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Zusammenfassung

In den letzten Jahren wurde das immense Potenzial von Lipidnanopartikel (LNP) basierten
mRNA-Therapien deutlicher, sowohl bei der Behandlung genetischer Erkrankungen, zur Umpro-
grammierung von Immunzellen in der Krebsforschung und als molekularbiologisches Forschungsin-
strument. Biophysikalische Forschung erlaubt es, die aktuellen Herausforderungen für die präzise
Kontrolle des biologischen Outputs, wie die heterogene Verteilung und das Fehlen von geeigneten
Modellen zur Vorhersage, zu adressieren.
Im Fokus dieser Arbeit steht die Erforschung der Kinetik des LNP-mRNA Transfers mithilfe
von Live-Cell-Imaging auf Einzelzell-Arrays (LISCA). Um den Durchsatz und das Signal-zu-
Rauschverhältnis zu verbessern wurde zunächst die Mikrostrukturierung optimiert. Zusätzlich
wurden mehrere Fluoreszenzreporter eingesetzt, um parallel den intrazellulären Weg von LNPs
in Einzelzellen und die daraus resultierende Expressionskinetik der Reporterproteine und deren
onset-Zeiten zu verfolgen. Mithilfe von Ratengleichungen wurde die Dynamik des lipidbasierten
mRNA-Transportprozesses - von der Aufnahme der Nanopartikel bis hin zur Proteinsynthese
- quantitativ modelliert. Diese Modelle erklären die beobachteten Kinetiken und erlauben die
Messung von Systemparametern, wie beispielsweise der mRNA Lebensdauer.
Im ersten Teil der Arbeit wurden die konzentrationsabhängigen Unterschiede zwischen Lipofec-
tamine und LNPs als mRNA Transportvektor, sowie der Einfluss des LNP Transfektionsserums
und der inneren LNP Struktur auf die zeitabhängige Proteinexpression untersucht. Es wurde
dann gezeigt, dass im Fall von ”Codelivery”, bei denen mehrere RNA-Spezies in LNPs verpackt
werden, die Dosierungsabhängigkeit eine gegenseitige Abhängigkeit durch Konkurrenz um die
verfügbaren Ribosomen ergeben kann.
Im dann folgenden Teil der Arbeit wurde untersucht, wie sich die Ribosomendichte auf der
kodierenden Region der mRNA auf deren Lebenszeit auswirkt. Um diese subtilen Leben-
szeitveränderungen zu messen, wurde eine Referenz-Reporter-mRNA cotransfiziert, durch die
sich das inhärente zelluläre Rauschen herausfiltern lässt. Es wurde festgestellt, dass das Einfügen
von langsam translatierten Codonabschnitten eine positionsabhängige Kontrolle der mRNA-
Stabilität ermöglicht, mit entgegengesetzten Effekten in Anwesenheit oder Abwesenheit von
spezifischer siRNA.
Im letzten Teil der Arbeit wurde ein Ansatz zur Implementierung eines genetischen Regelkreises
verfolgt. Durch Verwendung des regulatorischen Motifs einer inkohärenten ”Feed-Forward”
Schleife, wurde eine dynamische Anpassung der mRNA-LNP Proteinexpressionskinetik ermög-
licht. Es wurde gezeigt, dass das ratiometrische Verhältnis von mRNA und siRNA die Protein-
produktion kontrolliert, zu einer Reduktion von Fluktuationen in den Expressionsniveaus führt
und die Reaktionszeit der Expression verkürzt. Das Verhalten dieses Systems wurde durch
ein enzymatisches Modell des RNA-Interferenz-abhängigen mRNA-Zerfalls beschrieben, welches
eine quantitative Beschreibung der Reaktionszeiten und Expressionslevel erlaubt.
Dieser hier beschriebene interdisziplinäre Ansatz der Einzelzell-Expressionskinetiken mit Kon-
zepten der Kontrolltheorie aus der Systembiologie, trägt dazu bei, komplexe kombinatorische
LNP-mRNA Anwendungen für präzise quantitative und zeitliche Kontrolle transienter Genex-
pression zu etablieren und so in der Zukunft robustes Expressionsverhalten für therapeutische
und zellbiologische Herausforderungen zu adressieren.
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Abstract

In recent years, the immense potential of lipid nanoparticle (LNP)-based mRNA applications
has become increasingly evident in treating genetic diseases, reprogramming immune cells for
cancer research, and serving as valuable research tools. Biophysics addresses challenges of LNP-
mRNA delivery, such as heterogeneous biodistribution and insufficient predictive models, which
complicate the control of biological output. Therefore, a deeper understanding of the physical
principles governing mRNA delivery, distribution, and kinetics is essential for developing precise
and dynamic control strategies.
This work focused on investigating the kinetics of LNP-mRNA transfer using live-cell imaging on
single-cell arrays (LISCA). To enhance throughput and signal-to-noise ratio, microstructuring
of the arrays was first optimized. Additionally, multiple fluorescence reporters were employed to
simultaneously track the intracellular pathway of LNPs in single cells, along with the resulting
expression kinetics of the reporter proteins and their onset times. By using kinetic rate equa-
tions, the dynamics of the lipid-based mRNA delivery process - from nanoparticle uptake to
protein synthesis - were quantitatively modeled, providing insights into time-resolved expression
dynamics. These models explain the observed kinetics and allow for the measurement of system
parameters, such as mRNA lifetime.
In the first part of this thesis, the concentration-dependent differences between Lipofectamine
and LNPs as mRNA transport vectors were examined, along with the influence of LNP trans-
fection serum and internal LNP structure on time-dependent protein expression. Co-delivery
strategies involving multiple mRNA species encapsulated in LNPs were also explored, revealing
that such co-delivery can lead to coupling of translation due to competition for ribosome re-
sources.
In the next part of this work, the impact of ribosome density along the coding region of the
mRNA on its lifetime was investigated. To measure these subtle lifetime changes, a reference re-
porter mRNA was co-transfected, enabling the filtering of inherent cellular noise. The insertion
of slow-translated codon windows was shown to provide position-dependent control of mRNA
stability, with opposite effects observed in the presence or absence of targeting siRNA.
In the last part of this thesis, an approach for implementing a genetic regulatory motif was
explored. By employing an artificial incoherent feed-forward loop, dynamic adjustment of
mRNA-LNP protein expression kinetics was achieved. It was demonstrated that ratiometric
encapsulation of siRNA and mRNA allowed control over protein production, reduced fluctu-
ations in expression levels, and accelerated expression response. The behavior of this system
was captured using an enzymatic model of RNA interference-dependent mRNA decay, offering
a quantitative description of both response times and expression levels.
This interdisciplinary approach of single-cell expression kinetics with concepts of control theory
from systems biology, contributes to the establishment of complex combinatorial LNP-based
mRNA applications for precise quantitative and temporal control of transient gene expression,
addressing robust expression behavior in therapeutic and cell biology contexts.
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1. Introduction

There is an old wisdom saying ”It’s about the journey, not the destination”. While this

applies to many aspects of everyday life, it also holds a certain truth in scientific inves-

tigations. Beyond the intrinsic scientific curiosity, knowledge about the journey provides

evidence about underlying mechanisms of for example the processes that shaped our

universe, the formation of galaxies, evolution of life, chemical reactions, or biological pro-

cesses. This is particularly relevant when studying living systems, where there is often no

clearly defined endpoint of a process, rather, the outcome of the measurement is deter-

mined by its timepoint. Consequently, the ”correct” timepoint of measurement depends

on the specific research question, and the answer may lie within the pathway itself. For a

comprehensive understanding, it is therefore crucial to monitor key parameters over the

whole timescale of an experiment. The aim of this thesis was to measure and quantita-

tively describe the time-dependent kinetics of lipid-mediated mRNA- and siRNA-based

applications and to develop tools to systematically control their dynamics.

Beyond the significant role of mRNA during the COVID-19 pandemic [1], RNA thera-

pies hold great promise in addressing the health challenges of our generation, particularly

in areas such as personalized medicines, infectious diseases, and cancer treatment [2–5].

In addition to these therapeutic advances, RNA is also emerging as a valuable tool in

synthetic biology, with mRNA enabling transient expression of exogenous proteins and

siRNA facilitating temporary knockdown of targeted protein expression. Together, these

tools allow constructing synthetic networks or encoding machines for genetic engineering

[6–10]. In the context of genetic engineering, it is crucial to enable the precise control

of gene expression. However, the success of RNA applications is often measured solely

by the the final protein level while the dynamics of the system are frequently overlooked.

This narrow focus misses valuable insights into the trafficking processes and expression

dynamics that are crucial for a profound understanding that is required for an optimal

design of mRNA applications [11].

For successful RNA delivery, a vector is required to transport the RNA to the cell and

to overcome the cell membrane to deliver the RNA into the cytosol. Lipid-based de-

livery systems have emerged as the most promising non-viral vectors [12, 13], offering

reduced toxicity, increased cargo capacity, and less complex manufacturing compared to
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CHAPTER 1. INTRODUCTION

other delivery methods such as viral or polymer-based vectors [14–16]. Therefore, this

work aimed to analyze the kinetics of lipid-based RNA delivery from both a physics and

synthetic biology perspective, with the goal of improving the understanding of the RNA

delivery and translation process in mammalian cells. Such insights are essential for pre-

dictive modeling of RNA kinetics and pave the way for the rational design of future RNA

applications. The combination of physics and synthetic biology offers a powerful frame-

work for studying these complex processes. Physics provides the tools to describe the soft

matter of biology and enables predictive insights through theoretical modeling [17] while

the field of synthetic biology focuses on the development of innovative tools to explore

and understand life [18, 19].

A profound understanding of the RNA delivery is particularly important due to the in-

herent stochasticity of the multistep process [20, 21]. As outlined in Fig. 1.1, the

process begins with administration, where the LNP encounters abundant proteins that

may exchange with its outer lipid layer forming a protein corona [22–24]. This corona

can mediate the cellular uptake, typically through receptor mediated endocytosis [25, 26].

However, after the uptake, the LNP remains trapped inside the endosome, and its escape

from this compartment is the rate-limiting step of the entire delivery process [27]. If

the endosome is not degraded or recycled, the lipid nanoparticle (LNP) can escape, and

once its cargo - the RNA - is unpacked, becomes available for further processing, such as

mRNA translation.

Figure 1.1.: RNA/LNP delivery is a cascade of stochastic processes: The delivery of
an mRNA-loaded LNP to a mammalian cell starts with administration and protein adsorption
that mediates adhesion to the cell surface. After uptake, successful escape from the endosome
and unpacking from remaining lipids can result in translation and protein expression. Adapted
from [P1].

In cell populations, the average often fails to reflect the true picture due to the inher-
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ent heterogeneity and noise within cell populations may distort the result [28]. Single-cell

analysis allows to analyze the isolated delivery processes to an individual cell together with

its separation from its physiological context, where cells are constantly interacting with

their surroundings further increasing complexity of the complex. Various methods have

been developed for single-cell analysis [29], but many lack the temporal resolution needed

to effectively capture dynamics of RNA delivery. Hence, the live-cell imaging on single-

cell arrays (LISCA) platform was developed [30], enabling the simultaneous observation

of hundreds of individual cells over time. Fluorescence reporters were used to monitor

single cells placed on micropatterned structures, and high-throughput automated image

analysis enabled to quantify the underlying gene expression kinetics. Theoretical mod-

eling of protein expression following mRNA transfection allowed independent assessment

of degradation and production rates, which is essential for understanding and designing

RNA applications.

In this work, a single-cell based experimental approach was employed to understand the

distinct steps of the stochastic RNA delivery cascade using lipid-based carriers and to

develop tools for precise manipulation of gene expression.

Chapter 2 discusses fundamental scientific concepts relevant within this thesis, explain-

ing gene expression and the scientific relevance of exogenous RNA delivery. It also covers

the biophysical methods for characterization of LNPs ex vivo and the analysis of its in

vivo pathways using the in-house developed LISCA platform. Additionally, the founda-

tion of theoretical modeling for both mRNA and siRNA delivery is established together

with the theoretical concept of network motifs.

In Chapter 3, the trafficking and expression kinetics dependent on carrier type, compo-

sition of the protein corona, and LNP structure were analyzed, focusing on the impact on

uptake, endosomal escape and protein expression.

Building on this, Chapter 4 presents a single-cell investigation of the co-delivery of dif-

ferent mRNA species with an emphasis on coupled protein expression and delivery timing.

Further, different co-delivery strategies of mRNA with siRNA were analyzed, focusing on

the impact of RNA interference (RNAi) efficacy and timing. Finally, co-delivery-based

quantification of is performed.

In Chapter 5, this analysis is then used to explore how codon manipulation affects the

translation kinetics of co-delivered mRNAs in absence and presence of RNAi, demonstrat-

ing how such manipulation can systematically tune mRNA stability. This is achieved by

stochastic simulations of ribosome movement in combination with single-cell experiments

involving co-delivery of two mRNA species alongside with a targeting siRNA. This ap-

proach contributes to the disentanglement of the complex interplay between ribosome

3



CHAPTER 1. INTRODUCTION

movement, translation, RNA interference (RNAi), and mRNA stability.

Finally, in Chapter 6, co-delivery systems are utilized to design small LNP-based bio-

logical circuits to improve noise in mRNA transfections and to tune response times. The

implementation of incoherent feed-forward loops (icFFLs) is shown to provide a precise

tool for synthetic biology, enabling control over noise, response time.

Chapter 7 concludes with a general discussion, summarizing how these investigations

enhance our understanding of the underlying mechanisms of lipid-based RNA delivery and

offer various strategies for refining RNA therapeutic approaches as well as for designing

tools for synthetic biology applications.
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2. Fundamental Concepts

2.1. Gene Expression

2.1.1. Central Dogma of Molecular Biology

Life, as we know, is governed by the central dogma of molecular biology, as illustrated

in Fig. 2.1. All genetic information is encoded on the desoxy ribonucleic acid (DNA).

When a specific piece of information is required, the DNA is transcribed into messen-

ger ribonucleic acid (mRNA) by polymerases. The resulting mRNA is then transported

out of the nucleus into the cytosol, where it becomes accessible for ribosomes, the key

transnational enzymes. Ribosomes move along the mRNA, matching each codon of the

open reading frame (ORF) with the correct transfer RNA (tRNA), which carries the cor-

responding amino acid encoded by the codon. Each codon encodes a specific amino acid,

but different codons can encode the same amino acid, known as synonymous codons. The

ribosome then adds the amino acid to the growing peptide chain, ultimately leading to

protein synthesis.

2.1.2. Relevance of mRNA: Therapeutic Approaches and Synthetic

Biology

Since its discovery in 1961 [31], mRNA has been the focus of numerous investigations,

not only for therapeutic applications but also as a tool in synthetic biology. Beyond

the well-known mRNA-LNP based COVID-19 vaccine, researchers are exploring mRNA

therapeutics to treat other infectious diseases, develop cancer vaccines [32, 33], or ad-

dress conditions arising from the absence of functional proteins, which can be introduced

through mRNA therapy [34–36]. A comprehensive review on therapeutic applications of

mRNA and its discovery can be found in the review by Sahin et al. [2]. In addition to its

therapeutic potential, mRNA has proven to be a valuable tool in synthetic biology, with

applications in stem cell engineering, the design of biological networks, and the study of

protein functions [2, 37].

The extensive research on mRNA is driven by several factors. First, mRNA translation
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CHAPTER 2. FUNDAMENTAL CONCEPTS

Figure 2.1.: The central dogma of molecular biology: DNA is transcribed into mRNA
(nucleus), which is subsequently translated into protein (cytosol). Ribosomes facilitate transla-
tion by pairing codons in the mRNA with the tRNA with the matching anti-codon, each the
corresponding amino acid.

happens in the cytosol, allowing it to bypass the need to enter the nucleus, which enhances

both efficiency and speed compared to DNA-based applications. Additionally, because

mRNA does not integrate into the genome, the risk of mutagenesis is significantly reduced.

The transient nature of mRNA translation and protein expression enables controlled gene

expression within a defined time window after application. However, challenges remain,

particularly in improving mRNA efficiency, extending its relatively short half-life com-

pared to DNA, addressing its immunogenicity, precision, and biodistribution [2, 38, 39].

2.1.3. RNA Interference: Mechanism and Applications

In biology, pathways are rarely straight-forward; rather, life operates as a complex net-

work of interfering mechanisms. In 1998, Mello and Fire discovered a specific form of

interference known as RNAi, which was awarded the Nobel Prize in 2006 [40]. RNAi is a

post-transcriptional gene silencing mechanism wherein small, non-coding double-stranded

RNAs, such as small interferring RNA (siRNA) and micro RNA (miRNA) (whose discov-

ery was just awarded with the Nobel Prize in medicine) interfere with mRNA [41, 42].

This interference reduces the levels of target mRNA either through translational repres-

sion or cleavage, dependent on the sequence specificity of the interfering RNA [43, 44].

In nature, long double-stranded RNA molecules are cut into 21-23 nucleotide (nt) frag-

ments, by an enzyme called Dicer [45]. Synthetic RNAi can be induced in mammalian

cells by directly delivering siRNA targeting a specific sequence [46]. These synthetic
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double-stranded RNA fragments are already delivered after the Dicer stage [47]. Unlike

the majority of miRNAs, which are not fully complementary to their target sequences,

most siRNAs are typically designed to fully match their target sequence for maximum

efficiency [42].

The kinetic of translation repression by synthetic RNAi is illustrated in Fig. 2.2.

Upon reaching the cytosol, siRNA complexes with RNAi-associated proteins to form the

RNA-induced silencing complex (RISC). This protein complex includes argonaute pro-

tein 2 (Ago2), together with the trans-activation RNA binding protein 2, and DICER1

[42]. The anti-sense strand of the interfering RNA binds to Ago2, unwinding the guide

strand and serving as a template to recognize the complementary mRNA sequence through

Watson-Crick base paring [41]. This interaction ultimately triggers mRNA cleavage. Fol-

lowing mRNA degradation, the RISC/siRNA complex and cleaved mRNA dissociate,

allowing the recycled RISC to engage with another target mRNA [48]. This cycle leads

to a reduction in target mRNA levels and, consequently, a decrease in the corresponding

protein levels.

Figure 2.2.: Kinetics of RNA interference: siRNA complexes with RISC proteins, which
then locate the complementary binding site on the mRNA. Successful binding leads to mRNA
cleavage and recycling of the RISC.

Like mRNA, siRNA holds significant potential as a therapeutic agent. In contrast to

mRNA therapeutics, which introduce specific proteins, siRNA therapeutics function by

knocking down target mRNA thereby inhibiting its translation. The first successful proof-

of-concept for siRNA therapeutics was demonstrated in mice in 2002, targeting hepatitis

C [49]. In 2018, the first FDA-approved siRNA-based therapy for human use was filed

for Patisiran (Alnylam), targeting hereditary transthyretin amyloidosis [50]. As of today,

five additional siRNA therapeutics (though not LNP-based) have received approval for

clinical use [42]. Beyond its vast potential in medicine, RNAi serves as a powerful tool in

synthetic biology, enabling applications such as the construction of tunable oscillators in

cells [51], the manipulation of cell motility [52], the creation of genetic switches [53], and

the buffering of noise in gene expression [54, 55].
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2.2. Gene Delivery

The effective utilization and investigation of the aforementioned genetic toolbox requires

the successful delivery of nucleic acids into mammalian cells. However, naked RNA and

DNA are rapidly degraded in biological fluids and are unable to penetrate cells [12] due to

their size and negative charge [45]. Additionally, the immune system is primed to target

and eliminate any exogenous genetic material [32, 56], further complicating the delivery

of unprotected nucleic acids. As a result, alternative strategies are essential for efficient

gene delivery.

Over the past few decades, various approaches for gene delivery have been developed. One

of the most straight-forward approaches is electroporation, which employs short electri-

cal pulses to temporarily perforate the cell membrane, allowing small molecules to enter.

Although this technique can facilitate gene delivery, it also causes cell damage and is

limited in therapeutic applications due to difficulties accessing tissues [57]. Viral vectors

are widely used to deliver genetic material due to their high transduction efficiency. How-

ever, concerns about their safety, including potential immune responses and limited cargo

capacity, remain substantial obstacles [32, 58].

Non-viral alternatives such as polyplexes with polyethyleneamine (PEI) as former bench-

mark candidate and, more recently, poly(ß-Aminoesters) (PBAE) [59] offer stable and

customizable RNA complexation. These polymers facilitate cellular uptake and endoso-

mal escape through electrostatic interaction with the cell membrane [60]. However, many

polymers exhibit cellular toxicity that needs to be addressed [61].

Currently, the most common delivery method aside from viral vectors, is lipid-based sys-

tems. Before lipid nanoparticles (LNPs) dominated the field, liposomes composed of

membrane lipids such as phosphatidylcholine (PC), which spontaneously form of bilayer

structures, were widely used for gene delivery [62]. However, post-loading of nucleic

acids into these liposomes is inefficient and complex, which led to the development of

cationic liposomes, which complex with nucleic acids based on charge [63]. A popular and

commercially available reagent is LipofectamineTM 2000, InvitrogenTM (L2000), which is

based on cationic lipids [64]. Despite its widespread use in gene delivery research, its

application in vivo is limited due to the large and heterogeneous size of the particles,

their instability, positive charge, and associated toxicity [61]. Later, ionizable lipids such

as 1,2-dioleoyl-3-dimethylammonium propane (DODAP) [65] or DLin-MC3-DMA (MC3)

[66] were developed, which are positively charged at low pH and can encapsulate negatively

charged nucleic acids. Upon transfer to a buffer with physiological pH, these lipids be-

come neutral, thereby reducing toxicity [65]. Further approaches such es cell-penetrating

peptides, exosomes, dendrimers, microparticles, or hydrogel-based delivery methods [32],
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are interesting but are beyond the scope of this work. Here, mainly LNPs, as the leading

technology for non-viral delivery of RNA and gene-editing applications [12], will be used

and described in the following sections.

2.2.1. Ionizable Lipid Nanoparticles

In 2017, the first LNP-based drug, Patisiran (Onpattro, Alynylam Pharmaceuticals), was

approved for clinical application for the siRNA-based treatment of transthyretin induced

amyloidoisis [12, 66]. Since then, the LNP technology has advanced rapidly, contributing

to the development of vaccines for the global COVID-19 pandemic [67, 68], and, more

recently, to the development of several cancer vaccines [3, 69, 70].

LNPs typically consist of four lipids: an ionizable lipid, a phospholipid, cholesterol, and a

polyethylene glycol (PEG)-ylated lipid, whose structures and functions will be discussed

in the following section. RNA encapsulation requires rapid mixing, while the molar com-

position of lipids and nitrogen to phosphate (N/P) ratio (defining the ionizable lipid to

mRNA ratio) dictate the properties of the LNP. The ionizible lipid forms a core with

nucleic acids and cholesterol, surrounded by an outer shell composed of phospholipids

and PEG-lipids [12, 71]. These structural arrangements have been studied for example

through molecular modeling [72], small angle X-ray scattering (SAXS) [73], and cryogenic

transmission electron cryomicroscopy (CryoTEM) [74].

Lipid Components

Each of the four main lipid classes in an LNP serves a distinct function, and variations

in these components lead to changes in LNP structure, size, and cellular processing. Ex-

emplary chemical structures of commonly used lipids from each class are shown in Fig.

2.3. The ionizable lipid, such as DODAP or MC3 [75], complexes with the nucleic acid

payload. The activity of an LNP is highly dependent on the choice of ionizable lipid [76],

particularly its pKa, as a protonation at endosomal pH facilitates endosomal escape [12].

The phospholipid supports the endosomal escape based on its fusiogenic properties [32,

77] and plays a role in circulation time [78] and biodistribution [79]. Cholesterol mod-

ulates the nanostructure and thereby contributes to in vivo stability. Notably, Patel et

al. (2020) demonstrated how cholesterol analogs, such as ß-sitosterol, can significantly

enhance LNP formulation efficiency [80].

PEGylation of LNPs greatly improves stability and circulation time by shielding the par-

ticle [81, 82]. After administration, PEGs lipids exchange with proteins to form a protein

corona, which interacts with the cell membrane and influences LNP potency [83, 84].

However, PEG lipids also reduce interactions with the endosomal membrane [85]. Since
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PEG lipids reside at the outer shell of the LNP, varying their molar ratio alters the

surface-to-volume ratio, making this an important tool for modulating LNP size [74, 86].

