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1 INTRODUCTION

This chapter provides a brief introduction on the fundamental principles of mRNA
therapeutics, with a focus on the physicochemical and biological challenges associated with
their systemic delivery. It is not considered to be a complete review of the entire scientific
field.

1.1 MESSENGER RIBONUCLEIC ACID (MRNA)

Gene expression is a complex and tightly regulated process. Both coding and non-coding
genetic information are stored in deoxyribonucleic acid (DNA). The human genome
comprises approximately 20,000 protein-coding genes, which are transcribed into messenger
ribonucleic acid (MRNA) and subsequently translated into proteins [1, 2]. mMRNA serves as
a transient and tightly regulated intermediary that carries a copy of the nucleotide sequence

encoded by a gene.

Structurally, mRNA is a single-stranded heteropolymer composed of numerous nucleotides,
which are linked by 3’-5° phosphodiester bonds. Each nucleotide consists of a nitrogenous
base, adenine, cytosine, guanine, or uracil, covalently attached to a ribose sugar [3].
Transcription is the process by which the genetic information encoded in a DNA sequence is
copied into a complementary precursor messenger RNA (pre-mRNA). In eukaryotic cells,
transcription is carried out by RNA polymerase 11 and regulated by cis-regulatory elements
and transcription factors that control promoter recognition, initiation, elongation, and
termination. The resulting pre-mRNA undergoes several processing steps to generate a
functional transcript, the mature mRNA. This processing includes the addition of a 5 cap,
splicing of introns, and polyadenylation at the 3° end. The 5’ cap, consisting of a 7-
methylguanosine-triphosphate moiety protects mMRNA from degradation and is essential for
ribosomal recognition during translation initiation. Splicing removes non-coding introns and
joins exons to generate a continuous protein-coding sequence [4]. The poly(A) tail
contributes to mRNA stability, nuclear export, and translation efficiency. Once fully

processed, mature mMRNA, comprising a 5° untranslated region (UTR), an open reading frame



(ORF), and a 3° UTR, is transported from the nucleus into the cytoplasm, where translation
of the ORF into a protein occurs [5-7].

1.2 THERAPEUTIC POTENTIAL

MRNA has the potential to revolutionize modern medicine. Because mRNA can be readily
designed and modified to encode virtually any protein, it offers, the ability to therapeutically
address a wide range of diseases. Potential applications of mMRNA-based therapeutics range
from vaccines and in vivo antibody production to protein replacement therapies, genome
editing, and cell-based therapy [8]. During the COVID-19 pandemic, this approach played a
pivotal role. The mRNA vaccines Spikevax (MRNA-1273) and Comirnaty (BNT162b2) were
rapidly developed and demonstrated high efficacy, preventing SARS-CoV-2 infections in
approximately 95% of vaccinated individuals [9]. Most recently, the U.S. Food and Drug
Administration (FDA) approved Moderna’s next-generation, lower-dose mRNA vaccine
mNexspike for COVID-19 [10]. Beyond the application for COVID-19, mRNA technology
Is increasingly being applied to other viral infections. In this context, both the FDA and the
European Medicines Agency (EMA) approved mRESVIA (Moderna Therapeutics), an
MRNA-based vaccine for the prevention of respiratory syncytial virus-associated (RSV)

lower respiratory tract diseases [11].

Several mMRNA vaccines are currently undergoing clinic trails for personalized cancer
immunotherapy. For example, BioNTech's autogene cevumeran (BNT122/R0O7198457), an
individualized neoantigen mRNA vaccine that is being tested for the treatment of solid
tumors. It is currently in phase 11 clinical trials [12].

Moreover, an in vivo CRISPR-Cas9 mRNA LNP therapy, nexiguran ziclumeran, is presently
in late-stage (phase II1) clinical development [13]. These clinical trials and technological
advances collectively highlight the innovation and expanding potential of mRNA

therapeutics [14].

Unlike DNA, which needs to be translocated into the nucleus, mMRNA only needs to be
delivered into the cytosol. This leads to more rapid and efficient protein expression and
eliminates the risk of accidental genomic integration [15]. Thanks to in vitro transcription

(IVT) technology, mRNA can be easily designed, modified, and produced at a large and cost-
2



effective scale [16]. This is a major advantage over classical biologics, such as antibodies or
recombinant proteins. Here, synthesis relies on traditional cell-based protein production
systems, which are difficult to scale and need extensive purification to obtain the required

purity. This substantially increases production costs [17, 18].

mRNA was first described in 1961 [19]. In 1990, it was demonstrated that direct
administration of MRNA into mice resulted in successful protein expression [20]. However,
its therapeutic use has only become recently possible. This is due to several limitations which
make mRNA difficult to apply as a drug. mRNA is inherently unstable, negatively charged,
and large in size and therefore cannot cross biological lipid bilayers on its own efficiently
[21]. Moreover, unmodified mRNA is highly immunogenic and is recognized by the innate
immune system through a range of pattern recognition receptors (TLR3, TLR7, TLR9, RIG-
1 and MDAD5) [22-26].

To enable the development of mRNA as a clinical drug two major aspects have to be
addressed. First, the mRNA itself requires extensive optimization to increase stability and
modulate immunogenicity. Second, an effective delivery system is needed to protect the
mRNA from degradation by endogenous nucleases and ensure its delivery to the intended

target site.
1.3 MRNA ENGINEERING

The presence of the 2’-hydroxyl group in the ribose renders mMRNA chemically unstable as it
can perform intramolecular nucleophilic addition and elimination reactions with the
phosphodiester backbone, leading to degradation. A mechanism exploited by endogenous
nucleases [27]. Modifying the different structural elements of mMRNA can be used to tailor

immunogenicity, translational efficiency and stability.

Incorporating specific base modifications into MRNA has been shown to enhance stability
and efficiency, while reducing immunogenicity. Important modifications include 5-
methylcytidine (m5C) and pseudouridine ('), an isomer of uridine that reduces activation of
innate immune receptors such as TLR7/8 and RIG-1. An additional modification, N1-

methylpseudouridine exhibits even lower immunogenicity and leads to higher protein



production. This particular modification was used in both the Comirnaty and Spikevax
COVID-19 mRNA vaccines [24, 28, 29].

In eukaryotic mRNA, 5’ capping results in enhanced stability and translation and enables the
discrimination from foreign RNA [30]. The major cap structures include Cap0, Capl, and
Cap2. The innate immune receptor RIG-1 recognizes uncapped and, to a lesser extent, Cap0
MRNA as foreign [31]. Cap0 consists of a 7-methlyguanosine (m7G) linked to the first
nucleotide of the mRNA via a triphosphate bridge (m7GpppN). 2’-O-methylation of the
ribose of the first nucleotide is termed Capl, while an additional 2°-O-methylation of the
second nucleotide results in Cap2. In the COVID-19 vaccines, a Capl modification was

employed to minimize immunogenicity and to ensure optimal function [32].

The poly(A) tail is also crucial for mMRNA stability. In mammalian cells the poly(A) tail is
about 100-250 nucleotides (nt) long [33, 34]. For therapeutic mMRNA, however, 100 nt is

optimal, as it reduces degradation while still enabling efficient manufacturing [8, 35].

1.4 VIRAL DELIVERY

Viral vectors, such as adeno-associated viruses (AAVSs), lentiviruses, and adenoviruses, were
among the first delivery systems used in gene therapy. Their high transduction efficiency, in
vivo stability and, intrinsic or engineerable targeting capabilities have demonstrated their
effectiveness. Their application is highly versatile, ranging from life-saving gene therapies
to use as platforms for vaccines, including against COVID-19. However, viral vectors are
primarily suited for delivering DNA rather than mRNA and have limited packaging capacity
[36, 37].



1.5 NON-VIRAL DELIVERY

Non-viral delivery systems represent promising alternatives to viral vectors. A major
advantage is that encapsulation of nucleic acids is achieved through electrostatic interactions,
enabling the delivery of large nucleic acid cargos. This makes non-viral delivery particularly

attractive for mMRNA therapeutics.
1.5.1 Requirements for Intravenous Administration

MRNA therapeutics can be administered via multiple routes, including local injection into
muscle, ocular or pulmonary delivery [38-40]. Intravenous (i.v.) administration has the
advantage that any internal organ is addressable. However, successful delivery requires

overcoming multiple barriers. In this context, the delivery system plays an integral role.

First of all, it must be designed to efficiently encapsulate the mRNA and ensure that resulting
nanoparticles do not aggregate but remain colloidally stable during the formulation.
Secondly, the delivery system must address several extracellular challenges. Again, the
colloidal stability of mRNA nanoparticles is critical. Upon intravenous injection,
nanoparticles encounter ionic stress from salts, interactions with negatively charged serum
proteins and blood cells, and have to endure shear forces and physiological temperature [41,
42]. Aggregation would not only reduce delivery efficiency but also pose significant safety
risks, such as thrombotic events [43]. Moreover, the delivery system must ensure efficient
targeting of the intended tissue and cell type. The treatment becomes ineffective otherwise

and may even cause adverse effects.

Lastly, the delivery system must facilitate intracellular delivery. It needs to promote cellular
uptake, enable endosomal escape and subsequently release the mRNA into the cytosol
(Figure 1).
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Figure 1. Schematic overview of extra- and intracellular barriers encountered by mRNA
nanoparticles following i.v. administration. mMRNA nanoparticles must remain colloidally
stable during and after formulation and withstand ionic stress, serum protein adsorption,
shear forces, immune recognition, and physiological temperature in the bloodstream. For
efficient delivery, intracellular barriers such as cellular uptake, endosomal escape and
mMRNA release into the cytosol must be overcome. Created with BioRender.com



1.6 PHYSICAL PRINCIPLES OF COLLOIDAL STABILITY

In a colloidal system, particles are dispersed within a medium. Colloidal stability describes
how long these particles stay dispersed without coagulation (aggregation). It depends on the
balance between attractive and repulsive forces. According to the Derjaguin-Landau—
Verwey-Overbeek (DLVO) theory, the attractive forces are determined by van der Waals
forces, whereas the repulsive forces arise from the electric double-layer interactions [44].
The electric double layer forms due to the attraction of counter ions. A portion of these
counter ions accumulates directly at the charged surface, forming a compact layer known as

the Stern layer. The rest of the ions form a loosely bound cloud, termed the diffuse layer [45].

Potential barrier

Repulsive double-layer forces

A

Distance

Interaction potential energy

Attractive Van der Waal forces

Irreversible aggregation

Figure 2. Schematic illustration of DLVO theory, depicting the opposing attractive van der
Waals forces and repulsive electrostatic double-layer forces. At short interparticle distances,
van der Waals forces dominate, resulting in a primary energy minimum and irreversible
aggregation, whereas increased electrostatic repulsion raises the potential barrier and
stabilizes the dispersion. Created with BioRender.com



The x-axis represents the distance between two particles, while the y-axis shows the
interaction potential energy, together creating the energy-distance curve. This curve reflects
the sum of the attractive van der Waals forces and repulsive double-layer forces. When two
particles approach each other closely enough van der Waals attraction can overcome the
double-layer repulsion. At this point, the interaction energy drops into the primary minimum
and the particles irreversibly aggregate. A higher surface charge on particles increases the

double-layer repulsive forces and thereby enhances colloidal stability (Figure 2) [44].

The ionic strength of the surrounding medium has a strong effect on colloidal stability. As
the concentration of ions increases, the diffuse layer gets compressed and its repulsive force

decreases. As a result, the likelihood of aggregation increases [44].

This model can be applied to the behavior of mMRNA nanoparticles during formulation or in
a biological system, particularly following i.v. administration. Under physiological
conditions, the salt concentration is approximately 145 mM. In addition, adsorption of
negatively charged serum proteins can further mask or neutralize the surface charge and
reduce electrostatic repulsion. Protein adsorption may also enhance van der Waals attraction.
Furthermore, physiological temperature and shear forces, present in the bloodstream,
increase the kinetic energy of the mRNA nanoparticles. This further enhances the chance of

collisions with each other or blood cells, consequently promoting aggregation [46].

However, forces beyond those described by classical DLVO theory also play a critical role
in determining colloidal stability. These are referred to as non-DLVO forces. One important
example is the repulsive steric force generated by polymer coatings. When attached to the
particles, highly flexible polymer chains move freely in many directions, giving them a high
conformational entropy. As polymer-coated particles approach each other, the polymer
chains begin to overlap, creating a crowded region between the particles. This overlap
restricts the conformational freedom of the chains and results in a loss of entropy. An
energetically unfavorable state according to the second law of thermodynamics, which
generates an entropic steric repulsion. In addition, overlapping polymer layers form regions
of increased polymer concentrations. This causes water to flow into these zones by osmosis.

The resulting osmotic pressure further pushes the particles apart, creating an additional



repulsive force. Together, these entropic and osmotic repulsion are referred to as steric
stabilization [44, 47].

1.7 PROTEIN CORONA

Following i.v. administration, nanoparticles are rapidly exposed to blood components and
adsorb plasma proteins and other biomolecules, leading to the formation of a dynamic protein
corona. The protein corona is primarily composed of apolipoproteins, immunoglobulins,

complement factors, coagulation proteins, and acute phase proteins [48, 49].

The composition of the protein corona can influence the efficiency, biodistribution, and
circulation time of nanoparticles. Protein adsorption is the result of multiple types of
interactions. These include covalent bonding, electrostatic interactions, hydrogen bonding,
and weaker forces such as van der Waals. Among these, electrostatic interactions are
considered to be the main driving force for protein interaction. For instance, positively
charged nanoparticles exhibit strong adsorption of plasma proteins with low isoelectric points

(pl <5.5), such as serum albumin and fibrinogen [50-52].

The protein corona can be separated into two layers, commonly referred to as the hard and
soft corona. The hard corona comprises proteins that are bound to the surface with high
affinity. Protein exchange within this layer is slow, with proteins remaining attached to the
surface for minutes and even hours. In contrast, the soft corona is formed by proteins which
are weakly bound. Association typically persists on the surface for only seconds before being
replaced [53].

Moreover, the composition of the protein corona is highly dynamic. Initially, smaller proteins
bind to the nanoparticles. Eventually larger and bulkier proteins, such as fibrinogen replace
them - a process known as the Vroman effect. Once adsorbed, these large proteins tend to
exhibit greater surface coverage and increased binding stability. This is attributed to their

larger size, allowing for stronger and multivalent binding [54, 55].

Protein corona formation may also induce adverse effects. Adsorption of opsonins, including

complement factors, immunoglobulins, and fibrinogen, may promote immune recognition



and clearance through the reticuloendothelial system (RES) and trigger the activation of
inflammatory signaling pathways [56, 57].

