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Abstract 
 

Liposomes are versatile nanoparticles for drug delivery, facilitated by surface 
modifications and controlled cargo release, making them a valuable tool in cancer 
treatment. However, despite their potential, the number of approved liposomal 
therapies is limited due to challenges in tumour targeting and drug release. To address 
this limitations, a liposome preparation technique published by Massing et al. in 2008, 
which uses dual centrifugation, was utilised. 1 This method is particularly suitable for 
research due to its ability to produce multiple samples in parallel, its high 
encapsulation efficiency and the minimal amount of lipid required. 2–5 The first project 
investigated how the chain length of dialkyl lipids affects their membrane anchoring 
and migration rate into other membranes. This is particularly important for surface-
functionalised liposomes, as the loss of modified lipids can significantly reduce 
therapeutic efficacy. By covalently linking lipids with 16, 18 and 20 carbon atoms in 
their dialkyl chains with fluorescent dyes, a reduced anchoring stability of C16 lipids 
in liposome membranes compared to longer chain lipids was observed. In addition, a 
correlation between the anchoring stability and the proportion of phospholipids in the 
lipid composition, as well as the type of phospholipids used, was investigated. Overall, 
this study provided new insights into the development of stably modified liposomes. 6 
In the second project, dual centrifugation was utilised for parallel sample preparation 
to perform a screening aimed at identifying new pH-sensitive liposomes according to 
rational criteria. These liposomes were designed to release their cargo under acidic 
conditions, such as those found in the mature endosome. Initially, binary lipid 
compositions were evaluated for membrane stability, physicochemical properties and 
release characteristics. The selected and optimised candidates demonstrated improved 
intracellular release of the encapsulated cytostatic agent in cellulo compared to a 
liposomal control, while maintaining similar biodistribution over 24 h in a mouse 
model. Overall, this rational screening approach successfully identified three pH-
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sensitive liposomes, demonstrating the practical applicability of the method. 3 In the 
third study, a novel method was developed to assess the biological activity of FTAD, a 
potential methyltransferase inhibitor, which was previously not possible due to its lack 
of membrane permeability. This was achieved by using the fusogenic liposome LFT1 
as a transfection system for small molecules. 7 Physicochemical characterisation 
revealed minimal effect of encapsulated cargos on the particle properties of LFT1. The 
successful intracellular release was demonstrated using a fluorescent phosphatase 
substrate as a model cargo. Finally, the activity of FTAD via liposomal transfection was 
evaluated in cellulo by analysing the methylation levels of total tRNA and comparing 
it with the effects of the methyltransferase inhibitor sinefungin. FTAD showed no 
inhibitory activity, whereas sinefungin effectively reduced six total tRNA methylation 
sites under comparable conditions. This work highlights the utility of LFT1 as a tool 
for early assessment of the biological activity of new small molecules in drug 
development. 
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Zusammenfassung 
 

