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Abstract
After cellular uptake, RNA-containing lipid nanoparticles (LNPs) are typically
located within endosomes, membrane-delimited intracellular organelles. To
exert their therapeutic effect, their RNA cargo must translocate across the
endosomal membrane to reach the cytosolic translational machinery. This
critical step, known as endosomal escape, remains a major bottleneck for
effective delivery.

The work presented in this thesis investigates the mechanisms underlying
LNP-mediated endosomal escape using a simplified model system designed
to mimic key features of the endosomal environment, including an anionic
supported lipid bilayer (SLB) and acidification. Time-resolved fluorescence
microscopy demonstrated that acidification triggers fusion of LNPs with the
anionic SLB, suggesting a potential pathway for mRNA release and transloca-
tion across the endosomal membrane. However, translocation across the SLB
was not observed to be the dominant mechanism for mRNA release at fusion
sites.

Following administration, such as by injection, LNPs inevitably interact
with serum proteins, resulting in the formation of a protein corona that alters
their physicochemical properties. Comparative experiments with pristine and
serum-preincubated LNPs revealed that serum exposure promotes fusion at
less acidic conditions, indicating that the protein corona does not inhibit fusion
with anionic membranes. Nonetheless, serum incubation also led to partial
mRNA loss from LNPs, which may compromise delivery efficiency.

Together, these findings provide deeper insight into the physicochemical
processes that govern LNP-mediated mRNA delivery and highlight factors
that can influence endosomal escape. This may inform the rational design of
more effective LNP formulations for RNA-based therapeutics.

Keywords: Lipid nanoparticle, endosomal escape, supported lipid bilayer,
RNA delivery, protein corona.
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CHAPTER 1

Introduction

The therapeutic delivery of genetic material has emerged as a new strategy for the
treatment of diseases, including those previously considered undruggable, and has
facilitated the rapid development of vaccines. Notably, the successful deployment of
messenger RNA (mRNA) vaccines against SARS-CoV-2 demonstrated the enormous
potential of RNA-based therapeutics in addressing urgent global health challenges.
The ability to rapidly design, produce, and adapt RNA-based drugs can offer advan-
tages over traditional therapeutics, for instance in the fields of personalized medicine,
oncology, and infectious diseases.[1]

Despite these advantages, the clinical application of RNA therapeutics faces chal-
lenges that are related to biological barriers. RNA molecules are inherently un-
stable in biological fluids, as they are rapidly degraded by extracellular ribonucle-
ases (RNases).[2] Furthermore, their large size, negative charge, and hydrophilicity
prevent them from passively crossing the hydrophobic core of cellular membranes.
Therefore, the development of delivery systems capable of protecting RNA from
degradation and enabling its delivery into the cytoplasm of target cells is essential
for the clinical translation of RNA-based therapeutics.

Viruses have evolved to efficiently deliver their genetic material into host cells,
which made modified viruses that are loaded with genetic material of choice, so-
called viral vectors, an established delivery systems for nucleic acids. However,
safety concerns related to immunogenicity, mutagenesis, and complex production
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Chapter 1 Introduction

processes limit the widespread use of viral vectors in many therapeutic contexts.
As a result, there is significant interest in developing synthetic, non-viral delivery
systems that can offer comparable efficacy while maintaining scalability, safety, and
versatility.[1]

Among synthetic delivery vehicles, lipid-based nanoparticles, such as lipid
nanoparticles (LNPs) have emerged as efficacious carriers for nucleic acids.
Although these delivery systems enable the cellular uptake of nucleic acids, one
critical step known as endosomal escape remains a major bottleneck limiting their
overall efficiency. Following cellular uptake, LNPs are typically trafficked into
intracellular compartments called endosomes. However, to exert their therapeutic
effect, the encapsulated nucleic acid cargo must be released into the cytoplasm. For
LNPs, this release occurs with low efficiency, only a few percent at best, resulting
in the majority of particles becoming trapped within the endosomal compartment.
In contrast, viruses have evolved more effective mechanisms to overcome this
barrier, achieving endosomal escape efficiencies estimated at 30–70%.[3] This stark
contrast underscores the challenge of replicating viral delivery mechanisms using
synthetic systems. Viruses rely on specialized proteins that undergo conformational
changes in response to environmental cues, such as endosomal acidification,
enabling membrane fusion or pore formation and facilitating efficient escape from
the endosome.[4] In comparison, synthetic delivery vehicles primarily depend on
physicochemical strategies, including electrostatic interactions between ionizable
cationic lipids and anionic endosomal membranes, the incorporation of fusogenic
or membrane-disruptive lipids, and osmotic destabilization of the endosomal
compartment mediated by protonable groups.[5], [6]

Despite significant advancements in the design of synthetic delivery vehicles,
enhancing endosomal escape remains a key challenge in improving the overall
efficacy of RNA-based therapeutics. Specifically, for LNPs, the precise molecular
mechanisms by which they facilitate endosomal escape remains, to the best of our
knowledge, incompletely understood. Investigating these processes in vivo or using
in vitro cell models is inherently challenging due to the complexity and dynamic
nature of cells, as well as the limited availability of analytical methods capable of
resolving events at the nanometer scale. One strategy to overcome such limitations
is the use of simplified model systems that offer reduced biological complexity
and increased experimental control. Such systems can enable investigation of
specific mechanistic aspects of LNP-mediated RNA delivery, and form the basis
of the work presented in this thesis, which focuses on elucidating the mechanisms
underlying LNP-assisted endosomal escape. Understanding and improving the
efficiency of endosomal escape could significantly enhance the therapeutic potential
of RNA delivery systems. More efficient delivery could broaden the applicability
of RNA-based therapeutics beyond current uses, enabling the treatment of a wider
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range of diseases. These include conditions where traditional small molecule drugs
are ineffective, such as genetic disorders requiring gene silencing or replacement, as
well as personalized cancer immunotherapies and vaccines. Furthermore, it could
facilitate the therapeutic use of a variety of RNA types, including mRNA, small
interfering RNA (siRNA), and antisense oligonucleotides (ASOs), each offering
distinct mechanisms of action and therapeutic opportunities.[7]

In this thesis, the background section provides an overview of the mecha-
nisms that viruses employ to achieve endosomal escape. These mechanisms
typically involve highly specialized protein machinery that facilitates membrane
fusion or pore formation in response to endosomal cues, such as acidification.
Following this, human-made gene delivery approaches are introduced, focusing on
synthetic delivery vehicles. The current understanding of how these delivery vehicles
achieve endosomal escape is presented, which generally relies on physicochemical
interactions, including membrane destabilization through cationic lipids and
pH-responsive components, rather than the intricate protein-mediated processes
observed in viruses.[5] Lastly, the background section discusses the inevitable
interaction between delivery vehicles and biological fluids following administration.
This interaction leads to the adsorption of proteins onto the particle surface,
resulting in the formation of the so-called protein corona. The presence of this
corona can substantially alter the physicochemical properties of the particles,
thereby influencing their biological identity and behavior in vivo.[8] Since protein
coronation cannot be fully prevented, it represents an important consideration
in the design and evaluation of delivery systems. Finally, brief summaries of
the two papers included in this thesis outline the obtained insights. In paper
A, a nanoporous silica-supported lipid bilayer is introduced as a model system
that mimics key aspects of the endosomal membrane environment, including
its anionic lipid composition and acidic conditions. This platform was used to
investigate the mechanisms potentially contributing to endosomal escape, with a
focus on pH-induced fusion events between LNPs and the anionic lipid bilayer,
as well as subsequent cargo release. In paper B, the effect of protein coronation
on LNP integrity and its impact on interactions with an endosomal membrane
mimic are explored. Together, these studies aim to provide deeper insight into the
physicochemical mechanisms governing LNP-mediated endosomal escape.
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CHAPTER 2

Background

2.1 Viral Delivery of Genetic Material
Structure of Viruses
Viruses are submicron-sized biological entities that contain genetic material, typ-
ically DNA or RNA, and replicate by hijacking the cellular machinery of living
organisms. Although host organisms have evolved defense mechanisms to protect
against viral infections, certain viruses can overcome the defense, leading to infec-
tions that manifest in a range of pathogenic conditions, from mild illnesses such as
the common cold to severe diseases like influenza and rabies.

The viral structure is generally composed of several types of proteins that serve
as the fundamental building blocks of the virus particle (Fig 2.1a). These proteins
can be broadly categorized into core proteins and capsid proteins. Core proteins
are located in the interior of the virus, where they often play roles in the structural
organization of the viral genome or act as catalysts in different stages of the viral life
cycle. In contrast, capsid proteins assemble into a shell known as the capsid, which
serves as a protective barrier for the viral genetic material. The macromolecular
organization of core and capsid proteins typically displays a high degree of symmetry,
resulting in distinct geometric shapes of the virus particle, such as the icosahedral
morphology observed in adenoviruses.
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Chapter 2 Background

In addition to these structural components, some viruses, referred to as enveloped
viruses, possess an outer lipid membrane envelope that surrounds the capsid and core
(Fig. 2.1b). This lipid membrane is typically derived from the host cell membrane,
but also contains viral proteins that facilitate host cell recognition and entry, such
as glycoproteins.[9]

Figure 2.1 Simplistic representation of two common virus morphologies. (a) Non-
enveloped, and (b) enveloped virus.