1.8 STERIC STABILIZATION

Steric stabilization is widely utilized in pharmaceutical formulations. As discussed above, it
relies on the functionalization of highly flexible and hydrophilic polymers. Polyethylene
glycol (PEG) has proven to be particularly well suited for this purpose. Each PEG unit forms
hydrogen bonds with approximately two to three water molecules, generating a dense
hydration shell that increases the hydrodynamic diameter [58]. PEG is generally well
tolerated and, in addition to providing steric stabilization, enhances drug solubility. Upon i.v.
administration, PEGylation reduces protein adsorption and prolongs systemic circulation
half-life, an effect termed stealth effect [59].

Both the molecular weight and surface density of PEG strongly influence the stealth effect.
PEG chains with a molecular weight of at least 2 kDa have been shown to provide effective
steric stabilization [60, 61]. Depending on grafting density, PEG chains adopt different
conformations on the nanoparticle surface. At low surface densities, PEG chains form a
mushroom conformation, whereas at higher surface densities they extend into a brush
conformation (Figure 2). Proteins can only reach the nanoparticle surface if they push PEG
chains aside. However, displacing PEG chains restricts their conformational freedom and
removes associated hydration water, leading to a substantial loss of entropy. This is
energetically unfavorable. As a result, approaching proteins are repelled. However, this
repulsion depends on protein size. Small proteins may slip through wider gaps between the
PEG chains with only minimal loss in entropy. This happens particularly in mushroom
conformation. In contrast, at brush densities, the spacing between the PEG chains becomes
narrower, reducing this possibility (Figure 3) [62, 63]. Moreover, PEGylation reduces surface
charge, thereby diminishing electrostatic attraction forces. This effect is particularly

important for cationic nucleic acid delivery systems [64].
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'Mushroom' '‘Brush'

Figure 3. Schematic display of PEG polymer conformations on mRNA nanoparticles. At low
grafting density, PEG chains adopt a “mushroom” conformation, leaving small gaps
through which small proteins can access and adsorb onto the nanoparticle surface. At higher
grafting density, PEG chains extend into a “brush’ conformation with minimal gaps, thereby
acquiring stealth characteristics. Created with BioRender.com

Initially, PEG was first applied in therapeutics through covalent attachment to proteins to
increase circulation half-life and therapeutic efficiency [59]. This concept was subsequently
applied to liposomal drug delivery by introducing PEG via lipid anchoring (non-covalent).
For example, PEGylated liposomal doxorubicin demonstrated markedly prolonged
circulation times and enhanced therapeutic effect [65-67] . This principle was later adapted to
non-viral nucleic acid delivery. PEG was introduced either through lipid anchoring or by
covalent conjugation. Similar to liposomes, PEGylation of nucleic acid nanoparticles
prevents aggregation, reduces protein adsorption, and prolongs circulation time [68-70].

11



Despite these advantages, PEGylation has notable limitations for nucleic acid delivery. By
masking surface charge, PEG can also reduce interactions with negatively charged cellular
or endosomal membranes. As a result, cellular uptake and endosomal escape are reduced,

thereby lowering transfection efficiency. This phenomenon is known as the PEG dilemma.

Several strategies have been developed to overcome this dilemma [71-73]. For lipid-
anchored PEG, shorter anchors have been employed to promote desorption. For covalently
attached PEG, enzymatically cleavable, reducible, or pH-sensitive linkers have been
employed [74-79]. An alternative strategy includes active targeting of specific cell-surface

receptors.

More recently, it has become evident that PEG can be recognized by the immune system, in
particularly by pre-existing anti-PEG IgM antibodies [80]. Because PEG is widely used in
cosmetic products, a considerable fraction of the population may be repeatedly exposed and
develop anti PEG immunity. For mRNA therapeutics, especially those requiring repeated
dosing, such as protein replacement therapy, this immune recognition presents a significant

challenge that must be addressed.

Consequently, the development of PEG alternatives remains an active area of research.
Suitable alternatives must fulfill the same physicochemical criteria: high hydrophilicity and
high chain flexibility. Promising alternatives include polysarcosine (pSar), poly(N-(2-
hydroxylpropyl) methacrylamide (pHPMA), and poly(2-oxazoline) [81-87].

12



1.9 CLASSES OF NON-VIRAL DELIVERY SYSTEMS

1.9.1 Lipid Nano Particles and Polyplexes

Historically, nucleic acid delivery was first achieved by using cationic lipid-based lipoplexes
or polymer-based polyplexes [64, 88-99]. Lipoplexes typically contain a cationic lipid such
as 1,2-di-O-octadecenyl-3-trimethylammonium-propane (DOTMA) or 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP), which possess quaternary ammonium head groups.
They bind and encapsulate mRNA through strong electrostatic interactions. Although
lipoplexes exhibited high transfection efficiencies, their highly cationic nature causes
significant colloidal instability and toxicity following i.v. administration [100, 101]. As a
consequence, PEGylation in the form of PEGylated lipids was introduced, cationic lipids
were replaced by ionizable lipids. Moreover, helper lipids such as phosphor- and sterol lipids
were incorporated. Together, these advances led to the development of lipid nanoparticles
(LNPs) [102, 103].

LNPs are now state-of-the-art for the delivery of mMRNA and are used in the mRNA COVID-
19 vaccines [104, 105]. The ionizable lipids used in the clinically approved mRNA vaccines
Comirnaty (ALC-0315) and Spikevax (SM102) contain tertiary amine head groups with a
low pKa. At physiological pH, they remain neutral, reducing toxicity. In the acidic
endosomal environment, they become protonated, promoting the formation of fusogenic

phases. Consequently, resulting in endosomal escape and cytosolic mMRNA release [106].

Phospholipids such as 1,2-dioctadecanoyl-sn-glycero-3-phosphocholine (DSPC), which
contain fully saturated fatty acyl chains, promote the formation and stabilization of lamellar
phases. In contrast, 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine (DOPE),
with its unsaturated oleyl chains, induces fusogenic phase formation, improving endosomal
escape. Cholesterol, a sterol lipid, acts as a stabilizing component by filling gaps within the

lipid bilayer. It can further enhance membrane fusion [107-112].

During LNP assembly, the lipids are diluted in organic solvents, typically ethanol, whereas
the nucleic acid is diluted in an acidic aqueous buffer. During turbulent mixing, the ionizable
lipid becomes protonated, enabling electrostatic binding and encapsulation of the mRNA.

After particle formation, the formulation must be diluted and subjected to buffer exchange to
13



remove the organic solvent and adjust the pH to physiological conditions (pH 7.4). During
this process, the ionizable lipid head groups deprotonate and return to their deprotonated
state. This results in largely neutral particles, meaning that electrostatic repulsive forces are
minimal and insufficient to maintain colloidal stability. For this reason, PEGylation is
essential during LNP formulation, as it prevents the particles from aggregating throughout

the manufacturing process and during subsequent storage [113-116].

Lipid-conjugated PEG is also essential for maintaining the colloidal stability after i.v.
administration. In current formulations, 2 kDa PEG lipids such as 1,2-dimyristoyl-rac-
glycero-3-methoxypolyethylene glycol (DMG-PEG) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG) are frequently
used. These conjugates consist of a PEG polymer attached to a hydrophobic lipid anchor.
DMG-PEG contains a relatively short C14 myristic diacyl anchor. It embeds only weakly
within the LNP surface and gradually dissociates from the LNP after administration
(“sheddable PEG”). In contrast, DSPE-PEG featuring longer C18 stearoyl chains, are

strongly anchored, which results in extended circulation times in vivo [117-121].

In contrast, polyplexes offer a much simpler formulation procedure. The nucleic acid and the
cationic polymer are directly combined in an aqueous buffer, eliminating the need for
downstream steps such as dilution or dialysis. No additional PEGylation is needed during
formulation, as electrostatic repulsion between the cationic carrier-nucleic acid complexes
contributes to colloidal stability. Early polyplex systems were based on simple cationic
polymers such as polylysine or polyarginine. However, these polymers exhibited limited
transfection efficiency [122, 123]. The introduction of polyehtyleneimine (PEI) represented
a major advancement, as its pH-responsive protonation at endosomal pH significantly
enhanced endosomal escape and thus transfection efficiency [124]. However, similar to
cationic lipids, cationic polymer delivery systems suffered from poor in vivo colloidal
stability and toxicity [43, 64]. Moreover, the strong positive charge triggers complement
activation, which potentially triggers inflammation [125-127]. Again, surface modification
with PEG has been used to mitigate these effects [70, 128-136].

14



1.9.2 LAF-Xenopeptides

Prof. Ernst Wagner, a pioneer in the field of non-viral delivery, introduced a virus-inspired
development strategy termed “chemical evolution” (CEvo) [137]. Viruses achieve highly
efficient delivery through evolutionary processes in which continuous mutation and selection
pressure give rise to ever more effective variants. Drawing on this principle, Wagner’s group
employed solid-phase peptide synthesis (SPPS) to generate libraries of sequence-defined
xenopeptides (XP). Within this framework, an artificial amino acid, succinoyl tetraethylene
pentamine (Stp), was developed and incorporated together with natural amino acids to create
a new class of delivery systems [92, 138].

To tune carrier properties such as stability and efficiency, a variety of different amino acid
motifs were introduced. Cysteine residues enable intermolecular disulfide bridge formation,
while tyrosine tripeptides induce 7-7 stacking, with both modifications leading to increased
stability [139-141]. Histidine integration increases endosomal buffering thus enhancing
endosomal escape and transfection efficiency [142]. These combinatorial libraries were then
screened for delivery performance, and the most promising candidates served as the basis for
subsequent iterations of synthesis, mirroring an evolutionary cycle that continuously refines
carrier potency. Ultimately, repeated CEvo iterations yielded a highly efficient class of

delivery agents known as lipo-amino fatty acid (LAF) xenopeptides (LAF-XPs) [91, 143].

In this carrier class, the polar Stp domain is linked to hydrophobic LAF moieties through
lysine-branching, allowing the generation of diverse sequences, compositions, and
topologies. The resulting carriers represent a sweet spot between classical lipoplexes and
polyplexes [143, 144]. Although they share similarities with conventional cationic lipids,
these carriers feature a considerably larger ionizable polycationic domain instead of a small
cationic head group. With approximately eight to more than ten protonatable nitrogen atoms,
these constructs are much smaller than typical cationic polymers yet still provide sufficient

charge density and aqueous solubility to enable polyplex formation [143].

Another major distinction lies in the lipophilic LAF domain, which is pH-responsive. Upon
acidification and protonation in the endosome, this domain switches from a hydrophobic,
nonpolar state to a hydrophilic, polar state. In contrast, the hydrophobic domain of lipids of
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lipoplexes typically consists of a fatty acid which cannot undergo such pH-dependent polarity

switches.

Increasing the proportion of LAF units shifts the physicochemical behavior of these carriers
toward that of ionizable lipids, permitting their use in LNP formulations. Whether formulated
as polyplexes or LNPs, LAF-XP carriers have demonstrated outstanding transfection
performance for mMRNA, siRNA and pDNA [144-146].

1.10 TARGETING

Besides ensuring colloidal stability, the precise delivery of mMRNA to the appropriate organ
and cell type is critical for the success of mRNA therapeutics. Various strategies have been
developed to direct nanoparticles to their intended target sites. In this context, PEG is not
only used to ensure colloidal stability but also plays a central role in modulating their
biodistribution. Generally, a distinction is made between passive and active targeting
strategies. Passive targeting refers to the accumulation of nanoparticles in the desired target

tissue not through specific cell interactions, but instead due to the result of their

physicochemical properties.
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Figure 4. Schematic illustration of active targeting, in which ligand-PEG-functionalized
mRNA nanoparticles bind to specific cell-surface receptors. Created with BioRender.com
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These include size, shape, surface charge, and protein adsorption [38]. Different PEGylation
strategies have been utilized to exploit these effects. A classic example is passive tumor
targeting via the enhanced permeability and retention effect (EPR). Tumor endothelium
differs markedly from normal healthy endothelium, as it is characterized by large
interendothelial junctions. In addition, tumor tissue often exhibits inefficient or absent
lymphatic drainage. Together, these features enable the accumulation of nanoparticles within
the tumor tissue [147, 148]. PEGylation prolongs systemic circulation time, thereby
increasing the probability of eventual accumulation in the tumor [145, 149]. For LNPs, this
has been achieved by using long anchored DSPE-PEG. Another form of PEG-mediated
passive targeting is exemplified by the siRNA therapeutic Onpattro [150]. Detachment of the
short-anchored DMG-PEG permits apolipoprotein E (ApoE) adsorption, which mediates
uptake into hepatocytes via the low-density lipoprotein (LDL) receptor [151]. This process
Is considered an intermediate between active and passive targeting.

Active targeting, in contrast, relies on specific interactions between the nanoparticles and the
target cells (Figure 4). Here, PEG also plays an essential role. Terminal functionalization of
PEG chains with targeting ligands such as antibodies, peptides, carbohydrates, or small
molecules enables active and specific delivery. For lipid anchoring, the PEG-lipids of choice

are the ones with long anchors, such as DSPE-PEG, as they are firmly anchored [152-158].

Ligand functionalization is not the only role of PEG. Its surface density must be sufficiently
high to confer stealth characteristics, either to reduce unspecific uptake or to minimize

protein adsorption that could otherwise mask surface-displayed ligands [159].

A combination of passive and active targeting is especially suitable for tumor targeting, as
tumors often overexpress certain types of receptors. Passive accumulation is achieved via the
EPR effect [145, 160]. Subsequently, target cells are addressed through specific ligand-
receptor interactions. Prominent receptors include the epidermal growth factor receptor

(EGFR), transferrin receptors, folate receptors, and integrin avp3 [161-167].

17



1.11 AIM OF THE THESIS:

MRNA therapeutics face several fundamental challenges that limit their successful systemic
application. These include insufficient colloidal stability, protein adsorption and a lack of
specificity. As outlined, PEGlyation presents a powerful and versatile tool to address these
limitations by providing steric stabilization, reducing serum protein adsorption, and enabling

selective delivery.

LAF-XP carriers have previously been demonstrated to be highly potent in delivering mRNA
[143]. However, they display limited colloidal stability, lack cell-specific targeting, and for

some carriers, exhibit considerable cytotoxicity.

This thesis aimed to overcome these limitations by transferring PEGylation principles from
liposomal and LNP systems to the LAF-XP platform, while preserving its simple formulation
technique. In this context, PEG lipids DMG-PEG and DSPE-PEG-N3 were to be incorporated
and the impact of PEGylation on key physicochemical properties, such as particle size,
surface charge and encapsulation efficiency to be systematically investigated. Particular
emphasis had to be placed on evaluating and improving colloidal stability during formulation
and under physiological conditions. In addition, differences in the protein corona
composition of different LAF-XP carriers and the influence of PEGylation had to be
analyzed. Beyond improving colloidal stability, selective tumor targeting was aimed at by

combining high-density PEG shielding with receptor specific ligands.
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2 MATERIALS

This chapter has been adapted from:

Folda, Paul, Eric Weidinger, Johanna Seidl, Mina Yazdi, Jana P6hmerer, Melina Grau,
David P. Minde, Mayar Ali, Ceren Kimna, and Ernst Wagner. "PEGylation Enhances
Colloidal Stability and Promotes Ligand-Mediated Targeting of LAF—Xenopeptide mRNA
Complexes." Polymers 17, no. 22 (2025): 2979. https://www.mdpi.com/2073-
4360/17/22/2979.