Liposome sind vielseitige Nanopartikel zur Arzneimittelabgabe, die durch 
Oberflächenmodifikationen und kontrollierte Freisetzung der Ladung ein wertvolles 
Werkzeug in der Krebstherapie darstellen. Trotzdem ist die Anzahl zugelassener 
liposomaler Therapien aufgrund von Herausforderungen bei der gezielten 
Tumoradressierung und der Arzneimittelabgabe gering. Zur Überwindung dieser 
Limitierungen wurde eine von Massing et al. im Jahr 2008 veröffentlichte 
Herstellungsmethode für Liposome genutzt, basierend auf dualer Zentrifugation. 1 
Diese Methode zeichnet sich durch die parallele Herstellung mehrerer Proben, hohe 
Einschlusseffizienzen und geringen benötigten Lipidmengen aus. 2–5 Im ersten Projekt 
wurde der Einfluss der Kettenlänge von Dialkyllipiden auf die Membranverankerung 
und die Wanderungsrate in andere Membranen untersucht, mit dem Ziel einer 
Optimierung der Halbwertszeit von Oberflächenfunktionalisierungen. Durch die 
kovalente Konjugation von Lipiden mit 16, 18 und 20 Kohlenstoffatomen in ihren 
Dialkylketten mit fluoreszierenden Farbstoffen wurde eine reduzierte Ankerstabilität 
von C16-Lipiden in Liposomen im Vergleich zu längerkettigen Lipiden festgestellt. 
Zusätzlich wurde eine Korrelation zwischen der Ankerstabilität und dem 
Phospholipidanteil in der Lipidzusammensetzung sowie der Art der verwendeten 
Phospholipide beobachtet. Insgesamt lieferte diese Studie neue Erkenntnisse zum 
Design stabil-modifizierter Liposomen. 6 Im zweiten Projekt wurde die duale 
Zentrifugation für die parallele Liposomenherstellung zur Durchführung eines 
Screenings neuer pH-sensitiver Liposomen anhand rationaler Kriterien eingesetzt. 
Diese Liposomen wurden so konzipiert, dass sie ihre Ladung unter sauren 
Bedingungen, wie sie im späten Endosom vorliegen, freisetzen. Zwei-
Lipidkompositionen wurden zunächst hinsichtlich ihrer Membranstabilität, ihrer 
physikochemischen Eigenschaften und ihrer Freisetzungseigenschaften 
charakterisiert. In cellulo demonstrierten die finalen, optimierten Kandidaten eine 
verbesserte intrazelluläre Freisetzung des verkapselten Zytostatikums im Vergleich zu 
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einem liposomalen Kontrollpräparat, während sie über 24 h in einem Mausmodell 
eine ähnliche Biodistribution aufwiesen. Zusammenfassend führte dieser rationale 
Screeningansatz erfolgreich zur Identifizierung von drei neuen pH-sensitiven 
Liposomen, was die praktische Anwendbarkeit der Methode demonstriert.  3 In der 
dritten Studie wurde eine Methode zur Messung der biologischen Aktivität von FTAD, 
einem potenziellen Methyltransferase-Inhibitor, dessen Aktivitätsbestimmung zuvor 
aufgrund fehlender Membranpermeabilität scheiterte, entwickelt. Dies wurde unter 
Verwendung des fusogenen Liposoms LFT1 als Transfektionsmittel erreicht. 
Physikochemische Charakterisierungen zeigten einen geringen Einfluss der 
eingeschlossenen Moleküle auf die Partikeleigenschaften von LFT1. Die erfolgreiche 
intrazelluläre Freisetzung wurde unter Verwendung eines fluoreszierenden 
Phosphatasesubstrates als Modellfracht demonstriert. Schließlich gelang die 
Bestimmung der Aktivität von FTAD durch liposomale Transfektion in cellulo, indem 
die Häufigkeit verschiedener Methylierungen in totaler tRNA analysiert und mit den 
Effekten des Methyltransferase-Inhibitors Sinefungin verglichen wurden. FTAD zeigte 
keine inhibierende Aktivität in cellulo, während Sinefungin unter vergleichbaren 
Bedingungen effektiv sechs Modifikationen reduzierte. Diese Arbeit unterstreicht die 
Anwendung von LFT1 als Werkzeug zur frühzeitigen Bewertung der biologischen 
Aktivität neuer Wirkstoffkandidaten in der Arzneimittelentwicklung. 

  



 
 

XIII 
 

 

 

 

Abbreviations 
 

BPF   bilayer phospholipid fragment 

Cas9   CRISPR-associated 9 

cDNA   complementary DNA  

CHEMS  cholesteryl-hemisuccinate 

CHOL   cholesterol 

COVID-19   coronavirus disease 2019 

CRISPR  clustered regularly interspaced short palindromic repeats 

DC   dual centrifugation 

DiD  1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine 4-
chlorobenzenesulfonate salt 

DiR   1,1’-dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyanineiodide 

DLS   dynamic light scattering 

DMEM  dulbeccos modified eagle medium 

DNA   deoxyribonucleic acid 

DNMT2  DNA methyltransferase 2 

DMPC  1,2-dimyristoyl-sn-glycero-3-phosphocholine 

DODAP  1,2-dioleoyl-3-dimethylammonium-propane 

DOPC   1,2-dioleoyl-sn-glycero-3-phosphocholine 

DOPE   1,2-dioleoyl-sn-glycero-3-phospho-ethanolamine 



XIV 
 

DOPG   1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol)  