A Key Step in the Viral Life Cycle: Endosomal Escape
A simplified description of the viral life cycle includes four main stages: entry into the
host cell, replication of the viral genome and production of viral proteins, assembly
of new virus particles, and finally release from the host cell. Of specific interest
for this thesis work are the processes related to the entry step, which enable the
transport of genetic material from the extracellular matrix into the cellular interior,
the cytosol. Cells are surrounded by a lipid membrane, which presents a barrier
to large hydrophilic molecules such as DNA and RNA. To overcome this, viruses
employ sophisticated mechanisms that enable them to deliver their genetic cargo
across cellular membranes.[10]

The initial step in viral infection typically involves receptor-mediated binding
to the host cell membrane. Viruses often display glycoproteins on their surface
that recognize and bind to specific receptors on the cell membrane.[11] For many
virus species, this binding event initiates endocytosis, a cellular uptake process in
which the virus is internalized within a membrane-bound compartment known as an
endosome. Although endocytosis brings the virus into the cell, it remains trapped
within the endosomal compartment. To initiate replication, the viral genome must
escape from the endosome into the cytosol.[4]
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2.1 Viral Delivery of Genetic Material

This critical process, often referred to as endosomal escape, plays a central role
during viral entry. As the endosome matures, its internal environment becomes
increasingly acidic, with the pH dropping from around 7.4 to approximately 5.0.[12]
If the virus remains trapped, the endosome can fuse with a lysosome, leading to
degradation of the viral particle. To avoid this fate, many viruses have evolved pH-
responsive mechanisms that enable them to disrupt the endosomal membrane and
release their genome into the cytosol before degradation occurs.

Viral Mechanisms for Endosomal Escape
Viruses have developed intricate molecular mechanisms to facilitate the delivery of
their genomes into host cells. These strategies often involve a coordinated action
of various viral proteins, located both on the virus surface and within its core.
Typically, the viral proteins that facilitate the transfer of genetic material across
cellular membranes undergo structural changes, which are triggered by cues that
indicate host cell contact or endocytic uptake.

Most virus types are thought to follow an endocytic uptake pathway, during which
the virus particle is processed within an endosome. Thus, changes of viral proteins
are often triggered by factors that are specific to the endosomal maturation pro-
cess, such as a decrease in pH, presence of endosomal proteases, or interactions
with endosome-specific lipids. For instance, the hemagglutinin protein of Influenza
A viruses is activated by acidification, the glycoprotein of Ebola viruses undergoes
activation in the presence of endosomal cathepsin proteases, and the Vp5 capsid pro-
tein of Bluetongue viruses is activated depending on the levels of lysobisphosphatidic
acid in the endosomal membrane.

The mechanisms by which these viral proteins facilitate cellular delivery vary and
are not fully understood for all proteins. However, they can include processes such
as destabilization of the virus particle, enabling release of its genetic material, as
well as altered interactions between viral proteins and cellular lipid membranes or
membrane proteins, leading to membrane fusion or disruption events.[4]

Fusion Proteins

Enveloped viruses feature membrane-associated glycoproteins on their surface, which
mediate the fusion between the virus envelope and the endosomal membrane. While
the structure of these fusion proteins can vary significantly, they share common
mechanisms of action: a pH-triggered conformational change in the protein leads to
the alignment and eventual merging of the viral lipid envelope with the endosomal
membrane (Fig. 2.2a). This fusion process is typically facilitated by hydrophobic
protein residues, which assist in embedding the protein into the lipid membranes,
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Chapter 2 Background

and by residues that are responsible for initiating the conformational change. The
mechanism of many viral fusion proteins is relatively well understood, largely due to
structural studies that have resolved their conformations in both pre- and post-fusion
states. For example, the hemagglutinin protein of the influenza A virus has been
extensively characterized, providing key insights into the conformational changes
that drive membrane fusion.[13]

Figure 2.2 Schematic representation of the mechanisms employed by viruses to
facilitate endosomal escape. The endosomal lumen is indicated by a purple back-
ground. (a) Fusion proteins, such as hemagglutinin, mediate the fusion of the viral
envelope with the endosomal membrane. (b) Viral proteins containing amphipathic
α-helical domains interact with the endosomal membrane, inducing disruption of
the lipid bilayer. (c) Acyl-chain-modified viral proteins with membrane affinity can
integrate into the membrane, leading to pore formation. (d) Viral proteins with en-
zymatic activity altering the lipid composition of the endosomal membrane, which
can result in membrane curvature stress that facilitates escape. (e) Alterations in
binding domains enable a receptor switch during endocytosis, which can enhance
endosomal escape.

Membrane-disruptive Proteins

Non-enveloped viruses also rely on protein-based mechanisms to facilitate endoso-
mal escape, enabling the delivery of their genetic material into the host cell cytosol.
Unlike enveloped viruses, which typically employ membrane fusion proteins to merge
their lipid envelope with host membranes, non-enveloped viruses lack a surround-
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2.1 Viral Delivery of Genetic Material

ing lipid bilayer and therefore use alternative strategies to breach the endosomal
membrane barrier.

These strategies are primarily mediated by specialized viral proteins that interact
directly with lipid membranes. Although they share some functional similarities
with fusion proteins, such as activation by specific environmental cues like endosomal
acidification, the presence of host proteases, or interactions with endosome-specific
lipids, their mechanisms of action are often fundamentally different and, in many
cases, remain less well understood [4]

One strategy employed by non-enveloped viruses involves proteins that possess an
amphipathic α-helical domain capable of associating with lipid bilayers, leading to
a disruption in membrane integrity without necessarily forming discrete pores (Fig.
2.2b). For instance, protein VI of adenoviruses contains an amphipathic α-helical
domain that destabilizes the endosomal membrane, thereby enabling viral cargo to
escape into the cytoplasm.[14]

Another common mechanism is based on the formation of membrane pores
by pore-forming proteins (Fig. 2.2c). For example, polioviruses express the N-
myristoylated VP4 protein, which becomes activated upon endosomal acidification.
VP4 undergoes a conformational change, inserts into the endosomal membrane,
and forms pores through which the viral cargo can be translocated into the
cytoplasm.[15]

In addition to membrane pore formation, some viruses employ enzymatically ac-
tive proteins that chemically modify cellular membranes (Fig. 2.2d). Parvoviruses
provide an example of this strategy, as they encode VP1 proteins with phospholi-
pase A2 activity. Upon activation, VP1 degrades specific phospholipids within the
endosomal membrane, a process thought to induce membrane instability through
curvature stress, thereby facilitating viral escape.[16]

Other Mechanisms

In addition to fusion proteins and membrane-disruptive proteins, other viral compo-
nents contribute to endosomal escape mechanisms. For example, in the case of in-
fluenza A virus, endosomal acidification not only triggers the conformational change
of the hemagglutinin fusion protein but also induces the dissociation of the viral M1
core protein from the viral genome. This step is thought to facilitate the release of
the genome from the capsid and enable subsequent transport into the cytoplasm.

Another mechanism that supports endosomal escape is a cue-induced receptor
switch following endocytosis. In certain viruses, acidification-driven conformational
changes in viral proteins can alter binding specificity, leading to the release from
one receptor and rebinding to another (Fig. 2.2d). This mechanism was observed
for the Lassa virus, which initiates infection by binding to α-dystroglycan receptors

11



Chapter 2 Background

on the surface of the host cell. After internalization and exposure to the acidic
environment of the endosome, the virus was shown to bind to lysosome-associated
membrane protein 1 (LAMP1). This receptor switch is considered to lower the pH
threshold required for membrane fusion, thereby facilitating efficient viral escape
from the endosome.[17]

2.2 Therapeutic Delivery of Genetic Material
Undruggable Targets
The identity of living cells is primarily determined by the proteins they express,
which perform a wide range of functions such as structural support, intracellular
transport, membrane transport, signaling, and catalysis. Therefore, it is not sur-
prising that protein malfunction can have detrimental effects on organisms, often
manifesting as diseases. One therapeutic strategy to address such diseases involves
the use of small molecules, which can bind to specific proteins to inhibit or modify
their function. While small-molecule therapeutics have proven valuable for treat-
ing many conditions, they face limitations. Notably, only 10-14% of proteins possess
known active binding sites for small molecules, and some diseases arise not from mal-
functioning proteins, but from the absence or deficiency of specific proteins. Diseases
that involve a deficiency of proteins, or proteins that lack known binding sites for
small molecules, are considered ’undruggable’ by conventional small-molecule treat-
ments. In response to some of the limitations of small-molecule therapies, recombi-
nant protein technology has enabled the development of therapeutics that replace
or supplement deficient proteins.[1] Recombinant proteins are produced through ge-
netic engineering techniques that enable large-scale synthesis of proteins, which can
then be administered to patients to replace deficient or missing proteins. However,
protein-based therapeutics face challenges, which are for instance related to complex
production, limited stability and low bioavailablity.[18] Another approach for treat-
ing undruggable diseases is gene therapy, where genetic material is administered to
patients.