Beyond the individual function of each lipid, the overall composition determines efficiency,

circulation time, and organ tropism when LNPs are applied in vivo [78, 87, 88]. Typi-

cally, the lipid ratio of the Onpattro formulation is used for LNP applications: ionizable-

lipid:phospholipid:cholesterol:PEG-lipid 50:10:38.5:1.5 molar ratio [50].

Nucleic Acid Load

In chapter 2.1.1, DNA and mRNA were introduced as the basic building blocks of life.

Additionally, regulatory processes such as RNA interference, which are mediated by

molecules like miRNA or siRNA [40, 89], were discussed. LNPs offer the potential to

encapsulate not just a single type of nucleic acid but, but multiple species simultaneously.

Regardless of the nucleic acid species encapsulated, a key characteristic of LNPs is the

nucleic acid to ionizable lipid ratio, commonly referred to as the N/P ratio. This ratio is

defined as the number of protonable amine groups on the lipid headgroup (N) to the neg-

atively charged phosphate groups on the nucleic acid backbone (P). Detailed instructions

for calculating the N/P ratio can be found in Appendix A.1.3.

Nucleic acids are composed of a phosphate group, a sugar (desoxyribose for DNA and

ribose for RNA) and a base. The sugar and the phosphate form the backbone while

the specific sequence of bases defines the function. The bases in DNA are adenine (A),

guanine (G), cytosine (C) and thymine (T). In RNA, adenine, cytosine and thymine are

also present, but thymine is replaced by uracil (U). Through Watson-Crick base pairing

[90], where A pairs with T (or U in RNA) and C pairs with G, the DNA’s characteristic

double helix is formed, and mRNA - tRNA interactions are mediated during translation.

The focus of this thesis is to study transient protein expression dynamics through the

encapsulation and delivery of mRNA and siRNA. Beyond their biological properties and

functions, also the biophysical differences between siRNA and mRNA must also be consid-

ered. mRNA is a single-stranded molecule typically ranging from 500 to several thousand

nucleotides, whereas siRNA is much shorter double-stranded molecule, consisting of 21-23

nucleotides [45]. These difference result in molecular weights of different orders of mag-

nitude (approximately 106 g/mol for mRNA and 104 g/mol for siRNA) [2, 45], which has

implications for their behavior during the LNP self-assembly and delivery. For instance,

previous studies have shown that the co-encapsulation of mRNA with non-functional

siRNA can alter the mRNA protein expression, likely due to structural changes within

the LNP [91].

10



2.2. GENE DELIVERY

Figure 2.3.: Overview of the LNP production process: Lipid components are combined
and dissolved in an organic phase, while nucleic acid components are diluted in water and the
respective acidic buffer to form the aqueous phase. The two phases are then rapidly combined,
either manually or through microfluidic mixing, leading to the self-assembly of LNPs. Gradient
from blue to orange indicating increasing solvent polarity.

2.2.2. Microfluidic Mixing

A defined size and low polydispersity index (PdI) are crucial for precise LNP applications

[92] and the preparation method has been shown to determine efficacy [12, 93]. However,

simple mixing by pipetting or pouring the organic and aqueous phase together does not

result in a homogeneous particle distribution. LNP formation relies on a self-assembly

process, driven by electrostatic interactions between the ionizable lipid and the RNA that

form inverted micelles containing the RNA. Through the fast increase of lipid solvent

polarity (as organic and aqueous phase mix), this micellear aggregation is guided through

hydrophobic interactions followed by the formation of the outer shell (Fig. 2.3). There-

fore, the formation of equilibrium structures is dependent on the rapidity of mixing of the

organic and aqueous phases, as it directly influences the local concentration and ratios of

the components [94].

To achieve rapid, efficient and controllable mixing, microfluidic mixing - using turbulent
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or chaotic flow - is typically employed [86, 95]. Various types of microfluidic mixers are

available, with the simplest being a T-junction, featuring two input streams and one

perpendicular output stream. To enhance turbulence during microfluidic mixing, more

advanced designs have been developed, such as herringbone structures, baffles or torodial

channels [86, 96]. With the increasing use of LNPs, numerous mixing technologies and

platforms have emerged. However, many of these come with limitations, such as large

minimum batch sizes and high dead volumes, which reduce yields [97].

For research applications, lab scale volumes - typically low - and high reproducibil-

ity are demanded. One microfluidic mixing platform that meets these requirements is

the NanoAssemblr® Spark™, which utilizes microfluidic cartridges with ring mixers as

sketched in Suppl. Fig. A.1. These bifurcating mixers split the channels into separate

paths that merge back together after varying path lengths, creating both chaotic advec-

tion through differing paths and turbulent flow at the junctions. This technology enables

scalable and reproducible LNP mixing with high encapsulation efficiency despite the low

volumes used for mixing [98].

2.2.3. Downstream Processing

Even if the mixing process of the LNP were ideal - so that all initial components form

perfectly uniform LNPs - they would still be in a mixture of water, ethanol and acidic

buffer, which needs to be exchanged with a physiologic buffer. This is to reverse the

ionization of the ionizible lipids and to reduce toxicity in in vitro and in vivo applications.

Additionally, the concentration of LNPs might require adjustment, and - as the process is

most likely not ideal - any aggregates formed during processing would need to be removed.

Tangential flow filtration (TFF) is a technology capable of addressing all these tasks [99].

However, this technique is not feasible for lab scale production. Fortunately, there are

other methods that can be employed to achieve buffer exchange, remove aggregates and

adjust concentration. First, buffer exchange can be facilitated with dialysis, using a

membrane susceptible to small molecules while retaining the LNPs. Second, aggregates,

due to their size and weight difference from LNPs, can be removed by centrifugation.

Adjustment of the concentration can either be reached by dilution in the appropriate

buffer, while increasing the concentration typically requires vacuum evaporation at room

temperature, providing low-stress conditions. A detailed description of the methods, along

with corresponding protocols, is provided in section A.1.4.
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2.2.4. Size Determination of Lipid Nanoparticles

When discussing the size of an LNP, the property that is most likely referred to is the

hydrodynamic radius (RH) or the hydrodynamic diameter (DH). The hydrodynamic

radius is not necessarily the actual radius of the particle but rather the description of a

theoretical sphere that diffuses in the same way as the particle [100].

In this work, two techniques were used to measure the size of an LNP: fluorescence

correlation spectroscopy (FCS), which measures fluorescence intensity, and dynamic light

scattering (DLS), which measures the intensity of the scattered light. Both methods then

calculate the auto-correlation of signals, enabling determination of the hydrodynamic

radius.

Fluorescence Correlation Spectroscopy

FCS is a quantitative single-molecule technique that collects photons emitted by fluo-

rescent particles in a liquid sample within a defined volume over time. By calculating

the auto-correlation of these signals, FCS enables the analysis of particle concentration,

diffusion constant, and thereby particle size, kinetics and other photophysical parameters

[101]. To achieve this, a confocal setup is required in order to get a defined detection

volume (see Appendix A.1.5). This detection volume can then be approximated as a

Gaussian ellipsoid, characterized by its axes ωz and ωr. When the fluorescent particles

are sufficiently diluted, allowing the detection of only one particle at a time within the

detection volume, time-resolved intensity profiles are recorded. These are then used to

calculate the auto-correlation function (ACF):

G(τ) =
⟨I(t)I(t+ τ)⟩

⟨I(t)⟩2
(2.1)

Quantitative FCS relies on knowledge of the detection volume and the diffusive properties

of the analyte. This information is used to fit the data and obtain both the diffusion time

of particles and the amplitude of the ACF. The diffusion time (τD) is given by:

τD =
ω2
r

4D
(2.2)

where D is the translational diffusion coefficient. The particles investigated in this study

were assumed to be spherical and were measured in fluids with low Reynolds numbers.

Hence, the diffusion time and hydrodynamic diameter are connected by the Stokes-
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Einstein equation:

D =
kBT

6πηRH

(2.3)

where kB is the Boltzman constant, T is the temperature, η is the solvent’s viscosity, and

RH is the hydrodynamic radius of the spherical particle.

Another important fit parameter is the amplitude of the ACF, which provides information

about the number of particles (N) in the detection volume:

1

Gd(0)
= ⟨N⟩ (2.4)

When FCS is performed using two spectrally separated fluorophores, a spatial correlation

can be introduced into the analysis. The cross-correlation function for two species G1 and

G2 is defined as:

GCC(τ) =
⟨I1(t) ∗ I2(t+ τ)⟩
⟨I1(t)⟩ ∗ ⟨I2(t)⟩

(2.5)

DespiteFCS requiring the incorporation of fluorescence species to the LNP, it enables to

study loading efficiency of single or multiple species [102], as well as the ability to monitor

LNP-related dynamics, such as self-assembly [103] and formation of the protein corona

[104].

Dynamic Light Scattering

DLS, similar to FCS, measures the intensities of diffusing particles in solution with sub-

sequent calculation and analysis of the ACF to determine the diffusion coefficient. In

contrast to FCS, DLS does not require fluorophore encapsulation, as it relies on the scat-

tering intensities of the particles instead of fluorescence. Since scattering depends on

particle size (and shape), this allows the determination of particle size and size distribu-

tion. When particles are illuminated by a laser, elastic electromagnetic scattering occurs,

inducing oscillating dipoles resulting in spherical scattering in all directions. For particles

smaller than the wavelength of the laser, Rayleigh scattering dominates [105], while for

larger particles, Mie scattering dominates [106]. Since these two scattering mechanisms

have different proportionalities to particle size and intensity, it can be challenging to

quantitatively analyse mixtures of small and large particles.

In addition to providing information about the distribution of hydrodynamic radii, DLS

generates information on the polydispersity of the particle solution. The characteristic

parameter used to describe this is the PdI, defined as the ratio of the standard deviation
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to the mean particle size [100].

2.2.5. Cascade of Cellular LNP Processing

Cellular delivery of nucleic acids through LNPs can be described as a cascade of stochastic

processes. An overview of the distinct steps involved is provided in Fig. 1.1. This section

will explain the single steps from administration to endosomal release [107].

Administration

For LNP transfection experiments, the RNA-LNP is applied systemically, either in in vivo

applications, or in cell- or tissue cultures for research purposes. Following application, the

LNP is exposed to a variety of proteins leading over time to the dissociation of the PEG

lipid and the subsequent adsorption of proteins, forming a protein corona around the LNP

[22, 85]. This naturally occurring process has been shown to serve as natural targeting

mechanism, with the most prominent adsorbed protein being apolipoprotein E (ApoE),

which leads to enhanced uptake by liver cells [23].

Uptake

After application, when the LNP reaches a cell, the internal processing, and thus the fate

of the particle, is determined by the route of entry into the cell [26, 108]. The domi-

nant uptake mechanism for LNPs has been shown to be endocytosis [23]. Endocytosis

encompasses a family of pathways, divided into receptor-mediated (caveolin- or clathrin-

dependent) and receptor-independent (micropinocytosis and phagocytois) pathways [109–

111]. Most LNPs are internalized via clathrin-mediated endocytosis (CME) [112], facili-

tated by the particle’s protein corona. Various proteins have been shown promote CME

[23–25, 113], and, consequently, uptake modulation is possible by adjusting LNP param-

eters such as its size, lipid ratios, the type of PEG lipid anchor, or the PEG chain size,

which in turn affect the type and amount of adsorbed proteins [88, 114]. Additionally,

decorating LNPs with targeting ligands allows for the selective transfection of certain cell

types [115–117].

However, the numerous parameters influencing particle uptake make accurate quantifica-

tion of the dynamics challenging. For instance, the timing of uptake is strongly depends

on the pathways, ranging from 0.5 to 1.5 hours for CME, and 2 to 6 hours for micropinocy-

tosis [109]. Furthermore, the specific uptake pathway is not only influenced by the protein

corona, but has been shown to be determined by particle size, shape and cell-type [118–

122]. This variety of factors is reflected in the wide range of uptake times observed, from
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rapid uptake within minutes [21, 25, 85] to slower uptake occurring over several hours [80,

123, 124].

Endosomal Escape

After uptake, the particle is trapped inside the endosome, a vesicle composed of the

double-layered cell membrane surrounding the LNP(s). As illustrated in Fig. 1.1, the

endosome can either undergo recycling, degradation, or it can release the LNP into the

cytosol, where the cargo becomes accessible for further processing, such as translation.

Endosomal escape has been identified as both a major source of LNP-related toxicity

[125] and the primary bottleneck in delivery efficiency [126]. In RNA-LNP transfections,

only 2 to 15% of the nucleic acid cargo is successfully released into the cytosol [97, 109,

127–129], while the remainder is degraded or undergoes exocytosis [130–132].

Hence, investigating the underlying mechanism is crucial for improving LNP-based nucleic

acid delivery. One key factor is endosomal acidification, which starts in early endosomes

at pH 5.5 - 6.5 and progresses to late endosomes at pH 5.0 - 5.5 [124, 133, 134]. This

acidification induces structural changes in the LNP as a function of the pH [73, 135, 136]

that destabilize the endosomal membrane, facilitating escape. Specifically, the transition

from an inverse micellar (LII) phase to an inverse hexagonal (HII) phase [73] aids endoso-

mal destabilization through fusion of protonated lipids and endogenous endosomal lipids,

allowing the release of the cargo. Different types of lipids possess different curvature pro-

files that depend on their shape and contribute to the formation of lamellar or inverted

phase, has been confirmed through CryoTEM [13, 65, 112, 137–139].

The window of opportunity for endosomal escape is narrow [126], and faster endosomal

trafficking has been correlated with higher expression levels [134]. Therefore, understand-

ing the timing of these events is critical, as the speed of trafficking influences the likelihood

of escape [140, 141]. Reported time scales for escape vary widely, from minutes up to 15

hours, and are further influenced by factors such as endosomal size [114] and the lipid

composition of the LNP [128, 142]. Beyond the contribution of the ionizable lipid, choles-

terol also plays a role by stabilizing the curvature region of the endosomal opening during

release [143, 144]. Close interaction between the LNP and the endosomal membrane is

necessary for membrane fusion, and therefore, partial removal of the protein corona is

required for this interaction [145]. Thus, the design of the protein corona also impacts

the efficiency of LNP escape. Interestingly, the number of LNPs within a single endosome

can affect the probability of release, likely due to the buffering effect of the ionizable lipid

[24, 114]. An overview of the reported timescales for endosomal escape is provided in

publication [P2].
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After escape into the cytosol, the linear delivery model presented in Fig. 1.1 suggests

that an additional step is required, in which mRNA is released from residual lipids. This

step determines the time frame from endosomal release to the initiation of translation

[145].

2.2.6. Co-delivery strategies

The increased loading capacity of LNPs compared to viral vectors [146] facilitates the

co-delivery of several and different nucleic acids. For example, the co-delivery of siRNA

and mRNA has been tested for cancer therapy to deliver tumor suppressors together with

siRNA mediated knock down of oncogenes [91], as well as to enhance chimeric antigen

receptor T-cell (CAR-T) cell therapy [147]. In synthetic biology, co-delivery has gained

particular relevance with the advent of CRISPR/Cas engineering, which requires the

delivery of Cas9 protein - either as a protein or encoded in mRNA or plasmid DNA

(pDNA) - alongside single guide RNA (sgRNA) [6, 7, 148–150].

For packaging in co-delivery of two species, three different strategies are available. The

two different species can either be co-encapsulated and delivered together (Fig. 2.4a),

encapsulated separately but be co-delivered (Fig. 2.4b), or encapsulated separately and

be delivered sequentially at different timepoints (Fig. 2.4c). Depending on the chosen

approach and the encapsulated species, the expression levels [91, 129, 151] and kinetics

[152] of the delivered nucleic acids may vary.

Figure 2.4.: Co-Delivery Strategies: (a) Co-encapsulation of two species within the same
particle. (b) Separate encapsulation and simultaneous delivery, or (c) separate encapsulation
with successive delivery at different timepoints.
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2.3. Single-Cell Experiments

2.3.1. The Role of Single-Cell Experiments in Biophysics

For a long time, information regarding how cells respond to perturbations and process

information was gathered primarily through ensemble measurements or as averaged data

points [153, 154]. While population analysis might be sufficient to answer certain scientific

questions, others require more detailed insights. These insights are crucial because a pop-

ulation is not necessarily representative of its individual members. Cellular heterogeneity

manifests in various features, such as metabolic state, cell cycle, gene expression, and cell

differentiation status [72, 153]. Together with cell history and microenvironment, these

factors contribute to phenotypic differences. As discussed by Snijder and colleagues in

2011, these differences often arise from deterministic processes [154]. Every biochemical

reaction carries a certain level of noise, and each pathway consists of cascades of biochem-

ical reactions with inherent noise levels. Additionally, any treatment applied in solution

to a cell population leads to a distribution of molecules that reach the cells. Every step

of uptake and processing is thus a stochastic process, resulting in heterogeneity of a pop-

ulations response.

In this work, the implications of both intrinsic and extrinsic noise are studied. The im-

portance of single-cell experiments for precision measurements is highlighted, along with

how these measurements can be utilized to measure, understand and control noise.

Noise can be conceptualized as a statistical property of cell populations [72, 153]. In-

trinsic noise is primarily caused by variations within molecular networks and biochemical

reactions, while extrinsic noise is associated with differences in protein levels resulting

from upstream influences, such as the environment or treatment conditions. [155–157].

Consequently, a fundamental challenge in population experiments is presented by the sep-

aration of stochasticity from deterministic effects at the phenotypic level [154, 158].

Reflecting on the phenomenon of noise, it could be questioned, how the complexity of

a mammalian cell, with all its regulations and stochastic variations, can remain func-

tional. A partial answer to this lies in regulatory mechanisms and networks, which will

be discussed later in this work [159]. However, the investigation of regulatory networks

is also hindered by several of the aforementioned factors. In particular, the lack of cell

synchronization in the ensemble can mask subpopulations [154] or wash out important

information about dynamics [72]. This makes single-cell imaging indispensable for the

analysis of biological circuits [160]. Additionally, single-cell analysis enables to simultane-

ous measurement of multiple coupled parameters [153], facilitating multivariate analysis,

as demonstrated by Murschhauser et al. [161]. However, isolating cells may lead to ad-
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verse effects, as it has been shown that processes such as endocytosis can be influenced

by cell-cell contact [154].

Various techniques are available to capture single-cell properties, including flow cytome-

try, PCR analyses, and single-cell sequencing methods. However, these methods typically

do not provide temporal resolution.

Other methods, particularly newer (fluorescence) microscopy techniques, allow the acqui-

sition of temporal information, enabling the study of molecular dynamics and kinetics

[162]. Recently, a broader range of super-resolution microscopy techniques have been de-

veloped, allowing the tracking of single molecules or compartments within a cell. Promi-

nent examples include Stochastic Optical Reconstruction Microscopy (STORM), Stimu-

lated Emmission Depletion Microscopy (STED), and Structured Illumination Microscopy

(SIM), which have significantly contributed to the understanding the fate of LNPs inside

eukaryotic cells [163–165]. To capture information about the microenvironment, methods

such as fluorescence lifetime imaging microscopy (FLIM) [111, 166, 167] or förster reso-

nance energy transfer (FRET) [168–171] are commonly employed for observations at the

nanometer scale.

The focus here is on a time-lapse fluorescence microscopy method that enables the record-

ing of trajectories of thousands of single cells in parallel over time periods up to 72 hours:

live-cell imaging on single-cell arrays (LISCA) [30, 107, 172–174]. In addition to temporal

resolution of up to 48 hours, this technique provides sufficient statistics for high-precision

measurements. The LISCA workflow is illustrated in Fig. 2.5 and will described further

in the following sections. In brief, micro-patterned substrates are prepared to allow ad-

hesion of one cell per spot (Fig. 2.5a). Transfection of cells with fluorescent reporters

allows the uptake and expression kinetics of each cell to be tracked via live-cell microscopy

under physiologic conditions (Fig. 2.5b). Automated image analysis produces hundreds

of trajectories per experiment (Fig. 2.5c), which serve as the basis for analyzing under-

lying kinetics, fitting mathematical models, and investigating noise.

This technique enables the identification of subpopulations, rare events, and correlations

between activities. Additionally, genetic circuits, which may otherwise be washed out

due to the lack of cellular synchronization, can be analyzed. The kinetic data allow to

quantitative comparisons with dynamic models [72, 107, 174].
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Figure 2.5.: Live-cell imaging on single-cell arrays: (a) Microscope slides are patterned,
followed by cell seeding to allow self-assembly, (b) Cells are treated, and time-lapse imaging is
performed under physiological conditions, (c) Image analysis is conducted to generate trajecto-
ries.

2.3.2. Subtractive or Additive Preparation of Single-Cell Microarrays

High-throughput measurement of single-cell gene delivery and protein expression requires

separation of cells. To prevent the formation of a cell layer, substrates with cell-adhesive

spots with an area in the order of magnitude of a single cell are prepared, surrounded

by a bio-inert surface. This ensures a standardized confinement of cells and maintains a
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rather uniform cellular surface across all observed cells, which is particularly important

for quantitative uptake studies.

A variety of micro-patterning techniques can be applied to achieve this. In earlier work,

methods such as selective microscale plasma-initiated protein patterning (µPiPP) [175],
photo-lithography for the production of microstructured gold squares [176], and hydrogel-

based micromolding [177, 178] have been tested. In this work, selective UV-illumination

was chosen to pattern a bio-inert PVA surface using either an additive or a subtractive

approach. Both methods are illustrated in Fig. 2.6.

Figure 2.6.: Single cell micropatterning techniques: (a) Selective removal of PVA, (b)
Photopatterning

Both approaches are based on selective illumination through a silica wafer photo mask with

20x20µm squares that are susceptible for UV-light. The subtractive approach illustrated

in Fig. 2.6a employs a catalytic mixture based on the photoactivatable reagent PLPP

(Enamine) to remove the PVA layer at the illuminated spots. Consequently, the slide

surface is uncovered and can be coated with proteins. Laminin, a protein commonly found

in the extracellular matrix (ECM) of epithelial cells, was primarily used to facilitate cell

adhesion at the patterned squares.

The additive approach, shown in Fig. 2.6b, utilizes selective UV illumination to couple

a diazirine alkyne to the PVA surface. This selectively modified surface served as a basis

for the coupling of the cell-adhesive peptide cyclo-Arg-Gly-Asp (cRGD) via a CuSO4 click

reaction. For detailed materials and experimental methods, refer to Chapter A.1.

2.3.3. Time-Lapse Microscopy

Single-cell analysis as described here, requires a fast imaging technique that allows for

the tracking hundreds of single cells in parallel and capture reporter dynamics. Light

microscopy is considered the most fundamental tool for investigating biological samples
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[179]. The simplest application of light microscopy is brightfield imaging, which utilizes

the density differences in biological samples that lead to variations in absorption, gener-

ating contrast. A slightly more advanced set-up is required for phase contrast imaging,

where the contrast is enhanced compared to brightfield imaging. Here, the phase shift

generated by different compartments within a cell is converted to amplitude differences,

visualizing the contrast.

The most important light microscopy technique in the context of this work is fluores-

cence microscopy. This method is based on the property of certain molecules to emit

photons upon excitation with a specific wavelength, and the emission is captured to gen-

erate contrast [180]. For this work, an epifluorescence microscope was employed to collect

brightfield images (for identifying and tracking cells) and fluorescence images (to follow

the kinetics of fluorescent reporters). To enable long-term live imaging, an incubation

chamber for physiological conditions was built around the microscope.

In the next section, different classes of fluorescence reporters relevant to this work will be

discussed.

2.3.4. Fluorescence Reporters

To follow protein expression over time, fluorescence reporters provide a direct readout.

Fluorescence is a photo luminescent process in which excitation of matter with photons

of a distinct wavelength leads to emission of photons of longer wavelength (Stokes shift)

after relaxation to the ground state. This process is characterized by the transition from

the excited singlet state to the ground state within nanoseconds, resulting in the emission

of a photon. During fluorescence microscopy, the emitted photons are then converted into

electronic information that allows for their quantification. [162]

To assess the fate of an LNP during a transfection, two different types of reporters are

utilized here: fluorescent proteins that are encoded within the delivered mRNA and flu-

orescent molecules that are covalently coupled to the mRNA or lipid components.

2.3.5. Fluorescent Proteins

The fluorescent property of fluorescent proteins is encoded in their peptide sequence.

Fluorescence is then based on the specific microenvironment given by protein structure

that relies on correct folding. Such sequences can be encoded in mRNA or plasmid vectors,

presenting the opportunity for studying the kinetics of gene expression.