DOTAP N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium  

DPPC   1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

DPPG 1,2-dipalmitoyl-sn-glycero-3-phospho-rac-(1-glycerol)  

EDTA   ethylenediaminetetraacetic acid 

EE   encapsulation efficiency 

EPC3   egg phosphatidyl choline 3 

EPR   enhanced permeability and retention  

Fab   antigen binding fragment 

Fc   crystallisable fragment 

5-FAM  5-carboxyfluorescein 

FDA   U.S. Food and Drug Administration  

FDP   fluorescein diphosphate 

FTAD   5-FAM-triazolyl-adenosyl-diaminobutyric 

GSH   glutathione 

GUV   giant unilamellar vesicle 

HEK293  human epithelial kidney 293 

HIFU   high-intensity focused ultrasound 

HPLC   high-performance liquid chromatography 

IC50   half maximal inhibitory concentration 

KD   dissociation constant 

LC-MS  liquid chromatography–mass spectrometry 

LNA   locked nucleic acids  

LNP   lipid-based nanoparticle 

LUV   large unilamellar vesicle 

m5C   5-methylcytosine 



 
 

XV 
 

MLV   multilamellar vesicle 

MPS    mononuclear phagocyte system  

mRNA  messenger RNA 

MTases  methyltransferases 

MVV   multivesicular vesicle 

NIR   near-infrared light  

NSUN2  NOP2/Sun RNA methyltransferase 2 

PA   phosphatidic acid 

PBS   phosphate buffered saline 

PC   phosphatidylcholine 

PDI   polydispersity index 

PE   phosphatidylethanolamine 

PEG    polyethylene glycol 

PEG2000  2000 g/mol PEG 

PET   positron emission tomography 

PG   phosphatidylglycerol 

pH   power of hydrogen 

PhD   philosophiae doctor 

pKa   acid dissociation constant  

PI   phosphatidylinositol  

ROS   reactive oxygen species 

PS   phosphatidylserine 

rfu   relative fluorescence unite 

RGD    arginine-glycine-aspartic acid 

RNA   ribonucleic acid 

SAH   S-adenosyl-L-homocysteine 



XVI 
 

SAM   S-adenosyl-L-methionine 

SEC   size exclusion chromatography 

SFG   sinefungin 

siRNA  small interfering RNA 

SPECT  single photon emission computed tomography 

SRb   sulforhodamine B 

SUV   small unlaimellar vesicle 

TME   tumour microenvironment 

tRNA   transfer ribonucleic acid 

UV   ultraviolet 

VEGFR  vascular endothelial growth factor receptor  

 



1 
 

 

 

 

1 Introduction 
 

1.1 Liposome diversity: Structural variation and lipid 
influence 
 

In the field of pharmaceutical science and biomedical research, the search for effective 
drug delivery systems is a dynamic area of continuous innovation. In particular, 
liposomes stand out for their versatility and adaptability. These microscopic vesicles 
consist of one or more lipid bilayers about 5 nm thick surrounding an aqueous core 
(Figure 1.1). 8–10 The lipid particles exhibit a diverse size distribution, encompassing 
several morphological subtypes. At the lower end of the spectrum are small 
unilamellar vesicles (SUVs), with diameters approximating 50 nm, which can be 
utilised to passively target tumour tissue and are preferred for the delivery of 
therapeutic cargo. 11–13 The upper range includes large unilamellar vesicles (LUVs) with 
diameters <1000 nm, and giant unilamellar vesicles (GUVs) that can reach millimetre-
scale dimensions and are typically used as a membrane model and to generate artificial 
cells. 14 Multilamellar vesicles (MLVs) are characterised by multiple concentric lipid 
bilayers and typically have a diameter exceeding 500 nm. In contrast, multivesicular 
vesicles (MVVs), which consist of several smaller vesicles enclosed within a single 
outer bilayer, generally measure over 1000 nm in diameter. 15,16 