Chemically modified CleanCap® FLuc mRNA (5moU), was acquired from Trilink
Biotechnologies (San Diego, CA, USA). EZ Cap™ Cy5 Firefly luciferase mRNA (5-
moUTP) was bought from Apexbio Technology LLC (Houston, USA). Plasmid pCMVLuc
(encoding Photinus pyralis firefly luciferase regulated of a cytomegalovirus promoter and
enhancer) was obtained from Plasmid Factory GmbH (Bielefeld, Germany). 1,2-
dimyristoyl-rac-glycero-3-methoxypolyethylene  glycol-2000 (DMG-PEG) and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[ carbonyl-azido(polyethylene glycol)-
2000] (DSPE-PEG-N3) were bought from Avanti Polar Lipids (Alabaster, AL, USA).
Agarose BioReagent low EEO, boric acid, bromophenol blue, ethidium bromide (EtBr) (1%
solution in H20), glycerol, RNase-free water, tris(hydroxymethyl) aminomethane
hydrochloride (Tris-HCI) and triton X-100 were procured from Sigma Aldrich (Munich,
Germany), 4-(2-hydroxyethyl) 1-piperazineethanesulfonic acid (HEPES) from Biomol
(Hamburg, Germany), GelRed (1000x) from VWR (Darmstadt, Germany) and D-(+)-glucose
monohydrate, silver nitrate (AgNO3), disodium carbonate (NaxCO3), sodium thiosulfate
(Na2S203) and ethylene diamine tetraacetic acid (EDTA) from Merck (Darmstadt, Germany).
The Quant-iT™ RiboGreen RNA Assay-Kit was purchased from Thermo Fisher Scientific
(Schwerte, Germany) and heparin (5000 L.LU. mL-1) from B. Braun SE (Melsungen,
Germany). All cell culture consumables were purchased from Faust Lab Science (Klettgau,
Germany). N2a cells (murine neuroblastoma cell line Neuro2a) and HepG2 cells (human
hepatocellular carcinoma) were from the American Type Culture Collection (ATCC,
Manassas, VA, USA), human adherent hepatic carcinoma cell lines Huh7 wild-type from the

Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan). Human cervical
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cancer cell line KB were purchased from the German Collection of Microorganisms and Cell
Cultures (DSMZ; Braunschweig, Germany). Dulbecco's Modified Eagle's medium (DMEM)
low glucose, DMEM Ham’s F12 medium, fetal bovine serum (FBS), penicillin (100 U mL-
1) and streptomycin (100 pg mL-1), trypsin/EDTA as well as paraformaldehyde (PFA), were
bought from Sigma Aldrich (Munich, Germany) and PAN-Biotech (Aidenbach, Germany).
Cell culture 5 x cell culture lysis buffer, and D-luciferin sodium salt were acquired from
Promega (Mannheim, Germany. p-mercaptoethanol, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyiltetrazolium bromide (MTT), 4',6-diamidino-2-phenylindole (DAPI), dithiothreitol
(DTT), adenosine 5'-triphosphate (ATP) disodium salt trihydrate, coenzyme A trilithium salt,
glycylglycine, magnesium chloride (MgClz) and 2,5-DHB and 2-hydroxy-5-methoxybenzoic
acid (super-DHB), from Sigma-Aldrich (Munich, Germany). Polypropylene syringe
microreactors were obtained from Multisyntech (Witten, Germany). Trifluoroacetic acid
(99%, extra pure) (TFA), sodium hydroxide (1M NaOH), dichloromethane, HPLC reagent
grade (DCM), acetonitrile, HPLC reagent grade (ACN) and N,N-dimethylformamide, 99.8
%, extra dry over molecular sieve, croSeal (dry DMF), acetic acid (CH3COOH) was
purchased from Thermo Fisher Scientific GmbH (58239 Schwerte, Germany). Sodium
dodecyl sulfat (SDS) was purchased from SERVA Electrophoressis GmbH (69115,
Heidelberg, Germany). Formaldehyde (CH20) was bought from Griissig GmbH (26849,
Flisum, Germany). Fmoc-protected amino acids, 2-chlorotritylchloride polystyrene resin,
dimethylformamide, N-methyl-2-pyrrolidone (NMP), DBCO-NHS, O-(benzotriazol-1-yl)-
N, N, N’, N'-tetramethyluronium hexafluorophosphate (HBTU) and piperidine were acquired
from Iris Biotech (Marktredwitz, Germany). Diisopropylethylamine (DIPEA), 1-
hydroxybenzotriazole hydrate (HOBt), methanol (CH3OH), bromophenol blue and
triisopropylsilane (TIS) were purchased from Sigma-Aldrich (Munich, Germany).
(Benzotriazol-1-yloxy)-tripyrrolidinophosphonium hexafluorophosphate (PyBOP) was
procured from Millipore (Oakville, Canada). Trifluoroacetic acid was obtained from Acros
Organics (Geel, Belgium). Linear polyethylenimine (LPEI) 22 kDa was synthesized
according to previously published procedure [168].
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3 METHODS

This chapter has been adapted from:

Folda, Paul, Eric Weidinger, Johanna Seidl, Mina Yazdi, Jana P6hmerer, Melina Grau,
David P. Minde, Mayar Ali, Ceren Kimna, and Ernst Wagner. "PEGylation Enhances
Colloidal Stability and Promotes Ligand-Mediated Targeting of LAF—Xenopeptide mRNA
Complexes." Polymers 17, no. 22 (2025): 2979. https://www.mdpi.com/2073-
4360/17/22/2979.

3.1 SYNTHESIS OF LAF-XP CARRIERS

The ionizable LAF-Stp carriers were synthesized using solid-phase peptide synthesis (SPPS)
according to the protocol reported by Thalmayr et al [143].

3.2 CoPPER FREE CLICK REACTION FOR DSPE-PEG-GE11 CONJUGATE

FORMATION
Equimolar amounts of DSPE-PEG-N; and DBCO-GE11/DBCO-GEl11scr peptide were
mixed and incubated in HBG overnight on a shaker at 25°C and 250 rpm.

3.3 UNMODIFIED AND PEGYLATED LAF-XP POLYPLEX FORMATION

The nucleic acid was first diluted in HBG (20 mm of HEPES, 5% (w/v) glucose, pH 7.4).
Separately, the LAF-XP carrier at the specified N/P ratios, along with the selected PEG-lipid
at defined molar ratios, was diluted in Milli-Q water. For calculating the N/P ratio, all
secondary amines within the Stp (succinoyl tetraethylene pentamine) units, the amine groups,
and the tertiary amines of the LAFs were taken into account. Equal volumes of nucleic acid
solution and LAF carrier/PEG lipid solution were mixed by rapid pipetting and incubated for
40 min at RT in a closed Eppendorf reaction tube. The final concentration of nucleic acid in
the LAF-XP polyplex solution was 12.5 pg/mL for mRNA, 10 pg/mL for pDNA, if not
otherwise stated. Each carrier was formulated at its respective optimal nitrogen-to-phosphate
ratios (N/P). For mRNA: bundles 1621 and 1752 at N/P 24, 1611 at N/P 18, and 1719 at N/P
12. For pDNA: 1719 and 1730 at N/P ratio 12, 1611 at N/P ratio of 18
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3.4 ZETASIZER MEASUREMENTS

Measurements were carried out using a Zetasizer Nano ZS (Malvern Instruments, Malvern,
Worcestershire, United Kingdom) using a folded capillary cell (DTS1070) by dynamic and
electrophoretic laser light scattering (DLS, ELS). To assess particle size and polydispersity
index (PDI), 40 uL of LAF - polyplex solutions were prepared as described above (sections
2.2.3), diluted with 40 uL HBG and analyzed under the following settings: 30 sec of
equilibration time, temperature 25 °C, refractive index 1.330, viscosity 0.8872 mPa*s. Each
sample was measured three times with six sub-runs per measurement. To determine the zeta
potential, the polyplex solution was diluted with 720 pL. of HBG and thoroughly mixed by
pipetting prior to measurement. Measurement settings were identical to size determination,
with the exception of an increase in equilibration time of 60 sec. Each sample was measured
with 15 sub-runs (10 sec each) and zeta potential were calculated by Smoluchowski equation.
All results (size, PDI and zeta potential) were reported as mean £ SD out of these

measurements.

3.5 CELL CULTURE

The human adherent hepatic carcinoma cell lines Huh7 and HepG2 were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with F12 Ham. KB and N2a
(murine adherent neuroblastoma cell line Neuro2a) was cultivated in DMEM low glucose
(1 g/L glucose). All Cell culture media were supplemented with 100 U/mL penicillin, 10%
fetal bovine serum (FBS), 4 mM of stable glutamine, and 100 pg/mL streptomycin.

3.6 TRANSFECTIONS

LAF - polyplexes were prepared as described above (section 2.2.3) for transfections. Cells
were seeded 24 h prior to the transfection. For Huh7, 8 000 cells/well, for KB, 5 000
cells/well, for N2a and HepG2 cells, 10 000 cells/well, were seeded on a 96-well plate. The
medium was replaced with fresh medium, before transfection. For mRNA, the volumes of
2.0 and 1.25 pL of LAF - polyplex solution (12.5 pg/mL mRNA-luc) were added to the
corresponding wells in triplicate. In case of pDNA, 5.0 uL of LAF - polyplex solution (10
pg/mL) was added to each well. HBG/H20 (50/50) was used as negative control.

22



3.7 LUCIFERASE GENE EXPRESSION ASSAY

Transfections of LAF-polyplexes were carried out as described (section 2.2.6) After 24 h
incubation time, the medium was removed. 100 uL of 0.5x lysis buffer was added to each
well and the cells were stored and frozen overnight at -80 °C. Prior to luciferase expression
anlaysis, plates were brought to RT for 1 h under constant gentle shaking. For mRNA, the
cell lysates were diluted 1:100 in PBS. 35 uL of cell lysate was dispensed into an opaque 96-
well plate for measurement. Luciferase activity was recorded for 10 seconds in a Centro LB
960 plate reader luminometer (Berthold Technologies, Bad Wildbad, Germany) after
addition of 100 pL LAR buffer (20 mM glycylglycine; 1 mM MgCl; 0.1 mM
ethylenediaminetetraacetic acid; 3.3 mM dithiothreitol; 0.55 mM adenosine 5'-triphosphate;
0.27 mM coenzyme A, pH 8-8.5) supplemented with 5% (v/v) of a mixture of 10 mM
luciferin and 29 mM glycylglycine. Transfection efficiency as relative light units (RLU) per
well. For mRNA, a background (i.e., RLU values of HBG-treated cells) subtraction was

performed.

3.8 CELLULAR UPTAKE STUDY - FLOW CYTOMETRY

At 24 h before the experiment, KB cells were seeded in 24-well plate at a density of 50 000
cells/well. Transfection was then carried out by applying a volume of 6 puL of LAF-
polyplexes prepared at a mRNA concentration of 12 pg/mL (20% CyS5-labeled) as described
(section 2.2.3). After 2 h of incubation, the medium was removed and cells were washed with
400 pL phosphate-buffered saline (PBS). Subsequently 400 pL of heparin was added (1000
IE/mL) and the plate was placed on ice for 10 min to remove polyplexes non-specifically
bound to the cell surface. After incubation, heparin was removed and the cells were again
washed with PBS. Then, cells were detached using 100 pL trypsin/EDTA and diluted in 200
ul FACS buffer (PBS supplemented with 10% FBS), supplemented with 0.1% (v/v) DAPI
(1 mg/mL) to stain the nuclei of dead cells. Cellular uptake was quantified using a CytoFLEX
S flow cytometer (Beckman Coulter, Brea, CA, USA) with Cy5 excitation at 635 nm and
emission detection at 665 nm. Cells were gated based on their forward- and sideward-scatter
profiles. At least 14 000 - 20 000 events were recorded and data was analyzed by FlowJo
7.6.5 flow cytometric analysis software (FlowJo, Ashland, OR, USA). The results are

presented as mean fluorescence intensity (MFI; n=1) of all live cells.
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3.9 STERIC STABILIZATION OF LAF-XP MRNA POLYPLEXES AGAINST

SALT-INDUCED AGGREGATION THROUGH PEGYLATION

40 uL of LAF-XP polyplex solutions were formed as described above (section 2.2.3) and
diluted with 70 uL PBS. Subsequently, size was measured as described above (section 2.2.4).

3.10 PH-TRIGGERED DESHIELDING AND DESTABILIZATION OF LAF-XP

MRNA POLYPLEXES
20 puL of LAF-XP polyplex solutions were formed as described above (section 2.2.3) at a
concentration of 25 ug/mL. Subsequently, 180 pL of 0.01 mM HCI (pH 4) was added and
the samples were incubated for 30 min at 37°C under constant shaking (300 rpm). For control
groups, 180 uL HBG (pH 7.4) was added and the samples were incubated under identical
conditions. Subsequently, samples were diluted with 700 uL PBS and the size was measured

as described above (section 2.2.4).

3.11 STERIC STABILIZATION OF LAF-XP MRNA POLYPLEXES AGAINST

PROTEIN INDUCED AGGREGATION THROUGH PEGYLATION
Equal volumes of nucleic acid solution and LAF-XP carrietr/PEG lipid solution were mixed
by rapid pipetting and incubated for 40 min at RT in a closed Eppendorf reaction tube to give
25 uL of LAF-XP polyplex solution with a concentration of 25 pg/mL mRNA. Subsequently,
15 pL of human transferrin solution was added, resulting in a final mRNA concentration of
12.5 pg/mL, with the indicated molar ratios of human transferrin to carrier. After an

incubation of 10 min size, PDI and zeta potential was measured as described above (section

2.2.4)

3.12 SERUM ASSAY — PREPARATION OF SERUM INCUBATED LAF-XP MRNA

POLYPLEXES

LAF-XP polyplexes were formed as described above (section 2.2.3), using a concentration
of 10ng mRNA/150 pL. The polyplexes were incubated in 90% fetal bovine serum (FBS)
for 2h at 37°C under continuous shaking at 300 rpm.

24



3.13 DLS MEASUREMENTS OF SERUM INCUBATED LAF-XP MRNA

POLYPLEXES
For DLS measurements, 40 pL of the FBS-incubated samples was mixes with 40 pL. of HBG,
yielding a final volume of 80 pL. The solution was transferred to a folded capillary cell. Size

was analyzed with the settings describe above (section 2.2.3).