The most famous fluorescent protein is the green fluorescent protein (GFP), which was

discovered in 1962 [181, 182]. Here, fluorescence arises from three adjacent amino acids -
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serine, tyrosine, and glycine - that are located in the center of the beta-sheet cylinder of

the folded protein. This configuration creates a hydrophobic environment for the carboxyl

group of the serine and the amino group of the glycine to react, forming a imidazolinone

ring system that - in an oxidation step, reacts with the tyrosine to form a fluorophore

with an emission peak at around 509 nm [183].

Significant effort has been dedicated to engineering GFP for improved brightness, stability,

and efficiency. Numerous variants of GFP with color-shifted fluorescence now exist [184],

allowing for multiplexing in live-cell experiments. Over the last few years, a variety of

other fluorescence proteins, beyond the GFP family, have been discovered and improved,

including the recently developed mScarlet 3[185] and mGreenLantern [186].

Direct Labelling of RNA-LNPs

Transfection with endogenous reporters in endogenous vehicles may require tracking their

fate during the experiment [80, 122, 187]. Due to their unique photophysical proper-

ties and biocompatibility, the cyanine dye family is commonly used for the labeling of

biomolecules [188]. Their fluorescent properties arise from an electron-accepting methine

(quaternary amine) group connected through a spacer with a tertiary amine group, form-

ing a π-conjugated system [189]. In this work, cyanine 3 (Cy3) and cyanine 5 (Cy5) dyes

are primarily employed, as they can easily be coupled to RNA or lipid molecules [190,

191].

2.3.6. High-Throughput Automated Image Analysis

A typical time-lapse scanning microscopy experiment captured 100-150 view field posi-

tions, with one image taken per timepoint and position. For a 30-hour experiment with

a 10-minute capturing interval, this resulted in in 1.8 ∗ 104 to 2.7 ∗ 104 images. Fig. 2.6

shows exemplary snapshots from one field of view after transfection. Apart from the need

for effective data storage management, this large volume of data required an advanced

image analysis platform.

The in-house developed python-based automated microscopy analysis (PyAMA) provides

a workflow that enables the time-lapse data to be analyzed in a semi-automated manner

[30, 174, 192]. In a first step, segmentation of cells based on the deviation of the pixel gray

scale values of bright field images was performed, yielding the shape and coordinates for

individual cells. Additionally, a background correction based on the algorithm, developed

by Schwarzfischer et al., was applied. This algorithm, designed for the analysis of time-

lapse data, accounts for the decrease in background signal of the poly(vinyl alcohol) (PVA)

slide over time due to photo bleaching, and was applied separately for each time stack
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Figure 2.7.: Snapshots from time lapse imaging: HuH7 cells were transfected with GFP
mRNA and imaged for 30h. One exemplary field of view is shown for different timepoints as
indicated. Top row shows brightfield images, bottom row shows GFP fluorescence.

[193]. Segmentation and background correction were fully automated for the analysis of

an entire nd2 (a Nikon specific file format) file. Following this, manual intervention is

required to ensure that automated cell selection adheres to the selection criteria. Classical

exclusion criteria included: double or multiple occupancy per spot, cell not attached to

a spot, cell death during the observation period, or - depending on the experimental

scope - cell division during observation. More advanced segmentation algorithms, such

as cellpose [194] were tested and certainly, artificial intelligence will further improve the

analysis workflow in the future.

After segmentation, background correction and manual selection, a region of interest

(ROI) was defined. The ROI can be the cell shape itself or, as employed in this work,

a square around the cell, as indicated in Fig. 2.5c. This ROI significantly reduced the

fluctuations in the fluorescence trajectories without altering the protein expression signal.

By loading the segmentation with ROIs, background-corrected fluorescence stacks, and

tracking data of each cell over time, fluorescence trajectories were generated, forming the

basis for most of the results presented in this work.

2.4. Mathematical Modelling of RNA Delivery

2.4.1. LNP Delivery as a Cascade of Stochastic Processes

In Fig. 1.1, the complexity of LNP delivery to mammalian cells is depicted. Based on

this dissection into smaller sub-processes, quantitative modelling becomes possible [21,

137, 195, 196]. As described previously, these steps include administration and corona
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formation, binding to the cell surface, followed by uptake via endocytosis and endosomal

processing inside the cell, which can lead to either recycling, degradation or mRNA re-

lease. From there, the mRNA is unpacked from the lipids, enabling translation initiation

through ribosome binding, followed by translation and eventual protein maturation. Each

of these steps involves distinct forward and degradation rates. Naturally, this simplifica-

tion of a biological process is accompanied by complications, such as the varying number

and loading of endosomes, cell-type specificity of certain rates, and rare events that may

interfere with the cascade [161].

By overcoming those challenges, quantification of gene delivery is enabled, offering a valu-

able tool to improve understanding, predict gene delivery, and support the development

of new therapeutic applications or investigative tools for biotechnology. However, only a

few rates have been quantified in the past. Time-resolved single-cell microscopy exper-

iments provide the opportunity to access specific rates with high statistical significance

and to further explore correlations between events [72]. In this work, fluorescence trajec-

tories monitor protein production following RNA transfection and, therefore, allow the

underlying rates to be determined, as discussed in the following sections.

2.4.2. Translation Modelling

In a simple approach, where protein is produced with kp and degraded at rate kd, the

change in protein P over time is expressed as:

∂P (t)

∂t
= kp − kd ∗ P (t) (2.6)

Solving this differential equation results in:

P (t) = Pst ∗ (1− e−kd∗t) (2.7)

where Pst represents the steady-state level of protein. This model was developed for DNA-

based protein expression, where the level of mRNA can be approximated as constant over

time. The steady-state level of protein expression is defined as:

∂P (t)

∂t
= 0 = kp − kd ∗ Pst (2.8)

leading to:
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Pst =
kp
kd

(2.9)

This shows that the steady-state level is the ratio of the production rate to the degradation

rate.

Another characteristic parameter in gene delivery is the response time t1/2, defined as

the time after which half of the steady-state level is reached. Using equation 2.7, this is

calculated as:

P (t1/2) =
1

2
∗ Pst = Pst ∗ (1− e−kd∗t1/2) (2.10)

and therefore:

t1/2 =
ln(2)

kd
(2.11)

This demonstrates that the response time is solely dependent on the general decay rate

defined as defined in this simple model [197].

In the mRNA-LNP-based transfection experiments conducted in this work, protein ex-

pression is transient. However, within the observed time frame and due to high protein

stabilities, a steady-state level can be approximated with the maximum expression level

(Fig. 2.8).

Figure 2.8.: Approximation of steady-state level with maximum expression level: In
transient protein expression experiments, when protein stability is high, the steady-state level
observed in stable protein expression experiments can be approximated by the maximum protein
expression level. Exemplary single-cell traces (green) following LNP transfection of GFP mRNA
are shown, with the maximum expression level indicated by black dotted lines.

From this general model for protein production, a more specific model for mRNA trans-

lation following transfection, described as a biochemical reaction, has been proposed [21].
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In this model, the translation rate is denoted as ktl, the protein degradation rate as β, and

mRNA(t) represents the number of mRNA molecules available for translation at time t:

∂P (t)

∂t
= ktl ∗mRNA(t)− β ∗ P (t) (2.12)

In contrast to the simple model described above, the mRNA level is not constant over time

but is also subject to degradation at a rate δ. Therefore, this decay must be implemented

via an additional differential equation:

∂mRNA(t)

∂t
= −δ ∗mRNA(t) (2.13)

This set of differential equations 2.12 and 2.13 yields an analytical expression for the

number of proteins, with m0 representing the number of mRNA molecules available at

time t0:

P (t) =
m0 ∗ ktl
δ − β

∗ (1− e−(δ−β)(t−t0)) ∗ e−β(t−t0) (2.14)

This formula predicts the time-dependent amount of protein within a cell. In this work,

protein production is monitored via protein fluorescence, as exemplified in Figs. 2.5b, c,

2.7. As described previously, fluorescent proteins must fold correctly - or in other words:

mature - to become fluorescent. To account for this in the translational model, a term

for protein maturation, with maturation rate km, was included [172]. The resulting three-

stage model for mRNA translation into immature protein (P ∗), maturing into functional

- fluorescent - protein (P ), is sketched in Fig. 2.9a. This process is described by the

following set of ordinary differential equations (ODEs):

∂mRNA(t)

∂t
= −δ ∗mRNA(t) (2.15)

∂P ∗(t)

∂t
= ktl ∗mRNA(t)− km ∗ P ∗(t)− β ∗ P ∗(t) (2.16)
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∂P (t)

∂t
= km ∗ P ∗(t)− β ∗ P (t) (2.17)

with the solution:

P (t) = m0∗ktl∗(
1

δ + km
∗e−(β+km)(t−t0)− 1

β − δ
∗e−β(t−t0)+

km
(β − δ)(β − δ + km)

∗e−δ(t−t0)))

(2.18)

Figure 2.9.: Three-stage maturation model for mRNA translation (a) A schematic
presentation of the model illustrates mRNA being translated at rate ktl into the amino acid
chain, which matures at rate km into functional protein. Both mRNA and protein are subject
to degradation at rates δ and β, respectively. (b) The solution of the ODEs describing the
model indicates that the initial phase of the fluorescence trajectory - after a distinct onset time
- is primarily influenced by mRNA stability, while the second phase is dependent on protein
stability. Approximations are indicated with dashed lines. Figure adapted from [P2]

For GFP, a valid approximation is that β << δ, allowing the initial incline to be described

by an exponential function solely dependent on the mRNA degradation rate δ, running

into a steady-state level. Consequently, the response time is proportional to the inverse

of the mRNA degradation rate. Accordingly, the decline is only dependent on the protein

stability, at long time-scales. Both approximations are illustrated in Fig. 2.9b. It is

important to note that the degradation rates mentioned are not the total degradation

rates at which no more mRNA or protein is detected; rather, the mRNA degradation rate

indicates the point at which mRNA is no longer intact enough for successful translation,

while the protein degradation rate indicates where the protein denatured so that no more

fluorescence is generated. To enhance the precision of fitting, protein degradation and

maturation can be quantified using an experimental approach where cycloheximide, a

translational suppressor, is added during a LISCA experiment. After addition, every

translation is halted. Apart from the toxic side effects, fluorescence trajectories from this

timepoint onward are shaped solely by protein degradation and maturation [172].
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2.4.3. RNA Interference Modelling

In addition to translation, this work examines the interference of mRNA with siRNA.

Therefore, it is crucial to not only investigate the mathematical modeling of mRNA

translation but also to analyze the kinetics of this RNA interference (RNAi).

To quantitatively describe RNAi, various models have been proposed in the past. Cuc-

cato et al. [47] summarized common models, including a stoichiometric model with and

without co-cooperativity (simultaneous binding of more than one siRNA), an enzymatic

approach based on Michaelis-Menten kinetics and a Hill-kinetic model derived from phe-

nomenological observations. They aim to capture the dependence of the mRNA decay

rate with the siRNA/RISC and mRNA concentration.

In Fig. 2.10, schematic mRNA decay rates for different modeling approaches are pre-

sented for varying siRNA concentrations. The first attempt assumes a stoichiometric

reaction between mRNA and siRNA-associated RISC, followed by mRNA cleavage and

subsequent degradation of both components. Based on this model and following mass-

action kinetics, the RNAi-induced mRNA degradation (δRNAi) is proportional to the

concentrations of siRNA/RISC and mRNA:

δRNAi([mRNA], [siRNA/RISC]) ∼ [mRNA] ∗ [siRNA/RISC] (2.19)

Within this framework, co-cooperativitiy can be included, which accounts for the presence

of multiple siRNA binding sites (n) on the mRNA. This leads to:

δRNAi([mRNA], [siRNA/RISC]) ∼ [mRNA] ∗ [siRNA/RISC]n (2.20)

Figure 2.10.: Modelling of RNA interference: Three mathematical approaches to describe
RNAi dependent mRNA degradation (deltaRNAi) are illustrated here. Example graphs represent
a stoichiometric approach, Michaelis-Menten kinetics, and Hill-function enzyme kinetics. Bold,
dotted and, dashed line indicate varying concentrations of siRNA from high to low, respectively.

However, the stoichiometric approach does not account for siRNA/RISC recycling after
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cleavage, making it insufficient for modeling mammalian RNAi dynamics [198]. A more

intuitive model for describing RNAi kinetics employs classical Michaelis-Menten enzyme

kinetics, as previously described by Malphettes et al. in 2006 [199]. This model incorpo-

rates the recycling of RISC and describes the reaction in two steps. In a first step, the

siRNA associated with RISC and the mRNA reversibly form a complex at rate kcomp:

[siRNA/RISC] + [mRNA]
kcomp−−−⇀↽−−− [mRNA− siRNA/RISC] (2.21)

In a second step, this complex is dissolved at a specific cleavage rate kcleav. Non-reversibly,

the mRNA is cleaved and the siRNA/RISC dissociates, becoming available for the next

reaction.

[mRNA− siRNA/RISC]
kcleav−−−→ cleaved mRNA+ [siRNA/RISC] (2.22)

In the publication by Malphettes et al., the authors demonstrate that the degradation

rate in this dynamic can be expressed as:

δRNAi([mRNA], [siRNA/RISC]) =
kcleav ∗ kcomp

kcleav + kcomp ∗ [mRNA]
∗[mRNA]∗[siRNA/RISC]

(2.23)

Assuming constant siRNA/RISC concentrations (which is a valid assumption due to its

high stability [42, 200]), this follows classical Michaels-Menten kinetics with a maximum

reaction speed (vm):

vm = kcleav ∗ [siRNA/RISC] (2.24)

and Michaelis Menten constant:

km =
kcleav
kcomp

(2.25)

leading to:

δRNAi([mRNA], [siRNA/RISC]) = vm ∗ [mRNA]

km + [mRNA]]
(2.26)

Naturally, this model can also be expanded to include co-cooperativity by accounting for

multiple siRNA binding sites on the mRNA. In this case, an intermediate step is included,

where additional siRNA/RISCs can bind to the mRNA depending on the number of
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binding sites. When the mRNA is cleaved, the corresponding number of siRNA/RISC

would be released.

Lastly, a Hill-function approach, often applied to describe ligand-receptor dynamics, can

be adapted to RNAi. The basic assumption here is, that one substance (siRNA/RISC)

is present in high (respectively constant) concentrations, while the concentration of the

other is present in lower concentration [201]. Phenomenological studies suggest, that

RNAi dynamics are well-captured by this approach [47]. By adapting the general Hill-

equation for RNAi, the degradation rate becomes:

δRNAi([mRNA], [siRNA/RISC]) = δRNAi,max∗
[mRNA]h

θh + [mRNA]h
∗[siRNA/RISC] (2.27)

where h is the Hill coefficient, δRNAi,max is the maximum degradation rate caused by

RNAi, and θ the concentration of siRNA/RISC required to reach half of δRNAi,max, as-

suming that the ligand (mRNA) concentration is variable and the receptor (siRNA/RISC)

concentration constant.

2.5. Biological Circuits

When approaching a biological issue from a physics point of view, one prominent question

often arises: in a population of genetically identical cells of the same type, where every

cell is confined in the same way and has access to the same nutrients, why doesn’t every

cell produce the exact same amount of protein [202]? Even if each cell is exposed to the

exact same input signals, large fluctuations are still observed, resulting in heterogenoeity

of protein expression. This variability, often referred to as noise, can stem from various

internal and external factors. The intricate processes required for the health and function

of mammalian cells are inherently subject to stochastic noise, which may have driven

the evolution of regulatory motifs [154, 203, 204]. A major objective in systems biology

is to understand such regulatory processes on the single-gene level [72]. By studying

simple network motifs, those insights contribute to the understanding of more complex

interactions. Single-cell analysis with temporal resolution enables the study of genetic

circuits, by capturing cell-to-cell variability [72].

2.5.1. Gene Expression Noise

Cell-to-cell variability can arise from different cellular states or from stochastic fluctuations

inherent in every molecular reaction within a cell [205]. This is particularly pronounced

when small numbers of molecules are involved in biochemical reactions, where fluctua-
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tions in molecular concentrations dominate. Such biochemical noise eventually results in

phenotypic differences even within isogenic populations [206].

A mathematical explanation for noise of single-cell protein levels can be derived from

the simple model for protein production presented in Equation 2.6, where the steady-

state level is derived as the ratio of the production and decay rate. A rate analysis, as

illustrated in Fig. 2.11, demonstrates how the steady-state level is influenced by fluc-

tuations in those rates and how their intersection defines the steady-state level. In gene

transcription networks, the production rate is assumed to be constant due to continuous

gene transcription. However, the removal or degradation rate increases steadily over the

cell cycle, as dilution from cell growth is considered. (Fig. 2.11a). Variations in the

production rate, with a constant removal rate, result in different steady-state levels (Fig.

2.11b), and similarly, variations in the removal rate yield comparable effects (Fig. 2.11c.

Both removal and production rate are complex biological processes subject to intrinsic

fluctuations, resulting in noise.

Figure 2.11.: Origin of noise explained by a simple protein production model: (a)
Protein is produced with a constant kp, while the decay rate kd increases over time. The
intersection of these rates defines the steady-state level as derived in Equation 2.9. (b) Variations
in the production rate result in different steady-state levels, leading to noise. (c) Similarly,
fluctuations in the decay rate lead to variability in the steady-state level, also contributing to
noise.

2.5.2. Gene Expression Networks

Nature’s strategy for controlling noise involves complex regulatory networks. While much

is known about transcription networks [197], this work focuses on translation networks.

Transcription networks regulate gene expression and typically consist of interaction pat-

terns between genes and transcription factors. In contrast, translation networks are pri-

marily regulated by miRNAs, the predominant post-transcriptional regulator [89]. No-

tably, miRNAs control approximately 60% of the human genome through RNAi, as dis-

cussed in section 2.1.3 [43].
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The combination of transcription and translation networks creates complex regulatory sys-

tems, such as the well-characterized miRNA200c network involved in numerous cellular

processes, such es proliferation, motility, apoptosis, and epithelial-mesenchymal transi-

tion (EMT) [52, 207, 208]. Many of these systems can be reduced to a set of fundamental

network motifs [209, 210], which are essential building blocks of gene regulation. These

motifs will be explored in the following section.

The most straightforward regulatory motif is simple regulation, where a factor X, acti-

vated by an input signal, regulates transcription of a gene Y or the translation of mRNA

Y (Fig. 2.12). The product of Y increases and eventually saturates into a steady-state

level (for a mathematical description, see section 2.4.2). Thus, the level of Y product is

directly dependent on the amount of X and its own degradation rate.

Another motif is negative autoregulation (NAR), in which a gene or an mRNA Y re-

presses the production of its own product. This occurs, for example, when a transcription

factor inhibits the transcription of its own gene. In E.coli, this is a common network

motif [211] characterized by shorter response times and reduced cell-to-cell variability. In

such a network, the overall degradation rate of Y is higher compared to an unregulated

system, reducing variability in output levels, as the sensitivity to fluctuations is reduced

(compare to Fig. 2.11).

Positive autoregulation (PAR) represents the logical opposite, where a gene Y promotes

its own production. For low levels of Y, the production is slow, causing high response

times, and if Y is high, production is also high. This sensitivity on Y concentration causes

high cell-to-cell variability [197].

Figure 2.12.: Building blocks of gene regulation: Simple regulation, along with positive
and negative autoregulation.

Simple regulation, along with negative and positive autoregulation, involve only one or

two nodes. Introducing a third node creates a feed-forward loop (FFL), which will be

discussed in the following section. Naturally, all these networks can be expanded by

incorporating multiple inputs and/or outputs, or by adding bidirectional interactions

between the components. In this work, the focus will be placed on networks with single

interactions [204, 209, 210, 212].
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2.5.3. Feed-Forward Loops

In addition to the network patterns depicted in Fig. 2.12, FFL are another fundamental

building block. This motif, prevalent in numerous gene networks across various organisms,

involves three nodes: The regulator X, a controlled entity Y, and a third element Z

that both regulates and is regulated simultaneously. The regulator X is activated by

an input signal, such as changes in nutrition, mRNA delivery, or a signalling cascade.

The interactions between these three components can either be activating (activator) or

inhibitory (repressor), resulting in eight possible architectures as shown in Fig. 2.13.

Two paths are present, the direct pathway with the connection from X to Y, and the

indirect path, where X regulates Y via Z. Based on this, FFLs are categorized into coherent

loops - where the overall sign of the direct and the indirect path is the same - and

incoherent loops - where the sign of both paths is opposite. The most common types in

nature are the coherent type I (shown on the left in Fig. 2.13) and the icFFL type I

(on the left in the incoherent column of Fig. 2.13), with the latter referred to as icFFL

readability.

Figure 2.13.: Feed-forward loop architectures: Regulator X controls Y and Z, with Z also
regulating Y. Green indicates activating interactions, while red indicates repressive functions.
Left: Coherent FFLs exhibit the same overall sign on both the direct and indirect path. Right:
icFFLs display opposite signs on the two paths. Adapted from [197]

.

Later, this work aims to employ icFFLs for the controlled expression of exogenous genes.

Therefore, the icFFL type I deemed most suitable due to its inherent characteristics,

which will be the focus of the following paragraphs.

A prominent biological implementation of an icFFL motif involves a transcription factor X

that activates the production of a target Y while simultaneously activating the production

of miRNA that downregulates Y. Such icFFL motifs have been found to buffer fluctuations

in gene expression, thereby reducing noise [213–215]. To illustrate this noise-buffering

property, exemplary protein expression trajectories are shown in Fig. 2.14a-c.
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Figure 2.14.: Noise analysis in icFFL regulations: (a) Stable activation of X leads to
an increase in the levels of Y and Z. Upon reaching a certain threshold, the level of Z causes
repression of Y production. (b) A short pulse of X results in a short pulse of Z and Y. (c) Small
fluctuations in X are buffered by Z, preventing significant influence on the level of Y. (d) The
adapted production rate in the regulated system (light blue) leads to smaller fluctuations in the
steady-state level across varying degradation rates. (e) This results in a narrower distribution
of steady-state levels, thereby reducing noise. Adapted from [216].

Following stable activation of X, the production of Y begins to increase, concurrently with

the rise in repressor (Z) production. Upon reaching a certain threshold level, Z starts to

repress the production of Y, leading to decrease in Y until a steady state level is reached.

In response to a short pulse of X, short pulses for Y and Z are observed. If the level

of X is subject to small fluctuations, the steady-state level of Z is ultimately buffered

against fluctuations through Y. When applying this concept to the rate analysis depicted

in Fig. 2.11, the production rate kp can be adapted as shown in Fig. 2.14d. Assuming

fluctuations in the degradation rate kd, the resulting steady-state level changes less with

the icFFL production rate compared to simple regulation. This leads to a narrower dis-

tribution of steady-state levels across a range of observed trajectories, indicating reduced

noise (Fig. 2.14e). In extreme cases, this buffering can be strong enough to render the

dose-response relationship nearly independent of the dose.

From this analysis, an additional feature of the icFFL can be derived. When compar-

ing the expression trajectories for the same steady-state level between icFFL and simple
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regulation, the response time is found to be shorter for the regulated expression (Fig.

2.15). It is important to note that the inherent repression of the icFFL necessitates a

higher level of X to achieve the same-steady state level.

Beyond naturally occurring FFL, these characteristic properties have also been confirmed

in synthetic FFL [54, 217, 218].

Figure 2.15.: Reduction of response time for icFFLs: A comparison of characteristic
production profiles between simple regulated systems and icFFLs for the same steady-state level
demonstrates reduction in response time.
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3. Physics of Lipid-Based RNA Delivery

In the first phase of the stochastic RNA delivery via LNPs (Fig. 1.1), a protein corona

forms around the LNPs, influencing cellular uptake. This chapter investigates the role of

the delivery vector on expression dynamics, comparing the commonly used lipofectamine

2000 (L2000) with lipid nanoparticles (LNPs). Building on these results, the chapter fur-

ther examines the impact of the protein corona on LNP intracellular processing dynamics,

providing a detailed single-cell analysis of how it alters expression efficiency. Finally, the

impact of the LNP’s bulk phase structure on protein expression dynamics is studies. The

findings presented in this chapter highlight the complex interplay between nanoparticle

design and biological outcome.

3.1. Delivery Vector Determines Expression Kinetics

To explore the transfection of nucleic acids in vitro, L2000 is a widely used transfection

agent known for its high transfection efficiency. However, L2000 lacks functionality in

vivo, making LNPs the preferred vector. A successful translation from in vitro to in vivo

requires a thorough understanding of the underlying mechanisms of mRNA delivery with

either of the two vectors.

