic isotropic wormlike L}, phase at pH above
7. Second, the highest efficacy is observed at N/P ratio larger than

one (42) demonstrating that excess lipid is adjuvant. Third, it is
the Fd3m-Hj; transition that shows the biggest difference between
DD and MC3 and KC2, namely increased spacing and degree of
hydration. Larger spacing and hydration will lower the Gaussian
curvature energies involved in the cubic-to-hexagonal transition
possibly turning DD less fusogenic. It is striking that the pH-
dependent shift of the one broad SAXS peak observed in nano-
scopic mRNA LNPs occurs around pH 6 as the transition in excess
lipid bulk phase. However, it remains an open question whether
a phase-separated lipidic phase exists in the LNP core. While
phase-separated structures have been recently observed in TEM
images and SAXS data of oligonucleotide-loaded LNPs (15) and
GMO-based LNDPs (16), there is no direct evidence of phase sep-
aration in the mRNA LNPs presented here. This is most likely
due to the fact that mRNA secondary structures obscure long
ranged order. Our MD simulations show that excess lipid regions
should at least locally favor inverse spherical micellar geometry
and is likely to undergo a topological transition analogous to the
inverse spherical to cylindrical transition shown in Fig. 3G. Such
mechanism could possibly trigger LNP fusion with the endosomal
membrane. This is in line with our finding that DD-LNP-
mediated mRNA delivery showed delayed release compared to
MC3 and KC2. Delayed release is closely connected to loss of
LNPs and reduced delivery. Our work also suggests that “fusion”
and “mRNA release” should be discerned as two distinct and
deferred processes. If mRNA is embedded in an electrostatically
neutral, salt-like nucleic acid lipid HJ, phase then endosomal
membrane disruption will not immediately set free mRNA for
translation. Little is known about the time it needs to dissolve the
condensed ionizable lipid-mRNA state in the cytosol. In fact, our
observation of an extremely persistent H, phase in macroscopic

samples suggests that “unpacking” mRNA should follow endoso-

mal fusion with some delay as evidenced in single-cell fluorescence
time courses. A small percentage of internalized mRNA undergoes
exocytosis which may impact the overall efficacy (43, 44). Little
is known whether this externalization pathway depends on mRNA
being associated with ionizable lipid.

In summary, we conclude from macroscopic phase transitions
mimicking LNP core composition that pH-dependent response
of excess lipid in LNPs is causing endosomal fusion. The observed
bulk structures are consistent with SAXS scattering from LNP
core phase and LNP cores exhibit hallmarks of pH-driven transi-
tions. Nonetheless, we are aware that the constituents of the LNP
core phase are in exchange with the LNP surface. Ionizable lipids,
as well as chol molecules, partition in the surface monolayer to
some degree. Recent SAXS data show that indeed changes induced
by protein adsorption affects LNP core structure (45). Vice versa,
a surface-core interrelation implies that pH-induced core phase
transition will affect surface composition. In particular, chol par-
tition plays a role, and there is evidence for lateral phase separation
in the surface monolayer (46). While most literature strives to
elicit structure—activity relations, we show that pronounced phase
transitions with impetuous rearrangements might trigger activity.
By comparing MC3, KC2, and DD, we conclude that structural
changes in the lipidic spherical-to-cylinder transition make a dif-
ference. Similar transitions might exist in bulk phases of other
ionizable lipids optimized for mRNA delivery, including
ALC-0315 and SM-102, which deserve further studies. The objec-
tive of our work was to explain the distinct in vivo efficacy of
mRNA LNPs made from structurally related ionizable lipids.
Intravenous dosing in mice demonstrated the unequal in vivo
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efficiency of DD-LNPs vs. MC3- and KC2-LNPs which be
ascribed to distinct behavior not in LNP uptake but in endosomal
mRNA release efficiency. Elucidating further, the determinants of
CIL structural transitions, their kinetics, and impact on fusion
and release will contribute to rational design of improved mRNA
LNP formulations for a broad spectrum of future medical
applications.

Materials and Methods

Materials. The three ionizable lipids DLin-MC3-DMA[0-(Z,Z,Z,Z-heptatriaconta-
6,9,26,29-tetraem-19-yl)-4-(N,N-dimethylamino)butanoate; C,;H,qNO,; mw
642.09 g mol™, >99% purity], DLin-KC2-DMA [DLin-KC2-DMA; 2,2-di|ino|e1y
I-4-(2-dimethylaminoethyl)-[1, 3]-dioxolane; C43H;oNO,; mw 642.09 g mol™,
>99% purity], and DD (1,2-dilinoleyloxy-3-dimethylaminopropane; C,4,H;;NO,;
mw 616.06 g mol™, >99% purity) were synthesized at AstraZeneca. 1,2-diste
aroyl-sn-glycero-3-phosphocholine (DSPC; C,4HggNOgP; mw 790.15 g mol™;
18:0 PC; >99% purity) was purchased from Avanti Polar Lipids; N-(Carbonyl-
methoxypolyethyleneglycol 2000)-1,2-dimyristoyl-sn-glycero-3-phosphoetha
nolamine (DMPE-PEG2000) from NOF Corporation (average molecular weight
2785 g mol™"); Chol (C,;H,s0H; 386.66 g mol™"; >98% purity) was purchased
from Sigma-Aldrich. PolyA (600 to 4,000 bases according to the manufacturer)
was purchased from Sigma-Aldrich. mRNA encoding for eGFP was purchased
from Trilink, in both the unlabelled [Clean Cap eGFP (5 moU)] as well as the flu-
orescently labelled form (Cyanine 5 eGFP 5 Mec psi mRNA). PBS (1 mM KH,PO,,
155 mM NaCl, and 3 mM Na,HPOQ,.7H20, pH 7.4) was purchased from Gibco (Life
Technologies). Citrate buffer was purchased from Teknova. HyClone RNAse-free
water was used for all LNP preparations with mRNA and was purchased from GE
Healthcare Cell Culture.

Formulation and Characterization of LNPs. DLin-MC3-DMA, Dlin-
KC2-DMA, and DLinDMA LNPs containing modified CleanCap eGFP mRNA (5-
methoxyuridine) (TriLink Biotechnologies) were prepared by precipitating the
mRNAwith four different lipid components. These components consist of an ion-
izable lipid, DLin-MC3- DMA, DLin-KC2-DMA or DLinDMA, which are ionizable
(cationic) at low pH, two helper lipids (DSPC and Chol) and a PEGylated lipid
(DMPE-PEG2000). A solution of eGFP mRNA in water was prepared by mixing
mRNAdissolved in HyClone-water, 100 mM citrate buffer pH 3 and HyClone-water
to give a solution of 50 mM citrate. For cy5-labeled eGFP mRNA LNPs, the eGFP/
cy5-eGFP molar ratio was 9:1. Lipid solutions in ethanol (99.5%) were prepared
with a composition of four lipid components [lonizable Lipid:Chol:DSPC:DMPE-
PEG2000] = 50:38.5:10:1.5 mol% and a total lipid content of 12.5 mM. The
mRNAand lipid solutions were mixed in a NanoAssemblr (Precision Nanosystems)
microfluidic mixing system at a volume mixing ratio of Aq:EtOH = 3:1 and a
constant total flow rate of 12 mL/min. At the time of mixing, the ratio between
the nitrogen atoms on the ionizable lipid and phosphor atoms on the mRNA
chain was 3:1.If "empty” LNPs were prepared, i.e., LNPs without any mRNA, the
ethanol phase was mixed with only 50 mM citrate buffer pH 3.The initial 0.25 mL
and the last 0.05 mL of the LNP solution prepared were discarded while the rest
of the volume was transferred immediately to a Slide-a-lyzer G2 dialysis cassette
(10,000 MWCO, Thermo Fisher Scientific Inc.) and dialyzed overnight at 4 °C
against PBS (pH7.4).The volume of the PBS buffer was 650 to 800x the sample
fraction volume. For some samples, the LNP suspension was concentrated using
Amicon Ultra 30K centrifugation filters. For the characterization of formulated
LNPs, following preparation, the intensity-averaged particle size (Z-average) was
measured using a ZetaSizer Nano (Malvern Instruments Inc.). The final mRNA
concentration and encapsulation efficiency were measured by the Quant-it
RiboGreen Assay Kit (Thermo Fisher Scientific).

Animals. Female CD1 mice, 10 to 11 wk of age, were purchased from Charles
River Laboratory, Germany, and housed in the animal facility at AstraZeneca,
MélIndal, Sweden. The mice were left to acclimatize for 5 d prior to study start.
Mice were keptin groups of 2 mice per cage under standard conditions (21 °CRT,
12:12 h light-dark cycle, 45 to 55% air humidity) with access to a normal chow
diet(R70, Lactamin AB) and water ad libitum. Environmental enrichment was pro-
vided (cartons, gnawing stick, and cotton nesting pads). Experimental procedures
were approved (ethical application number 83-2015) by the Regional Laboratory
Animal Ethics Committee of Gothenburg, Sweden. The care and husbandry of
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animals was conducted in accordance with the European Directive (n0.86/609)
and the Swedish Animal Welfare Act and regulations (SJVFS 2012: 26.).

Inclusion and Exclusion Criteria. All mice were in the expected weight range
(23026 g)and thereby met the inclusion criteria. Exclusion criteria were predeter-
mined and set for unsuccessful performance of the liver perfusion or Intravenous
injection. One mouse was excluded due to unsuccessful liver perfusion.

study Design. Animals were randomized in pairs, and cages with pairs allocated
to dose groups based on body weight (ranged from 23 to 26 g), using an animal
randomization tool at 3 d prior to study start. The dosing order was fixed and
adapted to fit termination time points. The termination order was randomized
and decided prior to the study start. The LNP formulations and Vehicle was coded
and kept blinded for the operators during the cause of the study. At study start,
eGFP mRNALNPs (DLin-MC3-DMA, DLin-KC2-DMA, and DD) (0.5 mg/kg) (n = 4
per group) or PBS (n = 3) were intravenously injected in the tail vein of mice. At
5and 24 h after iv injection, groups of mice were anesthetized using isoflurane
(Baxter Medical AB, Kista, Sweden) and killed by cervical dislocation. The animal
was placed under the microscope for performance of the liver perfusion.

Liver Cell Isolation. Isolated hepatocytes, LSECs, and KCs were prepared by the
following sequential steps (47): After perfusion with collagenase (LiberaseTM
Research Grade bought from Roche Diagnostics, Oslo, Norway) through the portal
vein, the liver was excised, and connective tissue and gallbladder removed before
carefully transferring the liver to a Petri dish for weighing. The liver was then
placed in cold albumin solution (1% bovine serum albumin in 10 mM phosphate
buffer, pH7.4) and Glisson's capsule carefully removed with forceps before gently
shaking of the liver tissue to generate a single-cell suspension. The dispersed
cells were filtered through a 70 um gauge filter, and the volume was measured.
Glisson's capsule and undigested liver residue that did not pass the filter were
weighed. After a low-speed centrifugation (50 x g) of the liver cell suspension,
the resulting supernatant depleted of hepatocytes and containing the majority
of the LSECs and KCs was collected, whereas the pellet containing the majority of
the hepatocytes was resuspended in bufferand subjected to four more low-speed
centrifugation washing steps for further enrichment. The purity of the hepato-
cytes (>95%) was easily assessed by inspection in the light microscope, as these
cells are readily distinguished from other types of liver cells due to their much
larger size. The LSECs and KCs from the supernatants of the first and second low-
speed centrifugations were pelleted and mixed into a 20 mL20% Percoll solution
(GE Healthcare, Nydalen, Norway). After centrifugation at 300 x g for 20 min,
debris and dead cells moved to the top, whereas LSECs and KCs were pelleted.
The pelleted cells were resuspended in MACS isolation buffer (Miltenyi Biotec
Norden AB, Lund, Sweden) before being further purified by immunomagnetic
cell isolation according to the instructions by the manufacturer. Briefly, 1/3 of
the resuspended cells was incubated with magnetic beads (Miltenyi) conjugated
with anti-CD146 antibodies for isolation of LSECs; in parallel, the remaining 2/3
of the resuspended cells were incubated with biotin anti-mouse F4/80 (Bio-
Rad, Oslo, Norway) antibodies, and then with streptavidin-conjugated magnetic
beads (Miltenyi) for isolation of KCs. Separation of the two cell types was achieved
by passing the cell-beads complexes over two LS+ QuadroMACSTM separation
columns, according to the manufacturer's instructions. Liver cell fractions were
stored in cryotubes at-80°C until assessment of the amounts of ionizable lipids,
eGFP mRNA and eGFP protein.

Gradient UPLC for the analysis of ionizable lipids in liver cell fractions.
Each cell fraction was dissolved in 400 pL of a mixture of Triton X-100 in 0.5%
formicacid (1% w/v). The samples were incubated at 37 °C for 30 min, centrifuged
at 10,000 rpm for 10 min, and then injected on Acquity Ultra Performance LC
coupled to a Single Quad Detector, SQD (Waters, Milford). The analytical column
was a Waters Acquity UPLC® CSH C18, 1.7 um, 2.1 x 100 mm, kept at 60 °C.The
flow rate was 0.50 mL/min using a mobile phase of 0.1% formic acid in water
(A) and 0.1% formic acid in acetonitrile (B). A gradient run was applied where
5% B at 0.0 min was increased to 83% B at 0.5 to 3.0 min and kept at 83% B to
6.5 min.Awashing step of 99% B at 6.6 to 8.5 min was included in the gradient
run.Then, 5% B was applied for conditioning from 8.6 minto 11.0 min. The sepa-
ration between main peak of Triton X-100 and the cationiclipids was good under
these conditions. Quantification was made using external standard solutions of
DLin-MC3-DMA, DLin-KC2-DMA, and DD dissolved in Triton X-100 in 0.5% formic
acid (1% w/v). The SQD was run using electrospray, positive mode and tuned using
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a solution of DLin-MC3-DMA. Recording of the cationic lipids was made using
Single lon Recording at M + 1 for each cationic lipid.

Branched DNA Analysis of Intact eGFP mRNA in Liver Cell Fractions.
Levels of eGFP mRNA were quantified using a commercial kit purchased from
ThermoFisher (QuantiGene SinglePlex bDNA assay kit, Q50012). A bDNA probe
set (eGFP SF-10526) specific for TriLink eGFP mRNA was designed and supplied
by ThermoFisher. Prior to analysis, the cell pellet was lysed in bDNAworking lysis
buffer mix containing 33% Lysis Mix (QP0522) and 0.3% proteinase K (QS0510)
to give a400 cell/uL final concentration. The cell pellet was incubated for 30 min
at 55 °C, after which time, the sample was vortexed for T min to ensure optimal
lysate viscosity. Processed sample was then stored at —80 °C until analysis. To
perform analysis, 60 pl of the working probe mix (33.3 plL Lysis mix, 25.4 uL
water, 1.0 uLblock reagent, and 0.3 pLeGFP probe set) was added to appropriate
wellsin the kit-supplied 96-well bDNA plate; following this, 40 uL of all samples
and standards were added. The plate was sealed and incubated, without shaking,
overnightat 55 °C. After washing the plate three times with washing buffer, 100
uL pre-amplification solution was added to each well, and the sealed plate was
incubated, without shaking, for 90 min at 55 °C.The plate was then washed three
times with washing buffer, and 100 uL amplification solution was added to each
well and incubated without shaking for 90 min at 55 °C. The plate was then
washed three times with washing buffer, and 100 L label solution was added
to each well and incubated without shaking for 90 min at 50 °C. The plate was
then washed three times with washing buffer, and 100 pL substrate solution was
added to each well and incubated in the absence of light and without shaking
for 10 min at room temperature. Total luminescence was then measured on a
SpectraMax iD3, and the analyte concentration in the samples was backcalculated
from the standard curve (4pLfit, 1/y weighting).

Determination of eGFP Protein in Liver Cell Fractions. The eGFP protein
levels were quantified using acommercial kit purchased from Abcam (ab171581).
An extraction buffer (recommended by the kit vendor) was added to the cell
samples, that were spun down and the supernatant stored at —80 °C until anal-
ysis. Fifty microliters of all samples and standards were added to appropriate
wellsina 96-well plate. Then 50 uL of Antibody Cocktail, containing capture and
detection antibodies were added to the wells. The plate was sealed and put on
a shaker (400 rpm) for 1 h at room temperature. After washing the plate three
times with washing buffer, 700 pL TMB substrate was added to each well, and
the plate was put on a plate shaker for 10 min before 100 L stop solution was
added. The absorbance was then measured at 450 nm on a SpectraMax D3, and
the analyte concentration in the samples was backcalculated from the standard
curve (4pLfit, 1/y weighting).

Preparation of lonizable Lipid Bulk Phases. ClL/chol/polyA bulk phases
were produced at a range of pH conditions via three dialysis steps. First, the
ionizable lipid and chol were dissolved in ethanol and mixed in a molar ratio of
3:1(ClL:chol) to a total lipid concentration of 56.1 mg/mL. The ethanol mixture
was introduced into a dialysis cassette with a molecular weight cutoff of 3.5 kDa
(Slide-A-Lyzer™ G2, Thermo Scientific). An aqueous solution of polyA in buffer
(20.1 mg/mL polyAin 50 mM citrate buffer at pH 3) was injected rapidly into the
ethanol mixture to a final volume that resulted in a 3:1 CL:nucleotide molar ratio.
The dialysis cassette was placed into a beaker containing 500x the volume of
dialysis buffer at 22 = 2 °C. Samples were first dialyzed against 50 mM citrate
buffer (pH 3) containing ethanol (at a volume ration of 3:1, buffer: ethanol) for
48 h. In the second dialysis step, the sample was dialyzed against PBS (1 mM
KH,PO,, 155 mM NaCl, and 3 mM Na,HPO, 0.7H,0, pH 7.4) for 48 h. In the
third step, the sample was dialyzed against a Mcllvaine buffer with the required
final pH(4.5,5,5.5,6,6.5,7,and 7.5) for 48 h. During the dialysis process, large
precipitates were formed from the polyAand lipids. The supernatant was removed
from the cassette, and the solid precipitates were extracted for characterization
by SAXS. CIL/chol bulk phases were prepared according to the same protocol,
except without adding polyA.

sAXxs. Synchrotron small-angle X-ray scattering (SAXS) was carried out at the
P12 BioSAXS EMBL beamline, PETRA Ill, DESY (Hamburg, Germany). The beam-
line instrumentation has been described elsewhere (48). The crystallographic
space groups of the liquid crystalline phases were determined from relative
peak positions. Corresponding Miller indices, calculation of the lattice constant
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aand nearest neighbor distance d,, are listed in S/ Appendix, Tables ST and S2.
All measurements at P12 were performed in quartz capillaries (0.017 mm wall
thickness, 1.5 mm outer diameter by Hilgenberg) at 10 keV. Scattering data
background was subtracted by measuring empty capillaries. Fits of the H, phase
(Fig. 4C) represent best fits of a rigid cylinder form factor P(q) and a H,, structure
factor S(q) as P(q)S(q)+bg(q), with bg(q) being a background term including the
contribution of chol monohydrate in terms of two Lorentzian peaks at 0.185 A~
and 0.370 A" The cylinder form factor P(q) is calculated from a radial electron
density profile p(r) as retrieved from MD simulations. For data analysis, the numer-
ical data were approximated by box model with ten partitions and fitted using
the program SasView (49). The structure factor was approximated by Lorentzian
profiles with peak spacings as discussed above. The fit of the L, phase (Fig. 4F)
was obtained using P(q)S(q)+bg(q), with bg(q) being a constant, P(q) the form
factor calculated from a radial electron density profile p(r) obtained from MD
simulations (Fig. 4) and the structure factor S(q). For S(q), the Percus-Yevick
structure factor for densely packed spheres with hard core repulsive interaction
was chosen (50). It describes the ordering of spheres with radius a and volume
fraction ¢. The nearest neighbor distance was approximated by d,, = a assuming
that micelles are in close contact as also suggested from MD simulations. Note
that this approach agrees within 10% with the approximation dyy ~ 27 /4,
where q,,,, denotes the peak position with maximum intensity.