3.14 NANOPARTICLE TRACKING ANALYSIS OF SERUM INCUBATED LAF-XP

MRNA POLYPLEXES
Particle concentration was determined at 25°C using a NanoSight NS300 (Malvern
Instruments, Malvern, UK) equipped with a blue 488 nm laser and sCMOS camera. The FBS-
incubated samples (serum dilution 1:10) were diluted 1:200 with HEPES buffer (7.4),
resulting in a total dilution of 1:2000. The diluted samples were injected via the integrated
syringe pump at a speed of 20AU following the manufacturer’s instructions. Five runs per
sample were conducted. Videos were recorded at a frame rate of 25 fps, with a total of 1498
frames analyzed per measurement. The detection threshold was set to 10. Maximum jump

mode, blur and minimum track length were operated in automatic mode.

3.15 TRANSFECTION EFFICIENCY ASSESSMENT OF SERUM INCUBATED LAF-

XP MRNA POLYPLEXES
2.25 pL of the serum-incubated LAF-polyplexes were added to the corresponding wells in
triplicate. As a control, a portion of the original LAF-polyplexes was diluted in HBG instead

of serum prior to transfection and also added at a volume of 2.25 pL per well in triplicate.

3.16 ISOLATION AND PURIFICATION OF PROTEIN CORONA COATED LAF-XP

MRNA POLYPLEXES
LAF-XP mRNA polyplexes were formed as described above (section 2.2.3), using a
concentration of 1pg mRNA/50 pL. The polyplexes were then mixed with mouse serum at a
1:1 volume ratio and incubated for 15 minutes at 37 °C at 300 rpm. A 0.7 M sucrose solution
was prepared by dissolving solid sucrose in Milli-Q H2O. The serum incubated polyplexes
(100 uL) were carefully pipetted onto a 300 pnL cushion of 0.7 M sucrose and centrifuged at
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15.300 g for 1 hour at 4 °C. Following centrifugation, the supernatant was discarded. The
resulting pellet was washed with 400 pL sterile PBS. The pellet was centrifuged again at
15.300 g for 5 minutes at 4 °C and the supernatant was removed. This washing step was
repeated two additional times, for a total of three washes. All pipetting steps were performed
using sterile filter tips. Subsequent, samples were stored at -20 °C until further analysis (MS

analysis and SDS-PAGE).

3.17 PROTEIN CORONA DETERMINATION VIA MASS SPECTROMETRY (MS)

ANALYSIS OF SERUM COATED MRNA LAF-XP POLYPLEXES
Prior to mass spectrometry analysis, samples were prepared as follows: Evotip PURE tips
were rinsed with Buffer B (comprising 80% ACN, water and 0.1% formic acid) and spun
down at 800g for 60 s. The tips were then equilibrated in 20 pl of Buffer A (0.1% formic
acid) and impulse spun at 800g for storage until the acidified samples were ready to load.
Samples were acidified in 0.4% TFA, and the Evotip PURE was emptied by centrifuging at
800g for 1 min. The acidified samples were loaded onto the PURE Evotips and spun at 800g
for 1 min. The samples were washed twice with 20 ul of Buffer A and spun down at 800g
for 1 min. Elutions were collected in PCR strips by eluting with 20 pl of 45% Buffer B
(containing 45% ACN, water and 0.1% TFA) at 450g. After drying in a SpeedVac and
resuspended in 0.1% TFA supplemented with 0.015% DDM, samples were analyzed using
liquid chromatography with tandem mass spectrometry (LC-MS/MS; EASY nanoLC 1200,
Thermo Fisher Scientific) coupled with a trapped ion mobility spectrometry quadrupole time-
of-flight single-cell proteomics mass spectrometer (timsTOF SCP; Bruker Daltonik) via a
CaptiveSpray nano-electrospray ion source. 50 ng of sample per injection was loaded on a
5.5-cm High Throughput uPAC Neo HPLC Column (Thermo Fisher Scientific) and analyzed
using an 80-min active gradient method at a flow rate of 250 nl min—1. Data were analyzed
using scanpy (v. 1.10.2) and anndata (v. 0.10.8) in Python 3.11. Thirty independent samples
were analyzed from each group (N=2). All proteins expressed in less than half of the samples
in each group were filtered out, resulting in 684 proteins used for downstream analyses. The
data was log-transformed and normalized per sample. The missing values were input using
KNNImputer (n_neighbors=5) from sklearn package (v. 1.5.1). With scanpy’s dendrogram

function scipy’s hierarchical linkage clustering was calculated on a Pearson correlation
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matrix over groups which was calculated for 50 averaged principal components. Differential
expression analysis was conducted using Scanpy’s method ‘rank genes groups’ with
method set to “t-test’. A threshold of p < 0.05 and |log fold change| > 1.0 were applied to
identify differentially expressed proteins (DEPs). These DEPs were subsequently visualized

using volcano plots.

3.18 SDS-PAGE AND SILVER STAINING OF PROTEIN CORONA COATED

MRNA LAF-XP POLYPLEXES

Samples were thawed on ice and 20 pl of Milli Q H,O and 10 pL reducing loading buffer
(30% glycerol (v/v); 0.7 mM Tris pH 6.8; 10% SDS (w/v); 0.12 mg/ml bromophenol blue;
0.93 mg/mL DTT, 0.01% B-mercaptoethanol (v/v)) was added. Subsequently, the samples
were shaken (300 rpm) at 95°C for 5 min and applied on to a 3.5 - 10% gradient SDS gel
according to the Laemmli method and separated at 30 mA for 120 min in a Mini-PROTEAN
IT electrophoresis cell (Bio-Rad, Hercules, CA, USA).

After electrophoresis, the gel was placed in a clean tray and washed three times for 5 min
each with 50 — 100 mL pure H>O. The Imperial Protein Stain was gently mixed before use
by inverting the bottle several times. Gels were stained for 2 h at room temperature, followed
by destaining in ultrapure H>O for three days with several water changes until background

staining was minimized. Quantification was performed using ImagelJ. Percentage change (%

change) was calculated by using the formula % =100(1- —i;i) iand
% =100(1- ) . Three protein bands were quantified at

approximately 70, 15 and 8 kDa.

3.19 STATISTICAL ANALYSIS:
Results are presented as mean values (arithmetic mean) of triplicates. Error bars display the
standard deviation (SD). Statistical analysis of the results (mean £ SD) was evaluated by

unpaired t-test with Welch’s correction; ns, not significant; *p < 0.05, **p < 0.01, **p <

0.001, ****p <0.0001
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3.20 SYNTHESIS OF GE11 AND SCRGE11:

The peptides GE11 (YHWYGYTPQNVI) and scrambled GE11 (scrGE11;
YWGPNIHYYTQV) were synthesized using standard Fmoc-based solid-phase peptide
synthesis (SPPS) on either isoleucine- or valine-preloaded 2-chlorotityl resin. Synthesis
was conducted out on an automated Syro Wave peptide synthesizer (Biotage, Uppsala,
Sweden) using Fmoc-protected amino acids and HBTU (2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium-hexafluorophosphat), HOBt (1-hydroxybenzotriazol), and DIPEA
(diisopropylethylamine) as standard coupling reagents. Following synthesis, peptides were
cleaved from the resin with a mixture of trifluoroacetic acid (TFA), water, and
triisopropylsilane (TIS) in a ratio of 95:2.5:2.5 (v/v/v) for 1 hour at room temperature. The
cleavage solution was precipitated by dropwise addition into pre-cooled n-hexane/methyl
tert-butyl ether (MTBE) (3:1, v/v), followed by centrifugation at 4000 rpm at 4 °C for 15
minutes. The supernatant was discarded, and the resulting pellets was dried under nitrogen
stream. For DBCO-functionalization, the crude peptides (15 mg, 0.0096 mmol) were
dissolved in 20 mM HEPES buffer and adjusted to pH 8.0-8.5 using 1 M NaOH. DBCO-
NHS ester (1.2 eq., 0.0117 mmol, 5.03 mg) was dissolved in anhydrous, degassed DMF
and kept on ice for 10 minutes prior to reaction. The DBCO-NHS solutions was combined
with the peptide solutions, and the reaction mixture was vortexed briefly. The conjugation
reaction was carried out at room temperature for 16 hours. Purification of the peptides was
achieved via preparative high-performance liquid chromatography (HPLC) using a LaPrep
system (VWR International GmbH, Darmstadt, Germany) and a SymmetryPrep C18
column (7 pm, 19 x 150 mm). The purified ligands were subsequently lyophilized. The
molecular structures were confirmed by matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS) and analytical reversed-phase HPLC (RP-
HPLC)

3.21 LYOPHILIZATION
The synthesized product was lyophilized using a freeze-dryer ALPHA 3-4 LSCbasic
(Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) with the

condenser temperature at -105 °C and a pressure of 0.050 mbar.
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3.22 MALDI-TOF MAss SPECTROMETRY (MS)

MALDI-TOF mass spectrometry was performed using an Autoflex Il mass spectrometer
(Bruker Daltonics, Germany). A solution of 10 mg mL-1 super-DHB (9/1 (w/w) mixture of
2,5-dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic acid) in 69.93/30/0.07 (v/v/v)
H>O/ACN/TFA was used as matrix. 1 pL of matrix solution was added onto a MTP
AnchorChip (Bruker Daltonics, Germany). Then, 1 pL of sample dissolved in H.O/EtOH at
a concentration of 1 mg mL-1, was added onto the matrix, co-crystallized and examined.

Spectra were recorded in positive ionization mode.

3.23 ANALYTICAL REVERSED-PHASE HPLC

Reversed-phase high-performance liquid chromatography (RP-HPLC) was performed using
a VWR-Hitachi Chromaster 5160 pump system, a VWR-Hitachi Chromaster 5260
autosampler, and a diode array detector (DAD) (VWR-Hitachi Chromaster 5430; VWR,
Darmstadt, Germany) with detection at 214, 260, 280 and 308 nm. Separation was
performed on a Hydrosphere C18 column (5 um, 150 x 4.6 mm 1.D.; YMC Europe GmbH,
Dinslaken, Germany). The mobile phase consisted of ACN/H20 containing 0.1% TFA,

with a linear gradient from 95:5 (v/v) to 0:100 (v/v) over 25 minutes.

3.24 PREPARATIVE HPLC

Preparative high-performance liquid chromatography (prep-HPLC) was carried out using a
Biichi Pure C-830 Prep system (BUCHI Labortechnik GmbH, Essen, Germany) equipped
with a SymmetryPrep™ C18 column (7 um, 19 x 150 mm; Waters, Milford, Massachusetts,
USA). Purification was performed with solvent A (100% ACN with 0.1% TFA) and
solvent B (100% H20 with 0.1% TFA), applying a gradient from 95% B to 0% B over 30
minutes at a flow rate of 20 mL/min. Eluents were monitored using a UV/vis detector at
254, 265, 290 and 308 nm.

3.25 ETHIDIUM BROMIDE (ETBR) EXCLUSION ASSAY
Quantification of EtBr fluorescence was performed using a microplate reader (Spectrafluor
Plus, Tecan, Switzerland) with an excitation wavelength of Aex = 535 nm and an emission

wavelength of Aem = 590 nm. LAF-polyplexes were prepared as described above (sections
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2.2.8) with a total volume of 50 pL at a final pDNA concentration of 10 pg/mL. After an
incubation time of 40 min, LAF-polyplexes were diluted with 250 pL of aqueous EtBr
solution (c = 0.5 pg/mL). After further incubation for 10 min at RT, 260 uL of each sample
was pipetted into a TPP-ft 96-well-plate and fluorescence intensity was measured. For
quantification, a standard calibration curve with free pDNA (linear concentration range
from 0 to 10 pg/mL) diluted in HBG was used. The amount of free, i.e., non-compacted
pPDNA was determined based on the calibration of free pPDNA and displayed as percentage
of EtBr fluorescence in relation to 100% of free pDNA.

3.26 AGAROSE GEL SHIFT ASSAY

1% (wi/v) agarose gel was prepared by microwave-assisted heating of agarose in TBE
buffer (18.0 g of tris(hydroxymethyl)aminomethane, 5.5 g of boric acid, 2 mM EDTA at
pH 8 in 1 L of H20). 1x GelRed was added to the solution (i.e., 1:1000-dilution of 1000x
GelRed stock solution), after the solution cooled down to about 50 °C. The solution was
then poured into an electrophoresis chamber and allowed to cool down further to allow
gelation. LAF-polyplexes were formulated as described above (sections 2.2.8) with a total
volume of 15 pL at a mRNA concentration of 12.5 pg/mL. Following a 40 min incubation,
3 UL of loading dye (6x; prepared from 6 mL of glycerol, 1.2 mL of 0.5 M EDTA, 2.8 mL
of H20, 0.02 g of bromophenol blue) was added to the LAF-polyplex solution.
Subsequently, 15 pL of each sample was loaded to the gel and electrophoresis was
conducted at 120 mV for 70 min in 1x TBE buffer. As a control, free mMRNA diluted in
HBG/H20 50/50 to a concentration of 12.5 mg/mL was used.

3.27 CELL VIABILITY ASSAY BY MTT

Transfections of LAF - polyplexes were performed as described (section 2.2.8). At 24 h
post transfection, 10 pL of MTT solution (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; 5 mg/mL) was added to each well. Plates were then
incubated for further 2 h at 37°C. Subsequently, the supernatant was carefully removed.
The plates were stored overnight at -80°C. The resulting purple formazan was then
solubilized in 100 pL of DMSO and incubated for 30 min at 37°C with gentle, continuous

shaking. Spectophotometric analysis was performed with a Tecan microplate reader
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(Spectrafluor Plus, Tecan, Mannedorf, Switzerland). Absorbance was measured at
wavelength A = 590 nm with a background correction at A = 630 nm. Relative metabolic
activity was related to control well treated with HBG/H20 (50/50) and calculated by
dividing [A]sample/[A]control.