Therefore, HuH7 cells were transfected with two different doses of GFP mRNA encapsu-

lated in L2000 or LNPs, and single-cell fluorescence trajectories were collected using time-

lapse microscopy to compare kinetic profiles. It is important to note, that the preparation

protocols differed for L2000 and LNPs: while serum protein pre-incubation is avoided in

liposome transfection to maintain efficiency [219], the LNPs were pre-incubated with

serum. Fig. 3.1a shows the mean fluorescence traces from the single-cell experiments

normalized to their respective maximum expression level. At lower doses, the kinetic

profile of LNP and L2000 exhibit differences especially in the incline of expression and

the later timepoints where protein mediated degradation dominates (t > 20 hours). In

contrast, the traces at higher transfected doses were observed to be highly similar. When

actual maximum protein levels were examined (Fig. 3.1b), the differences between vec-

tors became more pronounced. Interestingly, distribution analysis at lower L2000 doses
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reveals two populations of expression levels. The onset time was determined, defined as

the timepoint when GFP fluorescence was first detected. Since time-lapse microscopy was

initiated only one hour after transfection, onset times earlier than this were approximated

with 1 hour. For LNPs, distinct onset time distributions were observed, with earlier onset

times at higher doses (Fig. 3.1b). In contrast, L2000 onset times were harder to quantify,

as expression had already begun in most cells before time-lapse imaging started.

Single-cell analysis also allowed for correlation between onset time and expression level, re-

vealing an anti-correlation: lower expression levels were associated with later onset times,

while higher expression levels corresponded to faster onsets (Fig. 3.1c). This was more

pronounced for LNPs than for L2000.

Figure 3.1.: Expression kinetics depend on the delivery vector: (a) Mean fluorescence
trajectory following transfection of GFP mRNA with either LNP (green) or L2000 (magenta) in
HuH7 cells. The maximum level was normalized for better comparability. The transfected dose
is indicated above the graph. Inserts show corresponding single-cell traces for 0 < t < 3 hours.
(b) Distributions of maximum expression levels and onset times for both vectors and doses. (c)
Scatter plot correlating onset time with maximum expression level.

Overall, these results highlight the importance of single-cell analysis in investigating dif-

ferences in protein expression following mRNA transfection. The findings demonstrate

that L2000 transfection leads to a faster onset correlated with higher expression levels for
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both transfection agents, consistent with previous publications [173]. The broad distri-

bution of expression levels observed at lower doses of L2000 is likely attributable to the

less uniform size distribution of the liposomes compared to that of LNPs, as confirmed

by DLS measurements.

3.2. Protein Adsorption Influences LNP Uptake and

Processing Kinetics

The journey of an LNP after administration - whether systemically for therapeutic pur-

poses or an in vitro setup - begins with the adsorption of proteins onto the LNP surface.

This adsorption is mediated through the exchange of PEG-lipids with proteins, a dynamic

process that allows proteins with the highest affinity for the LNP surface to remain, form-

ing a stable protein corona. Francia et al. demonstrated organ tropism in vivo, which is

influenced by the ability of the LNP to form a specific biomolecular corona [22].

In laboratory settings, the formation of a protein corona is commonly simulated by adding

of fetal calf serum (fetal calf serum (FCS)) to the transfection medium. However, variabil-

ity in FCS protein composition between batches is well-documented [220]. To investigate

the impact of this variability on LNP mediated transfections, the following section ex-

plores the influence of protein pre-incubation protocols on intracellular processing and

protein expression kinetics, aiming to elucidate the relationships between protein corona,

uptake, and release.

Therefore, HuH7 cells were transfected with LNPs coated by different protein coronas.

Therefore, LNPs encapsulating GFP mRNA (with 20% Cy5-labeled mRNA) were pre-

incubated with either 10% BSA or one of two different FCS batches. Fig. 3.2a shows the

averaged single-cell trajectories of GFP and Cy5 fluorescence, respectively. Pre-incubation

with BSA resulted in the highest GFP expression levels compared to both FCS batches,

where only minor differences were observed. While GFP fluorescence monitors the pro-

tein expression, the Cy5 label on the mRNA provides insights into the amount of the

LNPs taken up by the cell. Based on the high electron density in the core of an LNP, the

Cy5 signal is expected to be quenched [71] and it was shown that the spectrum of Cy5

is shifted upon release, resulting in higher apparent intensity due to the then improved

spectral overlap with the optical filter setup [221]. Therefore, an increase of the Cy5

signal upon mRNA release is expected, followed by a decrease due mRNA degradation

and, in addition, due to endosomal recycling or endosomal degradation. Since endosomal

release probability has been reported to be low compared to uptake (as discussed in [109]

and section 2.2.5), the maximum Cy5 fluorescence correlates with the number of particles
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attached or internalized by the cell. As a greater number of particles increases the likeli-

hood of an LNPs reaching the cytosol, the maximum Cy5 fluorescence is also expected to

correlate with the maximum protein expression (GFP fluorescence). This was confirmed

in Fig. 3.2b, where the maximum of both GFP and Cy5 fluorescence is correlated in each

single cell, showing a correlation that is slightly shifted for BSA pre-incubation compared

to the two FCS samples.

Figure 3.2.: Effect of protein corona on uptake and expression kinetics: (a) Averaged
single-cell fluorescence trajectories for HuH7 cells transfected with LNPs with protein coronas
(BSA in green, FCS 1 in yellow, FCS 2 in blue). (b) Maximum GFP and Cy5 expression
levels show a correlation. (c) Mean Cy5 fluorescence as a function of mean GFP fluorescence
at each timepoint (measurement time: 30 hours, 10-minute intervals). Error bars represent the
standard error of the mean. (d) Correlation between fluorescence levels (top: GFP, bottom Cy5)
and onset time or expression rate (m0ktl). The expression rate reveals two distinct populations.

To explore the underlying kinetics, the mean of both Cy5 and GFP fluorescence, averaged

over all single cells for every timepoint was calculated (Fig. 3.2c), revealing distinct ki-

netic profiles. For BSA, Cy5 fluorescence linearly decreased as GFP fluorescence increased,

whereas for FCS LNPs, Cy5 fluorescence remained almost constant, with a sharp decrease

at higher GFP levels. To further analyze the kinetics, the kinetic parameters such as on-

set time and expression rate (m0ktl) were plotted against the maximum Cy5 and GFP
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fluorescence (Fig. 3.2d). Both Cy5 and GFP fluorescence correlated with onset time,

meaning that cells with high Cy5 and GFP levels showed faster onset times. The expres-

sion rate is defined as the product of the initial amount of mRNA molecules available

for translation (m0) and the mRNA translation rate (ktl). Since the same mRNA was

used across all experiments (and therefore, ktl is expected to be constant), the expression

rate therefore gives information about the number of mRNA molecules that reaches the

cytosol. Interestingly, the expression rate divided into two distinct populations with only

small correlation with Cy5 or GFP fluorescence.

To further investigate the timing of uptake and release, the peak Cy5 fluorescence was

analyzed as a measure of endosomal escape. This was possible, as after the incubation

period of LNPs with cells (indicated by the gray area in Fig. 3.3a), all excess LNPs

were rinsed away before imaging was started. This ensures that any subsequent increase

in fluorescence is not due to further LNP accumulation but rather reflects a fluorescence

increase caused by endosomal release. Therefore, the later the maximum of Cy5 fluo-

rescence is observed, the later the endosomal release event occurs. The distributions of

these timepoints, shown in Fig. 3.3a along with their respective median values, reveal

that the peak occurs significantly earlier for BSA corona to those with an FCS coating.

Interestingly, the opposite trend was observed for the overall maximum Cy5 fluorescence.

These single-cell kinetic experiments suggest that not only does the binding affinity of

LNPs vary depending on the protein corona composition, but also that the intracellular

processing dynamics are affected by these differences.

Figure 3.3.: Timing of Cy5 fluorescence as an indicator for uptake and release: (a)
Histogram showing the timepoint of Cy5 fluorescence maximum. Gray area indicates the LNP
incubation period. Measurements were started at t = 1 hour. (b) Median timepoint of the Cy5
fluorescence peak, and (c) maximum Cy5 fluorescence. Error bars represent the standard error
of the mean.

This section explored how different protein coronas influence cellular uptake, endosomal

release and protein expression kinetics in HuH7 cells. Through single-cell based analysis, it

was shown that LNPs with a BSA coating exhibited higher protein expression, which was

41



CHAPTER 3. PHYSICS OF LIPID-BASED RNA DELIVERY

linked to enhanced cellular accumulation and faster processing compared to FCS-coated

LNPs.

3.3. Bulk Phase Transition Specific Effects on LNP

Kinetics

LNP preparation requires acidic buffers to lower the pH, facilitating protonation of the

ionizable lipid headgroup. Most protocols recommend using citrate buffer at pH 3 to

4.5, as it has shown the highest transfection efficiency [68, 222]. However, it has been

demonstrated that not only the pH but also the type of buffer used plays a significant role

in various biochemical reactions [223–225]. In those studies, LNP bulk phases (composed

of MC3 and cholesterol with nucleic acid) prepared in different buffers were analyzed to

understand the implications for uptake and endosomal processing pathway. Therefore,

structural changes were monitored during pH titration from pH 7 down to pH 3.5. At pH

7, irrespective of the buffer type, an inverse laminar phase (LII) was observed, consistent

with the neutral charge of MC3 at that pH. However, for effective endosomal escape, the

transition to an inverse cubic (Fd3m) phase, followed by an inverse hexagonal (HII) phase

is essential [139]. The inverse cubic phase formed at pH 6.4 for citrate buffer, pH 6.0

for acetate buffer and pH 5.5 for phosphate buffer (the latter forming a mix of Fd3m

and P63/mmc phases). Subsequently, the inverse hexagonal phase appeared at pH 6 for

citrate-LNPs and at pH 5 for phosphate- and acetate LNPs (for more details refer to

[M2]).

This study investigates how buffer-specific structural changes in LNPs influence trans-

fection dynamics. LNPs were prepared according to the standard mixing protocol [50]

including Cy5-labeled mRNA in either in citrate, phosphate or acetate buffer. The buffer

concentration and pH were kept consistent across all preparations. Following mixing,

residual buffer was removed by dialysis. The size of the LNPs after dialysis was measured

using DLS (Table 3.1). All LNPs had comparable diameters and PdI values, though those

prepared in citrate buffer were slightly larger.

citrate phosphate acetate
diameter [nm] 76 ± 7 70 ± 1 73 ±2

PdI 0.330 0.324 0.304

Table 3.1.: DLS size measurements of LNPs prepared in different mixing buffers.

HuH7 cells were transfected as previously described, with a 45-minute serum pre-incubation,
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and GFP and Cy5 fluorescence were recorded. Fig. 3.4a shows single-cell and mean flu-

orescence trajectories for each preparation buffer. Additionally, a mixture of all three

LNPs (1:1:1 mix of separately prepared LNPs with each buffer) was tested. The analysis

of maximum fluorescence levels revealed distinct distributions (Fig. 3.4b), with citrate-

LNPs producing the highest expression levels, followed by phosphate- and acetate LNPs.

The combinatorial approach resulted in an intermediate expression level. Onset time was

determined from single-cell traces. For better comparison, median onset and fluorescence

are displayed in Fig. 3.4c, d. The earliest onset was observed with citrate buffer, followed

by phosphate and acetate buffer. A correlation analysis between onset time and protein

fluorescence levels revealed an anti-correlation, where faster onset times corresponded to

higher protein expression levels. This correlation aligns with the Hofmeister series [226],

as indicated in Fig. 3.4e. Interestingly, the 1:1:1 combination of buffers was not located

on this line.

The formulation of Cy5-labeled mRNA allowed for the tracking of the mRNA over time.

As described previously, a high fluorescence level at t0 indicates a high accumulation of

LNPs at the cell. After endosomal escape, the release of mRNA leads to a slight increase

in fluorescence due to unpacking, followed by a decrease as the mRNA degrades and

endosomal degradation and/or recycling processes occur. The fluorescence trajectories

in Fig. 3.5a revealed the highest initial signal for the citrate buffer and the combina-

torial LNP mix, followed by acetate and phosphate buffers. For citrate and phosphate,

the mean Cy5 fluorescence initially declined before reaching its maximum (Cy5(t0) ̸=
Cy5(tCy5,max)), which was not observed with acetate buffer except in some individual

cells.

The correlation of GFP fluorescence with Cy5 fluorescence revealed distinct scattering pro-

files, as shown in Fig. 3.5b, which were analyzed at 2, 15 and 30 hours post-transfection.

At each timepoint, a correlation between Cy5 and GFP signals was evident, though the

strength of the correlation varied. At the early timepoint, high Cy5 signals were associ-

ated with relatively low GFP signals; however, this relationship inverted over time, with a

weak Cy5 signal relative to GFP fluorescence by 30 hours. The high temporal resolution

enabled the calculation of median fluorescence for Cy5 and GFP every 10 minutes, as

plotted in Fig. 3.5c. This plot includes the median values of 180 scatter plots as those

shown in Fig. 3.5b. For acetate buffer, the Cy5 signal decreased rapidly before a rise

in GFP signal was observed, suggesting a high rate of endosomal or mRNA degradation.

In contrast, the citrate buffer maintained a higher mRNA signal, indicating more suc-

cessful endosomal release rather then degradation. Although the initial Cy5 signal for

the phosphate buffer was lower, suggesting reduced accumulation or uptake, the decrease

in the signal was slower than with acetate. The LNP mix showed an initial Cy5 signal
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Figure 3.4.: LNP mixing buffer influences transfection dynamics: (a) Single-cell flu-
orescence traces recorded upon transfection of HuH7 cells with LNPs. Shown are single-cell
traces with mean highlighted for the different mixing buffers as indicated. The last graph shows
transfection results for LNPs prepared with the different buffers in a 1:1:1 ratio. (b) Distribution
of maximum fluorescence levels for each single cell, with the median indicated. (c) Median onset
time determined from single-cell traces, and (d) median maximum fluorescence levels. Error bars
represent the standard error of the mean. (e) Correlation between onset time and fluorescence
level reveals an anti-correlation, with faster onset times associated with higher fluorescence lev-
els, following a conventional Hofmeister series, as indicated by the black arrow. Adapted from
[M2]

comparable to that of citrate buffered LNPs but degraded more rapidly.

This section demonstrated that the type of mixing buffer significantly influences LNP

transfection efficiency and mRNA processing dynamics. The use of citrate buffer resulted

in the highest protein expression and experiments hint toward more efficient endosomal es-

cape. Acetate-LNPs were observed to exhibit faster degradation, underscoring the impact

of buffer type on intracellular delivery.

3.4. Discussion

This chapter explored the initial phase of lipid-mediated mRNA delivery, comparing L2000

and LNPs in terms of their kinetic profiles. While L2000 is known for higher protein ex-

pression in vivo [13, 173], this study focused on a detailed kinetic analysis using single-cell
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Figure 3.5.: Mixing buffer influences LNP processing dynamics: (a) Cy5-labeled mRNA
was used to track the fate of mRNA after transfection in HuH7 cells. Single-cell traces and mean
fluorescence are shown. (b) Correlation between Cy5 and GFP signals at different timepoints
revealed distinct scatter plot patterns. (c) Median fluorescence of all cells was correlated between
GFP and Cy5 at each timepoint. Error bars represent the standard error of the mean. Gradient
indicates timepoint.

experiments. Both vectors exhibited similar fluorescence trajectory shapes but differed in

onset times, indicating faster uptake and processing, which may be related to differences

in uptake pathways [107, 109] or faster endosomal processing [114, 134, 227]. Addition-

ally, low mRNA doses in L2000 transfections revealed two populations of expression levels,

likely reflecting differences in particle size populations with varying mRNA loading, es-

pecially as this effect was not observed for the more monodispers LNPs. Pre-incubation

of LNPs with proteins to form a protein corona facilitated uptake via CME, while for

L2000, protein pre-incubation reduced transfection efficiency [219], leading to potential

differences in uptake pathways, explaining the differences observed in timing.

The effect of the protein corona on LNP processing and protein expression was further

explored, by pre-incubating Cy5-labeled mRNA-encapsulating LNPs with common cell

culture additives. HuH7 cells were transfected and differences in total expression level

(GFP) and intracellular trafficking (Cy5) were observed. BSA pre-incubation led to higher

expression levels compared to FCS. Two different batches of FCS were tested, showing
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only minor differences. Nevertheless, further studies are required to confirm a general

independence of the FCS batch also taking into account different cell-types. Importantly,

size measurements confirmed that LNP size remained relatively unchanged by protein

pre-incubation, ruling out size-related interference with uptake and processing dynamics

(Fig. A.6). A closer look on the individual cells revealed that high GFP levels (indicating

protein expression) were associated with high Cy5 levels (indicating mRNA processing).

This may suggest a relationship between the number of LNPs (and therefore the number

of Cy5 labels) attached to the cell membrane and likelihood for one particle to escape the

endosome. Alternatively, this higher Cy5 level could be correlated with the increase of

fluorescence upon endosomal escape. Temporal resolution allowed the generation of flu-

orescence scatter plots at each timepoint,which, when averaged, revealed distinct kinetic

profiles for each protein coating. This impact of timing was further investigated and it

was found that the onset of protein expression correlated with both, GFP and Cy5 fluo-

rescence. Previous studies have shown that the onset of protein expression correlates with

the expression levels [173], likely due to the small window of opportunity for endosomal

escape [126]. The correlation between onset and Cy5 fluorescence is thought to result

from the higher number of LNPs present or an earlier escape, as discussed above.

Additionally, two distinct populations of expression rates (m0ktl) were observed, similar

to those seen with low doses of L2000. These differences may be caused by variations

in protein coating that affects uptake pathways with different timing, or different pH at

endosomal escape [24, 25], leading to variations in the number of mRNA molecules deliv-

ered to the cytosol.

To differentiate between the effects of LNP quantitiy and endosomal escape, a more

detailed analysis on LNP trafficking was conducted by examining the Cy5 fluorescence

trajectories. Differences between the different protein coatings became apparent when

comparing the timepoint of maximum Cy5 fluorescence. Since no more LNPs accumulate

at the cell surface after washing, any subsequenct increase in fluorescence can be attributed

to endosomal escape. Therefore, the timepoint of the Cy5 maximum provides insight into

the timing of escape. This study shows that the Cy5 maximum is reached earlier for

BSA-coated LNPs than for FCS-coated LNPs, indicating faster escape for BSA. Other

studies have shown that the protein coronas can shift the endosomal escape to lower pH,

and therefore, to later timepoints which overall lowers the probability for escape [24, 25].

That the type of protein also influences this effect is a logical consequence of these findings.

In addition to the type of vector and the type of protein corona, the influence of the

internal structure of LNPs on trafficking and protein expression was investigated.

An anti-correlation between onset time and protein expression has been previously de-
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scribed [173] and is believed to be linked to the window of opportunity during endosomal

escape [107]. Here, it was demonstrated that this anti-correlation pattern is reproduced

in LNPs prepared with different buffers. SAXS analysis revealed, that the internal struc-

ture and pH-dependent structural changes of LNP bulk phases were influenced by the

mixing buffer. Specifically, it was noted that that the transition from LII to HII varied

between buffers. However, the order of transfection efficiencies in terms of maximum

protein expression (citrate > phosphate > acetate) did not entirely match the order of

pH-dependent phase transition (citrate > acetate > phosphate). The analysis of the fate

of mRNA during transfection using Cy5 labeling indicated varying initial amounts of

mRNA, suggesting differences in the levels of accumulation and/or uptake (which cannot

be distinguished in this study) and subsequent differences in the rate of Cy5 signal fading.

This points to distinct dynamics in endosomal escape, endosomal degradation and mRNA

degradation, as initially hypothesized. As reported in manuscript [M2], the investigation

of the nearest-neighbour distance (dNN) during the transition to the inverse hexagonal

phase showed a 13% decrease for citrate buffer, 15% for acetate and 6% for phosphate

buffer. Interestingly, the highest overall dNN was measured for LNPs prepared with ac-

etate buffer, suggesting that a high nearest-neighbour distance may be unfavorable for

endosomal escape. Additionally, when the pH shift was inverted from low to high pH, the

dNN decreased for citrate and phosphate buffer but increased for acetate, further highlight-

ing a different behaviour for LNPs prepared with acetate buffer. To explore more factors

that might influence this observed behaviour, molecular simulations were conducted by

the group of Nadine Schwierz. These simulations considered headgroup area, bending

energy, and ion-specific adsorption, suggesting an interplay between headgroup area and

ion specificity in the stabilization of LII and HII phases, offering a possible explanation

for the observed effects.

Intuitively, for the mix of different buffer-LNPs, one would expect a behavior reflecting

the average of the three LNPs. However, since this is not the case but rather a shift

towards the behavior of citrate buffer-LNPs is observed, this may suggest similar uptake

probabilities but a higher endosomal escape probability for citrate buffer.

In summary, this chapter described different tools that can be employed to modify the

processing and protein expression kinetics of lipid-based mRNA delivery. These include

the choice of vector, the protein corona, and the internal structure influenced by the type

of acidic mixing buffer.
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4. Single-Cell Investigation of RNA

Co-Delivery

In the previous chapter, the effects of vector modifications on expression kinetics were an-

alyzed. In this chapter, co-delivery experiments were conducted to examine the behavior

of multiple RNA species. First, the co-delivery of two different mRNAs was investigated,

and the findings were subsequently applied to explore ribosomal competition regimes and

coupled translation. Next, internal referencing and co-delivery of mRNA and siRNA were

utilized to precisely quantify RNAi dynamics.

4.1. Co-Delivery of Two mRNAs

4.1.1. Coupled Protein Expression on the Single-Cell Level

Cellular functions are defined by their protein expression pattern and the expression of

these proteins from genes is a complex process. Studying protein expression in theory or

in cell-free systems often failed to predict precise translation rates and protein outputs.

The complexity of biological systems, such as mammalian cells, arises from the coupling

of various process. When two or more processes share the same (limited) resource, they

become coupled [228]. In mammalian cells, there are approximately 104 to 105 mRNAs

while about 105 to 106 ribosomes are available for translation. Since ribosome biosynthesis

is an energetically demanding process [229], this pool of ribosomes can be assumed to

remain constant over time. During mRNA translation, multiple ribosomes elongate along

a single mRNA, making the pool of available ribosomes smaller. As a result, the specific

initiation and elongation rates of an mRNA dictate the number of ribosomes bound to a

particular mRNA species, ultimately leading to ribosome competition between mRNAs.

Here, the effect of ribosomal competition in A549 cells was investigated following co-

delivery of two mRNA species (GFP and CayRFP). While the concentration of one mRNA

(the reporter) was varied, the transfected dose of the other mRNA (reference) remained

constant in each experiment, as visualized in Fig. 4.1a. The reporter - here GFP - ex-

hibited a dose-dependent increase in protein expression corresponding to the transfected
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Figure 4.1.: Investigation of ribosomal competition in co-transfection of GFP and
CayRFP mRNA: (a) GFP and CayRFP transfection doses (ng/channel) in 50 µL. CayRFP
dose remained constant across all experiments, while the GFP dose was varied. (b) Single-cell
fluorescence traces for the transfected doses. From left to right: 0.05, 0.5, 5, 25, 50 and 100
ng/channel, with the mean fluorescence trajectory highlighted. (c) Mean maximum expression
levels for each experiment. Green represents GFP expression, red represents CayRFP expression.
Mean levels with standard error of the mean are shown.

doses, while the expression of CayRFP remained constant (Fig. 4.1b, c).

However, when the GFP mRNA was optimized for maximal translation rate by replacing

all codons with the fastest available synonymous codons, a coupling effect of GFP and

CayRFP expression was observed (Fig. 4.2a, b). GFP expression increased in a dose-

dependent manner, with saturation at the highest doses. Conversely, the expression of

CayRFP, whose transfected dose remained constant across all data points, decreased in

correlation with the rise in GFP expression (Fig. 4.2c).