MD Simulations. MD simulations are powerful tools to gain insights into the
distribution of the various lipids (51). The Gromacs package (v-2019) (52) was
used to perform the MD simulations. The AMBER Lipid 17 force field (53) was used
to describe the chol. For the uncharged and cationic MC3, we used our recently
developed force field parameters (36). These parameters have the advantage that
they closely reproduce the structure of MC3 in lipid layers as judged by neutron
reflectometry experiments. In addition, the parameters are compatible with the
AMBER force field family. lons were described using the Mamatkulov-Schwierz
force field parameters (54), and the TIP3P water model (55) was used. After energy
minimization using a gradient descent algorithm and a short equilibration run
using the Berendsen thermostat and barostat, the production runs were carried
out for 200 ns. The temperature was fixed at 293 K using the Nose-Hoover ther-
mostat with a time constant of 1 ps. The pressure was fixed at 1 bar using semi-
isotropic (for inverse hexagonal setup) or isotropic (for inverse micellar setup)
Parrinello-Rahman barostat with a 5 ps time constant. Van der Waals interactions
were truncated and shifted to zero at 1.2 nm. Short-range electrostatic interactions
were cutoff at 1.2 nm, and long-range electrostatic interactions were evaluated
using the Particle Mesh Ewald method with a Fourier grid spacing of 0.12 nm.
All bonds involving hydrogens were constrained using the LINCS. Atime step of
2 fs was used to integrate the equations of motion. A detailed description of the
simulation’s setup for the inverse hexagonal and inverse micellar phase can be
found in S/ Appendix.

single-Cell Time-Lapse Imaging. Live-cell imaging on single-cell arrays was
carried outas previously described (39, 56). In short, single-cell microarrays with
adhesive squares were produced by microscale plasma-induced protein pattern-
ing. The adhesion sites are coated with fibronectin, and the interspace is passi-
vated with PLL-g-PEG. Microstructured coverslips were attached to a six-channel
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slides (ibidi, GmbH Munich). Human hepatocyte-derived carcinoma, HuH7 cells
(ILA.Z. Toni Lindl GmbH, Germany) were grown in modified RPMI containing
GlutaMax supplemented with 5 mM HEPES, 1 mM sodium pyruvate, and 10%
fetal bovine serum (FBS). Cells were seeded in the six-channel slide 4 h prior to
the time-lapse measurement at a cell density of 10,000 cells per channel. The
slide was connected to a tubing system allowing for transfection and subsequent
rinsing during the time-lapse measurement. Scanning time-lapse imaging was
performed on a motorized inverted microscope (Eclipse Ti-E; Nikon) with an
objective lens (CFI PlanFluor DL-10x, Phase 1, N.A. 0.30; Nikon) equipped with
a heating system (Okolab). Fluorescence image stacks with a time resolution of
10 min were acquired using a cooled CMOS camera (pco.edge 4.2; pco), a LED
light source (SOLA-SE Il, Lumencor), and a suitable filter cube for eGFP (BP450 to
490, FT510, LP 510 to 565; CHROMATechnology Corp.) or Cy5 (filter cube). First,
all channels were rinsed with 37 °C warm PBS. Subsequently, LNP containing
solution was added to each channel. After 1 h of incubation with the transfection
complexes, all channels were washed with L15 medium supplemented with 10%
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Analysis of single-cell fluorescence traces was done as described in earlier studies
(56-58). The onset times of the Cy5 traces were determined manually, whereas
the eGFP traces were determined using a hierarchical cluster analysis approach
as described in ref. 39. Per LNP preparation, about 500 cells were evaluated (see
scatterplot Fig. 5). At least two technical repeats were carried out.
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article and/or supporting information.
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Symmetry and SAXS indexation of CIL/chol/buffer mesophases
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Figure S1. (A) Inverse micellar fluid isotropic, L;; (B) inverse micellar hexagonal with P6s/mmc
symmetry (C) inverse micellar cubic with Fd3m symmetry (D) inverse hexagonal, H;; (E)
bicontinuous cubic, Pn3m

Preparation of bulk phases
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Figure S2. (A) Diagram of the dialysis steps followed for the production of lipid bulk phase. (B)
Photograph of dialysis cassette containing precipitated core phases (arrows) in PBS, pH 7.4. The
preparation mimics the LNP manufacturing conditions in the microfluidic mixer where the polyA:CIL
complex forms. At these low pH conditions, the core phases of all CILs form disordered phases
after two days of dialysis.



Reproducibility of bulk phases

While the results are generally consistent with the ordered hexagonal phase disappearing at pH
7.4, the location and amplitude of the broad peaks below 0.1 A1 are not reproducible between
samples and between re-measurements of the same sample. Figure S2 shows one polyA-
containing sample (same dialysis cassette) was re-measured in succession. The amplitude of the
peak at 0.05 A1 was found to decrease with re-loading. Also, there appears to be a slight shift in
the cholesterol peak.
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Figure S3. Comparison of bulk phase samples prepared following the same procedure but
measured at different times. (A) At neutral pH the HS phase disappears over time, possibly
converting into the more stable L, phase. (B) At low pH the H,, peaks become narrower,
indicating an increase in domain size and therefore crystallization.
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Figure S4. (A) For the bulk samples the polyA encapsulation was measured at pH 7 and pH 5 with
two samples each. As expected the polyA encapsulation is higher with charged CIL compared to
the encapsulation at neutral pH and therefore neutral charge of the CIL. The measurements were
conducted by measuring the polyA content in the remaining supernatant after the dialysis to the
respective pH value. (B) By measuring the polyA content in the supernatant at different time points
after the dialysis, the release of polyA from the samples after the preparation was examined. Over
the course of three weeks, almost no additional polyA was measured which shows that after the
preparation only very little polyA diffuses out the bulk phases, regardless of the buffer pH. Each
data point consists of five individual measurements of five different probes of the supernatant.

Simulation Methods

Simulation setup of inverse hexagonal (H)) phase

To model the inverse hexagonal phase, we follow the procedure described in (1). A cylindrical water
column surrounded by MC3 lipids and cholesterol was initially prepared using the CHARMM-GUI
webserver (2). We assume that at the given pH, all MC3 molecules are charged. The mole fractions
of MC3 and cholesterol was in the ratio 3:1. The setup so prepared was placed in a triclinic
simulation box, which ensures a hexagonal lattice structure of the setup and its periodic images
(Fig. 5A). To reproduce the experimental hexagonal lattice spacing, several simulations were first
run by varying the number of waters per lipid (nw) (Fig. S5B). We used 3 replicas of the system for
each lattice spacing and the simulations were 200 ns long, discarding the first 50 ns for
equilibration. To confirm that the systems are sufficiently equilibrated, we performed a longer
simulation (1 us) for the final lattice spacings (nw = 12). The resulting electron density profiles
remained unchanged (Fig. S7TE) and we conclude that 200 ns are sufficient to yield converged
results. The concentration of NaCl in the simulations was 150 mM and additional anions were
included to neutralize the systems if necessary.

For H, each simulation box contained 150 MC3 lipids and 50 cholesterols. The corresponding
number of water molecules were 1200, 2400, 3600 at nw = 6, 12, 18. nw = 12, best reproduced the
experimental lattice spacing of 60 A and was therefore used for further analysis and interpretation
(see below).

Simulation setup of inverse micellar phase

To model the inverse micellar phase, we use a rhombic dodecahedron box with square faces to
mimic a surrounding with twelve nearest neighbors. The Packmol package (3) was used to create
a uniform water sphere surrounded by MC3 lipids and cholesterol. Here, we assume that at the
given pH all MC3 molecules are uncharged. Similar to the hexagonal phase, we vary the molar
ratios of water to CIL molecules (Fig.S5C,D). Each simulation box contained 75 MC3 lipids and 25
cholesterols. The corresponding number of water molecules were 600, 1000, 1200, 1600, 1800 at
nw =6, 10, 12, 16, 18. The inverse micellar system with nw = 16 was found to reproduce the lattice
spacing of 60 A (see below). Further analysis was performed on this system.

Simulation setup of the inverse micellar to inverse hexagonal transition

To understand the micellar to hexagonal transition with pH change, the equilibrated inverse micelle
structure at nw = 16 was used as starting structure. In a first step, the charge state of the MC3 head
groups was changed from unprotonated to fully protonated. Subsequently, the system was energy
minimized and equilibrated as described below. During the equilibration, the cationic MC3 head
groups swing out into the water phase after a few hundred picoseconds. During the production run,
the lipids reorder and the characteristic cylindrical water column of the hexagonal phase is formed
after about 10 ns.

Lattice spacing as a function of hydration

In the MD Simulations, we varied the water content by choosing increasing molar ratios of water to
CIL molecules (nw). The results for the inverse hexagonal (H,;) phase and the inverse micellar (L)
phase are shown in Fig. S6A and Fig. S6B, respectively. Based on the experimentally measured



lattice spacing of 60 A, we selected the systems with n, = 12 for inverse hexagonal phase
simulations and nw = 16 for inverse micelle simulations.
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Figure S5. (A) Simulation snapshot of the inverse hexagonal phase in top view. The lattice spacing
dy,, is given by the distance between the center of neighboring water wires. (B) Lattice spacing
with increasing hydration for the H;; phase. The horizontal dashed line represents the experimental
value of lattice spacing. Errors correspond to the standard deviation obtained from 3 independent
simulations. Note that the error bars are smaller than the symbols. (C) Simulation snapshot of the
inverse micellar phase. Each inverse micelle is surrounded by 12 neighboring inverse micelles. (D)
Lattice spacing d,,, with increasing hydration for the L;; phase. Similar to B the horizontal dashed
line represents the experimental value of lattice spacing and the errors correspond to the standard
deviation obtained from 3 independent simulations.

Calculation of the effective volume fraction of water from MD simulations
The volume fraction of water ¢, is defined as the ratio of the volume of the water and the total
volume of the system. In the MD simulations, the probability density function of finding an atom at
a radial distance r is given by p(r) = p; (r)/p, Where p, (r) is the number density of the system
along r and p, is the normalizing constant defined by f0°° p(r) d3r = 1. Using the radial symmetry of

the inverse hexagonal and micellar phase, the effective water volume fractions ¢>£” and ¢‘f,” were
calculated from

Jy pu" @3 [yt (r)dr
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where pwand p: are the number densities of water and the system. The results are shown in Fig.
S6 as function of nw. Note that the water volume ratio calculated from the integrals becomes
constant after a distance larger than r.,,. The values obtained by integration of the probability
densiﬁ“ies are 1-2% smaller compared to the calculation assuming an empirical water volume of
30.5 As.
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Figure S6. Variation of water volume fraction of the inverse hexagonal phase (A) and inverse
micellar phase (B) with increasing hydration. For the H;; phase, the water volume fraction for nw
=12 is 23.9% and for the L;; phase with nw =16 the volume fraction is 29.7%.

Electron Density Calculation

The electron density was calculated using custom python scripts based on MDAnalysis (4). For the
inverse hexagonal phase, the simulation box was divided into concentric cylindrical shells oriented
along the z-axis (i.e. along the water column orientation). The electron density in a given shell at
distance r from the cylinder axis is given by

2iniz;
2mhrdr

Pe (r) =

where ni is the number of atoms of type i with zi electrons, h is the box height in z-direction and dr
= 0.5 A is the width of the cylindrical shell. The summation is performed over all the atoms in a
given shell.

Similarly, for the micellar phase, the box was divided into concentric spherical shells centered at
the center of mass of the micelle. The electron density at a distance r is given by,

Xinz;
4mr2dr

pe(r) =

To confirm the simulation setup and binning for the electron density profile, we calculated the water
density as function of the distance from the water wire (inverse hexagonal phase) or center of water
sphere (inverse micelle phase). The value close to the center is identical to the literature value for
bulk TIP3P water (5).
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Figure S7. Simulation snapshots and electron densities for a single water column and a single
inverse micelle. (A) Cross-section of the simulation box from the H;; phase (top view). (B) Cross-
section of the simulation box for an inverse micelle from the L;, phase. Water is shown in blue,
ionizable headgroups and tails of MC3 are shown in red and green, respectively. Cholesterol is
shown in yellow. (C,D) Electron density profiles of the unit cell H,; including the contributions from
neighboring micelles. Note that the headgroup of the protonated MC3 sticks into water in the H;
phase. The uncharged MC3 headgroup hides in the lipid region in the L,, phase. (E) To provide

insights into the convergence of the H;; phase, the results after 200 ns (solid) and 1 ys (dashed)
are shown.
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Figure S8. SAXS scattering curves of lipid nhanoparticles containing eGFP mRNA. The plot shows
a more significant pH-dependent peak position shift for LNPs with MC3 and KC2 compared to DD.
The peak positions are plotted in Fig.4E of the main publication. Dispersions of LNPs (at 3-6 mg/mL
MRNA concentration in Mcllvaine buffer) were measured in quartz capillaries. The scattering
background was subtracted using reference buffer measurements.

Fluorescence anisotropy measurements of DPH as a function of pH at 37 °C for LNPs

1,6-Diphenyl-1,3,5-hexatriene (DPH) was obtained from Fluka (lot 1054132). Mcllvaine buffers of
pH 3, 4, 5, 5.8, 6.6, 7.4 and 8 was prepared by mixing appropriate volumes of 0.05 M citric acid
and 0.1 M Naz2HPO4 followed by five times dilution with water and 1.5 M NacCl to obtain 0.15 M
NaCl in the final solution. LNP samples in Mcllvaine buffers were prepared at 40 uM lipid and 0.4
uM DPH and, also, corresponding samples without DPH for background correction. DPH/buffers
were prepared by 1000-fold dilution of 0.5 mM DPH (acetonitrile) in each buffer. For each sample:
1600 ul DPH/buffer (or only buffer) +330 pl buffer +x pl LNP +(70-x) ul PBS. LNP/DPH samples
were prepared and measured in triplicate while background samples were only measured once.
The LNP samples were incubated over night at room temperature in the dark, followed by
incubation at 37 °C for 8 minutes before measurements. The fluorescence intensity was measured
with a PerkinElmer LS55 Luminescence Spectrometer at 37 °C with ExX/Em wavelengths= 360/430
nm. Fluorescence anisotropy, r, was calculated from the fluorescence intensities with polarizer
settings HV (horizontal, vertical), HH, VV and VH as described in the supplementary information.
The resulting r(pH) dependence was fitted by the Henderson-Hasselbalch equation.

' g 20 °

Fiure S9. Expressin kinetics and fficiency of CIL mediated trasfecio. (A) Individual cells
expressing eGFP (green) on a micropatterned array 10 h after transfection (see also (6)).
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Figure S10. Onset time distribution and expression level after 5h Histograms of the eGFP
onset time distribution of MC3 (orange) KC2 (red), and DD (blue) mediated transfection.

Lipid phase Miller indices (hkl) a/dp Mpgg
Pn3m (110), (111), (200), (211), (220), ... e+ k2 + 12 V2,v3,2,v6,8,...
Hy (10), (11), (20), (21), (30), . Jh? + k2 + hk 1,V3,2,V7,V9, ...
Fd3m (111), (220), (311), (222), (400), ... Wt 21 2 V3,V8,V11,v12,VT6,...
P63/mmc | (010),(002),(011),(012),(110), ... %(hz + K2+ hio) +§lz V4/3,[3/2,\[41/24,\17/6 ,4,...

Table S1. Miller indices of the measured lipid phases.

Lipid Phase a dyn

Pn3m 27 Mpyy a
nkl V2

Hy 4 Mgy a

V3 nit

Fd3m 27 My a
nkl V8

P63 /mmc 2T My a

hki

Table S2. Formula of the lattice constant a and the nearest neighbor distance d, for the
measured lipid phases.



Movie S1 (separate file). The video starts with a 90° round view of the inverse micellar phase (L,;)
with 12 nearest neighbors. All ionizable MC3 lipids are neutral. Subsequently, the cross section of
the L, phase is shown. Mimicking the change in pH, the MC3 lipids are protonated and the
molecular dynamics simulations start. The MC3 head groups (red) quickly enter the water phase.
Subsequently, the topology changes from L, to H;, and the water columns are formed. The
dynamics stops and a 90° rotation of the inverse hexagonal phase (H,;) is shown. In the video,
head and tail groups of the MC3 lipids are shown in red and green, respectively. Water is shown in
cyan and cholesterol in yellow
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Lipid nanoparticles (LNPs) are the gold-standard carriers for mRNA delivery, yet the
apparent superiority of citrate buffer in their formulation has remained mechanistically
obscure. To address this knowledge gap, we collaborated with Cristina Carucci, Drew
Parsons, and Andrea Salis from the University of Cagliari in Italy to investigate buffer
specificity.

Our initial in-vitro experiments, led by Judith Miiller, analyzed the effect of different
buffers (citrate, phosphate, and acetate) on the transfection efficiency of LNPs formu-
lated with common ionizable lipids (MC3, SM-102, and ALC-315). Our key finding was
that LNPs prepared with citrate exhibited a significantly earlier onset and stronger gene
expression compared to those prepared with phosphate or acetate. Crucially, buffer type
did not affect LNP encapsulation efficiency or particle size, indicating that its role is con-
fined to the subsequent endosomal release mechanism and not the initial LNP structure.

To elucidate the structural basis for the superiority of citrate buffer, we utilized syn-
chrotron small-angle X-ray scattering (SAXS) in collaboration with Cristina Carucci,
Ekaterina Kostyurina, and Clement Blanchet, to study the mesophase structure of the
ionizable lipid /cholesterol core material. Based on our previous work, we hypothesized
that the crucial event for mRNA release is the pH-dependent phase transition from the
inverse micellar to the inverse hexagonal phase.

The SAXS data revealed that in comparison to the acetate and phosphate buffers, the
citrate buffer shifts this critical phase transition to a higher, less-acidic pH by approxi-
mately one pH unit. This pH shift is proposed to cause earlier endosomal escape within
the endosomal pathway, thereby critically enhancing transfection efficiency.

We proposed that this effect is governed by specific ion adsorptions. To validate this
mechanism, we performed all-atom molecular dynamics (MD) simulations in collaboration
with Nadine Schwierz and Akhil Sudarsan from the University of Augsburg. The MD
results confirmed that the citrate anion specifically interacts with the positively charged
head group of the ionizable lipid. This specific interaction effectively reduces the area
per lipid head group, consequently stabilizing the inverse hexagonal phase. Conversely,
acetate and phosphate anions preferentially stabilized the inverse micellar phase, providing
a complete molecular-level explanation for the observed differences in LNP performance.