Gene Therapy
Since cells contain the intrinsic translational machinery required for protein synthe-
sis, the administration of genetic material encoding a missing or deficient protein
represents a promising therapeutic strategy. This approach has the potential to
overcome several limitations associated with small-molecule drugs and recombinant-
protein therapeutics. However, gene therapies also present unique challenges, includ-
ing issues related to the stability of genetic material, immunogenicity, and bioavail-
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2.2 Therapeutic Delivery of Genetic Material

ability. Despite these challenges, the broad range of treatment possibilities offered
by gene therapy has driven the development of numerous strategies aimed at over-
coming these limitations.[1]

One well-established strategy involves the use of viral vectors, employing the natu-
ral ability of viruses to deliver genetic material into cells. In this approach, therapeu-
tic genes are loaded into modified viruses, which are then administered to patients.
Several gene therapies based on viral vectors have already received regulatory ap-
proval. Among these, adeno-associated viruses (AAVs) are commonly used due to
their favorable safety profile and minimal risk of adverse effects.[19]

Nevertheless, the use of viral vectors in gene therapy raises certain concerns.
Some virus types are capable of integrating their genetic material into the host cell
genome, which can pose risks of insertional mutagenesis and unintended genetic
alterations. While AAV-based therapies present a significantly lower risk of genome
integration, the potential for such events remains a consideration in the development
and application of viral gene therapies.[20]

To address these concerns, alternative strategies have been explored. These in-
clude the use of non-viral delivery vehicles that avoid reliance on viral machinery and
the development of gene therapies that utilize RNA-based cargos rather than DNA.
Unlike DNA, RNA typically exerts its function in the cytoplasm, which eliminates
the need for nuclear delivery, and thereby reducing the risk of genome integration.[21]
Furthermore, the inherent instability of RNA leads to its degradation, making effects
transient and irreversible changes unlikely.

The ability to deliver various types of RNA, including mRNA, ASOs, and siRNA
offers great potential for modulating gene expression and employing the cell’s trans-
lational machinery in various therapeutic modalities. The success of RNA-based
therapeutics has already been exemplified in clinical applications, and is likely to
expand to a wide range of diseases and conditions.[22]

However, the inherent instability and susceptibility to degradation of RNA
molecules pose significant delivery challenges. To overcome these obstacles, exten-
sive efforts have been devoted to developing non-viral delivery systems designed to
protect RNA during circulation and facilitate its efficient delivery into target cells.
In the following sections, a brief overview of the current landscape of non-viral
delivery vehicles for RNA-based therapies is given.

Non-viral Delivery Vehicles
Liposomes

Liposomes are supramolecular assemblies that form through self-assembly when am-
phiphilic molecules, such as lipids, are dispersed in an aqueous solution. These
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Chapter 2 Background

spherical particles typically range from micron- to submicron-size, and are typically
considered to have an aqueous core. However, depending on preparation type and
lipids used, also more complex structures are commonly observed, such as stacked
lipid bilayers.[23] Liposomes can be used for the delivery of low-molecular-weight
drugs, such as Doxil, but are also effective for delivery of nucleic acids such as RNA.
When used for the delivery of nucleic acids, liposomes are typically formulated with
a fraction of the lipids being positively charged, which promotes electrostatic inter-
action with the negatively charged RNA molecules.[24]

Typical liposomes that are used for RNA delivery consist of a mixture of zwitteri-
onic or uncharged lipids combined with cationic lipids. Commonly used zwitterionic
or uncharged lipids include 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)
and cholesterol, while cationic lipids such as 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP) or 2,3-dioleoyloxy-N-[2(sperminecarboxamido)ethyl]-N,N-
dimethyl-1-propaniminium trifluoroacetate (DOSPA) are used to supply the
cationic character. The electrostatic interactions between cationic lipids and
RNA facilitate the formation of stable RNA-lipid complexes, which are commonly
referred to as lipoplexes. These complexes have demonstrated enhanced gene
delivery efficiency in in vitro cell cultures (transfection), outperforming the delivery
of "naked" genes.[25]

Lipid Nanoparticles

Liposomal delivery systems have been successfully used in gene therapy for hu-
man patients, but they have notable limitations, which are, for instance, related to
their limited capacity for RNA-loading, toxicity, and high size polydispersity.[26] A
promising alternative to liposomes are so-called lipid nanoparticles (LNPs), which
have shown superior performance in gene delivery applications. LNPs are also
formed through self-assembly when lipids are dispersed in an aqueous solution, but
unlike liposomes, they have a dense lipid-RNA core.[27]

LNPs typically include ionizable cationic lipids, which possess a pH-dependent
charge. Use of such ionizable lipids is considered a key factor for the performance of
LNPs, which enables efficient complexation with anionic RNA, but at the same time,
the pH-sensitive charge also facilitates the release of the RNA in the appropriate
cellular environment, enhancing the efficiency of delivery into the cytoplasm.[28]
Along with the cationic lipid, LNPs typically contain phospholipids, cholesterol, and
lipid-conjugated polyethylene glycol (PEG), which improves nanoparticle stability
and reduces degradation, resulting in an extended circulation time.[29]

The potential of LNPs for gene therapy applications is highlighted by the approval
of LNP-based therapeutics by medicinal regulatory agencies such as the U.S. Food
and Drug Administration (FDA) and the European Medicines Agency. Approval
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2.2 Therapeutic Delivery of Genetic Material

was granted for instance to the siRNA-therapeutic patisiran (brand name Onpattro,
developed by Alnylam Pharmaceuticals) in 2018,[30] and the mRNA COVID-19
vaccines developed by Pfizer-BioNTech and Moderna in 2021.[31][32]

Polymer-based Nanoparticles

Polymers typically refer to synthetic compounds characterized by long molecular
chains or branches with repeating motifs. Through polymer synthesis, a wide variety
of polymers with distinct properties can be created. Among these, amphiphilic
polymers have the ability to self-assemble into nanoparticles when dispersed in an
aqueous solution, and they can further encapsulate RNA molecules, especially if
the polymers posses cationic moieties. Some commonly used polymers used to make
RNA nanocarriers include poly(lactic-co-glycolic acid) (PLGA), poly(ethyleneimine)
(PEI), and poly(amidoamine) (PAMAM).

Polymeric nanocarriers have been successfully utilized for gene delivery in both in
vitro and in vivo studies, showing promising results.[33][34] However, to date, they
have not been approved as therapeutics by medicinal regulatory agencies for human
use. One major challenge hindering their clinical application is biocompatibility
issues, which may arise due to the synthetic polymers’ intrinsic tendency to induce
inflammation. Additionally, concerns about their degradation and clearance from
the patient’s system remain.[35]

To mitigate these biocompatibility issues, an emerging approach is the develop-
ment of lipid-polymer hybrid nanocarriers. These carriers combine the advantageous
biocompatibility of lipids with the structural stability and tunability offered by poly-
mers. Lipid-polymer hybrid nanocarriers, which consist of a polymer core and a lipid
shell, have shown success in gene delivery in vivo, providing a promising solution to
the limitations of purely polymeric carriers.[36][37]

GalNAc Conjugates

An alternative approach for RNA delivery, which does not rely on nanoparticle struc-
tures, involves the direct conjugation of RNA with N-Acetylgalactosamine (GalNAc).
GalNAc is a trivalent ligand that specifically binds to asialoglycoprotein receptors
(ASGPRs) on hepatocytes, allowing for targeted delivery. Clinical studies have
demonstrated that GalNAc-conjugated siRNAs are efficiently taken up by hepato-
cytes, showcasing the potential of this strategy.[7] This approach has gained consid-
erable attention, with the FDA approval of the GalNAc-based siRNA therapeutic
givosiran in 2019 (brand name Givlaari, developed by Alnylam Pharmaceuticals),
emphasizing the promise of RNA delivery through GalNAc conjugation.[38]
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Additional Examples

Numerous studies have demonstrated the successful use of various other materials
as delivery vehicles for RNA. Examples include porous silica nanoparticles,[39] gold
nanoparticles,[40] graphene nanotubes,[41] and metal-biomolecule network nanopar-
ticles.[42] While such approaches show potential as RNA delivery vehicles, they have
not yet been incorporated into therapeutics approved by medicinal regulatory agen-
cies.

Endosomal Escape of Non-viral Delivery Vehicles
As indicated in the previous section, the number of available delivery vehicles for
nucleic acids is vast, but the number of approaches that have led to treatments ap-
proved for use in humans remains limited. This underscores the complexity involved
in developing delivery vehicles for gene therapy applications, as numerous factors
must be considered to ensure clinical viability.[1] These factors include scalability
of production processes, storage stability, low batch-to-batch variation, biocompati-
bility of materials, minimal immunogenicity of delivery vehicles, compatibility with
cell-targeting strategies, and, importantly, high delivery efficiency. This thesis fo-
cuses mainly on the limited delivery efficiency of currently used vehicles, which is
considered to be largely related to the endosomal escape process.[43] Enhanced de-
livery efficiency would allow for reduced administration doses, thereby mitigating
toxicity and immunogenicity concerns, an aspect that is particularly crucial for the
design of chronic therapies.