This correlation of GFP and CayRFP expression became even more apparent at the

single-cell level (Fig. 4.3). For each cell, the maximum GFP and CayRFP level were

plotted. Since the two signals were expected to be correlated due to co-encapsulation,

the number of vehicles reaching the cell and escaping from the endosome should similarly

dictate the availability of both GFP and CayRFP mRNA molecules in the cytosol. It

is clear that, with the unmutated GFP sequence, GFP fluorescence increased with dose,

shifting the population to the right while the CayRFP signal remains unchanged for all

GFP levels. This indicates that the translation of the reference mRNA was unaffected by

the dose of the reporter mRNA. However, when the translation dynamics of the reporter

mRNA were altered by synonymous codon substitution synonymous for faster-translating

codons, the pattern changed. The scatter cloud still shifts towards higher GFP fluores-

cence but despite constant dose, the reference CayRFP signal decreases at higher GFP
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Figure 4.2.: Ribosomal competition in mRNA co-transfection experiments: (a) GFP
mRNA dose was varied as previously, while CayRFP dose remained constant at 50 ng/channel.
(b) Single-cell fluorescence trajectories with the mean trajectory highlighted. (c) Mean maxi-
mum GFP expression level increases in a dose-dependent manner and saturates at highest dose.
CayRFP expression decreases co-dependently. Mean levels with standard error of the mean are
shown.

doses, suggesting a coupling between the two processes.

Figure 4.3.: Single-cell dependent coupling of reporter and reference expression
based on reporter design: (a) Uncoupled protein expression for unmutated GFP (increasing
dose) co-delivered with CayRFP (constant dose). Maximum expression levels for both proteins
are shown, with each point representing a single cell. (b) Translation-optimized GFP constructs
shows coupling of reporter (GFP) and reference (CayRFP) expression, despite a constant re-
porter dose.

Next, single-cell traces (see Fig. 4.1, 4.2) were fitted to the three-stage maturation

model for mRNA translation [172], as shown in Fig. 4.4. Ribosomal movement along

the mRNA determines the translation rate. The fitting provides information about the

expression rate, denoted as m0ktl. As the dose increases, m0 (the number of mRNA
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molecules available in the cytosol) increases which in turn raises the overall expression

rate. However, the translation rate ktl reflects how quickly a ribosome translates a single

mRNA into one protein. For a given mRNA in a consistent biological context, this rate

is assumed to remain constant. Therefore, with an increasing m0, a linear increase in the

expression rate is expected. In Fig. 4.4a, the expression rate for GFP (increasing dose)

with co-transfected CayRFP (constant dose) is shown. Since m0 does not change for

CayRFP and ktl is assumed to remain constant, the measured constant expression rate

for CayRFP aligns with theoretical predictions. The expression rate of GFP increases

linearly with dose, but saturates at higher doses, likely due to limited cellular uptake

capacity or toxic side effects of high mRNA and lipid concentrations.

The same fitting was applied to co-delivery experiments with the optimized GFP construct

(Fig. 4.4b). Here, comparable initial expression rates were observed. Interestingly, the

slope of the m0ktl rate increased more slowly than the expression rate of unmutated GFP.

Simultaneously, the expression rate of the co-delivered CayRFP decreased. While this

seems intuitively correct at first glance, some questions remain. The increase of m0ktl

rate is expected, as m0 increases with dose. However, for CayRFP, m0 remains constant,

and according to the model, ktl should also remain unchanged, as it describes the rate at

which one mRNA is translated into one protein. Therefore, the expression rate should

not decrease, regardless of the number of available ribosomes.

Figure 4.4.: Dependence of expression rates in co-delivery: Single-cell protein expression
trajectories were fitted to the three-stage maturation model [172]. Expression rates m0ktl were
plotted for CayRFP and GFP for different doses of (a) GFP and CayRFP co-transfection, and
(b) GFP optimized for maximum translation speed (GFP-opt) and CayRFP co-transfection.
The CayRFP mRNA dose was kept constant at 50 ng/channel for all datapoints.

This dependence of translation rates in co-delivery experiments suggests a coupled process,

not only in terms of the number of transfection events - where one mRNA is translated

into one protein - but also in the translation process itself. Since ribosomes are the central

enzymes in translation, their role in co-delivery experiments will be explored further in
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the next sections. Quantitative modeling will be employed to gain deeper insights into

this coupling mechanism.

4.1.2. Modelling of Ribosomal Competition

To better understand the translational coupling between two mRNAs, a simple kinetic

model was developed to capture the interaction between mRNA and ribosomes for more

than one translation process at once. As illustrated in Fig. 4.5, the two mRNAs share

a fixed pool of ribosomes, and translation is initiated by the binding of ribosomes to the

5’ UTR of the mRNA. This binding is characterized by a rate constant kcomp which is

assumed to be specific to each type of mRNA. Once an mRNA forms a complex with a

ribosome, translation proceeds at rate ktl, resulting in protein synthesis. After translation

(and therefore with the same rate) ribosome and mRNA are released and the ribosome

returns to the pool, making the mRNA available for further ribosomal binding. Over

time, mRNA is degraded at rate δ and proteins are degraded with rate β. For simplicity,

protein maturation is not included in this model. The same set of rates applies to the

second mRNA, though they may differ quantitatively. While in living organisms multiple

ribosomes can translate a single mRNA simultaneously, this model simplifies the process

by assuming only one ribosome translates one mRNA at a time.

Again, this framework can be described by a set of differential equations. The change of

mRNA over time can be described as:

∂mRNA(t)

∂t
= −δ ∗mRNA(t)− kcomp ∗mRNA(t) + ktl ∗Rm(t) (4.1)

Here, Rm(t) is the concentration of ribosome-mRNA-complex. The change of this complex

over time, dependent on mRNA (mRNA(t)) and ribosome (R(t)) concentration is:

∂Rm(t)

∂t
= kcomp ∗ (mRNA(t) +R(t))− ktl ∗Rm(t) (4.2)

Finally, the protein concentration (P (t)) that is measured experimentally is described

with:

∂P (t)

∂t
= ktl ∗Rm(t)− β ∗ P (t) (4.3)
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Figure 4.5.: Simple model to explain ribosomal competition in co-delivery experi-
ments.

The rates kcomp, ktl and the degradation rates for mRNA δ and protein β are characteristic

of each specific type of mRNA and protein. Therefore, for each mRNA, ribosome-mRNA-

complex and protein, a distinct set of equation must be defined. These equations are only

coupled through the shared ribosomal pool and the number of initially available ribosomes

R0.

Rate estimations based on previous studies [172, 173] along with simulations using Julia

[230] of equations 4.1 to 4.3, successfully captured the qualitative dynamics of protein

expression (Fig. 4.6). This is notable, as this model assumes constant translation rates,

which were experimentally shown to vary. Furthermore, the simplification of assuming

only one ribosome per mRNA introduces significant differences between the biological

observations and the kinetic model.
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Figure 4.6.: Qualitative modeling of a simple ribosomal competition model captures
protein expression dynamics: The solid line and the dashed line differ in the underlying size
of the ribosome pool.

4.1.3. Discussion of mRNA Co-Delivery and Ribosome Competition

From the conducted experiments, coupled protein expression following co-delivery of

mRNAs, dependent on the design of the mRNA construct, was observed. A simple kinetic

model was sufficient to capture expression dynamics and fitting the single-cell fluorescence

trajectories revealed co-dependent expression rates in the case of coupled translation. In

the three-stage maturation model used to access expression rates, an infinite pool of ri-

bosomes is assumed, meaning ribosome availability does not affect the translation speed.

However, with a fixed pool of ribosomes, the probability of mRNA and ribosome crossing

paths and complexion decreases, leading to a reduction of the complexion rate kcomp for

both mRNAs. This mechanism is not accounted for in the three-stage maturation model.

Rather - in the regime of limited resources - the effective translation rate becomes a com-

bination of the complexing rate and the translation rate, as described in the ribosomal

competition model. This explains the co-dependent expression rates observed in Fig.

4.4.

Other models, such as the ribosome flow model [228, 231], may offer additional insight

into factors like initiation or elongation rates. Furthermore, it remains to be determined

whether the saturation effects observed at higher doses are due to a shortage of resources

such as ribosomes, or if they are caused by toxicity effects, either from the high burden of

exogenous mRNAs, lipids and proteins, or from reduced endogenous protein expression

as exogenous mRNAs dominate ribosomes and tRNA usage.

LISCAmeasures protein expression trajectories based on fluorescence, but co-translational

protein folding can be impeded by ribosomal movement along the mRNA [232]. Therefore,

further studies are needed to directly measure the protein concentrations as control. Im-

paired protein folding could explain why lower fluorescence was observed for the GFP-opt

mRNA, despite this mRNA was optimized for rapid translation. Additionally, using other
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cell lines besides the A549 cells used here, could shed light on the relationships between

translation, metabolism, and cell-specific resource distributions. The data presented in

this chapter provides proof of concept for coupled translation of co-delivered mRNAs,

laying the groundwork for more detailed studies.

4.2. Co-Delivery of siRNA and mRNA

4.2.1. Kinetics of siRNA Co-Delivery

To study the effect of RNAi on mRNA transfections, it is essential to deliver targeting

siRNA to the cell. Co-encapsulation within the same vector allows simultaneous ap-

plication leading to a more uniform distribution [129, 151]. This co-delivery of siRNA

and mRNA is important for investigating biological circuits, as will be discussed in sec-

tion 6.6. However, in certain applications - such as CRISPR/Cas or those studying RNAi

effects and translation dynamics (section 5.5) - it may be preferable to give the mRNA

a head start to secure translation initiation. In these cases, the mRNA and siRNA are

delivered separately and sequentially, as illustrated in Fig. 4.7a. This seemingly minor

change leads to significant differences in single-cell fluorescence trajectories. Understand-

ing these differences is crucial for usage of co-delivery in synthetic biology. Here, GFP

mRNA and targeting siRNA were co-transfected, and single-cell fluorescence traces were

measured (Fig. 4.7a), revealing a difference in maximum expression levels. To com-

pare the dynamics, mean traces for each condition were normalized to their respective

maximum expression level (Fig. 4.7b). Co-delivery resulted in a much faster expres-

sion rise compared to successive delivery and quantification of key parameters such as

maximum protein level, onset time, response time (time to half-maximum expression),

mRNA degradation rate and expression rate are provided in Fig. 4.7. Notably, despite

delivering the same amount of mRNA and siRNA, maximum expression levels differed

between the two approaches. Furthermore, the onset of fluorescence was slightly delayed

for successive delivery, as was the response time, while degradation and expression rates

were both found to be higher upon co-delivery.

Several factors could explain these observations. First, Zhang et al. proposed a ’first-come,

first-served’ principle in parallel delivery: after the uptake and release of a first particle,

the likelihood of a second particle being internalized is lower. In the case of successive

delivery of mRNA and siRNA, the mRNA particles may ”block” the uptake of siRNA

particles delivered later. This aligns with the observation that the mRNA degradation is

higher in co-delivery experiments. Additionally, once mRNA is delivered to the cytosol,

translation begins. Various studies have shown that the translational machinery interacts
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Figure 4.7.: Timing affects siRNA kinetics: (a) siRNA can be co-delivered with the mRNA
or applied after the mRNA (successive delivery), resulting in distinct single-cell traces. (b)
Normalization to the maximum expression level reveals different protein expression kinetics. (c)
Trace analysis shows differences in maximum expression level, onset time, response time, mRNA
degradation rate, and expression rate. Bars represent mean with standard error of the mean.
Data from transfection of A549 cells.

with the RNAi machinery [233–235], a relationship explored in more detail in chapter 5.5.

Most importantly, the high stability of the protein means that when mRNA translation

starts before siRNA-mediated cleavage, a significant amount of protein is produced and

still present before the siRNA can target the mRNA.

On the other hand, the timing differences are also notable. The faster response in co-

delivery points to a regulated expression mechanism, which will be further explored in

section 6.6.

4.2.2. Quantification of RNAi

Combining the approaches discussed in sections 4.1 and 4.2.1 enables precise quantifica-

tion of RNAi mediated mRNA decay. As depicted in Fig. 4.8, CayRFP and GFP mR-

NAs were co-delivered, followed by a GFP-targeting siRNA. This selectively triggered the

degradation of GFP mRNA while leaving CayRFP mRNA unaffected, making CayRFP
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expression a reliable internal reference to account for cellular noise and improve the accu-

racy parameter determination. To prevent ribosomal competition, GFP mRNA as in Fig.

4.1 was used and concentration was maintained constant accross all experiments. The

subsequent analysis focused on quantifying RNAi in successive siRNA delivery, a crucial

step for later studies on the interaction between translation and RNAi.

To do so, GFP mRNA and CayRFP mRNA were co-encapsulated and co-delivered to

either HuH7 or A549 cells. 45 min after mRNA application, siRNA was transfected.

Two different siRNAs targeting different positions within the ORF were tested: siRNA 1

and siRNA 2, binding at nucleotide positions 122 and 433, respectively. To account for

any non-specific effects caused by the second siRNA transfection, a control experiment

with non-binding siRNA (siCtrl) was conducted. Single-cell fluorescence trajectories were

recorded, calibrated and fitted to the three-stage maturation model, yielding key param-

eters such as mRNA stability (inverse of the degradation rate) and expression rate. To

confirm the specificity of the siRNAs, stabilities of GFP and CayRFP in presence and

absence of GFP-specific siRNA were compared. In Fig. 4.8, CayRFP mRNA stability

remained constant regardless of siRNA treatment, while GFP mRNA stability signifi-

cantly decreased in the presence of targeting siRNA.

Figure 4.8.: Co-delivery of GFP and CayRFP with specific targeting of GFP mRNA:
Top: A sketch of the specific targeting approach is presented. Two mRNAs are co-delivered.
Successive delivery of GFP-specific siRNAs leads to cleavage of GFP mRNA but not CayRFP
mRNA. Bottom: Single-cell fluorescence trajectories were fitted with the three-stage maturation
model. The stability of CayRFP remained constant, whereas the stability of GFP decreased
upon siRNA targeting. Experiments were conducted in HuH7 and A549 cells; median values
with median absolute deviation (MAD) are shown.
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The single-cell nature of the experiment enabled normalization of GFP stability against

CayRFP stability within each cell, thereby accounting for cellular noise. The normalized

stability was calculated as:

normalized stability =
stabilityGFP

stabilityCayRFP

(4.4)

To assess the change in stability, the fold change of stability relative to the control exper-

iment was compared, as shown in Fig. 4.9 for both cell lines. The same approach was

applied to the expression rate, which, interestingly, remained constant across conditions.

This experimental procedure allowed precise, cell-specific, and siRNA-specific quantifica-

tion of the destabilization effect. In HuH7 cells, siRNA 1 led to a fold-change reduction

in stability of 0.09±0.02, while siRNA 2 resulted in a fold-change of 0.25±0.07. In A549

cell, the effect of the binding site on stability was less pronounced, with reductions of

0.11±0.07 for siRNA 1 and 0.08±0.05 for siRNA 2.

Figure 4.9.: Single-cell fold change of stability and expression rates: Single-cell nor-
malization of the stability and the expression rate (GFP/CayRFP) was measured in HuH7 and
A549 cells in the presence of either siCtrl (green), siRNA 1 (orange), or siRNA 2 (blue). Median
values are indicated with lines (histograms), or crosses (scatter plots).

4.2.3. Discussion of siRNA/mRNA Co-Delivery

Co-delivery of two RNA species, siRNA and mRNA, has broad applications in synthetic

biology, basic research and therapeutic development [91]. While co-encapsulation within

the same particle has clear advantages, as previously discussed, siRNA and mRNA exhibit

different kinetics, making successive delivery necessary in some cases [152]. In this study,
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it was shown, that that siRNA knockdown efficiency is higher when co-delivered with the

mRNA, compared to delayed delivery. This finding aligns with the work from Ruijtenberg

et al., who demonstrated that 92% of mRNA cleavage by RNAi occurs within the first

10 minutes. Successive delivery, by allowing translation to begin earlier, results in higher

protein levels. However, these differences in protein levels cannot be attributed solely to

the time advantage of earlier translation. The lower mRNA degradation rate observed

in successive delivery suggests additional mechanisms at play. Potential factors include

the ”first-come, first-serve” principle described by Zhang et al. [129] or the interaction

between the translational machinery and the RISC, which will be explored in more detail

in section 5.5. As a basis for this study, siRNA knockdown efficiency through co-delivery

of two mRNAs, followed by successive siRNA delivery was quantified. CayRFP served

as internal reference to account for cellular variability, enabling precise quantification

of RNAi. These results provide a foundation for investigating RNAi in the context of

translation manipulation and control, which will be addressed in the next sections.
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5. Manipulation of Translation and

mRNA Lifetime through Codon

Optimization

The importance of regulating mRNA stability was underscored by the Nobel Prize awarded

in 2023 to Katalin Karikó and Drew Weissman for their work on nucleoside modifications

that stabilized mRNA, paving its way towards becoming a therapeutic agent [236].

In addition to nucleoside modifications, several other strategies exist to modulate mRNA

stability. In this chapter, regulating mRNA stability through synonymous codon exchange

will be addressed. Figure 5.1 provides an overview of the key factors, beginning with the

capping structure at the 5’ end [237], followed by the untranslated region (UTR) design

at both ends [238, 239] and the length of the poly(A) tail [240–242]. Within the open

reading frame (ORF) - the coding region of the mRNA - further adjustments can be made

to fine-tune the mRNA stability. As already mentioned, nucleoside modifications can be

introduced to hide the mRNA from the immune system [236, 243] and variations in the

UU/UA content have also been shown to influence mRNA stability [244]. Moreover, RNA

interference (RNAi) target sites allow for the cell-specific targeting of exogenous mRNAs

for degradation [245], therefore impeding mRNA stability. Lastly, codon optimization

has been shown to influence stability [246–248] although it has been used more often to

increase translational speed and efficiency [249–252].

Codon optimization for therapeutic or biological applications is based on codon bias, a

common phenomenon in nature where different organisms exhibit varying frequencies of

synonymous codons to regulate translation [253]. This degeneracy of the genetic code

allows multiple synonymous codons to encode the same amino acid, with each codon rec-

ognized by specific tRNAs that possess distinct decoding rates [254–256]. The choice of

codons, therefore, impacts the translation process and thereby the folding dynamics of

nascent peptide chains [257]. Based on this, codons can be categorized into two groups:

optimal and non-optimal codons. The optimality of codons, which are translated at vary-
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Figure 5.1.: Strategies to influence mRNA stability: Schematic drawing of mRNA with
the ORF in gray, UTRs in blue, cap in red, potential RNAi binding sites in orange, and poly(A)
tail in yellow.

ing rates and accuracy [258, 259], plays a crucial role in influencing translation by affecting

ribosome speed [260–265], translation efficiency [266–268], protein folding [232, 263, 269],

and translation fidelity [257, 258].

Initial single-cell experiments with GFP mRNA revealed that full-ORF codon optimiza-

tion does not lead to increased but rather to decreased fluorescence. Interestingly, the

insertion of a patch of de-optimized codons towards the end of the sequence did not com-

promise protein expression levels (see Appendix, Fig. A.10).

In this chapter, the impact of non-optimal slow-codon patches on protein expression dy-

namics was investigated, with a focus on their effect on mRNA stability in the presence

or absence of siRNA. Live-imaging on single-cell arrays (LISCA) was employed to inde-

pendently measure mRNA translation and degradation. To increase precision through

filtering of cellular noise and the implications of the transfection procedure, an internal

reference (cayenne red fluorescence protein (CayRFP)) was co-transfected. The com-

parison of measured single-cell transfection rates with predicted ribosome profiles from

stochastic simulations allowed for the investigation of the impact of slow-codon windows

on mRNA stability.

5.1. Generation of Predicted Slow-Codon Windows

Aiming for a more detailed understanding of the impact of codon choice on translation,

ribosome density along the ORF was simulated based on codon selection. As described

by Hanson and Coller in 2018 [257], numerous methods and computer models have been
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developed to predict efficient exchanges of synonymous codons [249, 270–274]. Further-

more, Trösemeier et al. presented their optimized codon translation for protein synthe-

sis (OCTOPOS) software for stochastic mRNA translation simulations [275]. Utilizing a

machine-learning approach, OCTOPOS integrates simulation outcomes with additional

mRNA-specific characteristics, such as abundance and length, thereby creating a robust

model for predicting protein output. In addition to generating optimized mRNA se-

quences, OCTOPOS calculates steady-state ribosome density profiles, revealing the ribo-

some occupancy of individual codons within a sequence.

Here, ribosomal movement was investigated, as depicted in Fig. 5.2a, to examine the

influence of slow codon windows on the ribosome density profile.

Figure 5.2.: Ribosome movement along the ORF:A sketch of the codon-specific elongation
model (COSEM) of ribosome movement along the ORF (adapted from Trösemeier et al.) [275].
Ribosomes bind to mRNA with a rate constant kon, elongate with kelongation and complete
and finish translation with koff. They may also fall off prematurely with kdrop-off. (b) Codon
optimality influences the translation speed of ribosomes; optimal codons are translated faster
and more accurately, while translation speed of non-optimal codons is reduced. (c) The insertion
of non-optimal codon windows in the ORF can cause ribosome accumulations.

The presence of several optimal-codons in succession results in overall fast ribosome move-

ment (Fig. 5.2b), while consecutive non-optimal-codons lead to slower ribosome move-

ment. To modulate ribosome density, patches of non-optimal codons were inserted into

the otherwise unmutated ORF. Since translation elongation is a stochastic process, such

patches then lead to a localized increase in ribosome density, resulting in ribosome jams

or even collisions (Fig. 5.2c) [246, 276–278].
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Figure 5.3.: Generation of slow-codon windows along the ORF: (a) Ribosome movement
along the ORF was simulated with varying initiation rates, as indicated in the legend. The total
ribosome occupancy is depicted in the inser, summing over all codons. (b) 10 adjacent codons
were replaced along the ORF, with the first codon iterated for every codon position to determine
total protein output. Constructs with the highest similarity to the construct with the slow codon
patch at position 48 were selected for further analysis, as highlighted in a gradient from purple
to red. (c) Positions of slow-codon windows are indicated in the sketch, with ribosome density
profiles normalized to unmutated GFP shown for initiation rate of 0.8s-1.

To investigate the impact of locally increased ribosome densities on protein expression

dynamics, different variants of GFP mRNA were designed by replacing stretches of ten

adjacent codons with their non-optimal synonymous codons. The OCTOPUS software

was utilized to simulate ribosome movement along the ORF [275, 279]. This simulation

yielded density profiles that depended on the chosen translation initiation rates, providing

information on the average probability of locating a ribosome at a distinct codon position

(Fig. 5.3a). As shown in the inset of Fig. 5.3a, the initiation rate predominately
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influenced total ribosome occupancy. In the following figures, an initiation rate of 0.8 s-1

was considered for this study, as it constitutes physiological conditions. In the simulation,

230 different constructs were modeled by iterating over all codon positions for the insertion

of the non-optimal codon stretch. For each of these constructs, ribosome movement was

simulated and ribosome density profiles were generated. For better comparability, five

constructs with similar predicted protein output rates were selected, as highlighted in

Fig. 5.3b. One slow codon window was inserted per construct, with the positions along

the ORF illustrated at the top of Fig. 5.3c, alongside the respective ribosome profiles.

Increased ribosome densities were observed for all constructs, peaking around the slow-

codon window and smearing out towards the 5’-end.

5.2. Slow-Codon Windows Modulate Protein Expression

Kinetics

Single-cell analysis allows detailed analysis of the impact on protein expression kinetics,

revealing important insights into cellular dynamics. Fig. 5.4a shows mean single-cell

fluorescence trajectories for two different cell lines, where distinct differences in the dy-

namics of protein expression were observed between cell lines and mRNA constructs. For

simplicity, only three constructs are presented: one with the slow-codon window near the

5’-end (”early”), another construct with the slow-codon stretch in the center of the ORF

(”middle”), and the third with the window towards the 3’-end (”late”). Most prominent

was the difference of expression levels between the mRNA constructs and cell lines. HuH7

cells tended to generally produce more fluorescent GFP compared to A549 cells (also see

Fig. 5.4b, top panel). The unmutated GFP mRNA led to high protein production

whereas introduction of a slow codon-window led to lower levels. Here, a clear position

dependency of the slow-codon-window-position appeared in the HuH7 cells, whereas this

trend was not completely reproduced in A549 cells.

The response, i.e. the time where half of the expression maximum is reached, can also be

determined for every single cell. Mean values together with standard error of the mean

can be found in Fig. 5.4b. Interestingly, partially reduced response times were observed.