3.28 RIBO GREEN ASSAY

Encapsulation efficiency [ee(%)] of mMRNA LAF - polyplexes was evaluating using the
Quant-iT™ RiboGreen RNA Assay-Kit (Thermo Fisher Scientific). LAF - polyplex
solutions were formed as described above (sections 2.2.8) and subsequently diluted with 1
X TE (10 mM Tris-HCI, 1 mM EDTA, pH 7.5 in RNase-free water) to a concentration of 2
pg/mL. 50 pL aliquotes were either mixed with 50 pL of 1x TE as untreated controls or
added to 50 pL of 1x TE containing 2% (v/v) TritonX-100 and 250 1.U. mL-1 heparin to
fully dissociated complexes. All samples were incubated at 37 °C for 10 min, while
constantly shaking at 150 rpm. Following 5 min cooling period at RT, 100 puL of
RiboGreen reagent diluted 200-fold in 1x TE were added to every sample. Then after 5
min, the fluorescence intensity was measured in duplicates using a Tecan microplate reader
(Spectrafluor Plus, Tecan, Mannderdorf, Switzerland) at excitation/emission wavelength of
485/535 nm. Background signals were measured with pure HBG in 1x TE, or in 1x TE
supplemented with TritonX- 100 and heparin, which were treated identically to the
respective LAF - polyplex samples. Encapsulation efficiency [ee(%)] was calculated using

the following formula after background subtraction of each sample:

me aenmi S 8§ h © n ecaotnetdr o |
(%)= 100% . . 100%
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3.29 PH DEPENDENT CHANGES IN ZETA POTENTIAL OF UNMODIFIED AND

SHIELDED LAF-XP MRNA POLYPLEXES
LAF-XP mRNA polyplexes were formulated as described in section 2.2.3, using a
concentration of 25 pg/mL at a total volume of 80 pL. The polyplex solution was evenly
split into two portions. One portion was diluted with 760 puL of HEPES buffer at pH 7.4
and the other with 760 uL of Hepes buffer at pH 5.4, resulting in a final volume of 800 pL
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for each sample. After 10 minutes of incubation, size and zeta potential were measured by
DLS.

3.30 IN VIvo PERFORMANCE OF MRNA LAF-XP-POLYPLEXES IN TUMOR-

BEARING MICE:

In vivo experiments were performed according to the guidelines of the German Animal
Welfare Act and were approved by the animal experiments ethical committee of the
Government of Upper Bavaria (accreditation number Gz. ROB-55.2-2532.Vet_02-19-20).
N2a cells (10° cells/150 pL PBS) were subcutaneously inoculated into the left flank of 6-
week-old female A/Jmice (Envigo RMS GmbH, Dusseldorf, Germany) and NMRI mice
(Janvier, Le Genest-Saint-Isle, France). Mice were randomly divided into groups of five
and were housed in isolated ventilated cages under specific pathogen-free conditions with a
12 h day/night cycle, and food and water provided ad libitum. Body weight and general
well-being were monitored regularly. Tumor size was measured with a caliper and
determined by the formula: [0.5 xx (longest diameter) x (shortest diameter)?]. When tumors
reached a size of 250-500 mm?®, the experiments were performed by intravenous tail vein
injection of polyplexes formed at indicated N/P ratio, containing 2.5 or 5 pg of mRNA-luc
in 150 uL. HBG/H20 (50:50 v/v). An HBG with double the amount of glucose was used to
reach isosmotic conditions. Mice were euthanized 24 h after injection. The organs (tumor,
lungs, liver, kidneys, spleen, brain, heart, muscle, i.e., hamstring muscles and calves) were
carefully dissected and washed with PBS, followed by analysis via ex vivo luciferase gene
expression assay. The luciferase expression was determined as described below and

presented as relative light units per gram organ after background subtraction (lysis buffer).

3.31 EX VIVO LUCIFERASE EXPRESSION ASSAY OF ORGANS AND TUMORS:
Tumor tissues and organs were homogenized in Luciferase Cell Culture Lysis Reagent 1Xx,
supplemented with 1% (v/v) protease and phosphatase inhibitor cocktail with mechanical a
tissue and cell homogenizer (FastPrep-24, MP Biomedicals, USA). Subsequently, the
samples were stored frozen overnight at —80 °C to ensure full lysis and complete cell
disruption. Before measurement, the samples were thawed and centrifuged for 10 min at

maximum speed (=13 000 rpm) and 4 °C. Luciferase activity in 25 pL of the supernatant
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was determined in a Centro LB 960 plate reader luminometer (Berthold Technologies, Bad
Wildbad, Germany) for 10 s after addition of 100 pL/well of a LAR assay buffer solution

(composition see above) supplemented with 5% (v/v) of a mixture of 10 mm luciferin and

29 mm glycyl- glycine.
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4 RESULTS AND DISCUSSION:

This chapter has been adapted from:

Folda, Paul, Eric Weidinger, Johanna Seidl, Mina Yazdi, Jana P6hmerer, Melina Grau,
David P. Minde, Mayar Ali, Ceren Kimna, and Ernst Wagner. "PEGylation Enhances
Colloidal Stability and Promotes Ligand-Mediated Targeting of LAF—Xenopeptide mRNA
Complexes." Polymers 17, no. 22 (2025): 2979. https://www.mdpi.com/2073-
4360/17/22/2979.

DLS measurements and luciferase gene expression (HepG2 and HUH7 cells) of GEl-
functionalized LAF-XP mRNA polyplexes were performed by Eric Weidinger,
Pharmaceutical Biotechnology, Department of Pharmacy, Ludwig-Maximilians-Universitét
(LMU), 81377 Munich, Germany. Center for NanoScience (CeNS), LMU Munich, 80799
Munich, Germany

GE1l and GEllscr ligands were synthesized and characterized by Johanna Seidl,
Pharmaceutical Biotechnology, Department of Pharmacy, Ludwig-Maximilians-Universitét
(LMU), 81377 Munich, Germany.

Animal experiments (i.v. application and organ harvesting) were performed by veterinarians
Dr. Mina Yazid and Dr. Jana Péhmerer. Pharmaceutical Biotechnology, Department of
Pharmacy, Ludwig-Maximilians-Universitdt (LMU) Munich, 81377, Germany.

Measurement, analysis, and statistical evaluation of the protein corona composition of LAF-
XP mRNA polyplexes was performed by Dr. Ceren Kimna, Dr. David-Paul Minde and Dr.
Mayar Ali. Institute for Intelligent Biotechnologies (iBIO), Helmholtz Center Munich, 85764
Neuherberg, Germany.

LAF-XP carriers were synthesized by Melina Grau, Pharmaceutical Biotechnology,
Department of Pharmacy, Ludwig-Maximilians-Universitdit (LMU), 81377 Munich,
Germany
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For mRNA delivery, the current best performing carriers, two Ul U-shape (1611 and 1719)
and two B2 bundle LAF-XPs (1621 and 1752) were applied. (Scheme 1b, Scheme Ic¢).

(a) Domains (b) Topology (c) Library of LAF Carriers

D LAF Topology
1621 80c B2

Polar (St Ju |y m
s 1

1752 128y B2 1
2

1

2

B2:

R0
Apolar R‘N+" i#‘ou

&

1730  80c B2
1611 120c U1
1719 120c U1

8- octyl AN Bu' 4 - aminobutyric acid RN oy

12 - dodecyl .~~~ ~~r Oc 8 - aminooctanoic acid PN~~~ Hooy

(d) PEG Lipid (¢) DBCO GE11 Ligand
DMG PEG 2kDa DSPE PEG 2kDa N3

(f) Formulation

Pegylated LAF-XP
polyplex

Pegylated EGFR-targeted
LAF-XP polyplex

= Py 1
&= S =
Nucleic acid = 3 Nucleic acid ‘
turbulent turbulent
mixing + i—i mixing
* _—
LAF carrier and LAF carrier and
PEG lipid GE11 PEG

conjugate lipid

Scheme 1. LAF-XP carriers. (a) Polar succinoyl tetraethylene pentamine (Stp) domain and
apolar lipoamino fatty acid (LAF) domains as structural elements of the carriers. The
position of the tertiary amine within the LAF domain can be adjusted by varying the carbon
chain length of the w-amino fatty acids (Bu, Oc) and the length of the N,N-dialkyl substituents
(N,N-dioctyl or N,N-didodecyl groups). (b) The LAF and Stp domain can be assembled into
distinct topologies (B2 and Ul) through lysine (K) branching. (c¢) Library of investigated
LAF-XP carriers. (d) Structures of the two different PEG lipids: polydisperse 1,2-
dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2k (DMG-PEG) and polydisperse
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N  [azido (polyethylene glycol)-2k]
(DSPE-PEG-N;3) (Average MW 2kDa, n~45). (e) Structure of the DBCO functionalized GE1 1
peptide. DBCO-modified GE11 is coupled to DSPE-PEG-N3 via strain-promoted azide-
alkyne cycloaddition (SPAAC) to form a DSPE-PEG-GEI1I conjugate. (f) Formulation of
standard PEGylated (left) or EGFR-targeted LAF-XP polyplexes, (right) by adding (rapid
pipetting) nucleic acid to LAF carrier/ lipid-PEG-GE1 1 conjugate solution at equal volumes.
LAF-XP carriers were synthesized by Melina Grau, Pharmaceutical Biotechnology,
Department of Pharmacy, Ludwig-Maximilians-Universititm (LMU), 81377 Munich,
Germany.

35



4.1 FORMULATION, PHYSICOCHEMICAL AND IN VITRO ASSESSMENT OF

PEGYLATED LAF-XP MRNA POLYPLEXES

LAF-XP polyplexes are assembled in a 50:50 (V/V) solvent of HBG (HEPES-buffered
glucose) and water [169]. To utilize the solvent advantages of LAF-XP polyplexes, DMG-
PEG and DSPE-PEG-N3 stock solutions were also prepared in water. This enables their use
in the classic LAF-XP polyplex preparation protocol. A new, slightly modified preparation
method was established. Nucleic acid is diluted in HBG. The PEG lipid was co-diluted with
the LAF-XP carrier in water at indicated molar ratios of total lipid. Equal volumes of nucleic
acid solution and the LAF-XP / PEG lipid solution are mixed by rapid pipetting and incubated
for 40 min at RT in a closed Eppendorf reaction tube (Scheme 1f).

To assess the impact of the PEGylation, an in depth physicochemical characterization, which
includes dynamic light scattering (DLS), Ribogreen assay and an agarose gel shift, was
conducted. Subsequently, the PEGylated LAF-XP polyplexes were tested regarding their
transfection efficiency and metabolic activity in N2A and KB cell lines. Each carrier was

formulated at its respective optimal nitrogen-to-phosphate ratios (N/P) [143, 169].

For B2 LAF-XP mRNA polyplexes, PEGylation had a particularly favorable effect on the Z-
average. Both PEG lipids lead to the formation of smaller particles, whereas for U-shapes,
only DMG-PEG had a size reducing effect. In terms of PDI no notable changes could be seen
(Figure 1a). Regarding the zeta potential, PEGylation led to a reduction for all carriers and
no considerable differences were observed between DMG-PEG and DSPE-PEG-Nj3 in this
regard (Figure 1b).
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Figure 1. Variation in molar % of PEGylation of LAF-XP mRNA polyplexes with DMG-PEG
and DSPE-PEG-N3. (a) Hydrodynamic sizes and polydispersity index (PDI) values
unmodified and pegylated (at different molar ratios) LAF-polyplexes, measured by dynamic
light scattering (DLS) and (b) Zeta potential analysis determined using electrophoretic light
scattering (ELS). (c) mRNA encapsulation efficiency at different molar ratios of DMG-PEG
and DSPE, determined by the RiboGreen assay. (d) Gene transfer activity of unmodified
PEGylated LAF-polyplexes in N2a cells 24 h after transfection. Comparison of unmodified
and PEGylated LAF-XP polyplexes at a dose of 15 ng mRNA-LUC/well. Transfection
efficacy was determined by luciferase gene expression assay (n = 3, mean + SD). The

statistical significance was determined by unpaired t-test with Welch’s correction, ns, not
significant; *p <0.05, **p < 0.01, ***p <0.001, ****p <0.0001.

Previous studies have shown that PEGylation can interfere with nucleic acid compaction
[170, 171]. Therefore, a RiboGreen assay and a gel shift was conducted. The results indicated
that PEGylation did not compromise encapsulation efficiency for the U-shapes 1611 and
1719. However, when incorporated into B2 bundles 1752 and 1621, a reduction in
encapsulation especially at higher molar ratios could be seen (Figure 1c). These results were
confirmed in an agarose gel shift assay. For bundles, PEGylation induced smearing
particularly at higher molar ratios. For U-shapes, again no notable impact on compaction

efficiency could be observed (Figure 2).
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Figure 2. Agarose gel shift. Variation in PEGylation (molar %) of LAF-XP mRNA
polyplexes with DMG-PEG and DSPE-PEG-Ns. Comparison of unmodified with PEGylated
polyplexes.

An increase in PEGylation universally resulted in a decline in transfection efficiency, (Figure
2d, Figure 3a). These findings are consistent with the results obtained from DLS
measurements, where the zeta potential was decreased by PEG. Previous work has shown,
that due to a reduced zeta potential, interactions with cellular and endosomal membranes are
inhibited. Both cellular uptake and endosomal escape is hindered, which ultimately leads to
a reduced transfection efficiency [71, 73, 172-174]. This may also explain why the

transfection efficiency of U-shapes was more strongly affected by PEGylation compared to
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bundles. The decrease in zeta potential was substantially more prominent in U-shapes. In
addition, other factors may contribute to the observed differences in behavior. For bundles,
PEGylation reduced mRNA compaction, which can often lead to reduced transfection
efficiency. However, excessive mRNA compaction can also hinder its release. In case of the
bundles PEGylation may simultaneously lower cellular uptake and endosomal escape, while
facilitating mRNA release in the cytoplasm. These opposing effects could partially

counterbalance each other.

For all carriers, DSPE-PEG-N; led to a stronger reduction in transfection efficiency than

DMG-PEG (Figure 1d, Figure 3a).

DSPE-PEG-N3, featuring a longer lipid anchor (two C18 hydrocarbon chains), likely forms
stronger lipophilic interactions with the LAF domain of the carriers. This results in more
stable anchoring and long lasting PEG shielding. In contrast, weaker anchoring of DMG-
PEG, due to its shorter lipid anchor (two times C14 hydrocarbon chains), allows dissociation
from LAF-XP mRNA polyplexes promoting cell interactions. This likely accounts for the

higher transfection efficiency.

This makes DSPE-PEG-Nj3 suitable for incorporating targeting ligands. Its azido group
enables functionalization with targeting moieties via copper-free azido / DBCO click

chemistry.

Furthermore, an MTT assay revealed no substantial effect of PEGylation on metabolic

activity (Figure 3b, Figure 3c).
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Figure 3. Variation in molar % PEGylation of LAF-XP mRNA polyplexes with DMG-PEG
and DSPE-PEG-Ns. (a) Gene transfer activity of unmodified PEGylated polyplexes in KB
cells 24 h after transfection. Comparison of unmodified with PEGylated polyplexes at a dose
of 15 ng mRNA-LUC/well. Transfection efficacy was determined by luciferase gene
expression assay (n = 3, mean + SD). (b) (c) Metabolic activity in relation to HBG-treated
control cells determined by MTT assay on KB and N2a cells at a dose of 15 ng mRNA-
LUC/well (n = 3, mean + SD). The statistical significance was determined by unpaired t-test
with Welch’s correction, ns, not significant; *p <0.05, ***p <0.001, ****p<0.0001.
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Finally, the anchoring mechanism of the PEG lipids under physiological and endosomal
acidic conditions was evaluated. (Figure 4). Size and zeta potential of unmodified and fully
shielded (20% DSPE-PEG-N3) LAF-XP mRNA polyplexes were compared, after an
incubation at either pH 7.4 or at pH 5.4. As observed before, at physiological conditions the
shielded particles exhibited a strongly reduced zeta potential. Upon acidification, however,
the zeta potential experienced a sharp increase (9.4-fold for 1611, 3.8-fold for 1621),
suggesting a loss in shielding. These findings support the hypothesis that the PEG lipids
would be released from polyplexes under endosomal protonation of the lipidic LAF domains.
(Scheme 2) For the unmodified formulations, the rise in zeta potential (1.4 for 1611, 1.9 for

1621) was not as drastic as for the shielded ones.
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Figure 4. Unmodified (white) and PEGylated (blue) LAF-XP mRNA polyplexes were
formulated and subsequently either diluted with HEPES buffer at pH 7.4 (non-dashed) or at
pH 5.4 (dashed). After dilution, size and zeta potential were measured by DLS.