To achieve therapeutic efficacy with RNA-based therapies, the RNA must reach
the site of protein translation, the cytosol. Similar to viral infections, most non-viral
delivery vehicles enter cells through endocytosis, initially trapping the RNA within
an endosomal compartment.[44][45] As with viruses, a crucial step in enhancing
RNA delivery efficiency is the successful escape of the RNA from the endosomal
compartment, allowing protein translation or RNA interference effects to occur.

To date, most human-made RNA delivery vehicles employ mechanisms for endo-
somal escape that are distinct from those used by viruses. While viral strategies
for endosomal escape typically rely on conformational changes in viral proteins that
interact with the endosomal membrane, human-made delivery vehicles generally em-
ploy alternative mechanisms to achieve the same goal, as outlined in the following
sections.

Electrostatic Attraction Mediated by Cationic Lipids

The cytoplasmic-facing leaflet of the endosomal membrane is enriched with anionic
lipids, such as 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) and
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bis(monooleoylglycero)phosphate (BMP).[46] The presence of cationic lipids in
cationic liposomes or lipid nanoparticles is thought to induce destabilization of
the delivery vehicles by promoting electrostatic interactions between the cationic
lipids and the anionic lipids on the endosomal membrane. Specifically, for cationic
liposomes, a lipid flip-flop mechanism has been proposed, where the cationic lipids
in the liposome cause displacement of anionic lipids from the cytoplasmic-facing
leaflet of the endosomal membrane to the endosomal-facing leaflet (flip-flop).[47]
This translocation of anionic lipids strengthens the electrostatic attraction between
the liposome and the endosomal membrane, driving the fusion process that results
in the release of RNA into the cytosol. A similar fusion mechanism is thought to
contribute to the endosomal escape process of ionizable lipid nanoparticles, where
the electrostatic attraction is pH-dependent due to the ionizable nature of the
cationic ionizable lipids (Fig.2.3a). Observations from papers A and B of this thesis
work suggest that such a fusion mechanism plays a significant role in the endosomal
escape of lipid nanoparticles.

Fusion Mediated by Lipids Adopting Inverted Hexagonal Phases

Cationic liposomes used for RNA delivery typically contain both cationic and neu-
tral lipids, where the latter are often referred to as helper lipids. Studies have
shown that the type of helper lipid used can significantly influence the transfec-
tion efficiency. For example, it is reported that use of the helper lipid DOPE re-
sults in enhanced transfection efficiency compared to other neutral lipids like 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) or 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC).[48][49]. This difference in transfection efficiency is thought
to originate from the molecular shape of those helper lipids, which affects the adop-
tion of specific lipid phases.

DOPE, with its cone-like molecular shape, favors the formation of inverted hexag-
onal lipid phases, which are believed to i) facilitate the fusion of lipid structures and
ii) promote efficient dissociation of nucleic acids from lipid complexes (Fig.2.3b).
This, in turn, enhances the ability of the liposomes to fuse with endosomal mem-
branes, aiding the release of the nucleic acid cargo into the cytosol.[50] In contrast,
cylinder-shaped lipids such as DPPE or DOPC prefer the formation of lamellar lipid
phases, which are less effective in promoting these processes.

Furthermore, cholesterol has been identified as a component that can affect the
formation of inverted hexagonal lipid phases. Specifically, reports indicate that
cholesterol can stabilize such inverted hexagonal phases and thus play a role in en-
hancing the efficiency of lipid-based nucleic acid delivery systems, such as liposomes
or LNPs.[51]

Specifically for LNPs, insight into preferential lipid phases and transitions are

17



Chapter 2 Background

considered an important factor for the ability to undergo fusion with endosomal
membranes.[52] Therefore, also the design of novel ionizable cationic lipids for LNPs
is guided by considerations about lipid shape.[53]

Osmotic Swelling of Endosome Induced by pH-buffering Moieties

Numerous studies have investigated nucleic acid delivery using cationic polymers.
Poly-L-lysine (PLL) was among the first cationic polymers employed for this
purpose; however, its transfection efficiency was relatively low. Subsequent
studies demonstrated that other cationic polymers containing protonable residues,
such as amine groups, including poly(amidoamine) (PAMAM) dendrimers and
poly(ethyleneimine) (PEI), exhibit significantly higher transfection efficiencies.[54]
This improved performance is commonly attributed to the presence of these
protonable groups, which contribute to the so-called “proton sponge” effect.

According to this model, polymers with buffering capacity can sequester protons
that are pumped into the endosome during acidification. The rising proton con-
centration leads to an influx of counter ions, such as chloride. This results in an
increased osmotic pressure within the endosome, leading to water influx, swelling,
and eventual destabilization or rupture of the endosomal membrane. Consequently,
the nucleic acid cargo is released into the cytosol, where it can exert its therapeutic
effect (Fig.2.3c).[55]

In addition to polymer-based strategies, nucleic acid delivery has been shown
to benefit from the use of small-molecule additives in vitro. Chloroquine, a well-
characterized weak base, can readily cross cellular membranes and accumulate in
acidic organelles, such as endosomes. Its ability to neutralize endosomal pH is
thought to promote osmotic swelling and membrane disruption, thereby enhancing
the release of nucleic acids into the cytosol. More recently, small-molecule com-
pounds with superior transfection-enhancing capabilities compared to chloroquine
have been identified.[56] Similar to chloroquine, these agents are believed to induce
endosomal swelling by buffering endosomal pH, though distinct mechanisms, such
as alteration of cellular trafficking can not be excluded.

Membrane-destabilization Induced by Cell-penetrating Peptides

Many viruses rely on protein-based strategies to facilitate endosomal escape, en-
abling the release of their genetic material into the cytoplasm. Inspired by these
mechanisms, similar approaches have been incorporated into non-viral nucleic acid
delivery systems. One such approach involves the use of cell-penetrating peptides
(CPPs), which were initially derived from viral proteins, for example, the TAT pep-
tide from the HIV-1 virus, and later expanded to include a variety of synthetic
peptides, such as the pH-sensitive GALA peptide.[57]
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Figure 2.3 Schematic representation of the mechanisms employed by non-viral de-
livery vehicles to facilitate endosomal escape. The endosomal lumen and cytosol
are indicated by purple and white background, respectively. (a) Electrostatic in-
teractions between anionic lipids located in the cytoplasmic-facing leaflet of the
endosomal membrane and cationic lipids in the delivery vehicle are thought to in-
duce lipid flip-flop events, facilitating fusion between the delivery vehicle and the
endosomal membrane.
(Caption continues on next page)
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(Continuated caption)
(b) Lipids that adopt inverted hexagonal phases, typically with conical molecular
shapes, are considered to promote fusion between delivery vehicle and the endosomal
membrane. (c) The presence of protonable groups, for example in polymer-based de-
livery vehicles, can influence endosomal acidification by sequestering protons. This,
in turn, drives chloride ion influx into the endosome, resulting in osmotic stress that
can cause expansion and rupture of the endosomal membrane. (d) Cell-penetrating
peptides interacting with the endosomal lipid membrane can disrupt its integrity, po-
tentially leading to the formation of pores. (e) pH-responsive polymers can undergo
swelling or disassembly upon acidification of the endosomal lumen, increasing the
likelihood of endosomal membrane disruption and cargo release. (f) Acidification of
the endosomal lumen can trigger pH-induced cleavage of molecules. For instance,
cleavage of particle-stabilizing PEG molecules may facilitate closer interaction be-
tween delivery vehicle and endosomal membrane to promote fusion.

The membrane-disruptive activity of CPPs is thought to be mediated by two
mechanisms: i) Cationic CPPs, like TAT, promote electrostatic interactions between
the delivery vehicle and the anionic lipids of the endosomal membrane, facilitating
close contact and potentially triggering destabilization, and ii) Amphipathic CPPs,
such as GALA, which possess distinct hydrophobic and hydrophilic regions that
enable them to insert their hydrophobic residues into the endosomal membrane.
This insertion can disrupt membrane integrity, promoting the formation of pores
or inducing membrane fusion events, ultimately allowing the nucleic acid cargo to
escape into the cytoplasm (Fig.2.3d).[58]

Membrane-destabilization Induced by Swelling of Delivery Vehicle

For some polymer-based delivery vehicles, endosomal escape is thought to be fa-
cilitated through mechanisms such as swelling and/or disassembly of the vehicle in
response to the acidic environment within the endosome. Disassembly of the delivery
vehicle is believed to assist in the release of the nucleic acid cargo, whereas swelling
is thought to exert mechanical pressure on the endosomal membrane, potentially
leading to membrane disruption and the subsequent release of the nucleic acid into
the cytosol (Fig.2.3e).[59][60]

Although successful nucleic acid delivery has been achieved using pH-responsive
polymeric nanoparticles, the evidence supporting specific mechanisms of endosomal
escape is limited. In addition to the mechanical pressure hypothesis, the endosomal
escape of these delivery vehicles may also be enhanced by osmotic swelling due
to buffering effects of the polymers, similar to the proton-sponge effect discussed
above.[61]
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Alternative Mechanisms