A closer look on the first hours after mRNA transfection revealed different kinetics for

the different constructs (see inserts in Fig. 5.4a). As indicated in Fig. 2.9b, theoretical

models predict this period to be dependent on mRNA stabilities.
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Figure 5.4.: Impact of ribosome movement on expression kinetics: (a) Mean of single
cell traces of HuH7 or A549 cells transfected with either unmutated GFP or a construct with a
slow codon window towards the 5’-end (early), in the middle of the ORF (middle) or towards
the 3’-end (late). Inset shows zoom of the first hours after transfection to highlight influence
of degradation rate. (b) Mean GFP level and response time for each construct. Error bars
correspond to the standard error of the mean.

5.3. Effect of Slow-Codon Windows on mRNA Stability

The effect of increased ribosome densities and ribosome jams on mRNA stability has been

widely discussed in the literature [252, 264, 276]. Given that increased ribosome densities

on the ORF were observed in simulations following the insertion of slow-codon windows,

their impact on mRNA stability was investigated. Fitting of the single-cell fluorescence

trajectories to the previously described three-stage maturation model allowed to for the

assessment of mRNA stability and expression rate (initial amount of mRNA multiplied

by translation rate, m0ktl).

Two cell lines were transfected with either unmutated GFP mRNA or one of the five syn-

onymous variants. Co-transfection with CayRFP was performed for internal normaliza-

tion. For each cell, GFP mRNA stability (τGFP ) and CayRFP mRNA stability (τCayRFP )

were determined. Each τGFP was normalized to the internal CayRFP control and to the

corresponding value measured in the unmutated GFP-transfected cells. This resulted in

the fold-change normalized mRNA stabilities that are presented in Fig. 5.5a. Generally,

reduced mRNA stabilities were observed for the slow-codon-window constructs in both

cell lines compared to unmutated GFP mRNA. While stability of the first and last con-

struct showed high similarity between the cell lines, constructs with slow-codon windows
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Figure 5.5.: Destabilization of mRNA upon insertion of non-optimal codon patches:
Stability of GFP mRNA was determined using LISCA and normalized with equivalent val-
ues from the reference CayRFP mRNA for each cell. (a) Constructs with non-optimal codon
windows exhibited decreased stability compared to unmutated GFP mRNA in both cell lines.
Median stabilities are shown, along with results from the Mann-Whitney-U test. A yellow line
indicates the fold-change compared to GFP mRNA. (b) The Pearson’s Product Moment Cor-
relation Coefficient was calculated for the measured mRNA stability and predicted ribosome
density at every position along the ORF. Figure adapted from [P1].

in the middle of the ORF exhibited slightly different relative stabilities. Mann-Whitney-U

tests revealed significant changes in stability for most constructs (exceptions are indicated

within the graph). In HuH7 cells, the most substantial change of mRNA stability was

observed for the construct with the slow-codon window in position 119, where the relative

stability was reduced to 73% ± 11%. In the A549 cells, the construct with the slow-codon

window at position 48 had the lowest relative stability of 79% ± 14%.

Protein expression ratesm0ktl were also measured, but no discernible trend of generally in-

creased or decreased stability was observed. To gain further insight into the correlation of

mRNA stability and predicted ribosome density, Pearson’s Product Moment Correlation

Coefficient was calculated for every position along the ORF:

r =

∑
(xi − x)(yi − y)√∑

(xi − x)2 ∗
∑

(yi − y)2
(5.1)

A negative r indicates a negative correlation between stability and ribosome density, re-
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flecting that an increased ribosome density leads to decreased stability. This finding was

particularly evident in the 3’-region, as indicated by the red background in Fig. 5.5b.

In contrast, towards the 5’-end, an increased ribosome density appeared to positively

influence mRNA stability (indicated by green area in Fig. 5.5b). For A549 cells, this

area was limited to the last 30 codons of the ORF, while it extended further towards the

3’-end in HuH7 cells.

Here, LISCA was employed to determine mRNA stabilities of synonymous GFP variants,

in which patches of slow-translated codons were inserted. These constructs exhibited

locally increased ribosome densities along the ORF. In accordance with the literature,

a destabilizing effect of the slow-codon patches was demonstrated. Correlation analy-

sis revealed a position dependence, with the destabilizing effect being most pronounced

towards the 5’end.

5.4. Impact of Codon Optimization on RNAi

In the last chapter, it was shown, that LISCA enables the study of the influence of slow-

codon windows on mRNA stability. A disadvantage of slow-codon windows on mRNA

lifetime was observed, consistent with previously described findings. As ribosomes and the

translational machinery, and the RNAi related RISC (see section 2.1.3) bind to mRNA,

the impact of slow-codon windows and related ribosomal densities on the effectiveness

of RNAi was investigated. Therefore, targeting siRNAs with binding sites at nucleotide

positions 122 (siRNA 1) and 433 (siRNA 2) were transfected 45 minutes after mRNA

transfection (see Appendix for experimental details). To account for any impact that

the second transfection itself may have on mRNA stability, a control experiment with a

non-binding siRNA control was performed. An overall decrease in all mRNA stabilities

was observed upon the addition of siRNA, as expected. However, normalization to the

respective stability of unmutated GFP mRNA revealed a relative increase in stabilities,

as shown in Fig. 5.6a,b for both tested cell lines. Except for the construct with the

slow-codon window at position 229 in HuH7 cells, all mRNAs exhibited a significant in-

crease in relative stability compared to the siCtrl experiment or at least no significant

change compared to the control. In HuH7 cells, a relative fold change of up to 1.4±0.2

was found, and 2.2±0.4 in A549 cells. These findings allow the conclusion that increased

ribosome occupancy protects mRNA from RNAi-mediated degradation, or that RNAi

mitigates the disadvantageous effect of slow-codon windows. This effect appeared to be

more pronounced in A549 cells than in HuH7 cells.

To correct for any effects that might be caused by the second siRNA transfection or any
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quality control pathways, relative stabilities were normalized with the respective values

from the siCtrl experiment. This isolation of mRNA stability allowed the investigation of

whether there is a correlation between the simulated ribosome occupancy at the siRNA

binding site and the measured stability. Both values were plotted for each cell line (insets

in Fig. 5.6a,b, but only weak to no correlation of the stabilities was found. Notably, the

stability increase was observed both downstream and upstream of the respective binding

sites, underscoring the finding that the ribosome occupancy directly at the binding site

was not the driving force of the protective effect.

From this point, the investigation aimed to determine whether there is a general position-

dependent effect of ribosome density on mRNA stability. Therefore, the correlation coef-

ficient was calculated again, as described in Equation 5.1. A positive correlation indicates

a beneficial effect of ribosome occupancy on the mRNA stability, whereas a negative cor-

relation suggests a destabilizing effect. In contrast to the previous results observed in the

absence of RNAi, a positive effect of ribosomal occupancy in the 5’-end of the ORF was

noted for both cell lines, while a negative effect was observed at the 3’end. In the center

of the ORF, a pronounced difference between both cell lines was evident.

In conclusion, these experiments revealed that under conditions where mRNA is subjected

to siRNA-mediated RNAi, regions containing non-optimal codons exhibit a protective ef-

fect, despite generally leading to a decrease in mRNA stability. This protective mechanism

appears to be largely independent of the specific siRNA cleavage site. Instead, it seems

to be influenced by the positioning of the non-optimal codon region within the mRNA se-

quence. Notably, this effect is positively correlated with ribosome density in the early part

of the ORF and negatively correlated in the late part. In the central region, variations

were observed depending on the cell type.
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Figure 5.6.: Mitigation of the stability disadvantage of slow-codon windows under
RNAi: (a) Stability of slow-codon window constructs transfected to HuH7 cells, normalized
to the internal CayRFP reference and median stability of unmutated GFP mRNA. Dark blue
bars represent control experiment with non-functional siRNA, while light blue bars indicate
stabilities under transfection with functional siRNA 1 or 2. Yellow lines to guide the eye towards
the differences compared to the control experiment. Significance values derived from Mann-
Whitney-U test. (b) Corresponding data for transfection in A549 cells. (c) Pearson’s Product
Moment Correlation Coefficient of measured stability with simulated ribosome probability at
each codon position along the ORF. Figure adapted from [P1].
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5.5. Discussion

In this chapter, the complex relationship between codon bias and mRNA stability was

studied. Previous experiments revealed a non-trivial correlation between codon optimal-

ity and mRNA lifetime, as described in Chapter A.3.2. LISCA facilitated the independent

determination of mRNA stability (δ) and expression rate (m0ktl).

First, the implications of slow-codon patches and ribosome density changes on the ex-

pression dynamics of GFP mRNA was investigated. Comparison of the kinetics revealed

distinct differences in the maximum expression levels and in the first time frames follow-

ing transfection. Response times were significantly reduced in HuH7 cells, while almost

no significant changes were found in A549 cells. In general, such cell-specific differences

may be attributed the metabolic differences between the lung and liver cell lines. Those

differences may result in different sized ribosomal pools or the general availability of ribo-

somes and therefore influences the impact of slow-codon windows. Other cell-type specific

differences such as protein kinase R (PKR) dependent translation inhibition [280] that

was found increased in A549 cells [281], should be cancelled out here, as such general

translation inhibition also applies for the co-transfected reference mRNA.

According to the simple translation model presented in Section 2.4.2, the steady-state

level (Equation 2.9) is the ratio of degradation and expression rates, whereas the response

time is dependent solely on the degradation rate (equation 2.11). Therefore, this data

was the first hint towards decreased mRNA stability, induced by altered codon choice.

This was further investigated through the transfection of the five slow-codon window con-

structs and a consistently reduced mRNA stability was observed. This effect has been

discussed previously in the literature [235, 248, 252, 264, 282] and was attributed to in-

creased ribosome density. Although not fully understood and still a subject of discussion,

it has been reported that sequences that stall ribosomes are targeted by a cellular quality

control mechanism known as no-go decay (NGD) [234, 277, 278, 282–285]. Therefore,

these results support the theoretical assumption derived from simulations indicating in-

creased ribosome density. Moreover, the correlation of predicted ribosome density and

measured mRNA stability revealed three areas of correlation in both tested cell lines.

Toward the 5’ end of the ORF, increased ribosome density resulted in higher mRNA

decay, whereas no correlation of density and stability was observed in the center of the

ORF. Conversely, toward the 3’ end, increased ribosome density seemingly contributes

to mRNA stability. Especially near the 5’ end, high similarity between both cell lines

was observed. It was discussed in literature, that especially the 5’ end of the ORF is

highly sensitive to changes and differs from the ORF in terms of codon choice [286] to

support translation initiation. Therefore, changes in this region as applied in this study
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might particularly lead to abnormal ribosomal movement, detected by the cellular control

mechanisms [277, 284].

Beyond the destabilizing effect of increased ribosome densities, other studies reported a

protective effect of ribosomes against certain decay mechanisms [287–292]. Notably, Rui-

jtenberg et al. described a close interplay between RNAi and translating ribosomes [233].

To contribute to the disentanglement of translation and decay, the effect of slow-codon

windows was examined in this study and indeed a stabilizing effect of slow-codon win-

dows on mRNA lifetime under RNAi was reported. Compared to the control experiments,

mRNA lifetimes generally increased. While this effect was pronounced in A549 cells for

all constructs, significant increases in HuH7 cells were observed only for constructs with

slow-codon windows towards the 3’ end of the ORF. Nevertheless, it is important to note

that even non-significant changes of stability indicate a protective effect against RNAi, as

in absence of RNAi, all constructs exhibited a significant decrease in stability.

The correlation between predicted ribosome density from OCTOPOS simulations and

measured stability revealed three regions of correlation, which are inverted compared to

the experiments without RNAi. Increased ribosome densities at the 5’ end of the ORF

exhibited a protective effect against siRNA mediated degradation, while ribosomes to-

wards the 3’ end seemingly amplified RNA interference. Interestingly, the correlation in

the center of the ORF was largely cell-type dependent. A similar ribosomal protection

effect in Saccharomyces cerevisiae was described in 2021 [293]; however, this protective

effect was attributed to controlled translation initiation, which avoids downstream ribo-

some queues that trigger NGD.

To explain the observed stabilizing effects of ribosomes against RNAi, several factors need

to be discussed. Simulations indicated a position-dependent slowdown of ribosomes, and

consequently of the entire translational machinery. However, a direct stabilization effect

of ribosomes was excluded, as transfection without siRNA showed significant reduction

of stability. Yet, a steric effect of ribosomes hindering RISC from reaching its binding

sites could exist. If this were the case, it would create a dependence between stability and

the distance of the slow-codon window to siRNA binding site. Since in the experiments

conducted here, the correlation profile remained highly similar independent of the siRNA

binding site, a direct effect cannot be conclusively described. Nevertheless, secondary

structure effects, as discussed in the literature [233, 277, 294, 295], could potentially

explain the observed effects. Calculations of secondary structures with RNA-fold [296]

did not reveal any obvious structural changes that might influence RNAi, such as hair-

pin structures around binding sites. However, simulations of secondary structure do not

accurately reflect cytosolic conditions in terms of pH, viscosity, salt concentrations, or

packing density. Hence, further studies are needed to investigate any potential secondary
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structure effects. Moreover, secondary structure alone neglects interplay with ribosomes,

which can untangle secondary structures during translation and thereby expose RNAi

binding sites [233]. Additionally, the first part of the ORF was reported to exhibit low

folding [297–299] followed by a highly structured region to slow down ribosomes in order

to facilitate smooth translation elongation [298, 300, 301]. While this leads to increased

destabilization, the accumulation of regulatory factors in this region might further con-

tribute to hindering RISC of finding its target site. Furthermore, it has been described

previously [234, 235] that RISC first binds to a seed region [302, 303], which comprises

only a few nucleotides of the full siRNA. Mapping of the seed binding regions of GFP

mRNA for the two siRNAs used here revealed increased density of those regions in 5’ end

(see Appendix Fig. A.7). This increased density may explain, why the protective effect

of the slow-codon window and increased ribosome density was found to be pronounced in

this region.

Additionally, the method described here relies on proper protein folding, as fluorescence

is used as a readout. Given that translation speed and ribosome movement may affect

fidelity of protein folding, [232, 263, 269], the slow-codon windows inserted here, could

disturb correct folding, and would therefore disturb the readout.

In summary, our approach of combining high throughput single-cell experiments and

stochastic simulations, allowed for the detection of position-dependent correlations be-

tween non-optimal codons and mRNA stability that were previously challenging to assess.

This approach provides new insights into the molecular mechanisms governing RNA inter-

ference and opens up new avenues for further exploration of the complex details involved

in mRNA regulation and stability.
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6. Self-Regulated Protein Expression

via an Incoherrent Feed-Forward

Loop Motif

In the previous chapter, the interplay between codon usage and mRNA stability was in-

vestigated. While understanding of mRNA degradation pathways and optimizing mRNA

stability are crucial for efficient mRNA applications, these strategies alone are not suffi-

cient to address the challenges of inherent variability and timing control associated with

mRNA transfections. To enhance the precision and predictability of gene expression, ar-

tificial genetic circuits present a promising approach. In nature, one common regulatory

motif is the incoherent feed-forward loop (icFFL), as introduced in Section 2.5.3 and il-

lustrated in Fig. 6.1a. This network motif was shown to accelerate response time and to

increase robustness against expression level fluctuations, which results in reduced output

noise. Therefore, the aim of this work was to apply this network motif to mRNA trans-

fections.

In this chapter, the concept of siRNA/mRNA-LNPs as a self-regulatory system for tran-

sient protein expression will be presented. Prior to application in vitro, simple regulation

of mRNA transfections is explored, demonstrating that simple mRNA transfections are

quantitative and predictable when delivered with LNPs instead of Lipofectamine (L2000).

Building on this simple regulation, the dynamics and response times of icFFL-based trans-

fections are analyzed. Further investigation into expression noise reveals a buffering ca-

pacity, leading to reduced variation in expression levels. A rate analysis, derived from

fluorescence trajectory fitting, shows a dose-dependent degradation rate, resulting in a

correlation between the expression and degradation rates in icFFL transfections. Finally,

quantitative modeling captures of the observed ratio-dependent expression levels, provid-

ing deeper insights into the system’s behavior.
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6.1. Adaption of icFFL to RNA/LNPs

In this study, LNPs were employed to adapt the cargo from a simple mRNA-based trans-

fection motif towards co-encapsulation of siRNA and mRNA within a single LNP, effec-

tively reconstituting an icFFL (Fig. 6.1b). In terms of network theory (see Fig. 6.1c),

this translates as following: the delivery of the LNP to the cytosol acts as an input sig-

nal, initiating the translation of mRNA (X) into protein (Y). The regulatory partner, the

siRNA (Z), is co-delivered within the same LNP and is therefore activated by the same

input signal. The indirect path of the icFFL involves siRNA assembling into the RISC,

which degrades the mRNA, thus inhibiting protein production. The expected outcome,

as predicted by classical network theory [197, 216], and previously discussed in Fig. 2.14

and 2.15, is illustrated in Fig. 6.1d. While reaching the same steady state level, the

response time is faster and there is a certain buffering against fluctuations.

Figure 6.1.: Adaptation of icFFLs in RNA-LNP-transfections: (a) Structure of an
icFFL type I (adapted from [197]). (b) LNPs are composed of four lipid species and can be
loaded with different RNA species via microfluidic mixing. (c) The icFFL concept was applied
to RNA-LNP transfections by co-delivering mRNA and a targeting siRNA. While the mRNA
is translated into protein, the siRNA complexes with RISC proteins to target and degrade
the mRNA, thereby inhibiting protein production. (d) A schematic comparison of transfection
dynamics for classical mRNA transfection without siRNA (green) and with co-delivered siRNA
(orange). Figure adapted from [M1].

6.2. Simple Regulation of Protein Translation

A solid understanding of gene networks begins with describing the complex interplay

between expression levels, mRNA dosage, and noise within simple systems. The single-
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cell-based analysis used in this study generated hundreds of fluorescence trajectories,

allowing for detailed studies of variability, distribution patterns, precise quantifications,

and dynamic behavior. In a first step, GFP mRNA was transfected using either the com-

mercially available in-vitro benchmark reagent L2000 or an in-house produced LNP (Ap-

pendix A.1.4 for more details). Based on the single-cell data, transfection efficiency (TE)

- measured by the number of transfected cells - was determined, and the mean maximum

expression levels were calculated along with their standard deviations and normalized

standard deviations, represented by the coefficient of variation (CoV).

The first observation revealed that the transfection efficiency followed a Hill-function-

shaped dose-response curve for both transfection reagents, although LNP transfections

required higher doses (Fig. 6.2a, with 50% TE marked by dotted lines). The maximum

expression level, which within the observed time frame approximates a steady-state level,

also showed a dose-dependence for both transfection reagents (Fig. 6.2b). This dose-

response exhibited near-linear behavior (∼ x1.3) constrained by a stochastic limit at low

doses (see also Suppl. Fig. A.8) and a saturation regime at high doses.

Figure 6.2.: Dose response in mRNA transfections: (a) Transfection efficiency, in terms
of percentage of protein-expressing cells, after transfection with GFP mRNA using L2000 (ma-
genta) or LNP (green). (b) The mean maximum expression level across all single-cells shows
a clear dose dependence (SEM plotted, but smaller than the symbol). (c) Noise in the linear
regime, described as the standard deviation between single-cell traces (dotted lines represent
linear fit), and (d) noise normalized to the expression level and plotted as coefficient of variation
(CoV) (dotted lines show (∼ 1/x) fit). Figure adapted from [M1].

Additionally, noise in terms of standard deviation, increased linearly with expression level

for both, L2000 and LNP transfections (Fig. 6.2c). The normalized standard deviation
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(CoV, Fig. 6.2d) showed lower relative noise for LNP-based transfections, decreasing

with ∼ (1/steady-state) consistent with the definition for a linear dose response of the

expression level.

In summary, LNP-based transfections lead to lower expression levels but also reduce

(relative) noise. Beyond changing the transfection reagent, the only tool available to

regulate noise thus far has been adjusting the expression level.

6.3. Reduced Response Time in icFFL Regulated GFP

Expression

Next, the dose-response experiments were repeated, this time including the co-delivery of

siRNA. The molar co-encapsulation ratio of siRNA to mRNA (α) was defined as:

α =
s0

m0

(6.1)

where s0 and m0 represent the initial amounts of siRNA and mRNA, respectively. To

prepare the LNPs, siRNA and mRNA were pre-mixed at the desired ratio in the aqueous

phase before microfluidic mixing with the lipids. The amount of lipids was adjusted to

maintain a constant N/P ratio. Single-cell traces from unregulated (no siRNA co-delivery)

and regulated transfection experiments with varying α are shown in Fig. 6.3a. Clear

differences were observed in these traces. While expression plateaued in all cases, higher

levels of siRNA led to faster and more stable plateau formation. It is important to note

here that the traces shown were selected for comparable expression levels, which required

higher mRNA doses if siRNA was co-delivered.

Averaging the fluorescence trajectories from each experiment and normalizing them to

their maximum expression level emphasizes the observed differences (Fig. 6.3b). As

previously discussed in the three-stage translation model (Fig. 2.9), the initial incline

of protein level primarily depends on the mRNA degradation. Since siRNA co-delivery

enhances mRNA degradation, the observed sharper incline aligns well with theoretical

predictions.

Normalization to the maximum expression level, Pmax, further highlights the reduction

in response time as the siRNA-to-mRNA ratio α increases. In Fig. 6.3c, the response

times for different mRNA doses and siRNA ratios are plotted against the expression level.

Regardless of siRNA co-delivery, a reduction in response time was observed with increasing
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Figure 6.3.: icFFL LNPs allow control of response time: (a) Single-cell fluorescence
trajectories. Green traces show unregulated transfection, while orange and blue traces represent
regulated transfection kinetics with α = 1 and α = 10, respectively. (b) Mean fluorescence
trajectories for the indicated siRNA-to-mRNA ratios α. Dotted lines indicate the time to half-
maximum expression, which decreases with increasing α. Transfected mRNA doses in (a) and
(b) were 10 ng, 25 ng and 50 ng, respectively. (c) Plot of response times versus maximum
expression level shows reduced response times for regulated transfections at the same expression
level. Introducing an icFFL allows achieving a lower response time with either a higher dose for
the same expression level or the same dose for a lower expression level. Inset shows a scatter
plot comparing α = 0 and α = 10. Figure adapted from [M1].

maximum expression level, and thus, increasing mRNA dose. At high expression levels,

the response time approaches a mean of 5 hours, after which further increases in expression

level do not result in further reduced response times. However, with siRNA co-delivery,

the response time could be reduced further without altering expression level. The inset

shows, that also the variability of the response times narrows at α = 10.

Altogether, the data demonstrate, that co-delivery of functional siRNA results in faster

and more stable protein expression, though at the cost of requiring a higher mRNA dose

or yielding a lower expression level. The response time was found to depend on the

expression level (Fig. 6.3c), but siRNA co-delivery provides an additional possibility

to shorten response times while maintaining the expression level. This approach enables
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a significant reduction in response times, even surpassing the 5-hour limit observed in

simple mRNA-based regulation.

6.4. Reduced Dose Sensitivity of icFFL LNP Protein

Expression

Beyond shortened response times, icFFL were shown to reduce noise of the output sig-

nal. In Fig. 6.4a, the dose-dependent expression levels are shown for simple regulation

(α = 0) and for icFFL systems with α = 1 (equimolar siRNA and mRNA) and α = 10 (a

10-fold excess of siRNA). The dose-response without siRNA can be approximated as lin-

ear within the displayed range. For siRNA-co-delivery, reduced dose-response exponents

were found: x0.7 for α = 1 and x0.4 for α = 10. These lower exponents reflect a milder

dose response, where variations in dose result in less dramatic changes in expression levels

compared to unregulated transfections. The data suggest that this buffering capacity of

input signal correlates with the amount of siRNA delivered.

The buffering also imparts another key property of regulated systems. Fig. 6.4b shows

the relative noise (CoV) as a function of expression level. As observed for the response

time, relative noise decreases with dose, regardless of α. However, the addition of siRNA

narrows the distribution of expression levels for comparable mean expression level (in-

set), slightly reducing relative noise while maintaining a consistent expression level. This

confirms that the noise-reducing property of icFFLs can indeed be transferred to mRNA

transfections.

6.5. Model for icFFL Delivery

In the previous sections, control over both protein expression levels and timing was demon-

strated for regulated mRNA transfections. To gain a deeper understanding of the under-

lying mechanisms, a theoretical model to describe the kinetics was developed.