For licensing reasons, the research paper below is the accepted manuscript instead of the
final, properly formatted publication. The final version can be found as DOI 10.1021/ac-
snano.4¢14098.
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Buffer specificity of ionizable lipid nanoparticle

transfection efficiency and bulk phase transition
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ABSTRACT. Lipid nanoparticles (LNPs) are efficient and safe carriers for mRNA vaccines based
on advanced ionizable lipids. It is understood that the pH dependent structural transition of the
mesoscopic LNP core phase plays a key role in mRNA transfer. However, buffer specific variations
in transfection efficiency remain obscure. Here we analyze the effect of buffer type on the transfection
efficiency of LNPs. We find that LNPs formulated with the cationic ionizable lipids DLin-MC3-
DMA (MC3), SM-102 and ALC-315 in citrate compared to phosphate and acetate buffers exhibit
earlier onset and stronger mRNA-GFP expression in-vitro. Using synchrotron small angle X-ray
scattering (SAXS) we determine the buffer specificity of the pH dependent structure of ionizable
lipid/cholesterol/water mesophases that serve as model systems for the LNP core phase. The results
show that the phase transition from inverse micellar to inverse hexagonal with decreasing pH is

shifted to a lower transition pH for acetate and phosphate compared to citrate buffer. Based on



continuum theory and ion specific adsorption obtained from all-atom MD simulations, we propose a
mechanism for buffer specificity. Citrate stabilizes the inverse hexagonal phase thus shifting the
formation of Hu to a higher pH. By contrast, phosphate and acetate stabilize Lu. It stands to reason
that the inverse micellar to inverse hexagonal transition, which is facilitated in citrate buffer, enables
a sensitized pH-response of the LNP core phase. This, in turn, enhances endosomal release efficiency

and accounts for the earlier onset of gene expression observed in LNPs prepared with citrate buffer.

KEYWORDS. Lipid Nanoparticles, lonizable Lipids, Transfection efficiency, Dlin-MC3-DMA, pH

transition, Specific Buffer Effects.

Gene delivery carriers have been developed and improved for decades but reached an
unprecedented breakthrough through successful, safe and efficient delivery of mRNA-based
vaccination during the COVID-19 pandemic.'~® Specifically, lipid nanoparticle (LNP) formulations
have been approved by the Food and Drug Administration (FDA) due to favorable properties such as
colloidal stability, low toxicity, and controlled size. While early cationic lipoplexes proved toxic to
human cells, LNPs based on ionizable lipids exhibit pH dependent lipid headgroup ionization and
hence less toxic surface charge. Furthermore, once endocytosed, LNPs overcome endosomal
entrapment via endosomal fusion in a pH dependent manner. LNPs are internalized at physiological
pH and experience protonation during the time course of the early endosomal maturation with pH
values decreasing to (6.5-5.0).%° The process of charging ionizable lipid headgroups facilitates
endosomal fusion, releasing mRNA into the cytosol. The exact process of how LNPs fuse with the
endosome membrane is the subject of intense research. In cationic lipid based lipofection it has been
rationalized that the mesoscopic bulk structure of lipoplexes affects fusogenicity, with the inverse
hexagonal phase® and cubic phase’ being particularly fusogenic compared to lamellar internal
packing. LNPs are nanoscale particles with well-defined surface and core composition. The interior
of LNPs consists of a cationic ionizable lipid/cholesterol moiety complexed with mRNA. The surface

is composed of a monolayer that includes all lipid components specifically the stabilizing PEG-



lipid/DSPC and cholesterol. The core of the LNP, structured by ionizable lipids, exhibits pH-
dependent mesostructures, leading to multiple phases and structural transitions as the pH decreases.
8-10 The behavior of the core phase has been studied using binary ionizable lipid/cholesterol bulk
phases as model systems.” This simplification to just two lipid components is feasible because both
DSPC and PEG are largely absent from the LNP core.

It is generally understood that lyotropic mesophases depend on the lipid chain splay described by
the Israelachvili shape factor.!!"!? Ionizable lipids with strongly conic shape form inverted phases,
which with increasing headgroups size range from inverse micellar disordered, L, to disconnected
inverse micellar cubic, I, to inverse hexagonal, Hir and bicontinuous cubic phases, Qu. Thereby the
(In-Hi) as well as (Hu-Qu) transitions change connectivity of the lipid network.!? In recent work, we
showed that specifically the ionizable lipid MC3 shows a structural phase transition with decreasing
pH from inverse micellar cubic phase with space group Fd3m to inverse hexagonal (denoted Fd3m-
Hi transition in the following).!* X-ray scattering from full LNPs also provide evidence that a similar
structural transition occurs within the LNPs as a function of pH, assuming that the LNP core
mesophase is predominantly formed by ionizable excess lipid and cholesterol. The pH-dependent
lipid core transition has been suggested as a critical factor in inducing endosomal fusion and hence
mRNA escape efficiency.' Therefore, further investigation of ionizable lipid/cholesterol bulk phases
as LNP core mimics is valuable for gaining insight into the LNP-endosomal fusion mechanism.

The critical pH-value of the structural transition coincides with the pK. value of the ionizable lipid.
The regulation of pH in both chemical and biological systems is carried out by buffers, a mixture of
a weak acid (HA) or base (B) with its conjugate base (A") or acid (BH"). According to the Henderson-
Hasselbalch equation, the only important parameter for the choice of buffer is the pKa and the
concentrations of the buffer components. Little attention has been paid to the chemical identity of the
weak electrolytes and their conjugate species used to prepare the buffer.!> However, starting from the
pioneering work by Ninham and coworkers on restriction enzyme activities,'® several studies have

shown that the chemical nature of the buffer, even at the same nominal pH, can have important



unexpected effects on the investigated biosystem. For example, buffers have been found to affect
specifically the behavior of proteins, including lysozyme electrophoretic mobility!” and adsorption,'®
Brownian motion of BSA,'” and more recently, DNA thermal stability,? DNA interactions with lipid

bilayers,?!

and the formation of a protein corona around nanoparticles.?” In fact, “specific buffer
effects” can be included in the wider classification of “ion specific effects” first observed by
Hofmeister in 1888.2* The “Hofmeister series” is an order based on ion induced protein precipitation
(salting out) or solubilization (salting in). A conventional explanation of the Hofmeister series was
proposed 2*?° invoking Jones and Dole’s work 2° on the viscosity of aqueous salt solutions. Ions were
classified as “kosmotropic” (order maker) or chaotropic (disorder maker) on the basis of their
interaction with water quantified through the value (and the sign) of the Jones-Dole viscosity B
coefficient. More recent theoretical and simulation work explains ion specificity as the result of a
delicate interplay between electrostatic, hydration and ion-dispersion forces.?”*® Whatever the details
of the mechanisms explaining “Hofmeister phenomena”, it must be considered that ions play an
important role to modulate biological mechanisms in a way which is not fully understood. For
example, Meulewaeter et al.?? found that Tris and HEPES buffers improved cryoprotection and, more
importantly, the transfection efficiency of mMRNA-LNPs compared to PBS buffer. What emerges from
previous studies is that the mechanism of transfection, based on bulk phase transitions, is controlled
not only by pH but is also specifically affected by the buffer ions used to control pH.3*3!

The present work aims to investigate the effect of the choice of preparation buffer solution (here,
citrate, phosphate and acetate buffers) on the transfection efficiency of LNPs formulated with the
ionizable lipid DLin-MC3-DMA (MC3), SM-102, and ALC-315, in combination with cholesterol,
DSPC and DSPE-PEG2000, respectively. In order to explain the observed buffer specific transfection
efficiency, we investigated the corresponding bulk phase composed of ionizable lipid/cholesterol
model systems as a function of pH in different buffers, using synchrotron small angle X-ray scattering
(SAXS). We present a mechanism for the observed buffer specific pH shift of the inverse micellar to

inverse hexagonal bulk phase transition in terms of changes in the area per lipid headgroup affected



by pH and by ion specific adsorption based on all-atom MD simulations. The study highlights the

role of buffer ions on the pH-dependent structural transitions in ionizable lipid bulk phases. We

propose that a similar pH-dependent structural transition might occur in the excess lipid region within

the LNP core phase facilitating endosomal release and hence resulting in an earlier gene expression

onset compared to phosphate and acetate buffer.

RESULTS AND DISCUSSION

Specific buffer effects on mRNA LNPs and transfection efficiency

LNPs are composed of an external layer composed of PEG polymer with DSPC and MC3 lipids,

with an internal bulk phase composed of Dlin-MC3-DMA and cholesterol. MC3 is an ionizable lipid

with a pKa of 6.44,% which makes it pH sensitive (Fig. 1A-B). The LNPs are internalized inside living

cells at pH ~ 7 until reaching the endosome, where mRNA is released at pH ~ 6-6.5 (Fig. 1E). To

study the buffer effects three common buffers were chosen (Fig. 1C-D).
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Figure 1. Buffer specificity of LNP mediated mRNA delivery. (A) Schematic drawing of
internalization via endocytosis. Endosomal release of LNPs occurs as a consequence of acidification
inside the endosome from pH 7 to about pH 6.5. Schematic drawing of bulk phase made by ionizable
lipid Dlin-MC3-DMA and cholesterol together with bulk phase transition from Fd3m to Hu as pH



decreases. (C) The buffer used during the dialysis process is chosen among a range of buffers, citrate
(pKa 6.4), phosphate (pK« 7.2), and acetate (pKa 4.8). To evaluate the phase transition a wide range
of pH values from 3.5 to 7.0 in a 0.5 pH unit has been studied. (D) Buffer valency at each pH
depending on pK. values.

According to the Henderson-Hasselbalch equation (pH = pK. + 1), citrate, phosphate and acetate
with pK. of 6.40, 7.22 and 4.80, respectively, cover the whole pH range of the LNP route from
internalization (pH 7) to mRNA release (pH 6). Sodium citrate buffer has been used in cationic lipid
design for siRNA delivery,! and is by far the most used for LNP preparation at acidic pH. Sodium
phosphate buffer was used with KCI and NaCl to store Pfizer’s mRNA vaccine.’® Sodium acetate
buffer has been used to dilute mRNA for LNP encapsulation®® and as dialysis buffer for ethanol
removal after LNP preparation.>*

To investigate buffer specific effects on transfection kinetics, we prepared eGFP-mRNA LNPs in
citrate, phosphate or acetate buffer as described previously,'* followed by dialysis into water. We
performed live-cell imaging on single cell arrays (LISCA) after transfection and measured protein
expression in a time resolved manner.>® To this end, LNPs were preincubated in cell culture medium
supplemented with serum, and transfected into the human liver carcinoma cell line (HuH7) seeded

on a single-cell slide (Fig. 2A).
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Figure 2. Single cell transfection experiments: (A) Culturing cells on microfabricated single-cell
arrays allows recording of hundreds of single-cell fluorescence trajectories in parallel. (B) Single cell
expression time courses of eGFP-mRNA/LNPs (gray lines) show different fluorescence kinetics for
different preparation buffers (averaged time courses shown in color). (C) Scatter plot of single cell
expression efficiencies, area under the curve (AUC), versus expression onset times (D) Relative
efficiency in terms of AUC relative to efficiency of the LNP prepared in citrate buffer versus onset
time of fluorescence. The three LNP buffer conditions exhibit an apparent Hofmeister ordering,
showing earlier onset and higher protein expression for citrate compared to phosphate and acetate.
Error bars indicate standard error of the mean. (E) Encapsulation efficiencies for LNPs prepared using
three different buffers and three different ionizable lipids.

Observation of GFP expression kinetics of single cells resulted in a fluorescence trajectory for each
cell (Fig. 2B). Distinct differences between the buffers were apparent from these traces. Averaging
all traces revealed the highest overall GFP level for LNPs prepared in citrate buffer followed by those
prepared in phosphate buffer and the lowest expression from the acetate LNPs. Single-cell resolution
allowed for the calculation of the total protein amount per cell, expressed as the area under the curve
(AUC) and the distinct onset of protein expression for every single cell (Fig. 2C). Protein expression
varied depending on the buffer in which the LNP was prepared, with the highest eGFP expression for
the citrate, followed by phosphate and lowest for the acetate buffer. Figure 2D shows the mean AUCs,
in relative units normalized to the AUC in citrate, for all three ionizable lipids versus the mean
expression onset. The buffer specific effect appears to follow a conventional Hofmeister series, with
citrate > phosphate > acetate for the expression. The observed ordering in the onset times exhibits an
inverse relation of expression efficiency and expression onset time (Fig. 2D). This confirms a
correlation between fast onset and high protein expression levels as previously reported in time-
resolved studies.*® To rule out buffer specific effects on LNP preparation, LNP encapsulation (Fig.
2E) as well as particle size (Table S1) were measured as controls. Note the encapsulation efficiencies
and sizes are not affected by buffers within the accuracy of the measurement. In the case of MC3 the
eGFP-mRNA LNPs encapsulation efficiency in citrate, phosphate and acetate buffer, 50 mM at pH

3, were 94 + 4, phosphate 79 + 8 and acetate 97 + 2 respectively.



In summary, these findings indicate that the underlying endosomal release mechanism but not the

formulation is dependent on the LNP preparation buffer.

Specific buffer effects on bulk phase transitions

Next, we investigate the impact of buffers on the phase behavior of ionizable lipid/cholesterol bulk
phases as a function of pH. These two-component bulk phases serve as a model for the inner core
structure of LNPs, given that PEG and DSPC are restricted to the outer shell of the LNPs. As
described in the methods section, the preparation of bulk phase samples consists of three dialysis
steps to mimic the LNP production by replacing the ethanol with buffer. The buffer (citrate, phosphate
or acetate) at the pH of choice comes into play in the third dialysis step. Figure 3A presents the SAXS
scattering profiles for MC3/cholesterol/buffer phases in the presence of citrate, phosphate, and acetate
buffers. In the following sections, we describe the pH-dependent structural transitions observed. As
shown in Figure 3B decreasing the pH induces a phase transition from inverse micelles (Lu)*’ to
inverse hexagonal phase (Hm).>” The inverse micellar phase undergoes ordering transitions from a
disorder Lu through close-packed P63/mcc®”*® towards an inverse cubic Fd3m phase.*” This order of
inverse phases as a function of pH has been reported before for MC3/cholesterol in citrate buffer. !
Here we find that the same behavior is found also in phosphate and acetate buffer but with slightly
shifted pH values of transitions. In citrate buffer P63/mmc and Fd3m phases are formed at pH 7.0 and
pH 6.5 respectively with decreasing pH. The same transitions are observed in the presence of acetate,
but at a lower pH (P63/mmc at pH 6.5 and Fd3m at pH 6.0). A bigger difference is observed for
phosphate resulting in the Li phase being found in the region from pH 7.5 to 6.0 and a mixed phase

P63/mmc+Fd3m at pH 5.5.
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Figure 3. Buffer specific effects on ionizable lipid mesophases. (A) SAXS measurements of MC3-
cholesterol bulk samples dialyzed in the presence of 50 mM citrate, acetate and phosphate buffer and
NaCl 150 mM across a pH range of approximately 3.5 to 7.5. (B) Sequence of lipid phase symmetries
with increasing protonation showing the order Lu, P63/mcc, Fd3m, Hir and Qu. (C) Phase diagrams
showing the buffer-specific pH dependence for MC3, ALC-315 and SM-102. (D) Nearest neighbor
distance dnn between centers of encapsulated water micelles/tubes for MC3, ALC-315 and SM-102
with Hi, Fd3m, P63/mcc and L phases as a function of pH for the three different buffers.



This inverse cubic-to-inverse hexagonal (Fd3m - Hun) transition occurs at pH= 6.0 for citrate and at
pH= 5.0 for acetate and phosphate (Fig. 3 A-C). Remarkably the critical pH value is shifted by one
pH unit for acetate and phosphate compared to citrate. To demonstrate that the transition from inverse
micellar (Lu) to inverse hexagonal phase (Hu) is a universal characteristic of clinically relevant
ionizable lipid we also present the phase behavior of ALC-315/cholesterol and SM-103/cholesterol
for all three buffers. We observe that the specific buffer effect on the Lu-Hn transition follows the
trend pH (citrate)>pH (phosphate) = pH (acetate). This behavior can be explained by the common
conic lipid shape factor which promotes inverse micellar phases at neutral pH.

Nearest neighbor distance (dnn)

The dimensions of the bulk phase are characterized by the nearest neighbor distance (dnn),
determined from extracting the lattice constants from SAXS measurements (Table S3). dnn is defined
as the smallest distance between neighboring water cores or channels. Significant differences in dnn
as a function of pH are seen in Fig. 3D. We observe a general trend of increasing dnn with decreasing
pH throughout all lipids and buffers. This general trend is caused by the increasing charge at the
ionizable lipid’s head group with decreasing pH. As described later in the theoretical section
increasing electrostatic repulsion reduces the curvature of the lipid-water interface and causes an
increasing lattice spacing. We find two distinct exceptions to this rule in the data. The first exception
to this trend is the transition from Fd3m to Hn which is accompanied by a reduction of dnn. This
discontinuity is due to the packing symmetry of Hu in contrast to the face centered cubic Fd3m
symmetry. We will come back to the associated energies in the inverse micellar to inverse hexagonal
transition in the section on mechanism of the pH transition. The second exception is the anomalous
behavior found in case of the HII phases of MC3 in acetate buffer, which appears to shrink with
increasing protonation.

Effect of ionic strength and temperature on bulk phase

Charging of the lipid head groups, and consequently the geometric packing parameter of the lipids,

is influenced by pH, temperature and salt concentration. In the following we examine these



parameters in detail in the case of MC3 lipid. The previous experiments were carried out by using the
fixed concentration of 50 mM for all buffers at the different pH values. However, the charge (z) and
the concentration (c) ratio between the acidic and the basic component of the buffer depends on pH
(Fig. 1 C-D). For instance, at pH 5.5, say, the ionic strength for the different 50 mM buffers is 151
mM for citrate, 52 mM for phosphate, and 42 mM for acetate. To understand if the observed buffer
specificity (Fig. 2) could be ascribed to an ionic strength effect of the different 50 mM buffers, SAXS
measurements were performed of the LNP bulk phases dialyzed in the presence of citrate and acetate
at pH 5.5 and at a defined ionic strength (namely 160, 200, and 300 mM). pH 5.5 was chosen since
all buffers showed a clearly ordered structure (Fd3m or Hu). Figure S1A shows that, for citrate buffer,
the Hu is the only phase occurring at pH 5.5 for the three ionic strengths. In the case of acetate (Fig.
S1B) Fd3m and Hu phases coexist at all ionic strengths, but an increase in ionic strength results in an
increase in the signal of the inverse hexagonal structure compared to the Fd3m phase. The results
indicate that electrostatic interactions play a role in driving the pH-dependent structural transition. It
is known for triethanolamine buffer that an increase of ionic strength results in a shift in the
equilibrium of -NH" & -N + H" towards the left, corresponding to a shift to higher effective pH (that
is lower H" activity).** Similarly, in our system an increase of ionic strength would enhance the
protonation of the MC3 headgroup which would stabilize Hin with respect to the Fd3m phase. We
also investigated the effect of temperature at 22°C and 37°C under pH 5.5. It is important to examine
whether the transitions of the inner bulk phase of LNPs, which we consider the driving mechanism
of mRNA transfection, occur in the same pH range observed at lab temperature compared to body
temperature. In Fig. S1B, we find the temperature increase favors the phase transition from inverse
hexagonal Hii to Fd3m + Hu in the case of citrate and from Fd3m + Hu to Fd3m for acetate. That is,
the temperature increase has the opposite effect to an increase in ionic strength (Fig.S1A), tending to
stabilize F3dm and shifting the Fd3m-Hu transition to lower pH values. The temperature dependence
is consistent with the trend we would expect from the van’t Hoff equation for the temperature

dependence of an acid equilibrium.*! The -NH" < -N + H" equilibrium is pushed towards dissociation



at higher temperatures, leaving the MC3 molecule uncharged. This can be interpreted as an equivalent
to pushing the system towards the behavior that would be expected at lower pH. In summary, the
effect of increasing ionic strength is to favor the inverse hexagonal phase, i.e. shift the phase transition
to higher pH values, while that of increasing temperature is to favor the inverse micellar phases, i.e.
pushing the phase transition to lower pH.