Other delivery vehicles have been designed with chemical moieties that undergo
pH-dependent changes, such as cleavage reactions. One such strategy involves the
use of PEG-lipids that detach from the delivery vehicle under acidic conditions.
This detachment is aimed at destabilizing the vehicle once it reaches the acidic
environment of the endosomal lumen, thereby potentially improving the release of
the cargo (Fig.2.3f).[62]

In addition to pH-sensitive approaches, photochemical strategies to enhance en-
dosomal escape have been explored. These strategies employ light-activated com-
pounds that trigger endosomal membrane destabilization upon exposure to specific
wavelengths of light. Photosensitizers used in these approaches generate reactive
oxygen species upon illumination, which can disrupt the lipid bilayer of endosomes.
This disruption facilitates the release of the encapsulated cargo into the cytoplasm,
offering a controlled mechanism to enhance delivery efficiency.[63]

2.3 Protein Corona Formation on Delivery Vehicles
When nucleic acid delivery vehicles are used for in vivo administration, it is necessary
to consider their interaction with components of body fluids. Upon administration,
these synthetically engineered nanostructures, designed to meet stringent criteria
such as purity, structure, size, polydispersity, and nucleic acid content, encounter
fluids containing a high concentration of electrolytes and various biological molecules
such as lipids and proteins. The composition of these fluids varies depending on the
administration route: lung surfactant for inhalation, interstitial fluid upon local
injections, or blood plasma when injected intravenously. Regardless of the specific
biological fluid, it is widely accepted that proteins adsorb onto delivery vehicles,
although their physicochemical properties can influence factors such as the affinity
and composition of the adsorbed proteins. The adsorption of proteins is a dynamic
process that leads to the formation of a protein layer, often referred to as the "protein
corona", due to its appearance in electron microscopy images.[64]

The presence and composition of the protein corona can substantially alter the
physicochemical and biological properties of lipid-based delivery vehicles, influenc-
ing their circulation time, biodistribution, cellular uptake, immune recognition, and
overall therapeutic efficacy. Specific proteins within the corona play critical roles in
determining the biological fate of the particles. For example, adsorption of opsonins
such as immunoglobulins and complement proteins can trigger immune responses
and promote clearance by phagocytic cells, reducing circulation half-life. In contrast,
enrichment with apolipoproteins like ApoE can facilitate receptor-mediated uptake
through interactions with low-density lipoprotein receptors (LDL-R), enhancing de-
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livery efficiency and targeting. Understanding the implications of the presence of a
protein corona is thus a necessary consideration in the design of advanced delivery
vehicles.[8]

Stealth Polymers
Upon administration, antibodies such as immunoglobulins M and G (IgM and IgG),
along with complement system proteins, are known to bind to delivery vehicles.
This process, referred to as opsonization, facilitates recognition by immune cells
such as macrophages, leading to accelerated clearance of delivery vehicles from cir-
culation.[65] A reduced circulation time lowers the probability of delivery vehicles
reaching their target sites, diminishing their potential therapeutic effects. A com-
mon strategy to mitigate opsonization and premature clearance is the incorporation
of hydrophilic "stealth" polymers, such as PEG, which shield delivery vehicles from
opsonins and thereby prolong circulation.[66]

Beyond prolonging systemic circulation, stealth polymers can modulate interfacial
interactions with cells, potentially affecting cellular uptake and endosomal escape
due to steric hindrance.[67] To overcome this limitation, advanced delivery vehicles
such as LNPs are often engineered with sheddable stealth coatings that degrade or
desorb upon interaction with biological fluids. A common approach is the use of
PEG that is conjugated to lipid molecules, where the lipid’s acyl chains enable a
thermodynamically stable association of these PEG-lipids with lipid-based delivery
vehicles. Upon interaction with serum proteins, particularly serum albumin, the
association of PEG-lipids to the delivery vehicles is weakened, eventually leading to
their desorption from the delivery vehicle. This desorption is believed to be driven
by the binding of serum albumin to the acyl chains that tether the PEG-lipids to
the delivery vehicle.[68]

Furthermore, the rate of desorption for such PEG-lipids has been shown to crit-
ically depend on acyl chain length, with PEG-lipids possessing 14-carbon chains
desorbing significantly faster than those with 18-carbon chains.[69] This is leveraged
in common LNP formulations, which typically use 14-carbon chain PEG-lipids that
demonstrate superior therapeutic efficacy compared to their longer-chain counter-
parts.[29]

Forces and Dynamics of Protein Corona Formation
Protein adsorption onto nanoscopic delivery vehicles is governed by a complex in-
terplay of thermodynamic and molecular interactions. Among these, electrostatic
interactions are recognized as a key determinant of protein adsorption onto nanopar-
ticles. The surface charge of nanoparticles significantly influences the composition
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and structure of the resulting protein corona. For example, Lundqvist et al. demon-
strated that nanoparticle surface charge alters the identity and quantity of adsorbed
proteins.[70] Specifically, in the case of LNPs, incorporating positively or negatively
charged lipids leads to distinct differences in the profiles of adsorbed proteins. The
incorporation of negatively charged lipids has been shown to promote the adsorption
of proteins with isoelectric points (pI) above physiological pH 7.4. At this pH, such
proteins carry a net positive charge, resulting in enhanced electrostatic attraction
to negatively charged nanoparticle surfaces.[71]

In addition to electrostatic forces, hydrophobic interactions play a significant
role in protein adsorption onto nanoparticles. This is supported by observations
demonstrating that nanoparticle surfaces with increased hydrophobicity tend to en-
hance protein binding.[72] Furthermore, van der Waals forces and hydrogen bonding
are also considered to contribute to both nonspecific and specific protein adsorp-
tion, with their magnitude depending on various physicochemical properties of the
nanoparticle.[73]

Protein corona formation is also recognized as a dynamic process. Specifically, the
adsorption of proteins onto nanoparticle surfaces is often described by the Vroman
effect, which proposes that smaller, more abundant proteins adsorb first but are
then subsequently displaced by larger, slower diffusing proteins with higher surface
affinity. These dynamic exchange processes are thought to lead to the formation of
two distinct layers within the protein corona: a "soft" corona, consisting of loosely
bound proteins that exchange rapidly with the surrounding environment, and a
"hard" corona, composed of tightly bound proteins that exhibit slower exchange
dynamics. The hard corona generally develops over prolonged incubation times as
high-affinity proteins gradually replace those with weaker interactions.[74]

Protein Corona Composition for Lipid-based Delivery Vehicles
Accurately characterizing the proteins adsorbed onto nanoparticles vehicles remains
a significant challenge. Furthermore, experimental outcomes are highly influenced
by factors such as type and concentration of the biological fluid used for incuba-
tion, temperature, and processing steps required for the measurement technique of
choice.[75] Notably, the last point is specifically relevant for weakly bound proteins,
the soft corona, which are expected to be especially susceptible to disruption by
procedures such as washing, filtration, or separation steps. In situ measurement
techniques can provide a more accurate representation of the protein corona under
near-physiological conditions. However, the availability of such methods is currently
very limited and further requires refined methodology, such as the combination of
physicochemical fishing techniques with mass spectrometry.[76]
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The protein corona of lipid-based delivery vehicles is considered to contain hun-
dreds of distinct proteins.[77] Among the most abundant are apolipoproteins, which
are major constituents of endogenous lipoprotein particles such as high-density
lipoproteins (HDL). In addition to apolipoproteins, serum albumin is another pro-
tein frequently identified in the corona. Beyond these, typically detected in smaller
amounts, are proteins such as coagulation factors, immunoglobulins, complement
proteins, and acute phase proteins, which are mostly related to immune system and
inflammation reactions.[78] An overview of proteins frequently identified in the coro-
nas of lipid-based delivery vehicles, along with their reported relative abundances,
is provided in table 2.1.
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Table 2.1 A selection of commonly identified proteins and their reported relative
abundances in the protein corona of lipid-based nanoparticles. Data are compiled
from multiple sources, with the origin indicated by color. Black: Liu et al.[78],
using lipid nanoparticles, orange: Pattipeiluhu et al.[79] using anionic liposomes,
blue: Dilliard et al.[71] using lipid nanoparticles, and green: Pozzi et al.[77] using
cationic liposomes.