4.2 TARGETING OF LAF-XP MRNA POLYPLEXES WITH GE11

Tumor specific nucleic acid delivery still remains challenging [160]. The particles must be
shielded, meaning they should exhibit a neutral zeta potential to prevent nonspecific cellular
interactions. To ensure delivery to the intended site a targeting moiety has to be incorporated.
A promising approach involves the use of ligands, which have demonstrated high potential
in various studies [131, 175-182]. For instance, GE11 is a phage derived peptide ligand and
consists of 12 amino acids with the sequence HON-YHWYGYTPQNVI-COOH, specifically

targeting the epidermal growth factor receptor (EGFR). It has shown encouraging results

42



both in vitro and in vivo [167, 183-186]. In the following study (Scheme 2) the GE11 peptide
was functionalized with an N-terminal DBCO moiety (Tablel). This enables azido / DBCO
copper free click reactions to DSPE-PEG-N3 yielding a DSPE-PEG-2k-GE11 conjugate
(DSPE-PEG-GEI11). Identity and purity of the DBCO-GEI11 peptide conjugate was
confirmed by MALDI-TOF-MS and HPLC (Figure 5).

Calculated
Sequence molecular weight Mass by MALDI-TOF
[DA]
H2N-
GE11- YHWYGYTPQNVI-
BCo COOH 1854.84 1851.03
H2N-
. YWGPNIHYYTQV-
Sgélgcr COOH 1854.84 1851.27

Table 1. Overview of GE11-DBCO ligands and the corresponding mass analyses by
MALDI-TOF-MS
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Figure 5. Structure, MALDI-TOF-MS spectra and HPLC analysis of DBCO-GEI1 1. [M+H]+
calculated 1854.84 [M+H]+ found 1851.27 GE11 ligand was synthesized and analyzed by
Johanna Seidl, Pharmaceutical Biotechnology, Department of Pharmacy, Ludwig-
Maximilians-Universititm (LMU), 81377 Munich, Germany.

For mRNA, DSPE-PEG-N3 at molar ratios of 10% and 20%, significantly decreased zeta
potential and transfection efficiency for all carriers. These molar ratios are ideal for targeting.
Consequently, 1611 was selected for targeting studies due to its superior mRNA compaction
at high molar ratios of PEG. In accordance with the newly established formulation protocol,
the DSPE-PEG 2kDa-GEI11 conjugate was used in the same manner as DSPE-PEG-Nj3;
(Scheme 1f).

DLS measurements revealed that GE11-functionalized mRNA particles exhibited small,

uniform sizes with a neutral zeta potential (Figure 7a).

Three EGFR-expressing cell lines HEPG2, HUH7, and KB cells were selected to assess the
transfection efficiency of GEIll-functionalized 1611 LAF-XP polyplexes. Unmodified,
shielded (10% and 20% DSPE-PEG-N3), and targeted (10% and 20% DSPE-PEG-GEI1)
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formulations were evaluated. Shielded 1611 exhibited lower transfection efficiency, which

was restored by GE11 functionalization (Figure 7b).

In order to investigate the specificity of the ligand-receptor interaction, a constitutional
isomer of GE11 (GE11-scr) was synthesized (Figure 6). This was first reported by Yu et al.,
where the original amino acid sequence (H2N-YHWYGYTPQNVI-COOH) was scrambled,
resulting in a new sequence: HON-YWGPNIHY YTQV-COOH [187]. In the same way as for
the GE11 peptide, the GEl1-scr peptide was functionalized with a DBCO group and
conjugated with DSPE-PEG-N3.
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Figure 6. Structure, MALDI-TOF-MS spectra and HPLC analysis of DBCO-scrGE11.
[M+H]+ calculated 1854.84 [M+H]+ found 1851.27. GE11scr ligand was synthesized and
analyzed by Johanna Seidl, Pharmaceutical Biotechnology, Department of Pharmacy,
Ludwig-Maximilians-Universitatm (LMU), 81377 Munich, Germany.

GE11-scr-functionalized 1611 LAF-XP polyplexes formed smaller particles with a higher
zeta potential compared to those functionalized with GE11 (Figure 7a, Figure 7c). However,
unlike GE11, the scrambled GE11 did not enhance transfection efficiency. No considerable
differences were observed between shielded and GE11-scr-functionalized particles (Figure

7d). Subsequent uptake measurements supported these findings. Shielding reduced cellular
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uptake, while GE11-functionalized LAF-XP polyplexes recovered uptake nearly to the extent
of unmodified LAF-XP polyplexes. In contrast, GEI1-scr-functionalized LAF-XP
polyplexes exhibited uptake levels similar to shielded particles (Figure 7e).
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Figure 7. In vitro evaluation of GE11 and GEIlIscr functionalized 1611 LAF-XP mRNA
polyplexes. (a) and (¢) Z average, polydispersity index (PDI) and zeta potential of GE11 and
GElIscr functionalized 1611 LAF-polyplexes determined by DLS and ELS. (b) Comparison
of luciferase gene expression of unmodified 1611, PEGylated 1611 (10%/20% DSPE-PEG-
N3) and GEI1I targeted 1611 (10%/20% DSPE-PEG-GEI11) LAF-XP polyplexes on KB,
HepG2 and HUH7 cells at a dose of 15 ng mRNA-LUC/well after a total incubation time of
24 h (n=3; mean +SD). (d) and (e) Direct comparison of GE11 (EGFR targeting ligand) and
scrambled GE11 (negative control ligand) regarding transfection and uptake efficiency on
KB cells (d) Luciferase gene expression was determined after a total incubation time of 24 h
at a dose of 25 ng mRNA-LUC/well (n=3; mean +SD). (e) Cellular uptake, as determined
via flow cytometry (n=1), 2h after transfection at a dose of 75 ng (20% Cy5-labeled mRNA-
LUC) per well (50 000 cells). Data presented as mean fluorescence intensity (MFI) in Cy5
positive cells (Cy5-A) normalized to unmodified LAF-XP polyplexes. The statistical
significance was determined by unpaired t-test with Welch’s correction, ns, not significant;
*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. DLS Measurements and luciferase gene
expression (HepG2 and HUH?7 cells) of GEI 1-functionalized LAF-XP mRNA nanoparticles
were performed by Eric Weidinger, Pharmaceutical Biotechnology, Department of
Pharmacy, Center for NanoScience (CeNS), LMU Munich, 80799 Munich, Germany

4.3 PEGYLATION AND GE11 TARGETING OF LAF-XP PDNA POLYPLEXES
For analogue pDNA investigations, Ul U-shapes 1611 and 1719, as well as the B2 bundle
1730 were selected (Scheme 1b, Scheme 1c). Similar trends as for mRNA were observed.
DLS measurements revealed that size and PDI remained largely unchanged upon
PEGylation, whereas zeta potential was reduced (Figure 8a, Figure 8b). Furthermore, an
ethidium bromide (EtBr) assay showed no substantial impact of PEGylation on pDNA
binding ability (Figure 8e). LAF—XP pDNA polyplexes are generally more stable than their
mRNA counterparts. They tend to aggregate less during particle formation, can be prepared
at lower N/P ratios and compact pDNA better than mRNA. These features likely explain why
PEGylation has little impact on pPDNA compaction, whereas it can affect the compaction of
mRNA polyplexes. No considerable differences were detected between DMG-PEG and
DSPE-PEG-N3 in the physicochemical evaluation. However, for transfection efficiency,
DSPE-PEG-N;3 led to a stronger reduction than DMG-PEG (Figure 8c). As observed with
LAF-XP mRNA polyplexes, this can again be attributed to the differing anchor lengths of
the two different PEG lipids.
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Figure 8. Variation in molar % PEGylation of LAF-XP pDNA polyplexes with DMG-PEG
and DSPE-PEG-N3. (a) Hydrodynamic sizes and polydispersity index (PDI) values of
unmodified and PEGylated (different molar %) polyplexes, measured by dynamic light
scattering (DLS) and (b) zeta potential analysis determined using electrophoretic light
scattering (ELS). (c) Gene transfer activity of LPEI (200 ng pCMVLuc/well), unmodified and
PEGylated polyplexes in N2a cells at 24 h after transfection. Comparison of unmodified with
PEGylated polyplexes at a dose of 50 ng pCMVLuc/well. Transfection efficacy was
determined by luciferase gene expression assay (n = 3, mean + SD). (d) Metabolic activity
in relation to HBG treated control cells determined by MTT assay (n = 3, mean + SD). (e)
Impact of PEGylation on compaction was determined via an ethidium bromide (EtBr) assay.
EtBr fluorescence is proportional to the amount of free, non-compacted pDNA, as only
unbound pDNA is accessible for EtBr intercalation. The statistical significance was
determined by unpaired t-test with Welch’s correction; ns, not significant; *p < 0.05, **p <
0.01.

For GEI11 targeting, unmodified and shielded (25% DSPE-PEG-N3) 1719 was compared to
targeted (25% DSPE-PEG-GE11) 1719. Shielding resulted in a lower transfection efficiency,
confirming the results from the initial screening. GE11 functionalization led to the recovery
of the transfection efficiency in HepG2 cells and in HUH7 cells it even outperformed the

unmodified formulation (Figure 9b).
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Figure 9. In vitro evaluation of GE11 functionalized 1611 LAF-XP pDNA polyplexes. (a) Z
Average, polydispersity index (PDI) and Zeta potential of GE11 functionalized 1719
polyplexes determined by DLS and ELS. (b) Comparison of luciferase gene expression of
LPEI (200 ng pCMVLuc/well), unmodified 1719 and PEGylated 1719 (25% DSPE-PEG-N3)
and GE11 targeted 1719 (25% DSPE-PEG-GE11) polyplexes on HepG2 and HUH7 cells at
a dose of 50 ng pCMVLuc/well after a total incubation time of 24 h (n=3; mean +SD). The
statistical significance was determined by unpaired t-test with Welch’s correction; ns, not
significant; **p <0.01, ***p <0.001.

4.4 COLLOIDAL STABILITY

In vitro evaluation revealed that DMG-PEG at low molar ratios does not considerably reduce
transfection efficiency. Previous work has shown that the addition of small amounts of PEG
also improves the colloidal stability of cationic polymer delivery systems [133, 188, 189]. In
subsequent experiments, we aim to improve colloidal stability with low amounts of DMG-

PEG, however, not at the cost of reduced transfection efficiency.

4.4.1 Steric Stabilization of LAF-XP mRNA Polyplexes Against Salt-Induced Aggregation
Through PEGylation

The ionic strength of the physiological environment can present a substantial risk to the
stability of cationic delivery systems. Salts can interfere with the electrostatic interactions
between cationic carrier and the anionic nucleotide backbone, leading to aggregation. [64,
190]. PEG on the surface of polyplexes can provide protection against salt induced
aggregation through steric stabilization [131, 191-196]. In a similar manner, we investigated
whether PEGylation could sterically stabilize the LAF-XP polyplexes. We chose two molar
ratios of DMG-PEG (3% and 10%) and compared them to unmodified carriers. After LAF-
XP polyplex formation, an aliquot of phosphate buffered saline (PBS) was added and size

was determined at different time points.
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Figure 10. Stabilization of LAF-XP mRNA polyplexes against salt-induced aggregation via
PEGylation with DMG-PEG. Kinetic study of the hydrodynamic size of unmodified and
PEGylated (3% and 10% DMG-PEG) LAF-XP polyplexes in the presence of PBS. Following
LAF-XP polyplex formulation, PBS was added, and particle size was monitored at the
indicated time points via dynamic light scattering (DLS).

Interestingly, unmodified LAF-XP mRNA polyplexes exhibited topology dependent
differences in colloidal stability upon PBS addition. B2 bundles (1752 and 1621) aggregated
immediately. U-shapes were more stable, with 1719 aggregating after 150 minutes, and 1611
only after 18 hours (Figure 10). The difference in stability is likely due to the different
structural and cationic properties of B2 bundles and U-shapes. The B2 bundles are more
hydrophobic and less cationic due to a higher content of LAF residues that are not protonated
at physiological pH. In contrast, U-shapes have a lower LAF content and include an
additional primary amine in their backbone. This presumably enables stronger electrostatic
interactions and compaction of mRNA. A stronger binding in U-shapes is consistent with
delayed salt-induced aggregation. PEGylation with both 3% and 10% DMG-PEG prevented
aggregation completely in bundles and U-shapes, even after 24 hours (Figure 10). Especially

the B2 bundles, with weaker binding, benefit therefore more from PEGylation.
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The strong increase in zeta potential under endosomal conditions as observed in section 3.1
suggests that protonation of the LAF carriers leads to dissociation of the PEG lipids from the
polyplexes. Consequently, also a functional loss of stability would be predicted in the
presence of salt. To verify this, a second PBS stability study was conducted with 1621
polyplexes (Figure 11). Unmodified and PEGylated polyplexes (0.5% and 1% DMG-PEG)
were incubated at acidic conditions, before PBS was added for incubation in salt at neutral
pH. As a control, standard PEGylated polyplexes (without acidic preincubation) were
incubated at pH 7.4. Consistent to the previous findings, unmodified 1621 LAF-XP mRNA
polyplexes were immediately aggregated with PBS, whereas PEGylated polyplexes remained
stable upon incubation with PBS at pH 7.4. In contrast, PEGylated polyplexes pre-exposed
to acidic conditions exhibited aggregation in PBS pH 7.4. The deshielded PEGylated
polyplexes aggregated at a markedly slower rate than their unmodified counterpart (Figure

S9).
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Figure 11. Kinetic study of the hydrodynamic size of unmodified and PEGylated (0.5% and
1% DMG-PEG) LAF-XP mRNA polyplexes in the presence of PBS. Prior to PBS addition,
LAF-XP mRNA polyplexes were preincubated for 30 min under either acidic (pH 4) or
physiological (pH 7.4) conditions at 37°C and shaking (300 rpm).