Mechanism of pH transition and buffer specificity

In the following we discuss the mechanism that drives the pH-dependent Lu-Hu transition in lipid
mesophases. We then ask the question why this mechanism is buffer specific. Transfection efficiency
measurements (Fig. 2D) showed a buffer specific effect that follows a (conventional) Hofmeister
series, with citrate > phosphate > acetate. In SAXS measurements this ordering is also observed for
the pH value of the MC3 bulk phase transitions Fd3m-Hiu. The bulk phase transitions observed by
changing pH and ionic strength involve the MC3 charge, but crucially also involve a change in the
curvature and area per MC3 headgroup. The balance between these properties determines the phase
transition pH. Then, buffer specificity introduces shifts to that transition pH via specific adsorption
of buffer ions at the water-lipid interface (Fig. 4A). The formation of the charge on MC3 at low pH
favors the Hi phase over the inverse micelle phases of the due to the higher mean curvature of the
latter, which gives the inverse micelles phases a larger positive electrostatic energy. But at the same
time, the curvature of the interface and area per headgroup affects the Lu-Hu transition via the elastic
bending energy of the lipid layer,?® favoring the inverse micelle phases over the inverse hexagonal

phases.
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Figure 4. (A) Schematic drawing of lipid conformation and geometric curvature in the inverse
micellar (Lu) and inverse hexagonal (Hu) phase. At low pH, the lipid headgroups become protonated
and extend outward, reducing the area per headgroup. (B) Snapshots of MD simulations of the Lu
and Hn phase of the MC3/cholesterol system. The area per lipid obtained from MD simulations are
A(Li) = 0.53 nm? and A(Hn) = 0.45 nm?. The protonated and neutral MC3 lipids are represented by
dark and light blue colors respectively, cholesterol is green, and water is shown in transparent grey.

In general energy is required if the lipid monolayer bends away from its preferred curvature. The
bending energy is characterized by bending moduli k and kg, and may be quantified via a Helfrich
bending energy, Ebend = k (C1 + C2 - C0)*/2 +KkC1C2, where C1 = 1/R1 and C2 = 1/R are the curvatures
associated with the radii Ri and Rz in perpendicular directions along the surface of the lipid layer
layer and Cy is the so-called spontaneous total curvature due to the conical lipid shape. Although
spherical inverse micelles with C;=C:have lower individual curvatures (larger radii, corresponding
to larger dnw values in the case of MC3), the cylinders of the inverse hexagonal phase have a lower
total curvature (C: + Cz) because of the flat dimension along the axis of the cylinders with C> =0
(see also cartoon in Fig. 4A). Protonation of the ionizable lipid head group will decrease the
spontaneous curvature and drive the system from Lu into the Hu phase. The exact transition point
depends on the ratio kc/k, i.e. the contribution of gaussian curvature and mean curvature to the total
bending energy.*>* The electrostatic energy due to headgroup charge favors formation of the inverse

hexagonal phase at low pH, while the higher spontaneous curvature favors formation of the inverse



micelle phases at high pH. The balance between the two explains the broad trend of the MC3 phase
transitions, with the transition point lying at a pH close to the MC3 pKu inside the LNPs of 6.44.4
To explain the buffer specific order observed for bulk phase transitions, we propose a mechanism
of specific ion adsorption with a consequent buffer-specific change in the area per headgroup. As
illustrated in Fig. 4A, we identify near (charged N group) and far (O ester group) moieties within the
headgroup. The N-moiety remains in contact with the aqueous phase whereas the O-moiety may not
be in contact, depending on the headgroup orientation (Fig. 4A). The strength of interactions of buffer
ions with the lipid surface, including the N-moiety, follows the conventional series citrate > phosphate
> acetate, confirmed by our MD simulations (Fig. 5B). On the other hand, MD simulations (Fig. 5C),
and evaluation of London dispersion coefficients of ions (Table S4) with the O-moiety, suggest that
adsorption at the O-moiety would be stronger for acetate than other buffer ions. Adsorption of acetate
at the O-moiety requires the ion to penetrate deeper into the lipid phase and therefore is expected to
lead to an increase in the area per headgroup. In this way, acetate stabilizes L, consistent with SAXS
data. At the same time, adsorption of negatively charged ions at the N-moiety is expected to reduce
the repulsion between the positively charged MC3 headgroup and will therefore reduce the area per
headgroup at low pH. Consequently, citrate anions with preferred adsorption at the (positively
charged) N-moiety (Fig. 5B and Table 1) decrease the area per head group, increasing the bending
modulus and shifting the Fd3m-HII transition to a higher pH by stabilizing Hu. Acetate ions with
preferred adsorption at the O-moiety, likely involving London dispersion forces, increase the area per
head group, decreasing the bending modulus and shifting the Fd3m-Hu transition to a lower pH by
stabilizing Fd3m. This mechanism, involving two types of specific interactions between the buffer
ions and the lipid headgroups, in particular with the positively charged N-moiety (via electrostatic
interactions) and the neutral O-moiety (via nonelectrostatic dispersion forces) is in agreement with
the results obtained by investigating the effect of ionic strength. Indeed, results in Fig. S1, showing
different SAXS patterns for the same ionic strengths obtained with citrate and acetate, confirm the

occurrence of different mechanisms for the two buffers. The inverse hexagonal HII phase observed



for citrate at the three investigated ionic strengths suggests its preferential interaction with the
positively charged MC3 headgroups. Contrarily, the coexisting Fd3m and Hn phases, observed for
acetate at the three ionic strengths, are consistent with a partial stabilization of the neutral form of
MC3 headgroup. In short, we can identify a direct buffer effect mediated via electrostatics and ion
dispersion interactions, and an indirect effect via a consequent change in the area per head group.

All-atom MD simulations of interactions between buffer ions and MC3

To provide evidence of our hypothesis of specific ion adsorption at the lipid/water interface, we
performed all-atom MD simulations in explicit water. To ensure the correct protonation degree of the
ionizable MC3 lipid, we chose a MC3/POPC monolayer system (Fig. SA) for which the area per lipid
and protonation degree at pH 5.0 and 7.5 were determined consistently in previous work.* In the
simulations, citrate buffer was represented by the trivalent citrate ion, phosphate buffer by HPO4%,
and acetate buffer by the monovalent acetate ion. The affinity of the ions in terms of the probability
distribution perpendicular to the lipid/water interface at pH 5.0 and 7.5 is shown in Fig. 5B, C. The
main adsorption peak at z =0 nm corresponds to the interactions of the ions with the nitrogen moiety
and follows a conventional Hofmeister ordering: citrate > phosphate > acetate. A second minor
adsorption peak at z = -2 nm appears for acetate and corresponds to the interaction with the oxygen
moiety. This peak is absent for the other ions and significantly smaller compared to the main
adsorption peak. Further insights into the adsorption behavior at the interface can be gained from the
local radial ion distributions g(r) of the around the charged and uncharged MC3 molecules. Fig. 5D,
E shows g(r) for the buffer ions around the N and O-moieties (O1 representing the carbonyl O-moiety
and O2 representing the ester O-moiety). For neutral MC3, the distributions at N- and O-moieties are

similar (Fig. 5D).
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Figure 5. (A) Simulation snapshot of the lipid/water interface of the monolayer system at pH 5.
Charged and uncharged MC3 lipids are shown in dark and light blue, respectively. POPC is shown
in gray, citrate ions in yellow and sodium in pink. (B, C) Normalized probability distributions of the
buffer ions for pH 7.5 and pH 5 along the z axis (perpendicular to the interface as indicated in A). (D,
E) Radial distribution function g(r) of the different buffer ions around the nitrogen (N) and oxygen
(O1, 02) atoms of an uncharged or charged MC3 molecule in the monolayer at pH 5. (F, G) Selected
simulation snapshot of citrate and acetate at distances indicated by the arrows in panel E.

For charged MC3 (Fig. 5E), pronounced differences between the ions and the different binding
sites can be observed. The results show that citrate ions have a higher affinity toward the N-atom in
positively charged MC3 compared to the other buffer ions (as indicated by the highest peak in g(r) at
aradial distance » = 0.28 nm in Fig. SE, top). Phosphate ions have the second highest affinity for the
N-moiety followed by acetate. In the case of O-moieties, only acetate ions adsorb while citrate and

phosphate are depleted (Fig. SE, bottom). The simulation snapshots reveal that citrate ions are located



at the lipid/water interface while the acetate ions penetrate deeper into the lipid phase (Fig. 5 F,G). In
summary, the affinity of buffer ions toward a lipid layer containing MC3 follows the Hofmeister
series: citrate > phosphate > acetate. However, the local distribution of the ions is much more
complex. The adsorption of acetate and depletion of phosphate and citrate at the oxygen are likely
the cause of ion specific buffer effects.

CONCLUSIONS

In this work mRNA-LNPs were prepared in three buffers, citrate, phosphate, and acetate.
Transfection efficiency showed a dependence on the preparation buffer employed, in the order citrate
> phosphate > acetate for all three ionizable lipids investigated. To rationalize the buffer-specific
efficiency we recall that the core phase of LNPs exhibits a dense ordered lipid phase, which is
predominantly formed by cationic ionizable lipid MC3 together with cholesterol and hence is pH
responsive. Note that DSPC and PEG-lipid are unlikely to partition into inverse phases. To explore
the effect of buffer on pH response, we studied ionizable lipid-cholesterol bulk mesophases as core
phase mimicking systems using SAXS synchrotron measurements. We find that the critical phase
transition from inverse micellar to inverse hexagonal, specifically Fd3m-HII in case of MC3 and LII
-HII in case of SM-102 and ALC-315, is dependent on the buffer in the order citrate > phosphate ~
acetate. In case of MC3 lipid the pH value of the transition shifts by 1 pH unit in citrate (6.5-5.5)
compared to acetate (5.5-4.5). In earlier work it was hypothesized that an analog structural transition
occurs in the excess lipid regions inside LNPs and plays a critical role in the pH-dependent endosomal
fusion process.®!* The hypothesis, that the structural transition of the LNP core induces endosomal
fusion, is plausible as the inverse micellar-to inverse hexagonal transition causes defects destabilizing
the surface monolayer of LNPs. A second mechanism associated with the pH-dependent structural
transition involves the accumulation of the protonated ionizable lipid in the surface layer of LNPs at
low pH. The resulting cationic surface charge consequently enhances the likelihood of endosomal
fusion. A central question in our study is whether a theoretical explanation exists for the shift in the

pH value of the Fd3m-Hu transition as a function of the specific buffer used. We propose that



competition of elastic bending energy and charging of the ionizable lipid head group leads to the
predicted shift. A surprising insight was that the protonated MC3 lipid exhibits a smaller headgroup
area due to a conformational change in the headgroup as seen by MD simulations. The dependence
of the phase transition on the buffer is explained by specific ion adsorption at the nitrogen (N) and
oxygen (O) moieties of the ionizable lipid, with a consequent change in the area per headgroup. This
view is consistent with the finding that increasing the ionic strength stabilizes the Hu phase, likely
favoring an even smaller headgroup area. By contrast, increasing the temperature to 37°C stabilizes
the Fd3m phase due to a decrease in the pK. of MC3, which favors the neutral lipid species, pushing
the phase transitions toward lower pH. There is scope for further work to confirm our interpretation
that the area per headgroup varies with buffer ion adsorption. It seems likely that acetate adsorption
at the O-moiety, with an associated increase in area per headgroup, is responsible for the swelling
trend observed in the Hi phase with the nearest neighbor distance (dnn) increasing with pH, while
decreasing in the case of citrate and phosphate buffers.

The proposed mechanism presents a consistent structure-activity relation. The key assumption is
that a pH dependent structural transition in the excess lipid regions of the LNP core phase leads to
endosomal fusion. For the argument to be conclusive we must assume that the buffer ions used in the
preparation of LNPs remain inside the LNPs and are not diluting out. A correlation of transfection
efficiency and bulk phase transition has been demonstrated here for three ionizable lipids: MC3, SM-
102 and ALC-315. To what extent the structure-activity relation can be extended to other ionizable
lipids remains to be determined. In recent work it has been shown that the two mainstream COVID-
19 vaccine ionizable ALC-315 and SM-102 lipids, show the same order of core phase changes as
presented here.® The proposed mechanism involves a direct buffer effect via specific adsorption of
buffers, but also an indirect effect via changes in the area per lipid headgroup consequent to buffer
adsorption. In the case of MC3, a crucial finding is the role of buffer (acetate) adsorption at the O-
moiety of the headgroup, distinct from interactions with the N-moiety carrying the headgroup charge.

This suggests an avenue for engineering LNP behavior, manipulating the transition pH by



functionalization of the headgroup beyond simply its ionizable character. Consistent with the notion

of the lipid packing parameter,'!-*

controlling the area per headgroup, and thereby the strength of the
lipid layer bending energy, is key to controlling the transition. To achieve rational design strategies
to exploit the described buffer specific effects theoretical models are required that explain the specific
ion adsorption mechanism using MD simulation as well as an elastic continuum description of the
mesophases. The consistent buffer specific effects on LNP behavior demonstrate that understanding
ionizable lipid mesophase transitions is useful for rationalizing mRNA transfection efficiencies and
further advancement of lipid formulations for gene therapy.

METHODS

Materials

DLin-MC3-DMA(O-(Z,Z,Z,Z-heptatriaconta-6,9,26,29-tetraem-19-yl)-4-(N,N-dimethylamino)
butanoate; (MC3, 99 %), ALC-315 ([(4-hydroxybutyl)azanediyl]di(hexane-6,1-diyl) bis(2-
hexyldecanoate)) and SM-102 (9-Heptadecanyl 8-{(2-hydroxyethyl)[6-0x0-6-
(undecyloxy)hexyl]amino}octanoate) were purchased by MedChemExpress. 1,2-distearoyl-sn-
glycero-3-phosphocholine, (DSPC, 99%), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol) (DSPE-PEG2000, 99%), cholesterol, sodium citrate dihydrate (99 %),
citric acid (99 %), monobasic sodium phosphate (99 %), disodium hydrogen phosphate (99 %),
hydrochloric acid (37 %), sodium hydroxide (97 %), sodium acetate (99 %), acetic acid (99.8 %), and
citric acid (99.5 %) were purchased by Avanti Polar lipid Sigma Aldrich.

Preparation of eGFP-mRNA LNPs

ARCA eGFP (Enhanced Green Fluorescent Protein) mRNA (APExBIO) was encapsulated in an
LNP of four lipid components (DLin-MC3-DMA, DSPC, Cholesterol, DMPE-PEG2000) in a
50:10:38.5:1.5 molar ratio. mRNA and buffer (pH 3) were prepared in aqueous solution (0.075
mg/mL) while the lipid components (1.11 mg/mL MC3, 0.27 mg/mL DSPC, 0.52 mg/mL cholesterol,
0.15 mg/mL DSPE-PEG2k) were dissolved in ethanol. Concentrations were chosen to reach a final

LNP concentration of 0.05 mg/mL mRNA concentration with an N/P ratio of 4 and a final buffer



concentration of 50 mM. Microfluidic mixing was carried out with the NanoAssemblr™ Spark™
(Precision NanoSystems) at a volume ratio of aqueous:organic 2:1 ratio. Following mixing, LNPs
were incubated 20 min at room temperature. To remove residual ethanol and buffers from the
solution, LNPs were transferred to Slide-A-Lyzer™ MINI dialysis cups 3.5 kDa molecular weight
cut-off (ThermoFisher Scientific) and dialysed into water for 18 h at room temperature. Size
distribution was measured using a DynaPro® NanoStar™ (Wyatt) DLS device. Encapsulation
efficiency was assessed using the Quant-it™ RiboGreen RNA dye (Invitrogen).

LNPs transfection efficiency

Cells were cultured in RPMI 1640 Medium (ThermoFisher Scientific) supplemented with 10%
(v/v) FBS (Fetal bovine Serum, ThermoFisher Scientific, #10270106), 5 mM HEPES (GibcoTM,
Thermofisher Scientific, #15630080) and ImM Na-Pyruvate (GibcoTM, Thermofisher Scientific,
#11360070) at 37°C, 5% COa. For live-cell imaging, microstructures were prepared to allow single-
cell culture. Therefore, 6-channel p-slides (ibidi) coated with cell-repellent PVA were treated with
PLPP N-(4-[benzoyl]benzyl)-N,N,N-triethylammonium bromide) (enamine) in an agarose and
calcium peroxide solution and selectively illuminated with UV-light (365 nm). Selective illumination
was facilitated with a photomask patterned with 20 x 20um squares and a 80um spacer. After
illumination, the channels were rinsed with water and 0.5M HCI. The resulting squares were coated
with laminin by incubation in a 20pg/mL laminin (BioLamina) working solution in PBS for 1h at
37°C.

Application of cells in medium for 1h led to self-assembly in a single cell pattern as depicted in
Fig. 2A. eGFP-mRNA-LNPs were diluted in RPMI medium supplemented with FCS to a final
concentration of Ing/uL and incubated for 1h at room temperature to allow formation of a protein
corona. Subsequently, LNP solution was applied for 1h and washed afterwards with L15-medium
without phenol red (ThermoFisher Scientific). Cells were transferred to the microscope (Nikon TI

Eclipse) and imaged over 30h with image acquisition every 10 min. Image analysis was then



performed using our in-house python-based software including segmentation and background
correction based on Schwarzfischer et al.* to generate fluorescence trajectories.

Bulk phase preparation: dialysis steps

MC3/cholesterol bulk phases were prepared at a range of pH conditions via three dialysis steps.
First, the MC3 and cholesterol were dissolved in ethanol and mixed in a molar ratio of 3:1 (MC3:
cholesterol) to a total lipid concentration of 56.1 mg/mL (MC3 46.7 mg/mL and cholesterol 9.4
mg/mL). The mixture was put into a dialysis cup with a molecular weight cut off of 3.5 kDa. Samples
were first dialyzed against a 50 mM citrate buffer (pH 3) containing ethanol (at a volume ratio of 3:1,
buffer: ethanol) for 48 hours. In the second dialysis step, the sample was dialyzed against PBS (1 mM
KH2PO4, 155 mM NacCl, 3 mM Na:HPO4 0.7 H20, pH 7.4) for 48 hours. In the third step, the sample
was dialyzed against NaCl 150 mM and the buffer of choice (citrate, acetate or phosphate 50 mM at
pH3.5,4.0,4.5,5.0,5.5, 6.0, 6.5, 7.0) with the required final pH for 48 hours. The samples at different
ionic strengths (/) were prepared at different acetate, phosphate and citrate concentrations to reach /=
160 mM, /=200 mM, /=300 mM including the background salt NaCl 150 mM. The supernatant was
removed from the cup and the solid precipitates were extracted for characterization by SAXS.