To access key parameters such as mRNA degradation and expression rates, single-cell

fluorescence traces were fitted to the three-stage maturation model for mRNA translation

(Fig. 2.9). Unlike in unregulated transfections, a dose-dependent mRNA degradation

was observed (Fig. 6.5a). The expression rate, m0ktl, shown in Fig. 6.5, exhibited

dose-dependency both with and without siRNA co-delivery, though it was slightly higher

when siRNA was co-transfected, consistent with previous studies [91]. Interestingly, a

correlation between the expression rate and mRNA degradation rate was found for α > 0,

as exemplary shown in Fig. 6.5c. This further underscores the dependency of mRNA
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Figure 6.4.: Regulated dose-response of icFFL-LNPs: (a) Dose-response of unregulated
transfections and regulated transfections at different siRNA-to-mRNA ratios α. Regulated trans-
fections exhibit a milder dose-response. (b) Reduction in the coefficient of variation (CoV) shows
a slight decrease in noise for the same expression levels. The inset shows a histogram illustrating
the noise reduction of protein expression level. Figure adapted from [M1].

degradation on the amount of delivered mRNA m0, and thereby siRNA, which is subject

to fluctuations in cell culture experiments.

Figure 6.5.: Dose dependence of degradation and expression rates in regulated sys-
tems: (a) The degradation rate in regulated transfections was found to be dose-dependent. (b)
The expression rate is slightly higher in co-transfections compared to simple regulation. Data
shows mean values with standard error of the mean.(c) Single-cell correlation of expression rate
and degradation rate in icFFL experiments. The transfected dose was 0.5 ng/µL in these ex-
periments. Figure adapted from [M1].

The dynamics of mRNA translation without RNAi have been previously described using

a simple set of ordinary differential equations (Equation 2.13 and 2.12, with the solution

given in Equation 2.14). In simple mRNA transfections, all rates are assumed to remain

constant, therefore, the only changing parameter with increasing mRNA dose is the initial
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amount of mRNA (m0). As a result, the protein levels are expected to increase linearly

with dose, as observed.

When RNAi is introduced, an additional term for mRNA degradation must be included,

modifying the total mRNA degradation rate δ to:

δ = δb + δRNAi (6.2)

This separates the mRNA degradation into a basal rate (δb) and an additional δRNAi,

which accounts for siRNA-mediated mRNA cleavage. The new kinetic model is illustrated

in Fig. 6.6a. A simple way to express the dependence of δRNAi on the co-delivered siRNA

ratio is:

δRNAi = γ ∗ α (6.3)

where γ is a scaling factor. This linear relationship, together with the ODEs for mRNA

translation (Equation 2.12 and 2.13), was implemented in Julia [230]. Expression levels at

constant mRNA dose but varying siRNA ratios were plotted and compared to this simple

model (Fig. 6.6b). The rates were estimated from previous literature [92] and are

summarized in Table 6.1. While this estimation fits the data for low amounts of siRNA,

it deviates at higher α. As previously described for ribosomal competition, also other

resource limitations, such as saturation of RISC proteins, need to be considered. This

saturation effect occurs when all available RISC proteins are bound to siRNA, leading

to a plateau, which was also observed experimentally (Fig. 6.6b). Assuming stable

siRNA-RISC binding, the kinetics were described using an enzymatic approach:

δRNAi = γ ∗ α

α + kM
(6.4)

where kM is a Michaelis-Menten-like reaction constant. This revised model captured the

ratio dependence well, as shown in Fig. 6.6b.

Parameter Description Estimation Source

ktl mRNA translation rate 1000 h-1 experiment

δb basal degradation rate 0.5 h-1 experiment

β GFP decay rate 5.22 * 10-3 h-1 Krzyszton et al. [172]

m0 initial mRNA level 30 experiment (with ktl)

γ scaling factor 20 experiment and simulation

kM reaction constant 1 experiment and simulation

s0 inital siRNA level 0 to 1500 experiment (with m0)

Table 6.1.: Estimated parameter for RNAi modeling
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Figure 6.6.: Expression level control through siRNA molar ratio: (a) Kinetic model for
icFFL-driven protein expression. (b) Expression level decreases as the siRNA ratio in the LNP
increases. A simple linear relationship (red) does accurately represent the observed behavior for
low alpha, while an enzymatic model for siRNA kinetics provides a better fit to the experimental
data over the full tested range of α. Figure adapted from [M1].

6.6. Discussion

In this chapter, an incoherent feed-forward loop (icFFL) motif was implemented in LNP-

mediated mRNA transfections based on the co-delivery of siRNA and mRNA. First, simple

regulation was analyzed, and it was found that LNP-based transfections offered greater

precision compared to L2000-mediated transfections, despite lower overall expression lev-

els. This suggests that mRNA-LNP delivery behaves quantally, with the monodispersity

of LNPs in size and encapsulation providing better control over the number of mRNAs

delivered per package. The linearity observed in maximum expression levels during un-

regulated transfections aligns with theoretical predictions, assuming that all rates are

constant. Consequently, the linearity of the standard deviation and the ∼ 1/x decrease

in normalized standard deviation follow logically. Although both the L2000 and the LNP

transfection follow this dependence, the controlled delivery of mRNA in LNPs exhibits a

lower relative noise.

Interestingly, linearity in maximum expression level was observed despite transfection ef-

ficiencies being below 50% with the lower doses. Moreover, response time in unregulated

transfections was found to decrease with increasing mRNA dose, likely due to the higher

number of particles taken up by cells, which increases the likelihood of one escaping the

endosome. However, the response time plateaus around 5 hours and does not accelerate

further with higher doses. The introduction of icFFLs successfully reduced response time

below this 5-hour threshold while maintaining the same expression levels. This provides

a powerful tool for mRNA applications, where both the mRNA dose and siRNA can be

adjusted to fine-tune response times and expression levels.
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Additionally, the dose-response curve for protein expression in icFFL transfections showed

reduced sensitivity, making the system less prone to variations in dose. The relative noise

level was only slightly reduced. Fluorescence cross-correlation analysis of LNPs encapsu-

lation labeled mRNA and siRNA revealed, that the siRNA:mRNA ratio that was prepared

during mixing, was not the final ratio measured in the LNP, rather the results pointed

towards an overloading with siRNA [304],[M5]. This underlines the assumption that the

noise in expression levels could be reduced in theory but that the ratiometric mixing in-

troduced a new source for fluctuations. Alternative approaches for the co-delivery should

be explored to reduce this source of noise as far as possible. Those could be to encode

both, mRNA and siRNA on one construct that will be seperated in the cytosol. This

approach would require an carefully designed construct to provide efficient and reliable

cleavage. An other approach could include labelling of both siRNA and mRNA and to

determine their ratio via fluorescence intensity calibration for each single cell.

Further research is needed to explore cell-specific regulation, as described by Du and col-

leagues [55], and to investigate co-cooperativity, where multiple siRNAs bind to the same

mRNA, which is of interest for the design of more complex regulatory networks [47].

In summary, single-cell analysis of LNP-mediated icFFL transfection systems presents a

powerful tool to control noise and timing in gene expression. This control over natural

variability in input signals, driven by the stochastic nature of LNP delivery, is particularly

exciting. Beyond synthetic biology applications, where precision is essential for designing

genetic switches [53], noise control is also relevant in therapeutic settings, where avoiding

critical overexpression can be crucial.
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In this thesis, high-throughput live-cell imaging was employed to elucidate the kinetics

of lipid-based RNA delivery. Specifically, mRNAs encoding fluorescence reporters were

utilized to monitor protein expression following delivery via lipid-based carriers, with a

particular focus on in-house produced lipid nanoparticles (LNPs). By additional mRNA

labeling, the entire delivery process - from cellular uptake to endosomal escape and, ul-

timately, translation - was explored. To further investigate and modulate the underlying

kinetics, exogenous RNA interference was integrated. The single-cell experimental setup

generated fluorescence trajectories, which were analyzed using rate equations to quantify

the dynamic processes.

To deliver RNA to a mammalian cell, a cascade of processes must be completed. After

reaching the cell, the carrier must overcome the cell membrane, typically resulting in its

engulfment and the formation of an endosome that is transported into the cell [112, 305].

As part of the natural endosomal pathway, this endosome is either recycled or undergoes

acidification [126, 131, 132]. The acidification process ultimately leads to endosomal lysis

unless the carrier and its cargo manage to escape [135, 143]. Delivery systems such as

Lipofectamine (L2000) or LNPs are specifically designed to interact with the endosomal

membrane upon acidification, triggering endosomal escape and releasing the cargo into

the cytosol.

The kinetics of protein expression resulting from delivered mRNA cargo can provide in-

sights into the dynamics leading to this protein production. Time-resolved single-cell

expression trajectories enabled the characterization of distinct cell behavior. Initially, the

influence of different vectors on delivery and protein expression dynamics was investi-

gated. Despite its impaired functionality and toxicity in vivo [306], L2000 is frequently

used for mRNA optimizations in vitro. In this work, the expression profiles of L2000 were

compared with those of LNPs, which are the preferred non-viral delivery vector. LNPs

exhibited lower overall expression levels, but showed distinct differences in their expres-

sion profiles compared of L2000 at low doses and the distribution of their onset times.

Endosomal escape is recognized as the primary bottleneck in lipid based nucleic acid

delivery, yet reliable methods to study its kinetics are rare [27]. Therefore, single-cell
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analysis using fluorescent reporters, alongside mRNA labeling to track processing, offers

valuable insights into the dynamics of delivery with high statistical information. This

revealed how the protein corona forming around LNPs influences not only cellular uptake

but also intracellular processing, thereby affecting protein expression. a similar effect

was observed for the bulk phase structure of LNPs, which can be altered by using dif-

ferent types of mixing buffers. This modification in the production process impacted

uptake, and more importantly, the endosomal escape of the particles, enabling tuning

of expression levels, onset, and kinetics. This technique could address additional topics

in the field. For instance, LNP size was found to influence tissue-specific efficiency [84,

307, 308]. LISCA could reveal whether this is due to differences in payload, uptake, or

endosomal escape. Since size changes can be achieved by varying the mixing conditions

or altering the lipid composition, the specific impact of each modification on different

trafficking parameters could be addressed. Furthermore, labeling of the corona lipids and

the PEG could help determine whether protein interactions alter LNP affinity for cellular

uptake or if endosomal escape is the key factor. The combination of buffers with varying

pH and LNP lipid compositions may also contribute to these findings. Beyond uptake

and endosomal escape, there is another understudied timeframe during delivery: the de-

lay between endosomal escape and detectable protein expression, which is influenced by

a delay of translation initiation potentially caused by the amount of lipid still adhering

to the mRNA. The affinity between lipids and mRNA may further guide vector efficiency

and impact expression timing. By selecting appropriate labels, this overlooked aspect

could be explored in more detail.

However, protein expression is influenced not only by the vector but also by the cargo’s

composition. When two mRNAs were co-delivered, correlation analysis revealed an mRNA

sequence-dependent ribosome competition, which can lead to unexpected effects on pro-

tein expression or be harnessed to regulate expression levels. A simple kinetic model

was developed that qualitatively captured the dynamics. Nevertheless, more insights are

required, such as those from partial translation inhibition experiments or further dose

variations to improve this model and enable the prediction of competition scenarios. Co-

encapsulation and co-delivery not only resulted in more uniform expression levels, but

also improved the efficiency of exogenous RNAi. Single-cell analysis enabled the quantifi-

cation of RNAi upon exogenous siRNA delivery and demonstrated that the knockdown

efficiency is specific to both the binding site position and cell-type.

These results were applied to investigate the influence of ribosome density variations

through manipulation of the GFP coding sequence using synonymous but slowly trans-
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lated codons. Stochastic simulations indicated increased ribosome densities around these

slow codons, and single-cell analysis revealed altered kinetics and expression levels. A

more detailed investigation showed that mRNA degradation is particularly influenced by

the position of the low-codon windows. Specifically, slow codons near the 5’ end of the

open reading frame (ORF) and the thereby increased ribosome density in this region

positively correlated with mRNA degradation. In contrast, slow-codons near the 3’ end

had the opposite effect. Co-delivery of GFP-targeting siRNA revealed that an increased

ribosome density due to slow codons could protect the mRNA from RNAi, an effect that

was more pronounced in A459 cells than in HuH7 cells. This finding required precise de-

termination of mRNA degradation rates, which was achieved through internal referencing

against co-delivered CayRFP mRNA. As the position dependence was linked to the loca-

tion of the slow codon window rather than the siRNA binding site, further research into

the RISC binding mechanism, implications for protein folding, and cooperative effects is

needed. Nevertheless, slow-codon windows offer a powerful strategy for tuning mRNA

stability in transfection applications.

Finally, this work demonstrated that mRNA delivery can be controlled, although reg-

ulating noise and timing - without altering the carrier or cargo - can only be achieved

through dose variations. However, the introduction of an incoherent feed-forward loop

type I (icFFL) via ratiometric co-delivery of siRNA and mRNA enabled control over pro-

tein levels, noise, and timing. Kinetic modeling revealed that the relationship between

the siRNA to mRNA ratio and mRNA degradation rate follows a Michaelis-Menten-like

dependence on siRNA concentration. This predictability allows icFFL-LNPs to serve as

precise tool for tuning the kinetics of mRNA delivery, which is highly valuable for future

applications of complex combinatorial LNP-mRNA applications.

All these insights were enabled by the single-cell observation platform LISCA, which fa-

cilitated the investigation of the impact of carrier and cargo on the kinetics to develop

tools for dynamic control of protein expression. The work presented herein provides the

foundation for further studies aiming at improving the predictability of lipid-based mRNA

delivery. For instance, encapsulating or attaching a pH dependent reporter, such as fluo-

rescein, can provide information about the surrounding or inherent pH, thereby offering

insights into the correlation between endosomal maturation, particle fate, and resulting

protein expression. This approach becomes even more insightful when combined with the

use of endosomal markers [161].

Additionally, in collaboration with two students, Carola W. Bartels and Bernhard Kirch-

maier, the payload of LNPs was investigated using either surface-bound LNPs and fluores-
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cence imaging [309] or fluorescence correlation spectroscopy [304]. Combining knowledge

of LNP mRNA payload and quantal delivery - where only one particle is processed per

cell - can yield further insights into translation dynamics.

Further information will be contributed through a collaboration with the Hochschule

München, where advanced optical spectroscopy and imaging methods will be employed to

track LNPs within cells together, alongside with recording of data regarding their diffu-

sion coefficients and surrounding pH ([M3] and [M6]). Integrating this information with

knowledge about carrier type could further enhance the understanding of the delivery

process.

From a biological perspective, the complexity of single-cell cultures can be expanded.

The use of proper markers would enable the co-culture of different cell species and co-

transfection of various LNPs in parallel to investigate complex carrier and cell-type-specific

behaviors. Additionally such an approach could allow for the parallel delivery of LNPs of

different sizes, or prepared with different buffers loaded with different reporters, facilitat-

ing the study of concurrent behaviors. By placing multiple cells, spheroids, or even small

organoids on the spots, collective protein expression could be analyzed in a single-cell

manner to account for the impact of cell-cell contact on transfection.

All those findings can be combined to expand translational models, enabling quantification

of the entire delivery process. This addresses a critical challenge in the development of

lipid-based mRNA delivery: the lack of predictability in transferring results from cell

culture to living organisms. Precise theoretical understanding will ultimately result in

accurate reflections of the biological outcome. Therefore, this work contributes to the

development of robust and complex combinatorial RNA-LNP tools for synthetic biology

and therapeutic applications.
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A. Appendix

A.1. Materials and Methods

A.1.1. Cell Culture

All cells used within this work were cultured at 37°C, 5 % CO2. For single-cell transfection

assays, they were seeded in growth medium according to Table A.2, as each cell line

required a micropattern-specific cell density to ensure maximum spot occupancy together

with a high single-cell percentage.

A549 Cell Line

The human lung carcinoma A549 cells were cultured in GibcoTM RPMI Medium (Ross-

wellPark Memorial Institute, ThermoFisher Scientific, #61870010) supplemented with

10 % (v/v) FCS (Fetal calf Serum, ThermoFisher Scientific, #10270106). At 70-90 %

confluence, they were cleaved using T/E (Trypsin/EDTA, Gibco 15400-054).

HuH7 Cell Line

The HuH7 cell line originates from a human liver carcinoma. Cell culture was as described

for the A549 cells, but the growth medium was further supplemented with 5 mM HEPES

(GibcoTM, Thermofisher Scientific, #15630080) and 1 mM Na-Pyruvate (GibcoTM, Ther-

mofisher Scientific, #11360070). For cell cleavage, Acutase (invitrogen, 00-4555-56) was

used.

HEK293 Cell Line

Human Embryonic Kidney cells (HEK293) were cultured in GibcoTM DMEM (Dulbec-

cos Modified Eagle Medium, ThermoFisher Scientific, #10566016) supplemented with

10 % (v/v) FCS (Fetal calf Serum, ThermoFisher Scientific, #10270106). Cleavage was

performed as described for HuH7 cells.
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A.1.2. mRNA Production

Plasmids were ordered from Euorgentec. The production was carried out in three steps,

including in vito transcription (IVT), dephosphorylation and post-polyadenylation. After

each processstep, mRNA was purified.

For IVT, the respective nucleotide master mix was prepared containing 25 mM of each

rATP (Jena Biosciences, NU-1010), rUTP (Jena Biosciences, NU-1013), rCTP (Jena

Biosciences, NU-1011), and 5 mM rGTP (Jena Biosciences, NU-1012) together with 20

mM anti-reverse cap analog (ARCA) (Jena Biosciences, NU-855). Additionally, seperate

mix of water (B.Braun, 3703444), Transcription buffer (ethris), RNAse inhibitor (Ther-

moFisher, EO038AFBXXX) and pyrophosphatase (ThermoFisher, EF022BXX) were mixed.

This IVT mix was added to the rNTP mix together with the plasmid template. T7 poly-

merase (ThermoFisher, EPO11AFBXXX) was then added to start the transcription for

2 hours at 37°C, 300 rpm. Afterwards, DNAse (ThermoFisher, ENO52RAFBXXX) was

added for another 45 min. Subsequently, precipitation and purification , using 5 M am-

moniumacetate (SigmaAldrich, 9691), 70 % (v/v) ethanol (Roth, 5054.3).

Dephosphorolation was carried out using Quick CIP (NEB, 0041708) in MOPS buffer (pH

6.5) for 10 min at 37°C, followed by precipitation and purification as above. Polyadenyla-

tion was carried out by incubation of poly(A) polymerase buffer (ThermoFisher EP168B1

B001), ATP (Jena Biosciences, NU-1010), and DNAse (ThermoFisher, ENO52RAFBXXX)

at 37°C for 5 minutes. Subsequently poly(a) polymerase (ThermoFisher, EP168B1B001)

was added for 15 min at 37°C, again followed by precipitation and purification. Finally,

ultrafiltration using Vivaspin 6 centrifugal concentrator (Merck) was performed to reach

a concentration of 1 mg/mL, followed by sterile filtration with a 0.2 µM pore size filter

(GE Healthcare, 6786-1302). mRNA was stored at -80°C.
Additionally, if available, mRNAs and siRNAs were purchased according to Table A.1

Name Supplier Cat. no.

CleanCap® EGFP mRNA TriLink L-7601

ARCA Cy5 EGFP mRNA APExBIO R1009

ARCA Cy3 EGFP mRNA (5-moUTP) APExBIO R1008

ARCA EGFP mRNA APExBIO R1001

GFP DuplexI siRNA Horizon P-002048-01-20

Table A.1.: Commercially available RNA constructs used in this thesis.

VI



A.1. MATERIALS AND METHODS

A.1.3. N/P Ratio Calculation

The N/P ratio is one of the central parameters when preparing LNPs as it describes the

ratio of ionizable lipid to nucleic acid (NA) load. From there, the required amount of

helper lipids automatically calculates from the intended lipid molar ratios. To calculate

the N/P ratio, the number of available charges on the ionizable lipid and molecular weights

of the components need to be taken into account. Simply spoken, the N/P ratio is:

N

P
=

number of + charges on the amines of the ionizable lipid

number of - charges from the phosphate backbone on the NA
(A.1)

The number of positive charges per mol is dependent on the type of lipid and thereby

defined by its chemical structure. The nucleic acid has one negative charge per repeating

unit with a defined molecular weight. Therefore, the N/P ratio can be described as:

N

P
=

#+ ∗ nionizable

#− ∗ nNA

=
#+ ∗ mionizable

MWionizable

#− ∗ mnA

MWNA

(A.2)

with

#+ being the number of positive charges per molecule of the ionizable lipid

#− being the number of negative charges of the nucleic acid repeating unit (= 1)

MWionizable and MWNA the respective molecular weights and

mionizable and mNA the masses.

The masses of nucleic acid and ionizable lipid can be expressed as:

m = c ∗ V (A.3)

with c being the concentration of the stock solution in mg/mL and V the corresponding

volume. Inserting this in equation A.2 results in:

N

P
=

#+ ∗ cionizable∗Vionizable

MWionizable

#− ∗ cNA∗VNA

MWNA

(A.4)

A.1.4. LNP Production

Mixing of the LNPs was achieved through rapid mixing of the lipids in an organic phase

(ethanol) with the aqueous phase containing nucleic acids and acidic buffer. Both phases
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were prepared separately. If not indicated differently, lipids were prepared in the mo-

lar ratio 50:10:38.5:1.5 ionizable lipid, phospholipid, cholesterol and PEG lipid, respec-

tively. mRNA mix was prepared to reach a final N/P ratio of 3 to 4 with a flow ratio of

aqueous:organic 2:1. Microfluidic mixing was achieved using the NanoAssemblr® Spark™

(Precision NanoSystems).

1

4

2

5

3

Figure A.1.: Illustration of the NanoAssemblr® Spark™ mixing cartridge: (1) Reser-
voir for the aqueous phase, (2) Reservoir for the organic phase. Both phases are mixed through
microfluidic channels and a (3) bifurcating mixer and collected in the (4) sample reservoir that
can be primed with buffer for in-line dilution. (5) The micro-chip controls that no cartridge is
used more than once.

If no uniform size distribution was required, particles were mixed by rapid pipetting for

the sake of costs. in this case, the aqueous phase was added rapidly and with constant

mixing onto the lipid phase.

In case of microfluidic mixing, an inline-dilution with the respective LNP buffer was per-

formed. After mixing, LNPs were kept for 15 minutes at room temperature to allow

self-assembly.

Buffer exchange was performed using Slide-A-Lyzer™ 2,5 K MWCO Mini dialysis cups

(ThermoFisher, 88403). Per 100 µL LNP, 1 L of buffer was used for dialysis over 18

hours.

Aggregate removal was performed by centrifugation at 20’000 g for 1 hour at room tem-

perature and separation of aggregate pellet and supernatant containing the LNPs.

Additional concentration of the sample may be required, as the maximum mixing con-

centration within this set-up was 0.2 mg/mL. In this case, the LNP was dialysed into

water (to avoid accumulation of salts) and the excess water was removed through vacuum

evaporation at room temperature in an Eppendorf® centrifugal vacuum concentrator.
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A.1.5. LNP Characterization

DLS

Dynamic light scattering was performed on the DynaPro® NanoStar™ (Wyatt) operating

at 90° scattering angle. Disposable COC cuvettes were used with a sample volume of 10

µL. The measurement set-up is depicted in Fig. A.2

Laser

90° Detector

CorrelatorSample in cuvette

PC

Figure A.2.: DLS Set-up: Laser is emitting light onto the sample in a microcuvette. Scattered
light at 90° is collected and correlated for analysis.

UV/Vis Spectroscopy

To determine RNA concentration, absorbance at 260 nm (A260 was measured with the

Nanodrop™ (ThermoFisher Scientific) was used [310]. Light from a xenon flash lamp

was focused on the sample through an optical fiber. The sample droplet (2 µL) was

placed between two optical fibers with a short and defined wavelength. A CCD detector

collected the light after the sample, allowing to analyse the spectrum. The absorption at

260 nm was then directly calculated based on the Beer-Lambert law, predicting a linear

correlation between absorbance and sample concentration:

A = ϵ ∗ c ∗ I (A.5)

with the absorbance A, the concentration c and the extinction coefficient ϵ.