52



This suggests that PEG lipids are only partially released under acidic conditions.
Nevertheless, this partial deshielding is apparently sufficient for restored high transfection
efficiency (Scheme 2, Figure 2).
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Scheme 2. Hypothetic model of receptor-targeted delivery and endosomal deshielding. At
physiological pH, the PEG-lipids are well anchored within the hydrophobic LAF domains of
the carriers and shield the LAF-XP mRNA polyplexes. Cell membrane interactions and
subsequent uptake occurs predominantly through ligand-receptor interactions. Endosomal
acidification leads to the protonation of the LAF domain, resulting in a polarity shift,
solubilization of the nanoparticle and dissociation of PEG-lipids from the polyplex. As a
result, interactions of the LAF carriers with the endosomal membrane is restored, enhancing
endosomal escape.

4.42 Reduction of the N/P ratio Through PEGylation
Bundles 1621 and 1752 require a higher N/P ratio (N/P 24) to form small and stable particles.
At lower N/P ratios, these carriers tend to aggregate, especially at higher concentrations. We

investigated whether the bundles 1621 and 1752 could be formulated at half of the standard
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N/P ratio (N/P 12 instead of N/P 24) by incorporation of low molar amounts of DMG-PEG
(1.5% and 3%) at in vivo concentration 33.3 pg/mL (5pg mRNA in 150 pL).

As expected unmodified 1752 and 1621 aggregated at N/P 12. The incorporation of low
molar amounts of DMG-PEG led to the formation of small and stable particles with low

PDIs and successfully prevented aggregation (Figure 12).
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Figure 12. Stabilization of B2 bundles 1621 and 1752 LAF-XP mRNA polyplexes at low NP
ratio. Z average, polydispersity index (PDI) and zeta potential of unmodified and PEGylated
(1.5% and 3% DMG-PEG) 1621 and 1752 polyplexes at an N/P ratio of 12, determined by
dynamic light scattering (DLS) and electrophoretic light scattering (ELS).

4.43  Overcoming mRNA LAF-XP mRNA Polyplex Instability Through PEGylation
Encouraged by the successful reduction of the N/P ratio in 1752 and 1621, we hypothesized
that the PEGylation strategy could be applied to carriers that previously could not be
formulated. Thalmayr et al. reported that carriers 1716 and 1613 failed to form stable
particles due to severe aggregation [143]. Structurally, 1716 and 1613 are highly similar.
Both contain 120c as their LAF unit and have nearly identical molecular weights. They only
differ in their topology. 1613 is a B2 bundle, while 1716 is a U4 U-shape. The combination
of four LAF 120c¢ motifs with a single Stp unit appears to result in highly unstable structures.
However, both carriers were successfully formulated as LNPs, with 1716 demonstrating a
particularly high transfection efficiency [146]. The carriers were PEGylated (1.5% and 3%
DMG-PEG) at the N/P ratios of 12 and 18 (Figure 13a). At N/P 12, both unmodified carriers
underwent aggregation. However, PEGylation significantly improved size and uniformity.
1.5% DMG-PEG successfully prevented aggregation, although it resulted in larger particles.
Nevertheless, the formulations exhibited good uniformity with favorable PDIs. 3% DMG-
PEG facilitated optimal particle formation for both 1613 and 1716. Notably, these
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formulations exhibited very low zeta potential, approaching near-neutral values. At N/P 18,
both 1.5% and 3% DMG-PEG modification resulted in the formation of small particles with

low PDI and positive zeta potential.

Subsequently, the different formulations were tested regarding their transfection efficiency
in N2a and KB cells. They were compared to 1611 and 1719, which represent the current
gold standard for mRNA transfection within the U-shape class. 1716 with 1.5% DMG-PEG
outperformed both unmodified 1611 and 1719 in transfection. In contrast, unmodified 1716
aggregates exhibited poor transfection efficiency, emphasizing the positive impact of
PEGylation. 1613 demonstrated limited transfection efficiency compared to the other
carriers. Here, PEGylation only had a positive effect on transfection efficiency in KB cells

where a slight increase in transfection efficiency was observed (Figure 13b).

Our previous work demonstrated, that 1719 had a lower transfection efficiency in vivo
compared to 1611, 1621, and 1752 [143]. Therefore, the focus in subsequent experiments

was placed on these three in vivo best performing carriers.
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Figure 13. Stabilization of LAF-XP mRNA polyplexes with aggregation-prone carriers 1613
and 1713 and reduction of N/P ratio. (a) Z Average, polydispersity index (PDI) and zeta
potential of unmodified and PEGylated (1.5% and 3% DMG-PEG) 1716 and 1613
polyplexes at N/P ratios of 12 and 18, determined by dynamic light scattering (DLS) and
electrophoretic light scattering (ELS). (b) The transfection efficiency of unmodified,
aggregation-prone 1716 and 1613 carriers was compared to their stabilized PEGylated
counterparts (1.5% and 3% DMG-PEG), at N/P 18. 1611 (N/P 18) and 1719 (N/P 12)
polyplexes were included as a control group and represent the current gold standard for
mRNA transfection in the U-shape class. Luciferase gene expression was measured at 15 ng
mRNA-LUC/well (n = 3, mean = SD). The statistical significance was determined by
unpaired t-test with Welch’s correction; ns, not significant; *p < 0.05, **p < 0.01, ***p <
0.001, ****p <0.0001.

4.5 PROTEIN CORONA

In vitro transfection activity often does not match in vivo activity [197-199]. Upon exposure
of nanoparticles with biological fluids a protein corona forms on the surface that strongly
influences further distribution and biological efficacy [200-212]. The novel LAF-XP mRNA
polyplexes exhibit unexpectedly high transfection efficiency in the presence of full serum
even at very low dose [143, 144]. This is in sharp contrast to classic cationic polymer delivery
systems, where serum typically impairs the transfection efficiency [213]. The zwitterionic
nature of the LAF-XP carriers at physiological pH suggests that they exhibit a different
protein corona compared to purely polycationic delivery systems. In case of LPEI plasma
proteins such as IgM, fibrinogen, fibronectin and complement C3 were found to bind to non-
PEGylated polyplexes; [131] furthermore it has been demonstrated that PEG shielding
significantly reduced protein adsorption and improves in vivo performance of DNA
polyplexes. To assess the effect of PEGylation on the protein corona composition of mRNA
LAF-XP polyplexes, unmodified and PEGylated 1611 and 1752 (10% DSPE-PEG-N3) were
incubated in serum and unbound proteins were removed via centrifugation. Finally, an SDS-
PAGE with subsequent coomassie staining was performed (imperial protein stain) (Figure

14a).

56



(a)

1752 1611 Proteinladder

10%
DSPE- PEG-N3

10%
unmodified DSPE- PEG-N3 | unmodified [kDa]

260

160

125

(b)

Unmodified 1611 vs.
unmodified 1752

Unmodified 1752 vs.
1752 - 10% DSPE-PEG-N;

Unmodified 1611 vs.
1611 - 10% DSPE-PEG-N;

kDa % Change kDa % Change kDa % Change
70 15.43 70 10.33 70 3.59
15 6.68 15 6.38 15 -4.46
8 15.38 8 8.87 8 16.36

Figure 14. (a) SDS-PAGE with subsequent coomassie blue staining (imperial protein stain)
of mouse serum incubated unmodified and PEGylated (10% DSPE-PEG-N3) LAF-XP
mRNA polyplexes. (b) Band intensities were quantified using ImageJ. Quantification for the
comparison of unmodified 1611 to unmodified 1752 is displayed as percentage change (%

=100(1- —i;i} iand for the comparison
of PEGylated polyplexes against unmodified polyplexes the formula % =

100(1-
approximately 70, 15 and 8 kDa.
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1611 and 1752 polyplexes exhibited distinct differences in protein adsorption. Unmodified
1611 showed higher protein adsorption compared to unmodified 1752. For both carriers,
PEGylation with 10% DSPE-PEG-Nj3 visibly reduced protein adsorption. To quantify these
differences, the intensities of the three most prominent protein bands (~70 kDa, 15 kDa and
8 kDa) were analyzed using Image J. Quantitative analysis revealed, that unmodified 1752
adsorbed less protein than 1611 across all bands. These difference likely comes from their
distinct chemical composition. 1752, rich in LAF motifs is less cationic, whereas 1611 has
less LAF moieties and resembles more to classical cationic delivery systems such as LPEL
The reduced protein adsorption of the 1752 LAF-XP mRNA polyplexes suggests that the
LAF motif already exerts a shielding effect. PEGylation further reduced protein adsorption
in both carriers (Figure 14b).

Subsequently, the protein corona of 1611 and 1752 mRNA polyplexes without or with
PEGylation (3% DMG-PEG) was investigated in more detail using proteomic methods. This
methodological approach allowed the detection of differences in the composition of the
protein corona, whereas quantitative changes in the total amount of protein cannot be

resolved.
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Figure 5. Proteomic analysis on the protein corona of LAF-XP mRNA polyplexes. PEGylated
1611 (1611 PEG) and 1752 (1752 PEG) refers to formulations containing 3% DMG-PEG.
Volcano plots of (a) unmodified 1611 compared to unmodified 1752, displaying proteins up
and down regulated for 1611 relative to 1752, (b) unmodified 1611 compared to PEGylated
1611, displaying proteins up and down regulated for 1611 relative to PEGylated 1611 and
(c) unmodified 1752 compared to PEGylated 1752, displaying proteins up and down
regulated for 1752 relative to PEGylated 1752. (d) Intensity of fibrinogen adsorption of
unmodified and PEGylated 1611 and 1752 mRNA LAF-XP polyplexes. Measurement,
analysis, and statistical evaluation was performed by Dr. Ceren Kimna, Dr. David-Paul
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Minde and Dr. Mayar Ali. Institute for Intelligent Biotechnologies (iBIO), Helmholtz Center
Munich, 85764 Neuherberg, Germany.

Initial analysis of the unmodified carrier polplexes suggests that fibrinogen (Fgg) was
upregulated in 1611 compared to 1752 (Figure 15a). Fibrinogen is a large negatively charged
glycoprotein. It is known to bind strongly to positively charged particles. 1611 exhibits a zeta
potential of 25 - 35 mV, whereas 1752 shows a markedly lower zeta potential of
approximately 10 (Figure 1a). Upon PEGylation with 3% DMG-PEG, the zeta potential of
1611 is decreased to ~13. PEGylated 1611 polyplexes thus show a zeta potential comparable
to unmodified 1752 polyplexes (Figure la). As a result, PEGylated 1611 nanoparticles
exhibit significantly reduced fibrinogen adsorption (Figure 15b, Figure 15d). In contrast,
1752 polyplexes inherently adsorb less fibrinogen. Here PEGylation did not further decrease
fibrinogen adsorption (Figure 15¢, Figure 15d). This difference is likely attributed to the
distinct structural composition of the carriers. 1752 contains an Stp/LAF ratio of 1:4 whereas
1611 has a ratio of 1:2. The higher Stp content in 1611 likely contributes to its higher zeta
potential. The cationic polar Stp unit is structural derivative of LPEI, which is also known to
strongly adsorb fibrinogen. PEGylation of highly cationic LPEI polyplexes likewise resulted
in less fibrinogen adsorption [131]. In contrast, the amphiphilic LAF domain behaves
differently. It is largely neutral and hydrophobic at physiological pH. In 1752, it likely
accounts for its reduced zeta potential by partially neutralizing its surface charge. The

decrease in fibrinogen adsorption implies that the LAF motif may provide a shielding effect.

4.6 STERIC STABILIZATION OF LAF-XP MRNA POLYPLEXES AGAINST

PROTEIN AND SERUM INDUCED AGGREGATION THROUGH PEGYLATION
Extensive research especially on cationic carrier systems have shown aggregation after
intravenous application resulting in toxicity [214]. Moreover, organ specific targeting can be
hampered. For instance, LPEI/DNA polyplexes at high doses aggregates with blood
components, which passively accumulate in the lung, predominantly leading to high
transfection of pulmonary tissue. This also poses a serious threat to biosafety. In case of PEI,

conjugation with PEG evaded these problems [43, 131, 215].
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Initially, the stability of unmodified polyplexes with carriers 1611, 1752, and 1621 was
investigated in the presence of negatively charged human transferrin (Figure 16a).
Unmodified LAF-XP polyplexes were formulated according to the standard preparation
protocol, followed by the addition of varying molar amounts of human transferrin (molar
equivalent refers to the molar ratio of human transferrin to the carrier). Interestingly, contrary
to the PBS results, 1611 appeared to be less stable than the bundles. It failed to form stable
particles at any molar ratio of human transferrin. 1621 and 1752 already formed stable
particles at a molar equivalent of 0.25. As all carriers underwent aggregation at a molar ratio

of 0.1 eq hTF, this ratio was chosen to investigate the impact of PEGylation.

The results were consistent with all carriers. PEGylation effectively prevented aggregation.
Particles were slightly larger at 1.5% DMG-PEG compared to 3% DMG-PEG (Figure 16b).

Minimal PEGylation again showed a great improvement in colloidal stability.
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Figure 16. Stabilization of LAF-XP polyplexes against human transferrin (hTF) induced
aggregation with DMG-PEG. (a) Z-average and PDI of 1611, 1621, and 1752 in the presence
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of varying molar equivalents (carrier/nTF molar ratio) of human transferrin, measured by
DLS. (b) Z-average, polydispersity index (PDI), and zeta potential of unmodified and
PEGylated (1.5% and 3% DMG-PEG) carriers, both in the presence and absence of 0.1 eq
hTF.

After intravenous application, besides ionic stress and protein adsorption, higher body
temperature and shear forces may challenge the stability of the carriers even further [41, 42,
46, 200]. Therefore a serum assay was conducted. Here, LAF-XP polyplexes are tested in the
presence of electrolytes, proteins, higher temperature and shear forces all at once.
Unmodified and PEGylated (3% and 10% DSPE-PEG-N3/DMG-PEG) LAF-XP mRNA
polyplexes, formulated at in vivo concentration (10pg/150uL), were incubated in 90% fetal
bovine serum for 2h under continuous shaking at 300 rpm at 37°C. Subsequently, serum

incubated LAF-XP polyplexes were tested regarding their size and transfection efficiency.