SAXS measurements

Synchrotron small-angle X-ray scattering (SAXS) was carried out at the P12 EMBL BioSAXS and
P62 SAXSMAT beamlines, PETRA III, DESY (Hamburg, Germany). The beamline instrumentation
has been described previously.*’*® Further SAXS experiments were performed using an internal
instrument at LMU. The crystallographic space groups of the liquid crystalline phases were
determined from relative peak positions. All the measurements at P12 and P62 were performed in
quartz capillaries. The scattering data background was subtracted by measuring empty capillaries.

Calculation of nearest neighbor distance dvy

The nearest neighbor distance was calculated for each mesophase using the peak positions with as
their respective miller indices following the formula shown in Table S2 and S3 (see Supporting

information).'*



All-atom molecular dynamics simulations

Ion specific adsorption simulation setup: To investigate the adsorption of acetate, phosphate and
citrate at the lipid/water interface, we used a monolayer setup. The lipid monolayer contained MC3
and POPC lipids in a 1:4 molar ratio and was constructed using the Men-Gen web server*® following
the published procedure of our previous work.*’ Each leaflet of the monolayer contained 200 lipids,
separated by a water column of approximately 15 nm. The reason for choosing this setup was that the
protonation degree at two pH values was determined consistently from a combination of simulations
and scattering experiments.*> This was crucial since the protonation degree is inherently difficult to
predict since it depends on the local lipid environment and is not directly accessible from experiments.
Specifically, the lipid monolayer at pH 5 has a protonation degree of 67.5% ionizable MC3. At pH
7.5 the protonation degree is 14.5%. Both values significantly deviate from simple theoretical
predictions. For each pH value, the monolayers were simulated at a buffer concentration of 50 mM.
Sodium acetate (CH3COONa), sodium phosphate (Na2HPO4), and sodium citrate (Na3CsHsO7) were
used as in the experiments. Thus, a total of six simulations of the lipid monolayer were performed,
covering two pH levels and three different buffers. Each simulation was repeated three times to
improve the sampling statics.

The AMBER Lipid 17 force field was used to describe the POPC lipids. For the cationic and neutral
MC3 molecules, we used recently developed force fields, which closely reproduce the experimental
structure of lipid layers and are compatible with the AMBER force field family.>® The TIP3P water
model’! along with Mamatkulov—Schwierz>? force field parameters for Na* ions were also used. The

t33 while the acetate

citrate ion was described using the force field parameters obtained from Wrigh
and phosphate ion force field parameters were obtained from Kashefolgheta.>* The combination rule

for the anion-cation interactions were modified to avoid crystallization artifacts. The resulting force

field parameters are available at “(https.//git.rz.uni-augsburg.de/cbio-gitpub/force-fields-buffer-

ions).”



All-atom molecular dynamic simulations were performed using the GROMACS?>® package (v-
2024). A gradient descent algorithm was used to minimize the energy of the system. The simulations
were performed in the NVT ensemble to ensure the correct area per lipid.>° The temperature was
maintained at 293.15 K using the velocity rescale thermostat with a time constant of 1.0 ps. The
Lennard-Jones potential was cut off and shifted to zero at 1.2 nm. Short-ranged electrostatic
interactions were cut-off at 1.2 nm and the Particle Mesh Ewald (PME) method was used to evaluate
long-range electrostatics. Hydrogen bonds were constrained using the LINCS algorithm and a time
step of 2 fs was used. Each production run was performed for 70 ns. The first 20 ns of the simulation
were discarded to account for equilibration and the rest of the trajectory was analyzed using
GROMACS inbuilt modules and MDAnalysis.>® The trajectories were visualized, and snapshots were
generated using visual molecular dynamics (VMD).>’

Area per headgroup of Hi and Lu phases: to obtain the area per headgroup, we used data from our
previous work,'* where we simulated the inverse hexagonal (Hi) and inverse micellar (L) phases.
The Hu phase consisted of fully protonated Dlin-MC3-DMA (MC3) lipids combined with cholesterol
in a 3:1 molar ratio, maintaining a water-to-lipid ratio (nw) of 12 to match the experimental lattice
spacing of 60 A. The Lu phase consisted of fully uncharged MC3 lipids using also 7= 12. Details
on the calculation of the area per headgroup are provided in the supporting information.
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Figure S1. SAXS measurements of MC3-cholesterol dialyzed in the presence of 160-, 200-and
300-mM ionic strength citrate (A) and acetate (B) buffer at 22 °C and 37 °C at pH 5.5.
Measurements of ionic strength (/) include the presence of NaCl 150 mM as background salt.

Table S1. Hydrodynamic diameter du, polydispersity index (PDI) as indication of the size
measurements quality associated to the size distribution and zeta potential measurements of MC3
LNPs prepared in acetate 155 mM, phosphate 100 mM, and citrate 50 mM bufters at pH 4.5.

Buffer dy (nm) Pdl pH*

Citrate 76 +7 0.330 5.75+0.25
Phosphate 70 + 1 0.304 53+0.5

Acetate 73+£2 0.324 5.25+0.25

*pH of Fd3m-Hj transition



Table S2. Miller indices of the measured lipid phases. a is the lattice parameter and dj,; the
corresponding real-world distance. This table is taken from reference .

Lipid phase Miller indices (hkl) a/dpi Mpkl

Hy (10), (11),(20),(21), (30), ... hZ + k2 + hk 1,v3,2,V7,409,...

Fd3m (111), (220), (311), (222), (400), 2+ 2+ 12 V3 NBANILVIZ 4,..

4 3
P6s/mmc  (010),(002),(011),(012), (110), torve ey ie ol fu 7
3’2" 24" 6"

Table S3. Formula of the lattice constant a and the nearest neighbor distance d, for the measured
lipid phases using the peak positions qpy; as well as myy,; from Table 2. This table is taken from
reference .

Lipid phase a dyn
Hy, 4tmpy a
\/§Qhk
Fd3m 2rmp; @
Anki V8

P6s/mmc  2TMpi  a

Anki
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Figure S2. SAXS measurements and Miller indices of the mesophase of MC3-cholesterol samples
dialyzed in the presence of 50 mM citrate buffer and NaCl 150 mM in a range of pH 3.5 - 7.2.
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Figure S3. SAXS measurements and Miller indices of the mesophase of MC3-cholesterol samples
dialyzed in the presence of 50 mM phosphate buffer and NaCl 150 mM in a range of pH 3.6 - 7.5.
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Figure S4. SAXS measurements and Miller indices of the mesophase of MC3-cholesterol samples
dialyzed in the presence of 50 mM acetate buffer and NaCl 150 mM in a range of pH 3.5 - 6.8.
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Figure S5. SAXS measurements of the mesophase of ALC315-cholesterol samples dialyzed in
the presence of 50 mM citrate buffer and NaCl 150 mM in a range of pH 3.5-7.5.
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Figure S6. SAXS measurements of the mesophase of ALC315-cholesterol samples dialyzed in
the presence of 50 mM phosphate buffer and NaCl 150 mM in a range of pH 3.5- 7.5.
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Figure S7. SAXS measurements of the mesophase of ALC315-cholesterol samples dialyzed in
the presence of 50 mM acetate buffer and NaCl 150 mM in a range of pH 3.5- 7.5.



SM-102 Citrate buffer

Chol.

. _L J Ly

"pH75

pH 7.0

Ly
pH 6.5

(21)

Hy
pH 5.5

ep

Hi
pH 5.5

1(q) (Iog scale, g.u.)

H,/la3d
pH 5.0

la3d
pH 4.5

la3d

B -

pH 4.0

0 1 2 3 2 5

Figure S8. SAXS measurements of the mesophase of SM102-cholesterol samples dialyzed in the
presence of 50 mM citrate buffer and NaCl 150 mM in a range of pH 4.0 - 7.5.
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Figure S9. SAXS measurements of the mesophase of SM102-cholesterol samples dialyzed in the
presence of 50 mM phosphate buffer and NaCl 150 mM in a range of pH 3.5 - 7.5.
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Figure S10. SAXS measurements of the mesophase of SM102-cholesterol samples dialyzed in
the presence of 50 mM acetate buffer and NaCl 150 mM in a range of pH 3.5 - 7.5.
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Molecular simulation methods

Adjustment of combination rules for the force field parameters

In MD simulations, the non-bonded interaction potential of the ions has the following form:

The first term describes the electrostatic interactions via a Coulomb potential. The last two terms
describe the Van-der-Waal interactions via a Lennard-Jones (LJ) interaction potential. ¢; and g; are
the charges of atoms i and j respectively, r; is the interatomic distance, o;; describes the LJ
diameter at which the potential is zero and €;jaccounts for the interaction strength. MD simulations
of citrate and phosphate ions at finite concentrations resulted in crystallization of the ions. This
effect was observed for different Na* force fields including the ones from ref. 50, 52 of the main
manuscript. To avoid this artifact, we systematically increased the anion-cation LJ diameter by

introducing a scaling factor in the corresponding Lorentz-Bertholot combination rule:

O'l'+0'j

3 )

0yj = Aij

The value of A;; was increased until no more clustering was observed as judged by the anion-

cation radial distribution functions. The final values are A=2 for the citrate-sodium scaling and the
phosphate-sodium interaction. Only the interaction of the sodium ions with the oxygen atoms of

the phosphate and citrate ions were scaled. Note that in a more rigorous approach, the experimental



activity derivative could be used to further optimize the anion-cation interactions as in previous

work in reference 2.
Force Field parameters for phosphate

The Lennard-Jones force field parameters for the phosphate ions (HPO4>") were taken from

H2POy4 in ref 3. The partial charges were obtained from RESP fitting.
Calculation of area per lipid

The area per lipid of both the Li; and Hii phases were calculated for the system with ny = 12. In
the Hi phase, which is enclosed within a triclinic unit cell characterized by a lattice spacing dxand
height 4, we assume that the water column is an equally long cylinder with a radius Ry. The water
volume fraction (H) of the Hy phase is obtained by dividing the volume of the water column by
the total volume of the system. The total volume of the system in the Hn phase is the volume of
the triclinic unit cell which is given by dx’h sin(60°). The water volume fraction ¢ is given by:

_ nRﬁ,h
Pu = d%h Sin(60°) G)

From this equation, the radius Ry of the cylindrical water column can be derived as

V3
Ry =dy §¢H “4)

The value of H = 0.24 and du= 60 A is taken from ref. 1. The area per lipid (4) of the f the Hy

phase is obtained by dividing the surface area of the water column by the total number of lipids

N.



_ 2TRyh

)

Similarly, for the Ly phase simulated in a rhombic dodecahedron box of lattice spacing dL, we
assume a water sphere of radius R; surrounded by lipids. The water volume fraction (L) of the Ly
phase is obtained by dividing the volume of the water sphere by the total volume of the system.

For a rhombic dodecahedron box of length dL, the volume of the box is 0.707 d.* (i.e. @°/N2). The

water volume fraction ¢ is given by

b, = (4/3)nR}
L™ o707 a3

The radius of the water sphere R; can be obtained from the above equation by:

(6)

R, = 0.55d, (¢,) (7)

Corresponding area per lipid of the Li phase,

ATR,?
AL = NL (8)

Calculation of probability distributions

The probability distributions for the ions perpendicular to the interface were calculated as



p(z)
P(z) = ———"—
1, p(2)dz ©)

where D is the distance between the monolayers and p(z) is the number density of the ions. The

probability distributions are normalized such that f_D[f/Zz p(2)dz = 1.

Calculation of radial distribution function

The radial distribution function g(r) provides insights into the local distribution of the ions
around the protonated and neutral MC3 lipids. The radial distribution functions were obtained from

the following equation:

n(r)
Ngp4nrdr

g(r) = (10)

n(r) is the count of buffer ions around the reference atoms at distance r, Ng is the number of
reference atoms, and p = N;/V,, is the bulk density of the ions. /; is the total number of anions in
the system minus the anions used for neutralization and V, is the volume of water obtained by
multiplying the theoretical molecular volume of a water molecule with the total number of water
molecules in the system. In a bulk solution, g(r) gives the number of ions at distance r relative to
the number of ions in an ideal solution. At an interface, such as the lipid water interface
investigated here, equation (8) gives the number of buffer ions at distance r relative to a uniform

ion distribution in the same slab geometry. The MD analysis python module (reference 4) was



used to count the number of anions around the reference atoms (N, O1 and O2) of the charged and

uncharged MC3 lipid head group using the simulation setup at pH 5.

London dispersion interactions and the O-moiety

Acetate ion binding to the O-moiety of the MC3 headgroup can be understood in part from direct
London dispersion interactions, U(d) = —C/d®, where d is the distance between the ion and the O-
moiety. The London dispersion coefficient may be evaluated from quantum mechanical electronic
polarizabilities of the species by applying quantum electrodynamics methods as reported in
reference 5,6. Table S4 presents calculated London dispersion coefficients of buffer ions with a
neutral acetic molecule representing the O-moiety (i.e. representing with O-moiety via a simple
bound carbonyl group). London coefficients are evaluated in aqueous medium, and in nonpolar
medium (tetradecane).
Table S4. London dispersion coefficients of buffer ions with acetic acid (representing the MC3

O-moiety) in aqueous media and in non-polar medium

Buffer ion C, aqueous (A® kJ/mol) C, in tetradecane

acetate 5414 3752
H.POy 5635 4473
HPO4* 4188 1722
PO.* -2069 -8693
Ha-citrate 2182 149
H-citrate* 1456 -1347
citrate™ -258 -4635

The London coefficient is significantly more attractive for acetate ion than any of the citrate

species. Curiously, trivalent citrate even has a negative coefficient, indicating a repulsive



interaction pushing citrate away from the representative O-moiety. The aqueous London

coefficient for phosphate is similar to acetate, indicating that this mechanism does not solely

control the binding of acetate to the O-moiety observed in MD simulations. The O-moiety is

located deeper inside the headgroup layer, such that the environment of the interaction is not purely

aqueous. The reduced polar environment deep inside the head group is more unfavorable to

phosphate than to acetate, which is surface active (partially oleophilic) due to its short hydrocarbon

group. Indeed, the London coefficient of acetate in a nonpolar environment (tetradecane) is much

stronger (more attractive) than all phosphate and citrate species apart from HoPO4'.
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6 Publication 3: Combining SAXS Analysis and MD
Simulation to Determine Structure and Hydration of
Ionizable Lipid Hexagonal Phases

In our latest publication, we present an integrated methodology combining SAXS exper-
iments, all-atom molecular dynamics (MD) simulations, and a novel continuum model to
quantitatively determine the structure and hydration of inverse hexagonal (H;;) phases.
The Hj; mesophase, formed by cationic ionizable lipids (CILs) in lipid nanoparticles
(LNPs), is critical for mediating mRNA release.

Building on our prior work (Section 4), we complemented our SAXS dataset with new
measurements for the ionizable lipid SM-102 (collected by Ekaterina Kostyurina). We
utilized a Fourier analysis method based on the work of Michael Rappolt and colleagues!
to reconstruct high-resolution 2D electron density maps of the H;; phase. A key technical
innovation in our SAXS analysis was that, unlike previous work that used the height of
fitted peak functions as intensity values, we integrated the areas under the peaks. This
approach made our analysis independent of the exact peak shape, significantly increasing
the robustness and accuracy of our structural determination.

These 2D maps were used to calibrate MD simulations created by Nadine Schwierz and
Akhil Sudarsan, which in turn allowed us to discern the individual spatial distributions
of all molecular components (lipid head groups, tails, water, and ions). A further in-
novation for validation was developing a novel method to correct for periodic boundary
artifacts in the calculated MD scattering profiles, ensuring quantitative agreement with
the experimental data.

To generalize our findings, and due to a lack of validated force field data for most CILs,
we constructed a generalized continuum model with Jan Westergren and Lennart Lind-
fors, which was parameterized by the calibrated MC3 MD results, to extend structural
prediction to other CILs. Using this model, we successfully calculated the water content
for MC3, KC2, DD, and SM-102 across different pH values. While the water content
of MC3, KC2, and SM-102 was found to be largely invariant with respect to pH, the
DD system suggested a pH-dependence, albeit with larger associated error bars. Most
importantly, we found a negative correlation between the H;; phase water content and
the corresponding transfection efficiency. This finding provides a structural basis for LNP
performance, suggesting that a lower H;; water content is linked to increased therapeutic
efficacy, which in turn allows for rational LNP design.
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1 Introduction

Combining SAXS analysis and MD simulation to
determine structure and hydration of ionizable
lipid hexagonal phases

Julian Philipp, © 2 Akhil Sudarsan,° Ekaterina Kostyurina,® Viktoriia Meklesh,®
Monica Berglund,® Michael Rappolt, &9 Jan Westergren,® Lennart Lindfors,©
Nadine Schwierz (2° and Joachim O. Radler (2 *®

Cationic ionizable lipids (CILs) are fundamental components of inverse hexagonal (H) lipid assemblies,
which mediate the encapsulation and release of negatively charged mRNA through a pH-dependent
mechanism. Since variations in the structure and composition of the H), phases can significantly impact
the biological efficacy of the mRNA-carrying lipid nanoparticles (LNP), a comprehensive understanding
of the ionizable lipid H), phases is necessary. We present an integrated approach combining small-angle
X-ray scattering (SAXS) experiments, molecular dynamics (MD) simulations and a continuum model to
elucidate lipid distribution and water content within H; phases. Our results indicate strong agreement
between structures derived from MD simulations and SAXS data. To this end, we introduce a method to
correct for periodic boundary artifacts when computing scattering profiles from MD simulations. This
enables direct, model-free comparisons between experimental and simulated data, enhancing the
reliability of structural interpretations, specifically the water content of the H, phases. Next, we
developed a continuum model to extend structural analysis to CIL H; phases for which MD data is
unavailable. This integrative framework not only provides molecular-level insights into the ionizable lipid
H) mesophase but also enables the prediction of hydration properties across different CIL compositions.
The different approaches consistently yield water contents that seem to correlate with the lipids’
transfection efficiencies. By bridging experimental and simulation data, our approach offers a powerful
tool for the rational design and optimization of lipid nanoparticles, potentially linking a lower water
content with an increased therapeutic performance.

importance of a deeper understanding of LNP structure to
elucidate their intracellular release mechanisms, particularly

Lipid nanoparticles (LNPs) have emerged as powerful RNA
delivery vehicles in modern medicine, with recent applications
demonstrating their effectiveness in a wide range of drugs and
vaccines. A critical component of efficient LNPs is the cationic
ionizable lipid (CIL), which carries a pH-dependent charge at
its head group. Although the optimal pK, range for CILs in
LNPs is well established (pH 6-7), in vivo transfection efficien-
cies can vary by up to two orders of magnitude, even among
structurally similar CILs. This discrepancy highlights the
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during endosomal escape.'™

LNPs are known to exhibit distinct mesophases depending
on the local pH environment.”” Among these, the inverse
hexagonal (Hy) phase plays a key role in membrane fusion
and cargo release. Although different CILs can form similar
mesophases, subtle variations in structure can have a profound
impact on transfection efficiency. In our previous work,” we
demonstrated that bulk lipid phases composed of DLin-MC3-
DMA (MC3), DLin-KC2-DMA (KC2), and DLinDMA (DD), in
combination with cholesterol and water, undergo a pH-dependent
structural transition from an inverse cubic micellar phase (Fd3m)
to an inverse hexagonal (Hy) phase at approximately pH 6.0.
Despite this shared transition point, significant differences in
lattice spacing were observed between DD and the MC3/KC2
systems, suggesting distinct packing or hydration characteristics.