Encapsulation Efficiency of Lipid Nanoparticles

To measure, which percentage of RNA is encapsulated in a lipid nanoparticle, an adapted

protocol of the Quant-it™ RiboGreen RNA Assay was acquired. The RiboGreen reagent

(Invitrogen) is an intercalating fluorescent dye. Binding to RNA increases it’s fluorescence

at 525 nm more then 1000-fold. As the dye can only bind to free mRNA, i.e. RNA that

is not encapsulated within an LNP, it can be used to determine the ratio of free and total

mRNA. To measure the free mRNA, the LNP was diluted to a concentration between 1 an

10 µg/mL. The dye was diluted 1:100 in TE-buffer and added to the LNP. To measure the
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total amount of mRNA (free and encapsulated) at the same time, a sample of the same

LNP is treated 1:1 with detergent (here, 2 % (v/v) Triton-X-100 (Roth)) for 15 minutes

at 70°C and subsequently also mixed with the 1:100 dilution of dye. This completely

de-complexes the LNP, allowing the RiboGreen dye to bind to the mRNA. Fluorescence

readout was typically performed in a plate reader (Tecan Infinite Pro 200 M-Plex) in a

black, flat bottom 96-well plate (Greiner). Fluorescence was measured in from the top

with an excitation wavelength of 480 nm (bandwidth 9 nm) and emission was measured at

520 nm (bandwidth 20 nm). The encapsulation efficiency was then calculated as following:

EE = 1− ILNP − Iblank
ILNP+detergent − Iblank+detergent

(A.6)

with the fluorescence intensities of the LNP alone (ILNP ) or treated with detergent mix

(ILNP+detergent). To account for background fluorescence, a blank with the corresponding

buffers was measured.

Fluorecence Correlation Spectroscopy

FCS was performed using the LSM980 (Zeiss) confocal microscope. Sample was analyzed

in a black 384-well plates with transparent bottom (Greiner, P8803-384) with a 60x

magnification water-immersion objective (NA > 0.9, Plan-Apochromat: 420662-9970).

Optimal measurement concentration for an LNP encapsulating EZ Cap™ Cy5 GFP mRNA

(APExBIO, R1011) was determined to be at 1 µg/mL mRNA concentration. A schematic

overview with the basic components is provided in Fig. A.3. Fluorescence intensity

was captured using a GaAs detector. Aquisition was performed with the Zeiss Zen-blue

software add-on Counting and FCS.
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Figure A.3.: Basic optical setup for fluorescence correlation spectroscopy: With laser,
dichroic mirror, objective, sample, lenses, pinhole, detector and correlator. Inset shows zoom on
confocal and effective detection volume (green). Adapted from [311].

A.1.6. Micropatterning Techniques

Additive Approach

The additive single-cell pattern was prepared using a photo-induced CuSO4 click reaction

to selectively bind the cell-adhesive peptide cyclo-Arg-Gly-Asp (RGD) to a cell-repellent

poly(vinyl alcohol) (PVA) surface. Hence, each channel of a bio-inert, PVA-coated µ-
slide (ibidi, #80600) was filled with 33 µL of a 5 mM Diazirin (Enamine) solution in

10 % (v/v) DMSO (Thermofisher Scientific, #D12345). The slide was then exposed to

UV light using an in-house built UV illumination lamp (Rapp, 365 nm) that allows even

illumination over a 10 x 10 cm area. A silica-wafer-based photomask with 20 µm x 20

µm squares and 85 µm spacers was employed to achieve selective illumination. After a

washing step 3 mL with MilliQ water per channel, a click reaction solution containing 10

mM BTTA (JenaBioscience, CLK-067-25), 2 mM CuSO4 (JenaBioscience, CLK-MI005),

0.1 mM cyclo-RGD-azide (Lumiprobe, A1330), and 100 mM vitamin C (JenaBioscience,

CLK-MI005) in sodium phosphate buffer (JenaBioscience, #CLK-073) was applied and

incubated for 1 hour at room temperature. Following incubation, the click reaction mix-
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ture was removed, and the slide was washed several times with phosphate-buffered saline

(PBS, Biochrom GmbH #L182). For schematic workflow, see Fig. 2.6a

Subtractive Approach

Here, single-cell microarrays were fabricated using the same 6-channel microscope slides

coated with poly(vinyl alcohol) (PVA) as before (ibidi, #80600). A mixture of 100 mM

PLPP (Enamine) and 2 % (w/v) super low-melt agarose (Roth, HP45.1) was prepared,

and calcium peroxide was added to achieve a final concentration of 10 % (w/v) in ultra

pure water (ThermoFisher, 1305-79-9). This solution was pipetted into the channels of the

slide, which was then selectively exposed to 365 nm UV light as shown described before.

The silica photomask, featuring 20 µm x 20 µm squares with 85 µm spacing, was used

for illumination. After the UV exposure, the PLPP mixture was removed by repeatedly

flushing the channels with MilliQ water. To eliminate any remaining agarose residues, the

channels were further rinsed with 0.5 M HCl. The channels were then dried and sterilized

through UV exposure for 20 minutes. For protein coating, as illustrated in the bottom

row of Supplementary Figure Micropattern, the channels were pre-treated with PBS prior

to the application of the desired protein in PBS. Unless otherwise specified, 20 µg/mL

Laminin (BioLamina, 524 LN) was utilized. For illustration of the process, check Fig.

2.6b.

A.1.7. Single-cell Transfection Assay

To study protein expression, cells were cleaved as described above and seeded onto the

micropatterns. Prior to cell seeding, the pattern was washed with 3 x 1 mL PBS and

then primed with 2x150µL cell culture medium. For each cell-type and micropatterning

approach, an optimal cell-density was determined according to Table A.2. To avoid

cell-clutting, cell solution was transferred 5 times from the back to the front channel and

mixed with the pipette. To allow self-assembly of the cells on the pattern, cells were then

incubated for 45 min up to 2 hours, dependent on the cell type and pattern, until the first

cells visibly flattened on the surface. The pattern was then gently washed with either

OptiMEM in case of Lipofectamine transfections or cell culture medium in case of LNP

transfections. This step was repeated again, one hour later.

mRNAs were typically transfected with 50 ng per channel in 50 µL, i.e. at a concen-

tration of 1 ng/µL. For LNP transfections, LNPs (mixed as described previously) were

pre-incubated in 10 % FCS for 45 minutes if not stated differently. L2000 was prepared

according to the manufacturers protocol. A standard mixing protocol for an L2000 trans-

fection would be:
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Cell line Photopattern (Bottom-up) PVA removal (Top-down)
A549 1*106 cells/mL in 25 µL 5*105 cells/mL in 50 µL
HuH7 5*105 cells/mL in 25 µL 5*105 cells/mL in 50 µL

HEK293 5*105 cells/mL in 25 µL 5*105 cells/mL in 50 µL

Table A.2.: Cell type and micropattern specific cell densities

1. 0.25 µL L2000 + 49.75 µL OptiMEM, incubate 5 min at RT

2. 1 µL mRNA (at 0.1 µg/µL stock concentration) + 49 µL OptiMEM

Mix 50 µL solution (2) onto 50 µL solution (1) and incubate for 20 minutes at room

temperature (RT).

For cell transfection, 50 µL of the transfection mix was applied to each channel and

mixed three times. Cells were then incubated 45 min at 37°C for a standard transfection

and subsequently washed with 2 x 150 µL L15 medium without phenol red (Gibco™,

ThermoFisher Scientific, 21083027).

A.1.8. Live-cell Microscopy

Time-lapse microscopy was performed on an epifluorescent microscope. Here, an inverted

Nikon Eclipse Ti microscope with a 10x objective was used. Physiologic conditions were

created with an Okolabs incubation chamber. Each channel was scanned with up to 14

fields of view every 10 min up to 72 hours. For later cell segmentation, every experiment

recorded bright field images. Additionally, fluorescence excitation was performed with an

LED using combinations of the filters listed in Table A.3.

Filter Excitation Bandwidth Emission Bandwidth Cat-no
GFP 470 nm 40 nm 525 nm 50 nm AHF F46-002
dsRed 545 nm 30 nm 620 nm 60 nm AHF F46-005
Cy5 628 nm 40 nm 692 nm 20 nm AHF F36-523

Table A.3.: Filters used for fluorescence time-lapse imaging

A.1.9. Fluorescence Calibration

In fluorescence microscopy experiments, gray values are measured. For quantitative anal-

ysis, the calibration factor from gray value to GFP may be required. Therefore, purified
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GFP protein was filled into polydimethylsiloxane (PDMS) calibration chips with defined

channel heights (Fig. A.4). Channel height was low enough to be captured within one

focus plane. Therefore, gray values per GFP molecule could be determined.

Figure A.4.: Calibration of fluorescence experiments: (a) Schematic representation of
the calibration chip that was molded with PBS from an inverted silica wafer. Channels had a
defined height of 17 µm. (b) Exemplary image with calibration chip filled with GFP in PBS
at known concentrations. Grey values were measured to calculate back to gray value per GFP
molecule.

A.1.10. Data Analysis

LISCA experiments performed in this work yielded data stored in .nd2 file format. An

in-house developed Python script was developed to export time-stacks for each field of

view and channel as .npz file, which was then used to performed binarization and track-

ing of cells. Additionally, fluorescence channels were background corrected according to

Schwarzfischer et al..

As segmentation could also yield traces for double-occupied spots, dividing cells or dead

cells, manual control of selections was performed with the PyAMA software, also avail-

able on GitHub [192]. If required, square ROIs were generated. Cell tracks together with

fluorescence intensities of ROIs was saved as .csv file for further analysis.

Figure A.5.: PyAMA data analysis pipeline
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A.1.11. Data Fitting

Single-cell fluorescence trajectories were fitted to the three stage maturation model with

a non-linear least square approach. Therefore, an automated python script was utilized

[312].

Julia Simulations

Julia simulations were performed using the Package Catalyst.jl [313]. Kinetic equations

were implemented as first-order reactions. Parameter estimations based on previous liter-

ature [47, 92] if not stated otherwise. The RodaS5P solver was used to solve the reactions.
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A.2. Supplementary Figures

A.2.1. LNP characterization monitoring during protein adsorption

Transfection of cells with LNPs included dialysis after microfluidic mixing together with

protein pre-incubation to allow formation of the protein corona. Therefore, hydrodynamic

radius was determined after incubation with BSA and FCS through DLS. Results showed

no changes in LNP size after incubation with different serum concentrations except for

an outlier for the lowest BSA concentration (Fig. A.6

Figure A.6.: LNP size upon incubation with proteins: (a) Hydrodynamic radius (DLS
measurement) was determined.

A.2.2. Mapping of Seed Binding on the ORF

In chapter 5.5, the interference of ribosomes and translation with RISC was investigated.

As siRNA binding starts with scanning of the ORF for basepairing regions not of the full

siRNA but with a seed region. This seed region is only a few nucleotides long. Therefore,

in Fig. A.7, complementary sequences to the first three to eight nucleotides of both

siRNA was mapped.
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Figure A.7.: Seed binding regions on the ORF: Seed binding of the siRNA for different
seed lengths (see legend) were mapped for siRNA 1 and 2 along the ORF. Bottom images shows
overlay with increased density in the 5’ end of the ORF

A.2.3. Quantal delivery of RNA-LNPs

At low mRNA transfection concentrations, only few cells showed protein expression. We

assume that in this regime, quantal delivery, as shown in Fig A.8, can be observed.
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Figure A.8.: Quantal delivery of mRNA: At low concentrations, quantal delivery is ob-
served: Top: Exemplary traces of a transfection experiment with 2 pg/µL mRNA encapsulated
with either Lipofectamine2000 (L2000, purple) or a lipid nanoparticle (LNP, green). Only a
low number of the totally observed cells showed protein expression above background level as
indicated at the arrows. Plotting of the levels shows signs of quantal delivery.

A.3. Further Approaches

A collection of short descriptions of the approaches that were considered within the time

period of this thesis but did not work within a proof of concept study.

A.3.1. Influence of LNP Composition on GFP Expression

Amongst other investigations, the influence of PEG content (and therefore LNP size) [74],

the type of PEG lipid anchor and the preparation method was investigated. As this was

only a proof of concept experiment, the data presented here arises from transfections in a

96-well plate and fluorescence was recorded with the Tecan plate reader. In Fig. A.9a,

different molar ratios of PEG were prepared. To maintain total lipid ratio, the amount

of cholesterol was adjusted accordingly. An inverse correlation of protein expression with
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PEG content was observed here. Further, replacing DSPE-PEG2k with DMG-PEG2k

(having a smaller anchor) led to increased transfection efficiency (Fig. A.9b). This may

improve the exchange with proteins to form the protein corona and destabilize the particle

towards favoured endosomal escape.

Also the mixing method was found be relevant, as the more controlled microfluidic mixing

resulted in overall higher protein levels (Fig. A.9c), probably related to the more uniform

size distribution and avoiding of aggregations.

Figure A.9.: Plate reader experiment to investigate various LNP parameters on
their influence on protein expression: Data shows GFP fluorescence of HuH7 cells 24 after
transfection in a 96-well plate. (a) GFP expression for standard LNP with varying PEG content
or (b) different types of PEG-lipid anchor or (c) preparation methods. Data shows mean of
three replicates with standard deviation.

A.3.2. Expression Kinetics of Simple Codon Optimization

Approaches

When we first started to investigate codon optimization, we aimed to study the impacts

on several approaches on the protein expression kinetics. The unmutated GFP construct

[182] was measured as positive control, a point mutation leading to a frame shift was

induced as negative control (see figure A.10a first and last graph). As the GFP sequence

is already fully optimized for maximal expression levels, we used a human wild-type GFP

(hm-wt) sequence and tested full codon optimization based on OCTOPOS [275]. Further,

we designed the UU/UA reduced construct as suggested by Al-Saif and Khabar in 2021

[244]. Lastly, we inserted a de-optimized codon window towards the end of the ORF

to test the effect of ribosome jams on translation kinetics. Single cell traces of those

constructs after Lipofectamine transfection in A549 cells are shown in figure A.10a. For a

better comparison, mean traces are summarized in figure A.10b and mean plateau levels

are shown in figure A.10c.
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Figure A.10.: Initial Data from Codon optimization project: (a) Single cell traces of
all tested conditions as indicated on the graphs. A549 cells were transfected with Lipofectamine
and an mRNA dose of 1ng/µL. (b) Mean traces and (c) plateau expression level show high fluo-
rescence levels for GFP, UU/UA reduced and ribosome jam construct, lower but still detectable
levels for hm-wt and hm-wt optimized construct and no fluorescence for the point mutation
construct. Bars show mean plateau level over every single cell trace with standard error of the
mean.

We intuitively expected a higher expression level for the human wild-type optimized con-

struct compared to the human wild-type construct that was not optimized. However, we

found a clearly reduced expression level. This shows, that codon optimization is not a

straight forward process. We hypothesized that the reduced expression level is related

to protein miss-folding, as reported previously [263][269][232] resulting in reduced or no

fluorescence. As the LISCA approach relies on correct protein folding and fluorescence,
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protein miss-folding leads to a false-negative measurement.

The UU/UA reduced sequence showed an expression level, that was even higher than the

one measured for GFP. But, analyzing the sequence reported in the original publication

revealed, that the UU/UA content was not reduced at all and the changes that were

made were not completely clear to us. Therefore, although this increase in fluorescence

was interesting, we decided to not investigate here.

The ribosme jam construct was found to show a comparable output as the unmutated

GFP sequence. We hypothesized that this was related to the ribosome jam towards the

end of the construct. So we continued research on the position dependence of slow codon

patches and interference with siRNA binding sites as described in the main text.

A.4. RNA sequences

siRNA 1 (Dharmacon, GFP Duplex I siRNA):

Target sequence: GCAAGCUGACCCUGAAGUUC

siRNA 2 (Dharmacon, custom production)

Target sequence: GCCACAACGUCUAUAUCAUUUU

For CayRFP refer to [311].

Slow codon Position 48

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACG

GCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATATG

TACAACAGGGAAGCTACCGGTACCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGC

CGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCA

CCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAA

CCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTAC

AACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACA

ACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCT

GCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATG

GTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAG

Slow codon Position 64

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACG

GCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTG
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CACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTAACATACGGGGTACAATGTTTCTCG

CGGTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCA

CCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAA

CCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTAC

AACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACA

ACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCT

GCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATG

GTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAG

Slow codon Position 119

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACG

GCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTG

CACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGC

CGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCA

CCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTAGTAAA

CCGGATAGAGCTAAAGGGGATAGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTAC

AACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACA

ACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCT

GCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATG

GTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAG

Slow codon Position 187

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACG

GCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTG

CACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGC

CGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCA

CCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAA

CCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTAC

AACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACA

ACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCGATAGGGGATGGGCCGGTACT

ACTACCGGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATG

GTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAG

Slow codon Position 229

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACG

GCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTG

CACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGC
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CGCTACCCCGATCATATGAAGCAACATGATTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCA

CCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAA

CCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTAC

AACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACA

ACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCT

GCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATG

GTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAG
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Nickel, Clement E. Blanchet, Akhil Sudarsan, Mohd Ibrahim, Svante Johansson, Pia Skantze, Urban Skantze,
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[77] Ester Álvarez-Benedicto, Lukas Farbiak, Martha Márquez Ramı́rez, Xu Wang, Lindsay T. Johnson, Osamah
Mian, Erick D. Guerrero, and Daniel J. Siegwart. “Optimization of phospholipid chemistry for improved lipid
nanoparticle (LNP) delivery of messenger RNA (mRNA)”. en. In: Biomaterials Science 10.2 (2022), pp. 549–
559. issn: 2047-4830, 2047-4849. doi: 10.1039/D1BM01454D. url: https://xlink.rsc.org/?DOI=D1BM01454D
(visited on 08/28/2024).

[78] Nisha Chander, Genc Basha, Miffy Hok Yan Cheng, Dominik Witzigmann, and Pieter R. Cullis. “Lipid nanopar-
ticle mRNA systems containing high levels of sphingomyelin engender higher protein expression in hepatic and
extra-hepatic tissues”. en. In: Molecular Therapy - Methods & Clinical Development 30 (Sept. 2023), pp. 235–
245. issn: 23290501. doi: 10.1016/j.omtm.2023.06.005. url: https://linkinghub.elsevier.com/retrieve/
pii/S2329050123000955 (visited on 10/06/2024).

[79] Yulia Eygeris, Mohit Gupta, Jeonghwan Kim, and Gaurav Sahay. “Chemistry of Lipid Nanoparticles for RNA
Delivery”. en. In: Accounts of Chemical Research 55.1 (Jan. 2022), pp. 2–12. issn: 0001-4842, 1520-4898. doi:
10.1021/acs.accounts.1c00544. url: https://pubs.acs.org/doi/10.1021/acs.accounts.1c00544 (visited on
08/28/2024).

[80] Siddharth Patel, N. Ashwanikumar, Ema Robinson, Yan Xia, Cosmin Mihai, Joseph P. Griffith, Shangguo
Hou, Adam A. Esposito, Tatiana Ketova, Kevin Welsher, John L. Joyal, Örn Almarsson, and Gaurav Sahay.
“Naturally-occurring cholesterol analogues in lipid nanoparticles induce polymorphic shape and enhance in-
tracellular delivery of mRNA”. en. In: Nature Communications 11.1 (Feb. 2020), p. 983. issn: 2041-1723. doi:
10.1038/s41467-020-14527-2. url: https://www.nature.com/articles/s41467-020-14527-2 (visited on
07/08/2023).

[81] Jung Soo Suk, Qingguo Xu, Namho Kim, Justin Hanes, and Laura M. Ensign. “PEGylation as a strategy for
improving nanoparticle-based drug and gene delivery”. en. In: Advanced Drug Delivery Reviews 99 (Apr. 2016),
pp. 28–51. issn: 0169409X. doi: 10.1016/j.addr.2015.09.012. url: https://linkinghub.elsevier.com/
retrieve/pii/S0169409X15002173 (visited on 10/07/2024).

[82] Xi Zhu, Wei Tao, Danny Liu, Jun Wu, Zilei Guo, Xiaoyuan Ji, Zameer Bharwani, Lili Zhao, Xiaoping Zhao,
Omid C. Farokhzad, and Jinjun Shi. “Surface De-PEGylation Controls Nanoparticle-Mediated siRNA Delivery
In Vitro and In Vivo”. en. In: Theranostics 7.7 (2017), pp. 1990–2002. issn: 1838-7640. doi: 10.7150/thno.
18136. url: http://www.thno.org/v07p1990.htm (visited on 10/07/2024).

[83] Barbara L Mui, Ying K Tam, Muthusamy Jayaraman, Steven M Ansell, Xinyao Du, Yuen Yi C Tam, Paulo Jc
Lin, Sam Chen, Jayaprakash K Narayanannair, Kallanthottathil G Rajeev, Muthiah Manoharan, Akin Akinc,
Martin A Maier, Pieter Cullis, Thomas D Madden, and Michael J Hope. “Influence of Polyethylene Glycol
Lipid Desorption Rates on Pharmacokinetics and Pharmacodynamics of siRNA Lipid Nanoparticles”. en. In:
Molecular Therapy - Nucleic Acids 2 (2013), e139. issn: 21622531. doi: 10.1038/mtna.2013.66. url: https:
//linkinghub.elsevier.com/retrieve/pii/S2162253116301974 (visited on 08/28/2024).

XXXVIII

https://doi.org/10.1073/pnas.1720542115
https://pnas.org/doi/full/10.1073/pnas.1720542115
https://doi.org/10.1002/anie.201203263
https://onlinelibrary.wiley.com/doi/10.1002/anie.201203263
https://onlinelibrary.wiley.com/doi/10.1002/anie.201203263
https://doi.org/10.1038/nbt.1602
https://www.nature.com/articles/nbt.1602
https://doi.org/10.1039/D1BM01454D
https://xlink.rsc.org/?DOI=D1BM01454D
https://doi.org/10.1016/j.omtm.2023.06.005
https://linkinghub.elsevier.com/retrieve/pii/S2329050123000955
https://linkinghub.elsevier.com/retrieve/pii/S2329050123000955
https://doi.org/10.1021/acs.accounts.1c00544
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00544
https://doi.org/10.1038/s41467-020-14527-2
https://www.nature.com/articles/s41467-020-14527-2
https://doi.org/10.1016/j.addr.2015.09.012
https://linkinghub.elsevier.com/retrieve/pii/S0169409X15002173
https://linkinghub.elsevier.com/retrieve/pii/S0169409X15002173
https://doi.org/10.7150/thno.18136
https://doi.org/10.7150/thno.18136
http://www.thno.org/v07p1990.htm
https://doi.org/10.1038/mtna.2013.66
https://linkinghub.elsevier.com/retrieve/pii/S2162253116301974
https://linkinghub.elsevier.com/retrieve/pii/S2162253116301974


Bibliography

[84] Sam Chen, Yuen Yi C. Tam, Paulo J.C. Lin, Molly M.H. Sung, Ying K. Tam, and Pieter R. Cullis. “Influence
of particle size on the in vivo potency of lipid nanoparticle formulations of siRNA”. en. In: Journal of Con-
trolled Release 235 (Aug. 2016), pp. 236–244. issn: 01683659. doi: 10.1016/j.jconrel.2016.05.059. url:
https://linkinghub.elsevier.com/retrieve/pii/S0168365916303492 (visited on 08/28/2024).

[85] A. Gallud, M. J. Munson, K. Liu, A. Idström, H. M. G. Barriga, S. R. Tabaei, N. Aliakbarinodehi, M. Ojan-
sivu, Q. Lubart, J. J. Doutch, M. N. Holme, L. Evenäs, L. Lindfors, M. M. Stevens, A. Collén, A. Sabirsh, F.
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Koteliansky, Kevin Fitzgerald, Eugenio Fava, Marc Bickle, Yannis Kalaidzidis, Akin Akinc, Martin Maier, and
Marino Zerial. “Image-based analysis of lipid nanoparticle–mediated siRNA delivery, intracellular trafficking
and endosomal escape”. en. In: Nature Biotechnology 31.7 (July 2013), pp. 638–646. issn: 1087-0156, 1546-1696.
doi: 10.1038/nbt.2612. url: https://www.nature.com/articles/nbt.2612 (visited on 06/21/2023).
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Freundin in allen Höhen und Tiefen und hast immer zu mir gehalten. Mit dir haben

das Arbeiten im Labor, die Wochenendsessions, die Konferenzen und gegen Ende sogar

das Handballspielen Spaß gemacht. Und für alles andere gab es ja den Wein.

Nathalie und Stefan, von Anfang bis (fast) Ende vereint als Kellerkinder. Gemeinsam

haben wir Corona und was danach kam gemeistert, haben uns gegenseitig aufgefangen,

wenn mal alles nicht so gut lief und konnten uns immer aufeinander verlassen.

Chris, wenn auch nur inoffiziel einer von den Rädlers, ohne dich wäre die Zeit am Lehr-
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