Protein Relative abundance (%)

Lipoproteins
Apolipoprotein E 46, 3.8, 14, 2.6
Apolipoprotein C-II 8, 0.6
Apolipoprotein A-II 5, 0.7

Coagulation
Clusterin 0.2, 0.7, 0.5

Complement
Complement C1qB 0.9, 6.5, 0.7
Complement C3 0.3, 12.5, 1.1

Immunoglobulins
Immunoglobulin heavy con-

stant Mu
2.0, 4.2, 7

Acute phase
Alpha-1-inhibitor 3 0.5,
Alpha-2-HS-glycoprotein 0.5, 0.9
Peroxiredoxin-4 0.5, 0.1

Others
Vitronectin 0.4, 0.4
Ferritin 0.3
Serotransferrin 0.2, 2.1, 1.0
Serum albumin 4, 17, 5.5, 5.2
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Methods

3.1 Nanoporous-silica Thin Film Preparation
Thin films with structured pores in the nanometer size range can be prepared us-
ing an amphiphilic copolymer and silica precursors. Amphiphilic copolymers, such
as poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock copoly-
mers (e.g., Pluronic P123), serve as templating agents for porous networks by form-
ing liquid crystalline phases, including lamellar, hexagonal, or cubic bicontinuous
structures.[80] When a silica precursor such as tetraethyl orthosilicate (TEOS) is
introduced, the silica species condense and adapt to the structure imposed by the
copolymer template, forming a crosslinked siloxane network. Thin films can be fab-
ricated by depositing the copolymer-silica solution onto planar substrates using spin
coating, followed by extended crosslinking. A prerequisite for silica crosslinking via
siloxane bonds is the hydrolysis of the silicate precursors. The extent of hydrolysis
in the silica solution is a critical parameter affecting the quality and uniformity of
the nanopores and is influenced by factors such as aging time and conditions. Af-
ter condensation of the silica into a crosslinked network, the thin film is typically
calcined at several hundred degrees Celsius to remove the copolymer template and
further promote crosslinking.[81]
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3.2 Lipid Nanoparticles
Lipid nanoparticles (LNPs) are typically prepared through self-assembly processes
that occur upon mixing an aqueous RNA solution with an ethanol-based lipid so-
lution. A critical parameter in the formulation is the pH, as it directly influences
the charge state of one commonly used lipid component for LNPs, so called cationic
ionizable lipids. Specifically, the RNA solution is prepared at an acidic pH of ap-
proximately 2–4, which is well below the pKA of commonly used ionizable lipids,
ensuring that their headgroups are positively charged. Mixing of the RNA and lipid
solutions can be performed by bulk methods, but microfluidic systems are more
commonly used to achieve rapid and controlled mixing at high flow rates. These mi-
crofluidic approaches facilitate the production of LNPs with low size polydispersity
and diameters typically below 100 nm.[82]

Following LNP formation at acidic pH, a dialysis step is employed to increase the
pH to near-physiological conditions (pH 7.4). Studies have demonstrated that pH
elevation significantly alters both the internal structure and overall size of LNPs.
For example, internal structures with characteristic dimensions of approximately
5–6 nm, which are minimally present immediately after acidic preparation, become
more prominent during the pH increase.[83] Additionally, an increase in LNP size
during dialysis has been observed,[84] potentially due to LNP fusion events, which
have been experimentally confirmed.[85] These findings indicate that pH modulation
following LNP assembly plays a crucial role in determining particle size and internal
morphology.

Common quality attributes used to characterize LNPs include particle size, poly-
dispersity, and RNA encapsulation efficiency. Nanoparticle tracking analysis (NTA)
and dynamic light scattering (DLS) are established techniques for determining par-
ticle size. While both methods rely on measuring diffusion properties, they differ
in their measurement principles, which can result in variations in reported size dis-
tributions. In particular, the assessment of size polydispersity differs between the
two techniques. For NTA, polydispersity can be quantified using the coefficient of
variation (CV), defined as

CV = σ

µ
, (3.1)

where σ is the standard deviation and µ is the mean particle size. In contrast,
DLS typically reports polydispersity via the polydispersity index (PDI), calculated
directly by DLS analysis software. Based on CV or PDI values, polydispersity can
be categorized as low (CV or PDI ≤ 0.1), medium (0.1–0.4), or high (CV or PDI ≥
0.4).[86], [87]

RNA encapsulation efficiency (EE) quantifies the proportion of RNA enclosed
within LNPs versus free RNA remaining in solution after synthesis. A widely used
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method to assess EE employs the RiboGreen dye, which fluoresces upon binding to
RNA. By comparing the RiboGreen fluorescence intensity of a pristine LNP sample
(RGpristine) to that of a lysed sample (RGlysed), where all RNA is exposed in solution,
the EE can be calculated as

EE = 1 − RGpristine

RGlysed
. (3.2)

For standard LNP formulations, RNA encapsulation efficiencies greater than 85%
(EE > 0.85) are commonly achieved.[88]

3.3 Nanoparticle Tracking Analysis
The size of nanoparticles can be determined by analyzing their motion in a colloidal
solution, commonly using a method called nanoparticle tracking analysis (NTA).
For this, particle positions are tracked based on their scattering signals, which are
detected through optical microscopy. NTA is based on molecular diffusion theory,
which describes the random motion of particles due to thermal fluctuations, com-
monly referred to as diffusion. Diffusion leads to a net flux of particles from regions
of high concentration to regions of low concentration, a phenomenon that can be
mathematically described by Fick’s second law:[89]

∂c(x, t)
∂t

= D
∂2c(x, t)

∂x2 , (3.3)

where c(x, t) is the particle concentration as a function of position x and time t,
and D is the diffusion coefficient. For simplicity, we consider diffusion in one spatial
dimension. The solution to equation (3.3) has the form of a Gaussian distribution,

c(x, t) = 1√
4πDt

, exp
(

− x2

4Dt

)
, (3.4)

which describes the probability of finding a particle at position x at time t, having
started at x = 0 at t = 0. The second moment of this probability distribution yields
the mean square displacement (MSD),

⟨x2⟩ = 2Dt. (3.5)

To relate the diffusion coefficient D to particle size, the Einstein relation is em-
ployed:

D = kBT ν, (3.6)

where kB is the Boltzmann constant, T is the absolute temperature, and ν is the
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particle mobility. The fluctuation-dissipation theorem connects mobility to friction
f , where ν = 1/f . For a spherical particle of hydrodynamic radius rH in a solution
of dynamic viscosity η, Stokes’ law gives the friction as f = 6πηrH. Combining these
relationships yields the Stokes-Einstein equation:

D = kBT

6πηrH
. (3.7)

In practice, diffusion in d spatial dimensions is considered, and the MSD becomes

⟨(r(t) − r(0))2⟩ = 2dDt, (3.8)

where r(t) is the particle position at time t. From particle tracking data, the MSD
is estimated and used to calculate D, which is then converted to the hydrodynamic
radius rH via equation (3.7). It is important to note that the hydrodynamic radius
may differ from the particle’s physical radius, as it reflects how the particle diffuses
in solution rather than its geometric dimensions.

Several considerations apply to tracking-based particle size determination. The es-
timation of the MSD can be affected by errors in locating particle centers and by the
limited length of the recorded trajectories.[90] Additionally, commercial instruments
such as NanoSight often implement data corrections before reporting particle size
distributions. These may include enforcing a minimum track length and smoothing
the resulting distributions.[91]

3.4 Fluorescence Microscopy
Fluorescence
Fluorescent molecules, or fluorophores, are commonly used in microscopy to enhance
image contrast by specifically labeling the sample. Fluorophores typically absorb
photons in the visible spectrum, which excites them from the electronic ground
state (S0) to higher electronic states (e.g., S1 or S2). Excitation generally occurs
into a higher vibrational level of these excited states, followed by rapid relaxation
(internal conversion, ∼10−12 s) to the vibrational ground state of S1. From there,
the fluorophore relaxes back to the electronic ground state, emitting a photon in
the process (fluorescence emission, ∼10−8 s). This sequence of absorption, internal
conversion, and emission is illustrated in the Jablonski diagram shown in figure 3.1a.
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Figure 3.1 Principles of fluorescence microscopy. (a) Jablonski diagram illustrating
the fluorescence absorption-emission cycle. Image adapted from [92]. (b) Schematic
light path and components of a fluorescence microscope.

Because energy is dissipated during internal conversion, the emitted photon has
lower energy, and thus a longer wavelength, than the absorbed photon. This differ-
ence in wavelength is known as the Stokes shift. A key limitation of fluorophores is
photobleaching, a process by which prolonged illumination leads to chemical changes
that irreversibly eliminate fluorescence. Photobleaching can significantly affect flu-
orescence imaging by reducing signal intensity over time.([93], chapter 1)

Total Internal Reflection Fluorescence Microscopy
Introducing fluorescently labeled species into the specimen allows for highly specific
imaging using fluorescence microscopy. Under appropriate conditions, it is possible
to achieve strong contrast between regions that are enriched in fluorophores and
those that are not, which can enable the detection, and in some cases the visual-
ization, of individual fluorophores. Additionally, different illumination techniques
can be applied to enhance imaging specificity. In conventional epifluorescence il-
lumination, fluorophores are excited throughout the entire optical path, including
areas outside the focal plane. This leads to fluorescence emission from out-of-focus
regions, which contributes to background noise and reduces image contrast (Fig.
3.1b).

Total internal reflection fluorescence (TIRF) microscopy addresses this challenge
by using an evanescent field that is generated when light undergoes total internal
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reflection at the interface between the specimen and the coverslip. This selective
excitation minimizes background fluorescence from areas further away from the in-
terface. As a result, TIRF microscopy produces high-contrast images with minimal
signal from out-of-focus regions.