This underscores the need for a deeper analysis of these
mesophases, with a particular focus on their water content, as
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water content is relevant in RNA mobility, curvature energies
as well as disruption occurring in pH-dependent structural
transitions.

To gain a comprehensive understanding of lipid organiza-
tion and hydration within LNPs, small-angle X-ray scattering
(SAXS) experiments can be combined with molecular dynamics
(MD) simulations. SAXS has significantly advanced our knowl-
edge of lipid phase structures, particularly the inverted hexa-
gonal Hy; phase, which has been extensively studied as a model
system.® ' Traditional SAXS data interpretation often relies on
simplified models, such as Lorentzian peak-based structure
factors and box model form factors. In contrast, more advanced
Fourier-based analysis that reconstructs two-dimensional elec-
tron density maps, offer a more accurate and detailed view of
the phase architecture."’

MD simulations have achieved significant progress in mod-
eling large molecular systems like lipid mesophases and lipid
nanoparticles. However, quantitative results rely heavily on the
calibration of force fields and system parameters through
experimental validation.">™ Previous studies on LNPs using
coarse-grained force fields such as SPICA, which were meticu-
lously optimized for lipid and nucleic acid systems, were able to
closely reproduce experimental observations while providing
molecular level insights into the pH-dependent structure of
LNPs, thereby underscoring the importance of employing a
rigorously validated force field.">"” Integrating experimental
data not only refines and validates the simulations but also
provides atomic-scale insights regarding water content,” ion
interactions,® lipid structure'® and lipid protonation.>®

For easier interpretation, it is useful to describe the Hy
phase using continuum models that describe the electron
density profiles. Continuum models are characterized by inter-
pretable parameters such as water content and area per lipid
head group. A central challenge in developing such models is to
minimize the number of free parameters while maintaining
sufficient accuracy to capture the key structural features of the
system. Simple models typically partition the phases into dis-
tinct, non-overlapping regions of water, lipid head groups, and
lipid tails. More sophisticated approaches allow for overlapping
Gaussian distributions to represent the spatial extent of each
molecular component.>"??

In this study, we introduce a systematic methodology for
structural analysis that integrates experimental SAXS data, MD
simulations, and continuum model representations. Through
an iterative refinement process, we align experimental and
simulation data to produce a consistent and quantitative inter-
pretation of lipid organization and hydration. Using this frame-
work, we determine the water content of the inverse hexagonal
phase formed by MC3, and extend our analysis to assess water
content across a range of pH values and for additional ionizable
lipids, including KC2, DD, and SM-102.

Our results reveal two key trends. First, the water content
within the hexagonal phase appears to be largely invariant with
respect to pH, indicating structural stability of hydration across
physiologically relevant conditions. Second, we observe sub-
stantial differences in hydration among the different lipids: DD
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exhibits significantly higher water content than MC3 and KC2,
while SM-102 shows a notably lower water content. This trend
suggests a potential correlation between the hydration proper-
ties of CIL mesophases and their transfection efficiency when
used in LNP formulations.>” By offering a unified framework
that links mesophase structure with functional performance,
our approach provides valuable insights for the rational design
and optimization of next-generation lipid nanoparticles.

2 Methods and model

2.1 Data analysis small angle X-ray scattering

Lipid bulk phase samples were prepared following the same
procedure as explained in detail in our previous research.’
In order to mimic the inner lipid phase of lipid nanoparticles,
we mixed the cationic ionizable lipid (MC3/KC2/DD) with
cholesterol at a 3:1 molar ratio in ethanol. The lipid mixture
was filled into a dialysis cup together with a 50 mM citrate
buffer at pH 3 creating a ethanol to water ratio of 2:1.
Following dialysis steps first reduced the ethanol to water ratio
to 1:3, then replaced the citrate-ethanol mixture with PBS
buffer (1 mM KH,PO,, 155 mM NacCl, and 3 mM Na,HPO,, pH 7.4)
and finally replaced it again with Mcllvaine buffer (citric acid and
disodium phosphate) at the desired final pH. For SM-102 we
instead used citrate buffer (citric acid and sodium citrate) to adjust
the pH. Each of these dialysis steps took 48 h to make sure that
all the buffers in the dialysis cup were replaced and to give the
sample material enough time to equilibrate to its new environ-
ment. These dialysis steps resulted in white precipitation that
was extracted from the dialysis cup and sealed in quartz
capillaries with 1.5 mm diameter together with an excess of
the final buffer below and above the sample.

Small angle X-ray scattering (SAXS) patterns of the ionizable
lipid bulk phases were recorded at the P12 EMBL BioSAXS™
and the P62 SAXSMAT>* beamlines at DESY. The angular
calibration of the detector was performed with a silver-behenate
reference sample. The resulting scattering patterns were radially
integrated and background scattering was subtracted with refer-
ence measurements of empty capillaries.

For the inverted hexagonal Hy phase we found up to seven
peaks (Fig. 1A). In order to get 2D electron density maps and
radial scattering density profiles we closely followed the proce-
dure described by Michael Rappolt and colleagues'' but with a
slight adjustment. Since the peaks were sharp and spaced out
enough that there was no overlap between neighboring peaks,
two distinct optimizations to the procedure were possible.
Firstly we adjusted the background subtraction by calculating
the background at each peak position individually. For each
peak the background was determined with the measured
intensity on both sides of the peak. Secondly, instead of fitting
the peaks with Lorentz peak shapes first, we integrated the
peaks above the background directly (grey area in insert of
Fig. 1A). This way we could sum up all the scattering around a
certain angle independent of the measured peak shape, which
generally differs from an ideal Lorentz peak due to the

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Analysis of experimental SAXS data. (A) SAXS profile of the inverted hexagonal phase, normalized with the first peak height. Up to seven peaks
could be measured and integrated for further analysis, although the later peaks are several magnitudes of order smaller than the first one. The insert
shows the individual peak analysis. We define the peak intensity as the peak integral, independent of its exact shape. This is possible because the peaks are
sharp enough not to overlap each other. The peak position is then the half-point of the integral, indicated by the orange line. (B) For each measurement

4

the peak positions on the g scale are plotted against —m. The slope of the linear fit through all points including the origin is the inverse hexagonal

V3

lattice parameter a. (C) The analysis of the lattice parameter and all peak intensities allows for the calculation of detailed 2D electron density maps of the

inverse hexagonal lipid structure.

convolution of the direct beam profile (Gaussian distribution)
with the diffraction peak contribution, arising from the inverse
hexagonal phase.

After integrating each peak individually, we defined their
positions to be where 50% of their total area is reached (orange
line in insert of Fig. 1A). The lattice parameter a is determined

4
as the slope when fitting g, = \/—T;m;,k with my = VA2 + hk + k2

and gy as the measured peak positions (Fig. 1B). The integrated
peak areas were normalized regarding their multiplicity and a
Lorentz correction was applied by multiplying each peak area by its
corresponding 1>, Finally, the square root of the corrected peak
area was used to determine the form factor F of each peak. The
electron density contrast was calculated by the same Fourier
analysis as described by Michael Rappolt and colleagues:'!

h,k max

Ap(x,y) = > k- Fuk - cos(qu(h, k)x) - cos(q,(h,k)y). (1)
hk#0,0

Fpx is the peak amplitude (area) at position g(/,k) with 4 and
k as its respective Miller indices. The phase ay, . for each peak is
either +1 or 1. In order to find the right phase combination, we
calculated the fourth moment of each phase combination
following this formula from Mariani et al.:*>

(@0)*) = (/)| [Bp(0)far wich
Ap(r) = p(r) — (Ap).

This journal is © The Royal Society of Chemistry 2025

A is the unit cell area, p(r) the electron density at position r
and (Ap) the average electron density. The correct peak phase
combination generally has the lowest fourth moment. For
almost all of our measurements (76 of 86) this is (+1, —1, —1,
+1, +1, +1, +1) for the seven observed peaks. Only in a few cases
either (+1, -1, —1, —1, +1, +1, +1) or (+1, -1, —1, —1, +1, +1, —1)
had a slightly lower fourth moment. Those two alternatives can
be disregarded since the resulting electron density maps show a
30° rotated hexagonal phase, which contradicts the assumption
of an even tail region band between neighboring lipid tubes
(Fig. S1). Therefore we used (+1, —1, —1, +1, +1, +1, +1) for all
measurements, which is also in agreement with literature.>®*’
The result is a 2D electron density map (Fig. 1C), but without
additional assumptions the electron density is not on an
absolute scale.

2.2 MD simulations

All-atom MD simulations of inverse hexagonal Hy; phases were
performed for 1 ps using the GROMACS?® software package.
The starting structures for the simulation were generated using
the CHARMM-GUI*® web server and consisted of cationic MC3
lipids and cholesterol in a 3 : 1 molar ratio. The water content of
the Hy phase was adjusted iteratively to match the experi-
mental lattice spacing of 60 A as reported in our previous
work,” resulting in a ratio of 12 water molecules per lipid
(Fig. 2A). A salt concentration of 0.15 M was introduced and
additional ions were added to neutralize the system. A triclinic
box with a length of 60 A and a height of 91.4 A was used to
reproduce the symmetry of the Hy; phase with the water column

Soft Matter
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Fig. 2 Comparison of MD simulations and experlmental data. (

oriented along the z-axis. For the ionizable MC3 lipids, we used
force field parameters, that were previously validated by
neutron reflectometry and rigorously tested across multiple
lipid phases, therefore the simulations focus exclusively on
MC3 bulk phases.”® For cholesterol, AMBER parameters
derived from the lipid 17 force field** were used in combination
with the TIP3P water model®® and ion parameters from
S. Mamatkulov & N. Schwierz.*

Following a steepest descent minimization, a 2 ns equili-
bration was performed to generate velocities and maintain the
system at the desired temperature and pressure. The tempera-
ture was kept at 298 K using the Nose-Hoover thermostat with a
time constant of 1.0 ps. The pressure was coupled semi-
isotropically and maintained at 1.0 bar using the Berendsen
barostat with a time constant of 1.0 ps. After equilibration a
1 ps production run was performed with a time step of 2 fs,
keeping the former thermostat and employing the Parrinello-
Rahman barostat with a time constant of 5.0 ps. van der Waals
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(A) Simulation snapshot of the H,, phase. Water is shown in light blue, charged MC3 head
groups in red, MC3 tails in green and cholesterol in yellow. dy, indicates the distance between water columns. (B) Comparison of the scattering profiles
obtained from MD simulations (red) and experiments (black) without periodicity corrections (top). After applying the methodology to correct scattering
artifacts from periodic boundary conditions the simulated and experimental scattering profiles are in quantitative agreement (bottom) (C) 2D electron
density profiles obtained from MD simulations. (D) Difference between the 2D electron density maps from simulations and experiments. (E) 2D electron
density maps of the individual components obtained from the MD simulations. Higher resolution images are available in S| Fig. S4.

interactions and electrostatic interactions were cut-off at
1.2 nm and long-range electrostatics were evaluated using the
particle Mesh Ewald method. The LINCS algorithm was used to
constrain all bonds involving hydrogens. To correct for periodic
boundary effects in the calculated scattering intensities, addi-
tional NVT simulations were carried out, which maintained a
constant lattice spacing of 60 A, as well as simulations of a
multi-column system composed of 9 Hy; columns in parallel,
also simulated in the NVT ensemble. These simulations were
0.2 pus and 0.5 ps long respectively. The multi-column system
was generated by extracting snapshots from the trajectory of a
single Hy; column at different time frames and combining them
together in a 3 x 3 hexagonal lattice. A triclinic unit cell of
length 180 A and height 91.4 A was used to define the periodic
boundaries of the multi-column system. To avoid overlapping
contacts and steric clashes, the larger system was energy
minimized, equilibrated and simulated for 500 ns. A compre-
hensive list of all simulations performed in this study is

This journal is © The Royal Society of Chemistry 2025
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provided in the SI (see Table S1). VMD?® was used to visualize
and generate snapshots of the trajectory, while MDAnalysis>*3
was employed to analyze the trajectory. Generation of 2D
electron density maps perpendicular to the Z-axis (i.e. the water
column orientation) from the simulation trajectory (discarding
the first 100 ns for equilibration) for the whole system and the
individual components were done by MDAnalysis scripts.
2.2.1 Scattering intensity from MD. Molecular dynamic
simulations provide a detailed temporal and spatial mapping
of atomic coordinates, enabling a direct and straightforward
computation of the theoretical scattering profiles from atomic
positions. Mercury CCDC (Cambridge Crystallographic Data
Centre) was used to calculate the X-ray scattering profiles from
the MD simulations. The simulated X-ray scattering profiles
were generated using the Cu-K, radiation source of wavelength
/. = 1.54056 A for a 20 range of 0.7-7°. Here, the scattering
angle 0 is related to the momentum transfer vector g via

4
q :7nsin(29/2). The simulated Hy phases were assumed to

have a crystalline size of 1130 nm by fixing the broadness of the
scattering peaks to 0.00781°. The peak width, defined by the
full width at half maximum (FWHM), is related to the crystal
domain size by the Scherrer equation. The random orienta-
tion of individual crystals are taken into account by using the
powder diffraction technique.

However, additional peaks in the theoretical scattering
profiles are observed due to the periodicity of the molecular
system. MD simulations are typically performed using finite
nanometer sized simulation boxes with periodic boundary
conditions to mimic macroscopic systems. By construction,
the initial system is identical to its periodic images. However,
the periodic repetition leads to constructive interference at
q values inversely proportional to the size of the simulation box.
These scattering artifacts appear as additional peaks in the
scattering profile (Fig. 2B). To remove these artifacts, a meth-
odology tailored to the Hy lipid phase was formulated and is
presented below.

2.2.2 Removal of scattering artifacts from periodic bound-
ary conditions. Given that periodic boundary conditions are
applied along x, y and z directions in the 3D lattice, it is
necessary to correct for the scattering artifacts arising in all
three directions. We start by defining the Z axis as the direction
parallel to the water column. To remove the additional inter-
ference peaks due to the periodicity along the Z direction,
scattering profiles are calculated from the same NVT simula-
tions but with a reduced box size of 5, 10 and 15% of the
original system respectively. For a reduced box size, the posi-
tion of the peaks shift to higher g values (e.g. for L' = (9/10)L the
peak at g will appear at ¢’ = (10/9)g, see Fig. S2A). By contrast,
the position of the peaks reflecting the hexagonal symmetry
(910, 911 and g,o) remain at the same position. The corrected
intensity profile is obtained by removing the shifting peaks and
taking the minimum intensity at the symmetry peaks.

Artifacts arising from the periodicity in the XY plane are
addressed by tiling the system along the XY plane, resulting in
the creation of a multi-column Hy; phase. Since the first three

This journal is © The Royal Society of Chemistry 2025
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peaks of the Hy; system appear at ¢/q10 = 1, V3 and 2, the box
size has to be tripled to avoid overlap of the artifact peaks with
the symmetry peaks. We calculate the scattering profile for the
full 3 x 3 system and for a single subsystem. For the multi-
column system with L' = 3L, the symmetry peaks split. For
example, the g;; peak is shifted to lower g values with ¢’ = 1/3¢
(see Fig. S2B). The corrected intensity profile is again obtained by
removing the shifting peaks and taking the minimum intensity at
the symmetry peaks. Note that the g3, peak will still contribute to
the g, peak after tripling the system. However, since its intensity is
very low the contribution is neglected. Finally, the scattering
profiles were calculated for 20 distinct molecular snapshots
sampled from the NVT simulation trajectory (Fig. S3).

2.3 Continuum model of the lipid-water interface

With the MD simulations we are able to calculate the water content
of the MC3 bulk phase but for many different ionizable lipids
there is no force field data available, so at the moment it is
impossible to extend the MD simulations to those as well. In
order to generalize the model without the need for extensive and
lipid specific MD simulations, we developed a numerical conti-
nuum model that can be easily extended to different ionizable
lipids as well. The model uses parameters calculated with ACD
ChemsSketch from literature data and fits radial scattering length
density (SLD) distributions of water molecules as well as the lipid
head- and tail-groups to a total SLD profile. The radial electron
density curves can be converted to SLD profiles because for X-rays
the SLD is proportional to the electron density. This generally
enables the calculation of water content in inverse hexagonal lipid
phases without the need for associated MD simulations.

The parameters calculated with ACD ChemSketch®® are the
molecular volumes of the lipid head group Vjeaq and tail group
Viair- The scattering length density SLD.,;; was calculated using
SasView 6°” (see Table 1).

The SLD of water is taken from literature (SLDyater = 9.45 X
10~* nm?).*® This continuum model assumes smooth distri-
butions for water and lipid tail groups of a distinct shape based
on the distributions observed in our MD simulations. The head
group distribution is defined so that at each radius the volume
fractions of all components add to one.

In detail the distribution base function of the water core is
defined as

Fraterbase(F) = €xp (- In(2) (bi> > 0<r <§ 3)

Table 1 Continuum model parameters calculated with ACD Chem-
Sketch®® and SasView 6%

CIL Vieaa” [nM°] Viait” [nm?] SLD¢” [107* nm?]
SM-102 0.411 0.862 7.46
MC3 0.183 1.019 8.02
KC2 0.184 1.019 8.02
DD 0.123 1.039 7.70

“ Head group definitions: SM-102 C;6H,9NOs, MC3 CeH;3NO,, KC2
C,H,5NO,, DD CsH;;NO,. © Tail group definitions: SM-102 CpsHeo,
MC3 Cj3,Hgg, KC2 C3,Hgg, DD CagHgg.
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with r as the radial variable, d as the center-center distance of
two neighboring water cylinders and both b, and o, as fitting
parameters. Similarly the distribution base function of the lipid
tail groups is defined as

funswel) =exp (-0 (“22) ), 0<r<f @

t

with o, as an additional fitting parameter. b, is not a free
parameter but is used to adjust the ratio of volume fractions
of head groups and tail groups to the same ratio as their
molecular volumes in order to have the same number of head
and tail groups.

These base functions have to be stretched depending on the

angle O up to r = 4 to account for the hexagonal shape of the

V3
unit cell. The stretched functions are then integrated over 0 to
get back to a pure radius dependency. Refer to the SI for more
details. Since the distribution functions must add to unity
everywhere, the stretched radial distribution of the head groups
is then defined as

.fh.strctchcd(lﬂ) =1- (/(;’v‘slrctchcd(r) +ﬁ,strctchcd(r))
d (5)
with 0<r<—
V3

The stretched distribution functions are then multiplied by
their respective molecular SLD and added together for all three
components. By adjusting the fitting parameters by, oy, o as
well as the molecular SLD of the lipid head group SLDpeag, the
model can be fitted to SLD profiles and allows for the calcula-
tion of the volume fractions of its components like the water
volume fraction ¢y. SLDpeaq could also be calculated by ACD
ChemSketch, but the model only fits properly if SLDyeaq is left
as a fitting parameter. This is a slight imperfection of the
model, but might be caused by the changing charge of the
head group depending on the pH and buffer.