 

1.1.1 Influence of lipid composition 

The main components of the lipid bilayers are diacyl phospholipids. These lipids have 
an amphiphilic nature, which causes them to form a double membrane on contact with 
water. This effect is characterised by the hydrophobic diacyl chains orienting inwards 
into the membrane where they form van der Waals interactions. In contrast, the 
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hydrophilic phosphate groups are aligned towards the aqueous phases on both sides 
of the membrane, enabling the formation of hydrogen bonds. This arrangement allows 
the lipid bilayer to effectively separate the internal and external aqueous 
environments. 17 

Many phospholipids used in the manufacture of liposomes are derived from natural 
sources, particularly soyabeans, cottonseed and egg yolk. 18,19 Among these, 
phosphatidylcholines (PC), also known as lecithin, and phosphatidylethanolamines 
(PE) are the prevalent lipids found in both plants and animals, making them the most 
frequently used excipients in liposomal formulations due to their widespread presence 
in biological systems. In addition, other naturally occurring phospholipids such as 
phosphatidylserine (PS), phosphatidylinositol (PI), phosphatidylglycerol (PG) and 
phosphatidic acid (PA) are also used, although less frequently than PC and PE. 19–22  

The physicochemical properties of liposomal membranes are strongly influenced by 
the molecular characteristics of the lipids, particularly the charge of the polar head 
group and the nature of the esterified fatty acid chains. The origin of phospholipids 
influences the saturation of their fatty acids. Phospholipids from plant sources 
typically contain a higher percentage of unsaturated fatty acids. In contrast, 
phospholipids from animal sources predominantly consist of saturated and 
monounsaturated lipids with fatty acid chains of different lengths. 23 The degree of 
saturation determines the phase transition temperature of the lipids and thus affects 
the fluidity and permeability of the liposome membrane. 24 The phase transition 
temperature is defined as the temperature range at which the tightly packed 
phospholipid layer of the ordered gel phase begins to loosen by interrupting hydrogen 
bonds and van der Waals interactions, thereby increasing membrane fluidity. This 
allows water molecules to migrate between the lipids until a disordered liquid 
crystalline phase is reached. If the temperature drops below the phase transition 
temperature, the lipids revert to an ordered crystalline phase in which water molecules 
can remain in the membrane. 25–28 This makes the lipid phase a significant parameter 
for influencing cargo release, mechanical membrane stability, cellular uptake and 
particle size. 29–32   

 

1.1.2 Modulation of the phase transition temperature 

One strategy for modulating the phase transition temperature is based on the addition 
of cholesterol to the lipid composition for the formation of lipid rafts. These are formed 
by the rearrangement of phospholipids by cholesterol, resulting in local areas with a 
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liquid ordered phase in the otherwise liquid disordered system. Thereby, the 
membrane permeability decreases, and the average particle diameter increases. 33–39  

 
Figure 1.1: Structural overview and classification of liposomes. A: Schematic representation of 
liposomes based on the most common types of lipids and cholesterol for use in liposomal formulations. 
The figure shows compartments and potential options for encapsulating hydrophilic and hydrophobic 
cargo. B: Classification of liposomes according to size into small unilamellar vesicles (SUV), large 
unilamellar vesicles (LUV) and giant unilamellar vesicles (GUV). The structure of the micelles is also 
shown. C: Liposomes can exhibit varying numbers and configurations of bilayers. Those composed of 
a single phospholipid bilayer are classified as single lamellar vesicles (SLVs). Multilamellar lipid 
nanoparticles are categorized as multilamellar vesicles (MLVs) when they contain multiple bilayers, or 
as multivesicular vesicles (MVVs) when several vesicles are enclosed within a single outer bilayer. 16,40 

 

The selection of phospholipids with saturated or unsaturated fatty acids is another 
strategy for modulating membrane fluidity, as the phase transition temperature 
decreases with the increase in unsaturated double bonds in cis-conformation, whereas 
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trans-double bonds typically have the opposite effect. This is due to the fact that cis-
double bonds lead to reduced order within the membrane, whereas trans-bonds 
increase it. 41,42 In addition, bulky head groups such as cyclopropane rings and short 
carbon-hydrogen chains of fatty acids can also lower the phase transition 
temperature. 43,44 