Total Internal Reflection and the Evanescent Field

When light propagates from medium two into medium 1 it refracts through the
interface, which is described by Snell’s law n2 sin θ2 = n1 sin θ1 with n2, n1 being
the refractive index (RI) of medium 2 and 1, and θ2, θ1 being the angle of the light
propagation measured from the normal of the interface. Assuming that the incident
light is an "infinitely" extended plane wave, and medium 2 has a bigger RI than
medium 1, one can observe total internal reflection at the interface if the angle θ2 is
greater than the "critical angle" θc, given by:

θc = arcsin n1

n2
. (3.9)

The assumption of a plane wave is a good approximation for unfocused light, where
the beam width is many times the wavelength of the light. Total internal reflection
occurs, e.g., if a light beam propagates in glass and hits an interface to water at
an incident angle θ > θc (measured from the normal to the interface). With a
RI of glass n1 = 1.52 and water n2 = 1.33, light with an incident angle larger than
θc = 61.0◦ is the subject of total internal reflection. All of the light reflects back into
the solid. However, some of the incident energy penetrates through the interface and
propagates parallel to the surface in the plane of incidence. The non-radiative field
in the liquid, called the "evanescence field", has the same frequency as the incident
light and is capable of exciting fluorophores. Significantly, for TIRF microscopy, the
evanescence field intensity I (for an infinitely wide beam) exponentially decays with
perpendicular distance z from the interface:

I(z) = I(0) exp (−z/d), (3.10)

where the characteristic penetration depth d of the evanescence field is given by

d = λ0

4π
(n2

2 sin θ − n2
1)−1/2, (3.11)

with λ0, the wavelength of the light in vacuum. The characteristic penetration depth
is in the order of λ0, d decreases for increasing θ, and d → ∞ for θ → θc.[94]
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3.5 Supported Lipid Bilayers
An attractive approach to investigate the chemical and physical properties of lipid
membranes is the use of supported lipid bilayers (SLBs). SLBs are lipid bilayers
formed on solid substrates, providing a high degree of experimental control while
retaining key characteristics of biological membranes. As such, they serve as versatile
model systems for studying membrane-associated processes.

Several established methods are available for preparing SLBs, including Langmuir-
Blodgett deposition,[95] solvent-assisted bilayer formation,[96] and the vesicle ad-
sorption and fusion method.[97] In this thesis, SLBs were prepared using the vesicle
adsorption and fusion method. In this process, a hydrophilic substrate is incubated
with a suspension of small unilamellar vesicles. The formation of an SLB proceeds
through a sequence of steps: (1) vesicle approach to the substrate, (2) adhesion
of vesicles to the surface, (3) rupture and fusion of vesicles to form localized bi-
layer patches, and (4) lateral spreading of these patches until a continuous bilayer
is established.

The suitability of a substrate for SLB formation depends on fundamental surface
properties, including surface energy, chemistry, charge, and roughness. In practice,
SLBs can be formed on various materials such as borosilicate glass, SiO2, mica,
aluminum, gold, Teflon AF, and monolayer graphene. Generally, SLB formation is
favored on hydrophilic surfaces.[98]

A key feature of SLBs as model membranes is the lateral mobility of lipids, which is
preserved due to the lack of permanent adhesion between the lipids and the support.
Neutron reflectometry studies reveal the presence of a thin water layer, typically a
few nanometers thick, between the SLB and the substrate.[99] This water layer en-
ables lipid diffusion, although the diffusion coefficients for SLBs (approximately 1 to
4 µm2 s−1) are generally lower than those of free-standing bilayers (approximately
8 µm2 s−1).[100] This reduction reflects residual adhesive interactions and steric con-
straints imposed by the substrate. Such constraints can limit the incorporation of
transmembrane proteins and hinder processes like membrane translocation.

To mitigate these limitations and improve the biomimetic properties of SLBs,
porous substrates have been explored. For instance, porous silica supports have
been shown to enhance lateral lipid mobility and allow the observation of membrane
translocation events involving small molecules.[101]
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CHAPTER 4

Summary of Results

4.1 Paper A
The work presented in this paper aims to elucidate the endosomal escape process of
lipid nanoparticles using a simplistic model system representing endosomal condi-
tions. Specifically, lipid nanoparticles were molecularly tethered to an anionic lipid
bilayer, which is formed on a solid nanoporous support embedded in a microfluidic
channel that allows a stepwise decrease of pH through solution exchange.

Time-resolved imaging of the fluorescently labeled LNPs revealed that a decrease
in pH induces fusion of LNPs with the anionic-supported lipid bilayer (Fig.4.1a). The
fusion efficiency displayed a pH dependency, with the highest efficiency observed for
a pH decrease from 6.6 to 6.0. This aligns with the protonation of ionizable lipids
in the LNPs, with 50% protonized ionizable lipids at pH 6.4, which was obtained
with the 2-(p-toluidino)-6-naphthalene sulfonic acid (TNS) charge titration method
(Fig.4.1b).

An inspection of the fluorescence signal of individual LNPs upon fusion indicates
that, upon fusion, >90% of the LNP lipid molecules escape from the fusion site
through lateral diffusion in the supported lipid bilayer. Inspection of the mRNA
fluorescence signal indicates that mRNA is displaced from the site of fusion, however,
to a lesser extent of approximately 70% compared to the lipid molecules. The data
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suggests that the main path for mRNA escape from the fusion site is diffusion into
the aqueous bulk phase and not through translocation across the lipid bilayer.

The fate of mRNA released from the LNP fusion sites is of interest as this is a
potential pathway that leads to cytosolic and, thus, effective delivery of mRNA.
Another data set presented in this paper indicates that individual mRNA molecules
rebind to the supported lipid bilayer after being released into the bulk solution.
Observation of the diffusivity of rebound mRNA molecules at different pH values
between 5.6 and 7.4 suggests a pH-dependent interaction strength of mRNA and
supported lipid bilayer. The most probable explanation is that mRNA rebinding is
driven by electrostatic attraction to protonated ionizable lipids that escape into the
supported lipid bilayer upon LNP fusion. The pH dependency can then be explained
by a varying density of protonated ionizable lipids in the supported lipid bilayer,
where notably the apparent pKA of the ionizable lipids is significantly increased
if not associated with nucleic acids, from pKA = 6.4 to 9.4.[102] Translating this
into the endosomal environment, the escape of mRNA into the endosomal volume
could be followed by rebinding and diffusion along the endosomal membrane, where
translocation across the membrane is potentially possible through, e.g., a local mem-
brane disruption. Considering the importance of mRNA translocation for the overall
performance of LNPs, this type of electrostatically-mediated rebinding may be an
undesired effect and, therefore, could be the subject of future investigations.

Lastly, the paper discusses the observation that LNP fusion efficiency depends on
the lipid composition of the LNPs. Specifically, LNPs containing 10 mol% of the
phospholipid DSPC display a lower efficiency for fusion than LNPs containing 4.65
mol% DSPC (Fig.4.1c). DSPC is located primarily at the LNP surface, and as such,
varying amounts of this lipid are expected to affect the molecular organization at the
LNP surface. The observed difference in fusion efficiency indicates the important role
of prevalent lipid phases for efficient fusion, especially at the LNP surface. Notably,
the same LNP compositions showed a significant difference in cellular transfection
efficiency, which was attributed to poorer endosomal escape capacity of the LNPs
with higher DSPC content of 10 mol%. The qualitative agreement between cell
transfection and fusion efficiency highlights the value of observations made with the
model system and, thus, potentially a tool to assist in the design of improved LNP
compositions.

In conclusion, this paper presents a method that enables the investigation of
fusion between LNPs and lipid bilayers. This method was used to gain insights into
mechanisms potentially important for the escape of the LNP’s mRNA cargo from the
endosomal compartment, which is considered a major bottleneck for currently used
LNP-based therapeutics and vaccines. Insights into the mechanisms of endosomal
escape processes and the availability of relevant model systems, as presented in this
paper, could thus contribute to the development of improved LNP compositions.
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4.1 Paper A

Figure 4.1 Selection of results from paper A. (a) Fluorescence micrographs showing
individual LNPs labeled with the lipid-conjugated dye Rhodamine-DOPE, tethered
to an anionic lipid bilayer. The near-complete disappearance of fluorescence signal
from individual LNPs indicates fusion with the lipid bilayer, triggered by a decrease
in bulk phase pH from 6.6 to 6.0. (b) Degree of ionization of LNPs, quantified
using 2-(p-toluidino)-6-naphthalene sulfonic acid (TNS) fluorescence intensity. The
inflection point at pH ≈ 6.4, observed for both high (10 mol%) and low (4.65 mol%)
DSPC content LNPs, coincides with the pH range at which the highest fusion effi-
ciency is observed, as shown in (c) Fusion efficiency of LNPs in response to a pH
decrease from 7.4 to 6.6 (yellow), 6.6 to 6.0 (red), and 6.0 to 5.6 (blue). While both
LNP types show maximal fusion near their respective ionization inflection points,
low-DSPC LNPs display significantly lower fusion efficiency at pH decrease from 6.6
to 6.0 than their high-DSPC counterparts.
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4.2 Paper B
When an LNP-based therapeutic is administered to patients, the LNPs readily inter-
act with bodily fluids such as blood serum upon intravenous injections. It is known
that the interaction with bodily fluids leads to the adsorption of biological molecules,
and in particular proteins, onto the LNP surface. The adsorption is considered to
result in a layer of proteins on the LNP surface, sometimes called a protein corona,
that can alter the interfacial interactions of the LNPs with their environment.