Additionally the area per head group S can be calculated
according to M. W. Tate & S. M. Gruner®® using

2Vlip(/)w
ST 6.) )

Viip is the lipid volume (Viip = Vhead + Viail, S€€ Table 1) and by, is
the radius at which the water distribution reaches 50% of its
maximum value (see eqn (3)).

2.4 Dynamic vapor sorption

To validate the water contents derived from the combined
continuum model/SAXS approach we aim to determine water
content using an alternative experimental technique. Dynamic
vapor sorption (DVS) is a gravimetric technique used to mea-
sure the amount of water absorbed or desorbed by a sample.
The technique involves suspending the sample on a highly
sensitive microbalance in a temperature-controlled chamber
followed by systematic regulation of the relative humidity
(%RH) by a mass flow controller. The %RH is changed once
the sample reaches a state of equilibrium moisture content
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(EMC) where there is no longer any change in the amount of
water absorbed/desorbed by the sample. EMC is defined as the
ratio of water weight to dry weight of the sample and is plotted
against %RH to obtain vapor sorption isotherms. Empty bulk
phases of DLin-MC3-DMA, DLin-KC2-DMA and DLinDMA at
pH 5.5 were prepared using the sequential buffers: 50 mM
citrate pH 3.0, PBS pH 7.4 and Mcllvaines buffer 5.5. DVS
analysis was performed using an instrument from surface
measurement system, DVS resolution. A bulk phase sample
(approximately 15-25 mg) was transferred to a tared sample
holder. The instrument was purged with nitrogen, 200 mL
min~?, at 25 °C and data was collected at different %RH.
Starting at 95%RH and going stepwise down to 80%RH, using
2.5%RH steps and finally to 0%RH to obtain the dry weight of
the sample. The %RH was changed manually when the equili-
brium was reached and the signal showed no drift. From the
measure weights and the dry weight together with density of
each lipid the water volume fraction was calculated against
%RH. The extrapolation to 100%RH was carried by deriving
eqn (7) below.*°

e o)

(1= ¢)(1 = awg)(1 + aw(gi — )
(I1-q)(1+4i—q)

¢w(aw) =

awoy, +

in which a, = water activity (%RH/100), ¢,, = water volume
fraction at a,, = 1, and ¢g; and g, from the statistical weights of
the first layer (awgq,) and all other layers (a,q), were treated as
fitting parameters.

This extrapolation generally exhibits large margins of error
but it is necessary since going beyond 95%RH could cause
condensation on the sample. Additionally, obtaining data for a
single point on the isotherm requires a significant amount of
time, making this approach impractical for a large number of
samples. While DVS is not a flawless technique, it can serve as a
useful experimental tool to validate and complement the
results obtained from the combined MD-SAXS approach.

3 Material

DLin-MC3-DMA  (0-(Z,Z,Z,Z-heptatriaconta-6,9,26,29-tetra-
em-19-yl)-4-(N,N-dimethylamino) butanoate; C43H;oNO,; mw
642.09 g mol™'; >99% purity), DLin-KC2-DMA (2,2-dilinol-
eyl-4-(2-dimethylaminoethyl)-[1,3]-dioxolane; C,3H;oNO,; mw
642.09 g mol™'; >99% purity), and DLinDMA (1,2-dilinoleyl-
oxy-3-dimethylaminopropane; C,4;H,,NO,; mw 616.06 g mol ';
>99% purity) were synthesized at AstraZeneca.

Cholesterol (C,,H;s0H; 386.66 g mol™'; >98% purity),
potassium phosphate monobasic (KH,PO,; >99% purity),
sodium chloride (NaCl; >99% purity), disodium phosphate
(Na,HPO,; >99% purity), citric acid (CeHgO5; >99.5% purity),
sodium citrate dihydrate (CsHsNa;0,-2H,0; >99% purity), and
ethanol (C,HeO; >99.5% purity) were purchased from Sigma-
Aldrich.

This journal is © The Royal Society of Chemistry 2025
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4 Results
4.1 Validation of the MD simulations

To validate and test the reliability of the MD simulations, we
compare the water content obtained from the MD simulations
with the experimental water content and the spatial distribu-
tion of the ionizable lipids and cholesterol around the water
column.

4.1.1 Volume fraction of water. The water content in our
MD simulations were calculated using three different methods.
The first method involved calculating the water volume fraction
¢ from the radial distributions as described in our previous
work.” The second method assumes an empirical water volume
of 30 A® to calculate the volume fraction based on the number
of water molecules in the simulation box.

The third method utilizes the procedure developed by
Petrache et al.*" to generate the volume fractions and molecular
volumes of the components that make up the Hy; system (see SI
Section S4 for further details). The resulting molecular volumes
obtained for the individual components MC3, cholesterol and
water are 1190 A%, 632.7 A® and 28.7 A® respectively. Using a
three component splitting (MC3, cholesterol, water + ions)
resulted in the water + ions component having a molecular
volume of 29.9 A®. Based on these molecular volumes, the
volume fraction of individual components were calculated
and are listed in Table 2.

The computationally derived water content aligns closely
with the experimental measurement as we show below, sug-
gesting that the MD simulations provide an excellent represen-
tation of the system.

4.1.2 Electron densities and scattering profiles from MD
simulations. To further validate the molecular model employed
in the MD simulations, we directly compared the scattering
intensities (Fig. 2B) and the two-dimensional (2D) electron
density maps obtained from simulations and experiments
(Fig. 2C and D). The corrected theoretical scattering profiles
exhibit excellent quantitative agreement with the experimental
data, accurately reproducing the measured intensities within
the experimental errors (Fig. 2B, bottom). It is important to
note, however, that this level of agreement is only achieved after
correcting for scattering artifacts introduced by the periodic
boundary conditions inherent to the MD simulations (see
Section 2 for details).

The 2D electron density maps from the simulations and the
experiments exhibit a characteristic hexagonal symmetry, with
a prominent ring of highest electron density surrounding
the central water tube (Fig. 2). The differences between the

Table 2 Volume fractions of different components of the system
obtained using three different approaches

Component ¢w (method 1) ¢y (method 2) ¢ (method 3)
MC3 63.0% — 62.3%
Cholesterol 12.3% — 11.1%
Water 24.0% 25.1% 24.0%
Water + ions 24.6 — 26.5%

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

simulated and experimental electron density maps are mini-
mal, indicating strong agreement in the 2D spatial distribu-
tions. This concordance is consistent with the previously
observed similarity in the scattering intensities (Fig. 2B). Note
that the noise level in the experimental electron density map is
lower compared to the simulations due to the smooth inter-
polation used. The electron densities obtained from the MD
simulations can be split into electron densities of the indivi-
dual components (Fig. 2E and Fig. S5). Interestingly the dis-
tribution of dissolved ions does not completely follow the
distribution of water, but forms a ring of highest density close
to the MC3 head groups, attracted by its charges. Most of the
distributions are radially symmetric except cholesterol and the
MC3 tails. In order to fill the gaps between three water
channels, the MC3 tails have to stretch, causing a shift from
a round to a hexagonal shape in the total electron density.
Additionally in our experiments we see that the excess of
cholesterol in our system phase separates as large crystals of
cholesterol monohydrate. These are both often visible in our
SAXS data as a sharp peak at ¢ = 1.85 A~* and as quadrangular
platelets in microscopy data. In the MD simulations this effect
is not taken into account and the cholesterol content is there-
fore likely overestimated. Here, the cholesterol accumulates in
the corners between three water cylinders, which probably
causes the difference between MD simulation and experimental
data at this location (Fig. 2D).

In addition to the 2D electron density maps, generation of
theoretical X-ray scattering profiles from MD simulation
achieves direct comparison with the experimental scattering
profiles. However prior correction of scattering artifacts are
necessary as per the procedure described in the Methods
section. The corrected theoretical scattering profiles exhibit
excellent quantitative agreement with the experimental scatter-
ing profiles, reproducing the experimental intensities within
the error of the simulations (Fig. 2B).

In summary, the scattering intensities (Fig. 2B) and 2D
electron density maps (Fig. 2C and D) derived from simulations
and experiments show remarkably good agreement, highlight-
ing recent advancements in molecular modeling™'® and under-
scoring the importance of direct, quantitative comparisons
between simulated and experimental data. To model the low
pH conditions that favor the Hy phase, we assumed full
protonation of the ionizable lipid residues. However, it is
possible that the actual protonation degree in the complex
lipid environment is lower.>® Despite this simplification, the
close agreement between simulated and experimental scatter-
ing profiles and electron densities supports the accuracy and
robustness of the molecular model.

4.2 Validation of the continuum model

Validation of our continuum model was realized in two inde-
pendent ways. The first one is by applying the model to total
SLD profiles from MD simulations for MC3 bulk phases at
different water contents (see Table 3). To obtain meaningful
and controlled validation, the MC3 bulk phase in the MD
simulations was assumed to be fully protonated, given that
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Table 3 Validation of continuum model against different MD simulations
by comparing the water content. Adjusting the MD simulation to the lattice
spacing of our experimental data led to 12 water molecules per CIL®

Water ¢ (MD ¢ (continuum
molecules/CIL simulation) (%) model) (%)

12 24.6 25.5

13 25.3 25.6

18 32.6 32.7

the exact protonation states of MC3 in lipid mesophases at
specific pH conditions remain unknown. In order to avoid
differences caused by cholesterol in the three channel corner
in the range d/2 <r < d/\/i, we took the SLD profiles in the
direction towards the nearest neighboring water channel cen-
ter. Here the radial electron density profiles of experimental
data and MD simulation match quantitatively. From the MD
simulations we are able to split the total electron density profile
into three distinct components: the water including its dis-
solved ions, the MC3 head group and the MC3 tails including
cholesterol (Fig. 3). Both water contents agreed in all three
comparisons with less than one percent difference.

We then applied the continuum model to the total SLD
profiles from our experimental data as shown in Fig. 4A. The
continuum model fits the SLD profile extracted from experi-
mental data almost perfectly by adding the shown distributions
of water molecules, lipid head groups and lipid tail groups
together. This allows us to calculate the water content for MC3
bulk phases at different pH values as well as for three addi-
tional ionizable lipids: DLin-KC2-DMA (KC2), DLinDMA (DD)
and SM-102.

According to our continuum model, DD has the highest
water content of 32.0 £+ 2.5%, followed by KC2 (24.7 £+ 1.1%)
and MC3 (24.7 + 1.0%). The water content of MC3 was
consistent with the value obtained from MD simulations
(24.6%). SM-102 has the lowest water content with only
16.2 £ 2.0%. The calculated water contents are independent
of pH within the margins of error. There is a small trend of
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Fig. 3 Total scattering length density (SLD) and splitting into components.
Radial electron density profile in the direction towards a neighboring water
channel, starting from the center of the water tube at r = 0. The electron
densities are split further into individual components.
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reducing water content with increasing pH for DD, but the
margins of error are too big for the trend to be significant.

The second approach to validate our continuum model is by
comparing these results to DVS measurements. The extrapo-
lated water volume fractions from DVS measurements for MC3,
KC2 and DD lipids are 22.8 £+ 1.7%, 24.6 £+ 0.9% and 25.4 +
0.8% as shown in Fig. 4B. Even though the observed trends in
water content are consistent with the continuum model, minor
deviations in magnitude with the expected water volume frac-
tions are observed. This may be due to the reliance on extra-
polation to 100%RH from a limited number of data points
obtained from the time-intensive DVS measurements, further
highlighting the importance of integrating multiple computa-
tional and experimental methodologies to achieve reliable
and consistent outcomes. An overview of the calculated water
content for all four lipids as well as the results from DVS and
MD are presented in Fig. 4C.

The average area per head group over our pH range, weighted
by their inverse errors, is for SM-102 0.57 4 0.5 nm?, followed by
MC3 (0.54 + 0.2 nm?), KC2 (0.53 + 0.2 nm?®) and DD (0.51 +
0.3 nm?) (see Fig. 4D). The area per head group is mostly pH
independent for MC3 and KC2 within their margins of error. SM-
102 seems to have a decreasing area per head group with
decreasing pH, but a constant area is also possible within the
margins of error. Only DD has an increasing area per head group
with decreasing pH.

The average hexagonal lattice spacing is the lowest for SM-
102 with only 4.50 £ 0.13 nm, followed by MC3 with 6.01 +
0.07 nm, KC2 with 6.10 4+ 0.06 nm and DD with 7.62 + 0.22 nm.

5 Discussion and conclusions

The combination of experimental SAXS data and MD simula-
tions enables the determination of water content in inverse
hexagonal bulk phases containing MC3. With the addition of
the proposed continuum model and additional SAXS measure-
ments the water content of different inverse hexagonal bulk
phases is estimated. We find a defined order of water content
as a function of CIL with DLinDMA (DD) > DLin-MC3-DMA
(MC3), DLin-KC2-DMA (KC2) > SM-102. The order is inversely
correlated to the reported transfection efficiencies®® that follow
DLinDMA (DD) < DLin-KC2-DMA (KC2), DLin-MC3-DMA
(MC3) < SM-102. The observed systematic trend hints towards
a possible functional link between both properties. In general,
our combined structural analysis allows for measurement of
the water content of any CIL bulk phase that exhibits Hy; bulk
phase based on SAXS data and the proposed continuum model.
Following the proposed structure-function relation, water con-
tent together with a pH-sensitive phase transition could possi-
bly prove to be a reliable indicator of transfection efficiency.
The continuum model developed here should be useful as a
close proxy of the electron density profile for the lipid and water
moiety. However, while the model shows good agreement with
MD simulations it does still exhibit slight imperfections.
The necessity to use the head group scattering length density

This journal is © The Royal Society of Chemistry 2025
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and SM-102, here shown as a dashed black lines, are fitted by continuum model (purple) which consists of the water distribution (blue), head group
distribution (red) and tail group distribution (green). (B) Dynamic vapor sorption (DVS) measurements of MC3, KC2 and DD at pH 5.5 are extrapolated to
100% relative humidity resulting in estimated water contents for MC3 (22.8 + 1.7%), KC2 (24.6 + 0.9%) and DD (25.4 + 0.8%). (C) Summarized results from
the continuum model, DVS measurements and MD simulations. The DVS measurements of DD do not agree with our continuum model within their
margins of error which might be due to the reliance on extrapolation to 100%RH from a limited number of DVS data points. According to our continuum model
SM-102 has the lowest water content with 16.2 + 2.0%, followed by MC3 (24.7 + 1.0%) and KC2 (24.7 & 1.1%). DD has the highest water content and is the only
lipid that increases its water content with decreasing pH. The MD simulation with fully ionized MC3 was calibrated to 24.6% water content. Below pH 5.0 the
bulk phases of SM-102 and DD transition from the H,, phase to bicontinuous phases (la3d and Pn3m). (D) The area per lipid head group within the H; phase was
calculated with our continuum model. Dotted lines are added as a guide to the eye. Within their margins of error the area per head group is independent of pH
for MC3 and KC2. For SM-102 it displays an increasing area per head group with increasing pH and for DD the area is decreasing.

SLDjcaq as a fitting parameter although it could instead be
calculated with ACD ChemSketch indicates inaccuracies of the

This journal is © The Royal Society of Chemistry 2025

fit. Our MD simulations themself show also slight differences
compared to experimental data coming from the cholesterol
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distribution. From experiments we know that excessive choles-
terol forms large cholesterol monohydrate crystals that grow
orders of magnitude larger than the lipid structure unit cells
making it impossible to be accurately simulated. Although
these cholesterol crystals are probably not part of the actual
bulk phase inside lipid nanoparticles, its obvious excess makes
it difficult to predict the correct amount of cholesterol for the
simulations.

Initially, we expected to observe an electrostatically driven
swelling of the ionizable mesophases at lower pH, caused by the
increasing charge of the head groups. Such behavior is well
documented for ionizable lamellar phases. However, swelling of
the hexagonal phases was barely detectable and only observed for
DD. In contrast, SM-102 even showed the opposite trend, though
within large margins of error. Furthermore, the bulk phase water
content of all lipids except DD appeared to be independent of pH.
For DD, a slight increase in water content with decreasing pH
was observed, which can be explained by the reduced absolute
curvature resulting from the increasingly charged head groups.

We propose that the spacing of hexagonal phases is largely
insensitive to pH because the elastic curvature energy of the
lipid tail region dominates over electrostatic contributions of
the head group. In other words, the energetic cost of lipid
deformation prevents electrostatic swelling of the hexagonal
phase. This interpretation aligns with our hypothesis that the
micellar-to-hexagonal phase transition of the excess lipid fraction
in LNPs is critical in the initial endosomal fusion process. In this
context, it is noteworthy that the elastic energy depends strongly
on curvature, which would explain why ionizable lipid meso-
phases with high curvature, ie. small hexagonal lattice spacing
or low water content, are more potent to drive fusion than those
with lower curvature (larger spacings), such as DD.

Compared with DD, all the other tested lipids form denser
structures; notably SM-102 has the lowest water content and
highest transfection efficiency. We speculate that the micellar-
to-hexagonal transition at decreasing pH values initiates the
onset of fusion due to the rearrangements in topological
discontinuous structures. Note that, while fusion disrupts the
endosomal compartment, it does not necessarily coincide with
the release of mRNA from its hexagonal complexed phase. The
mRNA-lipid salt complex is likely to dissolve more gradually
once released into the cytosol.

In summary, SAXS analysis combined with MD simulations
and a newly derived continuum model has proven to be a reliable
method to determine the water content of inverse hexagonal bulk
phases. The approach can be extended to other ionizable lipids
that show Hy bulk phase signatures in SAXS. The bulk phase
water content, along with the pH-dependent phase transition
behavior of ionizable lipids, are critical parameters for estimating
their transfection efficiency in future applications.
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1 Experimental 2D Electron Density Maps

experimental data e experimental data elA®
0.35 0.36
0.34 0.35
0.33 10.34
0.32 10.33

0.31
40.32

10.3

0.31

0.29

0.3

0.28

0.29

N,
-4 -3 -2 -1 0 1 2 3
X (nm)

Figure S1 Electron density maps of DLin-DMA at pH 5.0 calculated with either (+1,-1,-1,4+1,+1,+1,41) (left side) or (+1,-1,-1,-1,41,41,41) (right
side). For (+1,-1,-1,-1,41,41,41) this results in a 30° rotated hexagonal lipid tube with an unreasonable low electron density in the middle. The
rotated hexagon also creates large voids between three tubes which would be energetically unfavorable.