First DLS measurements were conducted. Prior to measurement, serum incubated polyplexes
were further diluted with HBG resulting in a final serum concentration of 45%. Subsequently
DLS measurements were performed. Unmodified carriers showed aggregation after 2h
(Figure 17b). Especially the bundles 1621 and 1752 benefitted from PEGylation. Both PEG
lipids, DMG-PEG and DSPE-PEG-N3, at molar ratios of 3% and 10%, effectively prevented
aggregation. Interestingly, just like in the stability study with human transferrin, 1611
polyplexes appeared to be less stable. In that case, DMG-PEG at any molar ratio failed to
improve stability. Only DSPE-PEG-Nj3 prevented aggregation (Figure 17b).
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Figure 17. Assessment of particle stability in the presence of serum. Unmodified and
PEGylated LAF-XP mRNA polyplexes were diluted and incubated in 90% fetal bovine
serum (FBS) for 2 hours at 37°C under continuous shaking at 300 rpm. (a) and (b) Z
average of serum, unmodified and PEGylated LAF-XP polyplexes (3% and 10% DMG-
PEG/DSPE) was determined using DLS. For DLS measurements, 40 uL of the FBS-
incubated samples were further diluted with 40 uL of HBG, resulting in a final volume of

80 pL, and transferred to a folded capillary cell.
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DLS measurements have limitations in polydisperse samples. Big aggregates might mask
smaller particles, leading to underrepresentation of the smaller particle populations.
Therefore, to further support these findings, Nanoparticle Tracking analysis (NTA) was
performed. In order to distinguish serum background from LAF-XP polyplexes, a serum
blank was measured prior to the polyplex measurements (Figure 18). The observed trends
were very similar to the DLS results. The unmodified carriers exhibited aggregation after 2h.
They formed large, bright particles, that prevented precise NTA quantification (Figure 18).
For 1621, PEGylation greatly improved colloidal stability, with already 3% DMG-PEG
effectively preventing aggregation. Both PEG lipids, DMG-PEG and DSPE-PEG, enhanced
particle stability (Figure 18b, Figure 19a). 1611 polyplexes again appeared to be less stable.
For DMG-PEG particle stabilization was achieved only at a molar ratio of 10% whereas 3%
was insufficient (Figure 19b). In contrast, for DSPE-PEG-N3, 3% already improved stability
and prevented aggregation (Figure 18b).
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Figure 18. Assessment of stability and functionality in the presence of serum. Unmodified
and PEGylated LAF-XP mRNA polyplexes were diluted and incubated in 90% fetal bovine
serum (FBS) (1:10) for 2 hours at 37°C under continuous shaking at 300 rpm. (a) and (b)
NTA measurements with the corresponding NTA video frame of serum, unmodified and
PEGylated 1621 and 1611 LAF-XP mRNA polyplexes (3% DMG-PEG/DSPE-PEG-N3). For
NTA measurements, FBS-incubated samples were further diluted 1:200 in Hepes 7.4 (c)
Transfection efficiency of unmodified and PEGylated LAF-XP polyplexes (3% DMG-
PEG/DSPE) following dilution and incubation in 90% serum was compared to the
corresponding LAF-XP polyplexes diluted in HBG (-) in N2a cells. Luciferase gene
expression was determined after 24 hours at a dose of 15 ng mRNA-LUC per well (10 000
cells/well) (n = 3; mean = SD). The statistical significance was determined by unpaired t-test
with Welch’s correction; ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p
<0.0001.

These results indicate that bundle carriers 1621 and 1752 benefit from PEGylation to a
greater extent than the U shape 1611. This is likely due to their higher number in apolar LAF
domains (1621 and 1752 B2 bundles - 4 LAF domains, 1611 U-shape - 2 LAF domains), in
which the PEG lipids may be better anchored. This would also explain the superior stabilizing

effect of DSPE-PEG-N3 compared to DMG-PEG in 1611 LAF-XP polyplexes.

Furthermore, transfection efficiency upon serum incubation was assessed. As a control,

LAF-XP polyplexes were diluted in HBG instead of serum prior to transfection

(Figure 18b). The DSL measurement has shown that 3% PEG already resulted in
stabilization. Therefore, only LAF-XP polyplexes, PEGylated at a molar ratio of 3% PEG-
DSPE/DMG were examined.

The luciferase expression assay revealed that the unmodified carriers were not negatively
affected by serum incubation. In fact, for the bundles 1621 and 1752, serum incubation even
enhanced transfection efficiency compared to their HBG diluted counterparts. On the other

hand, the transfection efficiency of 1611 remained largely unchanged.
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Figure 19. Assessment of stability and functionality in the presence of serum. Unmodified
and PEGylated LAF-XP mRNA polyplexes were diluted and incubated in 90% fetal bovine
serum (FBS) for 2 hours at 37°C under continuous shaking at 300 rpm. FBS-incubated
samples were further diluted 1:200 in Hepes (7.4). (a) and (b) NTA measurements with the
corresponding NTA video frame of unmodified and PEGylated 1621 and 1611 LAF-XP
mRNA polyplexes (3% and 10% DMG-PEG/DSPE-PEG-N3).

For bundle carriers 1621 and 1752, PEGylation under serum free conditions resulted in a
decrease in transfection efficiency with DSPE-PEG-Nj3 again having a stronger effect. In the
presence of serum, however, this reduction in transfection efficiency was less pronounced.

In fact, for 1621, 3% DMG-PEG enhanced the transfection efficiency.

Similarly, for 1611 under serum free conditions, PEGylation led to a decrease in transfection
efficiency. However, in the presence of serum the trends were opposite. PEGylation led to
an increase in transfection efficiency. DSPE-PEG-N3 (containing a larger lipid anchor)
outperformed DMG-PEG. This reversed trend might be explained by the prior DLS
measurement, which revealed that DSPE-PEG-N3 at 3% managed to better stabilize the
particles, which ultimately leads to enhanced transfection efficiency. Besides the different
Stp/LAF ratio, the topology may also have a big impact on PEG anchoring. In the bundles,
the LAF domains are forced to stay in close proximity, as they are connected via lysine
residues. In contrast, in 1611 the two LAF moieties are separated by the Stp unit. Bundles
may more easily form more localized lipophilic regions in which PEG lipids are more stably
anchored. Moreover, 1611 contains a primary amine in its backbone, which might interfere

with lipophilic interactions between the LAF unit and the lipid anchors.

4.7 INVIVO DOSE STuDY: 1621 AND 1752

1621 and 1752 greatly benefit from PEGylation and were therefore selected for intravenous
application. A dose escalation study was conducted to evaluate whether minimal PEGylation
(3% DMG-PEG) would allow the injection of a higher mRNA dose. Specifically, for 1621,
a starting dose of 5 pg mRNA was selected (A/J mice) and for 1752, the starting dose was 6
pg mRNA (N2a tumor-bearing NMRI mice).
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Upon injection of the high dose of unmodified 1621 and 1752 LAF-XP mRNA polyplexes,
mice suffered from severe toxicity symptoms and had to be euthanized. The dose had to be
reduced for the remaining animals, which was then well tolerated. In contrast, the higher

doses were tolerated with the PEGylated formulations, which exhibited no signs of toxicity.

These observations indicate that PEGylation may contribute to biosafety, as its ability to
prevent aggregation thus improving stability made it possible to increase the dose. Regarding
transfection efficiency, there were no notable differences between the unmodified and the

PEGylated formulations (Figure 20a, Figure 20b).

(a)

1621

RLU/g organ

Lungs Liver Kidneys Heart Brain Muscle Spleen

B unmodified 2.5 Hg B 3% DMG-PEG 5 ug

(b)

1752

RLU/g organ

Tumor Lungs Liver Kidneys Heart Brain Muscle Spleen

B unmodified 3 Hg B 3% DMG-PEG 6 Hg

Figure 20. Dose study of 1621 and 1752 LAF-XP mRNA polyplexes. Ex vivo luciferase

(LUC) assay of organs from A/J mice (1621) (a) and N2a tumor-bearing NMRI mice (1752)

(b), 24 h post-administration (n = 3; mean + SD). Comparison of unmodified 1621 and 1752

polyplexes, both at NP 24, administered at doses of 2.5 pg (1621) and 3 pg (1752), to
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PEGylated 1621 (NP 24; 3% DMG-PEG) or 1752 (NP 24, 3% DMG-PEG) polyplexes at
doses of 5 pug or 6 pug mRNA. Unmodified 1621 NP 24 and 1752 NP 24 at doses of 5 pg
(1621) or 6 ug mRNA (1752) caused severe toxicity, resulting in indicated euthanasia shortly
after administration. Animal experiments (i.v. application and organ harvesting) were
performed by veterinarians Dr. Mina Yazid and Dr. Jana Péhmerer. Pharmaceutical
Biotechnology, Department of Pharmacy, Ludwig-Maximilians-Universitatm (LMU)
Munich, 81377, Germany.

To explore any effect of PEGylation on tumor accumulation, polyplexes of unmodified 1621
(at the low dose 2.5 pg mRNA) and PEGylated 1621 (at low and high dose 2.5 pg and 5 pg
mRNA) were intravenously injected into N2a tumor bearing A/J Mice. The higher dose of 5
ug mRNA of the PEGylated formulation was again well tolerated, confirming the results
from the initial dosing study (Figure 21). A comparison between the PEGylated and the
unmodified formulation did not show notable differences in tumor expression signal nor in
other organs. These findings suggest that minimal PEGylation without targeting does not

influence transfection efficiency, but enhances biocompatibility.
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Figure 21. In vivo transfection efficiency assessment of unmodified 1621 vs. PEGylated
1621 LAF-XP mRNA polyplexes in N2a tumor-bearing A/J mice. Ex vivo luciferase (LUC)
assay of organs comparing unmodified 1621 polyplexes at a dose of 2.5 pg mRNA with
PEGylated (3% DMG-PEG) 1621 polyplexes at doses of 2.5 ug and 5 ug mRNA, 24 hours
post-administration (n = 3; mean + SD). Animal experiments (i.v. application and organ
harvesting) were performed by veterinarians Dr. Mina Yazid and Dr. Jana PGhmerer.
Pharmaceutical Biotechnology, Department of Pharmacy, Ludwig-Maximilians-
Universitatm (LMU) Munich, 81377, Germany.
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5 SUMMARY

MRNA has emerged as a powerful therapeutic modality, with lipo amino fatty acid (LAF) -
xenopeptides (XPs) representing a promising delivery platform. However, for successful
clinical translation challenges in formulation, in vivo stability and targeted delivery must be

addressed.

The first challenge lies in the formulation of mMRNA nanoparticles, where efficient mRNA
complexation must be combined with high colloidal stability. Several LAF-XP carriers,
particularly those with a high content of lipophilic LAF motifs, suffer from aggregation
during or after particle formation. Some carriers could previously be formulated only as
LNPs or required high N/P ratios to achieve stable formulations. To overcome these
limitations, a PEGylation strategy was successfully applied to LAF-XP polyplexes. By co-
diluting PEG lipids (DMG-PEG or DSPE-PEG-N3) with LAF-XP carriers in water and
subsequent turbulent mixing with mRNA, a simple, aqueous, and dialysis-free formulation
protocol was established. Already low molar ratios of DMG-PEG effectively provided
colloidal stabilization of polyplexes. mRNA could be formulated with XP 1621 and XP
1752 at an N/P 12 instead of 24. Previously non-formulatable carriers XP 1716 and XP
1613 could be successfully used in mRNA polyplexes.

Upon intravenous administration, nanoparticles are exposed to ionic stress, shear forces,
elevated temperatures and extensive interactions with serum proteins. Aggregation of LAF-
XP polyplexes under these conditions not only reduces delivery efficiency but also poses a
serious biosafety risk. PEGylation effectively mitigated this instability. Regarding serum
stability, the U-shape XP 1611 required stronger PEG anchoring, with 3% DSPE-PEG-N3
providing robust stabilization. In contrast, for bundles XP 1621 and XP 1752, 3% DMG-
PEG was sufficient to prevent aggregation and significantly reduce toxicity after

intravenous administration.

Protein adsorption studies revealed that unmodified XP 1752 polyplexes bound
substantially less serum protein than XP 1611, most likely due to their higher LAF content
and lower surface charge. For both carriers, subsequent PEGylation quantitatively reduced
protein adsorption. Further proteomic analysis identified fibrinogen as a key discriminating
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protein, showing strong association with the more positively charged XP 1611 compared to
XP 1752. PEGylation reduced the zeta potential and fibrinogen adsorption of XP 1611 to
levels to unmodified XP 1752. However, PEGylation had little effect on fibrinogen
adsorption of XP 1752, indicating that the LAF motif already provides an intrinsic
shielding effect.

While PEGylation improves stability and biocompatibility, cellular uptake and endosomal
escape can be impaired. In order to restore uptake and enable targeted delivery, DSPE-
PEG-N3 was used as a stable anchor for ligand conjugation via copper-free click chemistry.
Conjugation of the EGFR-targeting peptide GE11 restored uptake and transfection of
EGFR-expressing cells. Finally, the anchoring behavior of PEG lipids under physiological
and endosomal conditions was investigated. Upon acidification, a sharp increase in zeta
potential was observed, suggesting PEG lipid dissociation due to protonation of the LAF
domain. This pH-triggered deshielding mechanism was further confirmed in stability
assays, where PEGylated polyplexes pre-exposed to acidic conditions lost salt stability at
neutral pH. Together, these results demonstrate that the PEG lipids remain stably anchored

in the extracellular neutral environment, but are released under endosomal conditions.
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6 APPENDIX

Abbreviations'

MRNA
pDNA
siRNA
DMG-PEG

DSPE-PEG-N3

DOPE
DSPC
DLVO
(AY2
(SPAAC)
DBCO
AAV
LNP
FDA
COVID-19
pHPMA
pOXx
apoE
LAF
LAF-XP
SPPS
Stp
EGFR
HEPES
HBG
PBS
DLS
N2A
HEPG2
HUH7
PDI
MTT
HPLC

The following abbreviations are used in this manuscript:

Messenger ribonucleic acid

Plasmid deoxyribonucleic acid

Small interfering ribonucleic acid
1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2k

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N [azido (polyethylene

glycol)-2k]
1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine
1,2-dioctadecanoyl-sn-glycero-3-phosphocholine
Derjaguin—Landau—Verwey—Overbeek
Intravenous

Strain-promoted azide-alkyne cycloaddition
Dibenzocyclooctyne

adeno-associated viruses

Lipid nanoparticle

Food and drug administration

Coronavirus disease 2019
Poly(N-(2-hydroxypropyl)methacrylamide)
Poly(2-oxazoline)

Apolipoprotein E

Lipo-amino fatty acid

Lipo-amino fatty acid- xenopeptide
Solid-phase-assisted-peptide synthesis

Succinoyl tetraethylene pentamine

Epidermal growth factor receptor
4-(2-hydroxyethyl)-1-piperazineethansulfonic acid
HEPES-buffered glucose

Phosphate buffered saline

Dynamic light scattering

Neuro-2a cell line

Human hepatocellular carcinoma cell line

Human hepatoma cell line

Polydispersity index
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
High performance liquid chromatography
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MALDI-TOF-
MS

EtBr

FGG

Csfir

LDL

ApoE

PEI

NTA

Matrix-assisted Laser Desorption/lonization - time of flight —
mass spectrometry

Ethidium bromide

Fibrinogen

Colony stimulating factor 1 receptor

Low-density lipoprotein

Apolipoprotein E

Polyethylenimine

Nanoparticle Tracking Analysis
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