The work presented in this paper aims to improve the understanding of the im-
pact of protein corona formation on LNPs. A part of this work specifically focuses
on the effect of a protein corona on interfacial interactions between LNPs and an
anionic lipid bilayer, which is relevant for the endosomal escape process and is cur-
rently considered a major bottleneck for the efficiency of LNP-based therapeutics,
as described in 2.

Observations presented in the paper indicate that the formation of a protein
corona can affect the capability of LNPs to retain their mRNA cargo. While the av-
erage hydrodynamic size of the LNPs remained mostly unaffected by protein corona
formation (Fig.4.2a), fluorescence microscopy imaging of individual LNPs revealed
a decrease of mRNA fluorescence signal upon protein corona formation, which indi-
cates partial mRNA release (Fig.4.2b). This observation may be explained through
a disruption of the lipid organization on the LNP surface by adsorbed proteins that
make the LNP surface more susceptible to translocation of hydrophilic mRNA from
a lipiduous LNP core into an aqueous environment outside the LNP.

Current LNP formulations often contain lipids that are conjugated with a PEG
molecule. These PEG-lipids are designed to be released through the interaction
with serum albumin, a major protein component of serum. The ability to release
PEG-lipids, sometimes called PEG-shedding, has been shown to enhance the perfor-
mance of LNP-based therapeutics. In this work, PEG-shedding was quantified for
individual LNPs using time-resolved fluorescence microscopy imaging. Specifically,
incubation in 10% fetal bovine serum for 180 minutes led, on average, to the release
of 36 ± 6% of the PEG-lipid. Practically all PEG-lipid release took place 60 minutes
after the start of incubation and could be described by an exponential decay law
with a half-life time of 11 ± 1 minutes (Fig.4.2c).

When molecularly tethered to an anionic lipid bilayer that is supported by a
nanoporous substrate, LNPs displayed reduced lateral mobility if preincubated in
10% fetal bovine serum for 3 hours. This suggests altered interfacial interactions due
to the modifications of LNPs and/or the presence of proteins on the LNP surface
after serum preincubation. Simulating the environment for LNPs in an endosome
by acidifying the bulk solution (as described in the summary of paper A) leads to
fusion of LNPs with the anionic lipid bilayer. A comparison of the pH-dependent
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4.2 Paper B

fusion efficiency of serum preincubated and pristine LNPs showed that serum prein-
cubated LNPs preferentially fused at more moderate acidification (Fig.4.2d). This
observation suggests that the presence of a protein corona does not hamper the fu-
sion of LNPs with an endosomal membrane and is thus likely not a limiting factor
for the endosomal escape efficiency of current LNP formulations. The results rather
indicate that the interactions with serum proteins could enhance the LNP fusion
efficiency at moderate acidification of the endosomal lumen, which is considered an
advantage for the successful endosomal escape of the LNP mRNA cargo.

In conclusion, the observations presented in this paper contribute to a better
understanding of the impact of protein adsorption on LNPs. Specifically, the ad-
sorption can decrease the capability of LNPs to retain their mRNA cargo, which
can be considered an undesired effect. Further, the release of PEG-lipids from LNPs
changes the surface composition of LNPs within minutes after the start of serum
incubation. Finally, results indicate that alterations of LNPs through interaction
with serum proteins are not a limiting factor for the capacity of LNPs to perform
endosomal escape but potentially even enhance its capacity.

39



Chapter 4 Summary of Results

Figure 4.2 Selection of results from paper B. (a) Hydrodynamic diameter distri-
bution determined with nanoparticle tracking analysis of LNPs incubated for 3h at
room temperature in buffer (pristine) or 10% (v/v) fetal bovine serum (preincu-
bated). Mean and standard deviation of 138 ± 45 nm and 131 ± 41 nm for pristine
and preincubated LNPs, respectively, determined using a Gaussian fit. (b) Log-log
plot of the single-particle fluorescence signal (labeled lipid- and mRNA-moieties:
Rhodamine-DOPE and Cy5-mRNA) of tethered LNPs shows a significant differ-
ence between pristine and preincubated LNPs, with 32% of preincubated LNPs
located outside the 95% confidence band (CB) of pristine LNPs (shaded area). (c)
Time-resolved fluorescence signal of ATTO488-labeled PEG-lipid for representative
individual LNPs subjected to either buffer only (blue palette) or a buffer-to-serum
switch at t = 0 (red palette; dashed line indicating switch). The average signal
difference between LNPs subjected to buffer only and to the buffer-to-serum switch
shows serum-induced PEG-shedding (black line; shaded area ±1 s.d.). (d) Fusion
efficiency as a function of pH, assessed based on the cumulative percentage of fused
LNPs, normalized with total fusion efficiency. Solid lines represent sigmoidal fits to
the data and uncertainty based on three replicates.
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CHAPTER 5

Outlook

The results presented in papers A and B contribute to a deeper understanding of the
processes involved in the cellular processing of LNPs used for gene therapies. In par-
ticular, the findings address the behavior of LNPs within endosomal compartments,
where their cargo is frequently entrapped, ultimately limiting the overall efficacy of
this gene delivery approach. This chapter provides a brief outline of potential future
research directions aimed at further elucidating the physicochemical mechanisms
underlying LNP-mediated gene delivery.

5.1 Can LNP Surface Modifications Enhance
Fusion?

One major takeaway from the observations made in papers A and B is that char-
acteristics of the LNP surface alter the interactions with anionic lipid membranes,
which is believed to be a key process for efficient endosomal escape. Characteris-
tics of the LNP surface can be, e.g., lipid phases mediated by specific lipid types,
passivation through inert molecules such as PEG, or the presence of adsorbed pro-
teins. These considerations could hold the potential for the design of LNPs with
improved gene delivery performance by further investigation of the impact of LNP
surface characteristics on the capability to fuse with anionic membranes. However,
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it should be noted that the design of LNPs and gene delivery vehicles, in general,
must respect a vast number of different processes related to, e.g., the biocompatibil-
ity of used materials, clearance from circulation, adverse immune responses, storage
stability, scalability of manufacturing processes, and many more. Nevertheless, in-
vestigating the effects of modifications that alter the LNP surface characteristics
could be one possible way to address the current limitations of LNP delivery effi-
ciency. Modifications affecting the LNP surface characteristics could be achieved
through:

• Altered lipid compositions
• Altered molecules used for passivation
• Adsorption of proteins on LNP surface

5.2 Does LNP Fusion Enable mRNA
Translocation?

In vitro assays indicate that disruption of the endosomal membrane can serve as a
proxy for the escape of LNP cargo from endosomes.[103] However, to our knowledge,
it remains unclear whether such membrane disruption is confined to the immediate
site of interaction between LNPs and the membrane, or whether it results in a more
global loss of endosomal membrane integrity. In the former case, local membrane dis-
ruption, potentially triggered by close LNP-membrane interactions or fusion events,
could create transient openings that permit the translocation of LNP cargo. In
contrast, a more widespread disruption could arise from mechanisms such as os-
motic stress due to the presence of protonatable molecules (e.g., cationic ionizable
lipids) within the endosome, interference with endosomal maturation, or modula-
tion of intracellular trafficking. Additionally, lipid transfer upon LNP fusion could
significantly alter the composition of the endosomal membrane, changing membrane
properties.

Given the size and negative charge of RNA molecules, particularly mRNA, their
translocation across the hydrophobic core of a lipid membrane, especially one en-
riched in anionic lipids like the endosomal membrane, can be considered a low-
probability event. Nevertheless, the demonstrated efficacy of LNP-based delivery
systems confirms that such translocation does occur, albeit with low efficiency. Gain-
ing mechanistic insight into how these rare but essential translocation events are
facilitated could guide the rational design of more efficient delivery vehicles. There-
fore, investigating how LNPs mediate cargo translocation across anionic membranes
is a key step toward advancing RNA therapeutics.

The model system mimicking the endosomal environment used in Papers A and B
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was designed to isolate one potential contributor to endosomal escape: pH-triggered
fusion of LNPs with anionic lipid membranes. This fusion process was shown to
promote the release of significant amounts of mRNA cargo at the fusion site. How-
ever, direct evidence that fusion itself facilitates mRNA translocation across the lipid
membrane is still lacking. Since crossing the endosomal membrane is a prerequisite
for successful cytosolic delivery, an important question remains: Does LNP fusion
directly result in mRNA translocation?

One consideration in evaluating mRNA translocation is the potential influence of
the solid support used in our current model system. While the nanoporous sub-
strate includes nanoscale pores that allow for the study of small molecule transloca-
tion,[101] the steric and spatial constraints may hinder the passage of larger cargos
such as mRNA. Additionally, the simplified lipid composition of the model mem-
brane, although representative of key features of the endosomal membrane, remains
rudimentary compared to the complexity of native endosomal membranes. Prelim-
inary results from our group suggest that forming phase-separated lipid domains
may play a role in the endosomal escape, potentially facilitating translocation at
domain boundaries where membrane order is disrupted. These findings highlight
the need for further studies that incorporate more complex and physiologically rel-
evant membrane compositions to better understand the factors that govern mRNA
translocation during LNP-mediated delivery.
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