2 Correction of Scattering Artifacts in MD Simulations
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Figure S2 The methodology to remove scattering artifacts arising from periodic boundary conditions in MD simulations involves correcting for the
periodicity along the z and the xy directions. (A) To remove the additional peaks along the z direction, scattering profiles were generated for the same
system but with a reduced box size along z (L' =0.9L). This shifts the additional peak at ¢ for the original system to ¢’ = 1.11g for the reduced system,
while preserving the symmetry-related peaks. The corrected intensity profile was obtained by removing the shifted peaks and taking the minimum
intensity at the symmetry peak position. (B) Periodicity in the xy plane was corrected by tiling the system along the xy plane, creating a multi-column
Hyj phase with an extended box length of L’ =3 L. Comparison of the scattering profiles for the single and multi-column Hy; phase show that the
symmetry peaks shift from q for the former to a lower value of ¢’ = 0.33¢ for the latter. The corrected intensity profile is obtained by removing the
shifting peaks and taking the minimum intensity at the symmetry peaks.
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Figure S3 Comparison of the intensity ratios of g;; (red circles) and g9 (black circles) peaks relative to the primary gi9 peak, computed for 20
snapshots over the course of the MD simulation after applying the correction procedure for artifacts arising from periodic boundary conditions. The
experimentally derived intensity ratios for the g1 and g9 peaks relative to the g9 peak are represented as red and black dotted lines respectively.



3 2D Electron Density Maps from MD Simulations
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Figure S4 Higher resolution 2D electron density maps of different components from the MD simulations. (A) shows the total electron density of the
whole system, followed by the split images of its components: (B) water, (C) ions dissolved in water, (D) MC3 head group, (E) MC3 tail group and

(F) cholesterol.



4 Volume Fraction of Water

4.1 From the Radial Distribution of Water

The water volume fraction ¢,, is calculated from the radial distributions by:

_ Jo puw(r )d3r
Jo pe(r)d3r

where p,, and p; are the number densities of the water along the radial coordinate using the simulation setup with a single water
column (see Philipp et al. 1 for further details).

4.2 According to the method by Petrache et al.?

O (s1)

We followed the method described by Petrache et al. 2 to calculate the molecular volumes. The system was divided into four components:
MCS3, cholesterol, water, and ions. It was then partitioned into a series of slices along the Z-axis. The number density of the MC3
component in a slice at height z is given by:

Nyc3(2) (s2)
Vs
where V; is the volume of the slice and Ny¢3 is the number of molecules of MC3 in that particular slice. Similar number densities can
be generated for the other components, too. The volume of the slice V; can be expressed as the sum of the volumes occupied by each
component in the slice. The volume occupied by each component in slice z can be obtained by the product of the number of molecules
of the component and the molecular volume of the component. Hence V; can be obtained by:

nycs(z) =

VumcsNucs (Z) + VenotNenot (Z) + ViwaterNwater (Z) + VionNion (Z) =V (83)

Where Vi3, Venot> Vwaters Vion are the molecular volumes of MC3, cholesterol, water and ions respectively. If we divide the above
equation by V;, we get

Vucsnmcs (Z) + VehotNchol (Z) + VavaterMwater (2) + VionMion (Z) =1 (84

We can define the probability of finding the component MC3 in slice z as

Pyc3(z) = Vucinmes () (85)

And we can rewrite the Eq.S4 as

Pycs (Z) + Pehot (Z) + Pwater(Z) + Pion (Z) = Potal (Z) =1 (S6)

Combining Eq.S4 and Eq.S6, we can find the molecular volumes of the components by minimizing the function:

F(VMC37Vch017untthiM) = Z (Pmtal (Zi) - 1)2 (87)

1

The probabilities of the individual components and the total probability can be obtained by substituting the values of the molecular
volumes in Eq.S4 and are shown in Fig.5.
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Figure S5 Volume probabilities of different components along the height of the column. The probabilities for MC3 and cholesterol fluctuate slightly,
implying that in some volume slices, they are not uniformly distributed. The black line describes the total probability of finding an atom in the system
and the value is around 1 with minor fluctuations.

5 Detailed Derivation of our Continuum Model

In this model, the core of an LNP is assumed to be built of parallel hexagonal domains where each hexagonal cylinder consists of a
central water channel which is surrounded by a lipid region. There is no variation in composition along the cylinder axis, z, and thus

the system may be described by two dimensions. The composition in a single hexagonal cylinder is not a function by the radius r from
the central axis only, but varies with angle 6 as well (Fig.S6).

dr2 dA3

Figure S6 MD Simulation of the inverse hexagonal phase (Hj;) with MC3 in blue, cholesterol in green and water in grey. The unit triangle is marked
in red. The radius is measured from the middle point of the hexagonal tube.

However, it would be useful to find a formalism describing average properties at radius r. Let us imagine a physically correct

function g,y (x,y) defined over the domain D;,; which is the triangle in Fig.S6 and the red triangle in Fig.S7. The function g, (x,y) could
for instance be the volume fraction of water inside the triangle.



A B

Figure S7 (A) In the inverse hexagonal phase (Hy), every tube is surrounded by six identical tubes. (B) Each hexagon can be divided in twelve unit
triangles (shown in red). In contrast to the yellow shell inside the black ring, the orange shell does not cover the entire angle range.

We now want to define a radial function g,(r) that is an average of g, (x,y) in a circular shell within [r,r+dr].
Inside the circle (0 < r < d/2), any circular shell is given by

Dypens (1) = {(w),r <P iy< r+dr} (s8)

and is drawn as a yellow area in Fig.S7B. The intersection between the triangle and the shell is denoted as

Dyrinsheti (r) = Diri N Dgpery (1) (89

The area of the intersection is

T
Atriﬁ.\'hell(r) = grdr (S10)

The radial function g,(r) is now defined as

) &xy (X, y)dxdy
gr(r) — lim ffD:m.\mH(V) X.V( )
dr—0 Arrinshett ()
: ffDmmhm (r) 8xy (x7 y) rdrd6
= lim =
dr—0 grdr

_ jézg 8xy (x,y)d@
=002

6

(S11)

Outside the inscribed circle, i.e. where d/2 < r < d/3, the intersection between the triangle and the circular shell does not cover the
entire angle range 0° < 6 < 30° - 8,4 (r) where the arc fraction 6y,,.(r) < 1. This intersection is shown in orange in Fig.S7B. The radial
function g.(x,y) is again defined as the average of g,,(x,y) over the arc area

I8 g xyde
B %efrac(r )

The arc fraction 6y, is the ratio between the length of the orange and the green arcs in Fig.S8. Both arcs have the radius r to the
origin (left corner of the triangle). A line is drawn from the origin to the point (a,b) where the orange arc intersects with the boundary
of the triangle. The line defines an angle 6. Outside the inscribed circle the arc factor 6y, equals the ratio between the angle 6 and
30° with 6 = arctan(g).

The point of intersection between the shell and the baseline of the triangle is given by the equations of the arc and the baseline,
respectively

gr(r) (S12)

P+y?=r and y=d—+3x (S13)
The point of intersection is
V3d+Var? —d? d— 122 -3d?
a= and b= — (S14)



y=-V3x+d

0 (r,0)

Figure S8 Sketch of the unit triangle to illustrate the arc fraction and intersection between shells (green and orange) with the hexagon.

This means that

Ofrac(r) =1 for r< g(in the inscribed circle) (815)
and
0 arctan ( d—/12r7 =342 ) 4 4
V3d+VAr— & .
) =— = = <
0trac(r) /6 76 for 3 <r< \/g(m the wedge) (S16)

5.1 Base, Intermediate and Stretched Functions

Until now we have considered functions gy, (x,y) being totally general or being already radial in character. Now we are to consider the
volume fraction functions for various components in the LNP hexagon. Each hexagon is considered to consist of water as well as the
head and tail groups of a lipid.

The volume fraction functions seem to be radial in the water channel. Outside the water channel the lipid stretches in the wedges
to fill them up. In order to model the volume fraction functions for the two component water and tail, distribution functions along the
short radius (6 = 30°, along green line in Fig.S9) have been proposed. These functions are called base functions. For water and lipid
tails, the base functions are

ay,
Foobase = €Xp [—1:1(2) <i> } for 0<r<d (S17)
’ by 2
a
frbase = €Xp {f In(2) (r_bd/2> } for 0<r< g (518)
1

While a,,, b, and a, are free parameters, b, is used to get a correct relation between the volume fractions ¢, and ¢, (see further
down). The volume fraction of the lipid head groups will be calculated from the constraint that all volume fractions must everywhere
add to unity.



Figure S9 The hexagon (blue) with its inscribed circle (black) and the unit triangle (red) as well as the angle dependent effective radius /(0) in orange.

The "effective radius" /(0) is illustrated as a yellow line in Fig.S9. The triangle above that line is a right triangle and gives

(300 — ) = 92 -4
cos(30° — 0) = 1) =1(6) = Teos 300} (519)

Especially we find that

d d
— and 1(30°) = = S20
7 (30°) =3 (520)
We want to define intermediate functions fi,ermediare (; 0) describing the stretching of the base functions for each angle 6. At 6 =30°
the base function is not stretched at all, i.e.

1(0°) =

fintermediate(rv 300) = fbase(r) (821
but at 6 = 0° it is stretched, so that at the hexagon boundary
d d
fintermediate <ﬁ70 ) = fbase (5) (822)
In general the stretching L(r, 0) is defined as
r-L(rn0)=r for r<b, (823)
d_p
rL(n8)= -2 —"(r—b,)+b, for b,<r<I(6) (S24)
1(6) = by
The intermediate functions for water and tail are now defined as
d
fw,intermediate(r7 6) = fw,base(r'L(rv 6)) for 0<r< ﬁ (325)
d
fr,infermediate(rv 6) = ff,base(r'L(rv 6)) for 0<r< % (526)

Finally, the intermediate functions are converted into stretched distribution functions, denoted f,, srerched () and fi srerchea(r), fol-
lowing Eq.S12,

£ 07rac(r) 0)d6
_ Je=0 fw,inrermediare (r, )

e (S27)
w,stret hed (1) %efmc(r)

& Ofrac(r)
. 9(:(; r flﬁintermcdiate(rv 9)d9
& Ofrac(r)

ﬁ,strelched(r) = (528)



Since the distribution functions must add to unity everywhere, the stretched distribution function for the lipid head group must be

fh,stretched(r) =1- fw,stretched(r) - ft,stretched(r) (529)

ﬁ‘,base (." ’ L(.",Oo))

f,

t.intermediate

(r.9)

Volume fraction I
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0.25 _— .
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Figure S10 In order to account for the difference between circle and hexagon, the tail group distribution base function f; yu(r) has to be stretched
depending on the angle 6 to f; intermediae(1;0) before it is radially integrated to the stretched distribution function f; syerchea(r). Similarly the water
distribution function f,, yrerched(r) can also be constructed.

5.2 Normalization

The base function for water is already normalized to f,, jas (0) = 1.
The total volume fraction of water ¢,, is found by integrating the stretched function f,,, srechea(r) and dividing by the total hexagon
area:

d/\3
Swstretched (r) - 27r- 0 rdr  4ry/3  [d/V3
o = fo Wd;’;j% - ( ) frac( ) = 342 . fw,stretched(r) T efmc(r)dr (830)
f() 27r - efruc(r)dr 0
The base function for the lipid tail group is already normalized to f; p,s.(d/2) = 1.
The total volume fraction of the lipid tail group ¢ is

am\/3 V3
¢t = 3d2 . o fr,sfrerched(r) ore Gfrac(r)dr (831)
and the total volume fraction of the lipid head group ¢y, is
4m\/3 43
o = 342 . o fh,stretched (r) re efrac(r)dr (832)

Since the number of head and tail groups has to be the same, a relation between the molecular volumes of head V,,;, and tail V,,
group as well as ¢, and ¢ is set up:

V,
% _ vm’h (S33)
t mit



The parameter b, should be adjusted so that Eq.S33 is satisfied.
5.3 Scattering Length Density

The radial SLD functions are proportional to the volume distribution functions

SLDW(r) =SLD,,p- fw.slretched(r) (S34)
SLDh(r) = SLDW,O . fh,.\'tretched (r) (835)
SLD; (r) = SLDW,O . ft,xtretched(r) (S36)

The total SLD function is the sum of the components:

SLDyy;(r) = SLD,,(r) + SLD,(r) + SLD; () (S37)

6 Molecular Dynamics Simulation Details

Ty Composition Column Ensemble Sll)mulrl;i;é?ln S tlrr:zltallllre
Chol 50
MC3 150

12 Water 2400 Single NPT 1 pus
Na* 7
Ccr 157
Chol 50
MC3 150

12 Water 2400 Single NVT 0.2 us
Nat 7
Ccr 157
Chol 450
MC3 1350

12 Water 21600 Multi NVT 0.5 us
Na* 63
Cl 1413

Table S1 Comprehensive details of the MD simulation of the H); phase. The first column lists the number of water molecules per lipid (n,). The
second column provides the names and number of the various components in each simulated system. The third column specifies whether the simulation
contains a single Hy column or multiple H;; columns within the simulation box. The fourth column indicates the ensemble used for the simulation,
while the fifth column shows the total simulation time. The sixth column describes the initial structure used for the production run of each simulation.
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Figure S11 Comparison of the total radial electron density profiles of the Hjj MD system over the full trajectory (black line) and at equally spaced
time intervals (Blocks 1-3) shows complete overlap of the curves, confirming the convergence of the system.

0.4
—— 100% protonated, ionized MC3
—— 68% protonated, ionized MC3
0.31 ---- 68% protonated, non-ionized MC3
7
T 0.2
U]
Q
0.1
0.0

Figure S12 Radial electron density profiles of the ionizable MC3 lipids around the water column in the simulated HIl MD system at two protonation
states: 100% protonated (red) and 68% protonated (blue). lonized MC3 lipids are shown as solid lines, while non-ionized MC3 lipids are shown as
dotted lines.
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7.1 Synthesis of Key Findings and Broader Implications

Our research was motivated by the open question about connections between structure
and pharmaceutical performance of LNPs, the current state-of-the-art delivery vehicles
for mRNA therapeutics. We focused on the nanoscale architecture of the LNP core under
physiologically relevant conditions and its critical connection with functional efficacy.
The primary objective was to move beyond empirical screening by establishing definitive
structure-function correlations to link the molecular organization within the LNP core
to the resulting in-vitro and in-vivo efficiency. This could then inform rational design
principles for next-generation mRNA carriers.

Our structural analysis, primarily employing small-angle X-ray scattering (SAXS), clearly
showed that the internal organization of the LNP core is highly sensitive to the ambient
pH, which is a critical parameter during endocytosis. This responsiveness is central to the
LNP mechanism, as we observed a distinct phase transition from the kinetically trapped
inverse micellar (Ly) phase to the highly fusogenic inverse hexagonal (Hy) phase. Cru-
cially, this transition is systematically triggered at mildly acidic conditions, specifically
around early endosomal pH values (~ pH 6). The formation of the Hy; phase is thus es-
tablished as a physical prerequisite for efficient endosomal escape of the mRNA payload, a
process facilitated by the intrinsic negative curvature stress and membrane destabilization
properties of this phase.

Additional research progressed beyond a simple dependence on the bulk pH gradient to
reveal that the chemical identity of the buffer during LNP preparation is an equally po-
tent modulator of LNP function. Specifically, the second publication in this dissertation
demonstrated that the chemical nature of the buffer ions significantly influences LNP
transfection efficiency by modulating these critical pH-dependent structural transitions.
We observed that LNPs prepared with citrate buffer exhibited a significantly earlier on-
set and stronger gene expression compared to those prepared with phosphate or acetate
buffers. This effect was found to be entirely confined to the endosomal release mechanism,
as the buffer type did not significantly affect initial characteristics like LNP encapsula-
tion efficiency or particle size. Structurally, we showed that specific anion adsorption at
the lipid-water interface directly alters the effective area per headgroup of the ionizable
lipid. This specific ion effect fundamentally shifts the bulk phase transition pH, thereby
tuning the LNP’s responsiveness to the endosomal environment and ultimately impacting
endosomal release efficiency. This finding elevates the understanding of LNP design from
a one-dimensional focus on pH dependence to a multi-dimensional strategy incorporating
the choice of the formulation buffer.

Furthermore, our investigation elucidated a critical and often overlooked physico-chemical
parameter: the LNP core hydration state. LNP formulations exhibiting the lowest core
water content consistently demonstrated the highest in-vitro endosomal escape efficiency
and subsequent cellular protein expression. This high efficiency can be directly rational-
ized by the molecular geometry of the ionizable lipid, specifically the broadness of the
hydrophobic tail region. The remarkable clinical success of ionizable lipids deployed in
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SARS-CoV-2 vaccines, such as SM-102 and ALC-315, which exhibit significantly broader
hydrophobic tail regions compared to the prior industry benchmark like MC3, provides
compelling evidence for this structure-activity relationship.

Taken together, the cumulative structural and functional correlation presented herein
provides a biophysical basis for the superior efficacy of contemporary clinical lipids. We
rationalize the structure-activity relationship for optimal ionizable lipids and delineate
two main, interdependent physico-chemical requirements for achieving superior mRNA
delivery performance: pH-triggered Li-Hpy phase transitions and minimized core hydra-
tion.

pH-triggered Ly;-Hj; phase transition: The ionizable lipid must possess the chemical
and geometric characteristics to undergo a pH-triggered phase transition from the inverse
micellar to the inverse hexagonal phase specifically within the pH range of the early
endosomal compartment (~ pH 6).

Minimized core hydration: The molecular geometry (broad hydrophobic tail region
leading to high curvature stress) must be optimized to promote the formation of the Hy
phase with an inherently low internal core hydration state.

These findings establish a clear, testable framework for the future rational design of highly
potent ionizable lipids, enabling the systematic optimization of LNPs beyond empirical
formulation screening and accelerating the development of the next generation of mRNA
therapeutics.

7.2 Future Research Directions

Building upon the structural insights and methodological framework established in this
dissertation, future research will focus on advancing both the computational and ex-
perimental understanding of LNPs, ultimately paving the way for superior therapeutic
delivery systems. A primary computational challenge lies in scaling up MD simulations to
capture increasingly complex and realistic systems. While modeling only a few nanometer
has already proven invaluable for characterizing LNP core components, the ultimate goal
is to simulate an entire LNP. Achieving this holistic view will require significant increases
in computing power and breakthroughs in parametrization. The development of Al-driven
machine learning models is anticipated to be transformative in this regard, enabling the
accurate and rapid derivation of force fields for novel ionizable lipids.

Experimentally, a key remaining bottleneck is the direct visualization of the LNP’s mech-
anism of action in-vitro or even in-vivo. Specifically, the critical and transient process of
endosomal escape remains poorly understood in real-time. Future studies must leverage
techniques like super-resolution microscopy, potentially in combination of sophisticated
fluorescent probes and live-cell imaging, to directly observe the interaction between LNP
and endosome. This direct observation might provide the definitive link of the structural
features investigated here with the functional outcomes of delivery.
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Finally, while structural understanding enhances LNP stability and cellular uptake, their
therapeutic potential is directly linked to their ability to reach the desired physiological
target. Consequently, a major research direction involves developing sophisticated tar-
geting techniques. This includes engineering the LNP surface with specific ligands (e.g.
peptides, aptamers, antibodies) to achieve active targeting to specific cell types or tis-
sues, such as cancer or other localized diseases. Future work will bridge the gap between
fundamental structural science and applied pharmacology, using detailed LNP architec-
ture knowledge to rationally design delivery vehicles that are both highly effective and
precisely targeted.
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