 

1.1.3 Characteristics of lipid particle with encapsulated nucleic acids 

Besides the membrane fluidity, lipids also influence the surface charge of the 
nanoparticles. Anionic phospholipids such as PG, PS and PA shift the membrane 
charge in a negative potential, while neutral or zwitterionic lipids such as PC and PE 
have little effect on the overall membrane charge. 45–47 The charge of liposomes plays a 
crucial role in determining their behaviour and functionality. Weakly charged and 
neutral liposomes tend to aggregate due to reduced electrostatic repulsion, affecting 
their stability. In contrast, neutral and anionic nanoparticles tend to circulate longer in 
the bloodstream and are less likely to be phagocytosed by macrophages than their 
cationic counterparts. In addition, anionic liposomes are often known to release their 
cargo more rapidly than neutral liposomes. 48–53 Cationic lipids are primarily used for 
the complexation and transfection of RNA (ribonucleic acid) and DNA 
(deoxyribonucleic acid) due to their ability to interact electrostatically with nucleic 
acids. The electrostatic interaction of the cationic particles with the negatively charged 
cell membrane can facilitate rapid uptake into the cells. However, this property can 
also results in increased cell toxicity compared to anionic and neutral liposomes. 54–56 

 

Figure 1.2: The exact structure of lipid nanoparticles containing nucleic acids remains unclear. Two 
possible arrangements have been considered: A: The cargo is intercalated between phospholipid layers 
or B: it is trapped in inverse micelles within the vesicle. (Figure inspired by Tenchov et al.) 57 
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It is important to note that nucleic acids encapsulated in lipid particles containing 
cationic lipids do not typically conform to the structure of liposomes, which usually 
have an aqueous core surrounded by a lipid bilayer. Various structures are discussed, 
such as the encapsulation of nucleic acids in inverted lipid micelles within the 
nanoparticle or their integration between lipid bilayers, commonly referred to as 
lipoplexes (Figure 1.2). 57 Lipid-based nanoparticles (LNPs) are an advanced form in 
which some of the cationic lipids are replaced by ionisable lipids, leading to reduced 
cytotoxicity. 58 Ionisable lipids, such as 1,2-dioleoyl-3-dimethylaminopropane 
(DODAP), are characterised by one or more tertiary nitrogen atoms. DODAP in its 
protonated state has an acid dissociation constant (pKa) of approximately 6.5, which 
means that it remains non-charged at physiological pH, but becomes positively 
charged in an acidic environment such as mature endosomes due to protonation of the 
tertiary nitrogen atom. 59 Despite the use of techniques like small-angle X-ray 
scattering, small-angle neutron scattering and electron microscopy to study these 
nanoparticles, their complex structure remains unclear. However, a deeper 
understanding of their architecture can be crucial for accurately predicting and 
determining the pharmacological properties of these nanoparticles. 60 

A wide range of synthetic and semi-synthetic lipids are also available to further 
optimise liposome properties and to overcome the limitations of natural-based lipids 
(see Sections 1.3 and 1.4).  

 

 

 

1.2 Liposome preparation techniques 
 

1.2.1 Lipid particle preparation by thin film hydration 

Since the first production of artificial liposomes in the 1970s, various techniques have 
been developed to prepare liposomes for specific applications and to overcome 
limitations. One of the first was the thin film hydration method, which was also 
developed by Bangham et al. and is still widely used today for the preparation of 
liposomes and related lipid particles in combination with extrusion. This technique 
can be used for the preparation of liposomes and lipid nanoparticles loaded with RNA, 
DNA and small molecules (Figure 1.3 A). 61–69  
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In this method, a thin lipid film is first formed on the inner side of a flask by 
evaporating the solvent of the dissolved lipids under reduced pressure. The lipid film 
is then hydrated, usually with an aqueous solution containing the dissolved cargo to 
be encapsulated. A typical protocol involves vigorous shaking of the water-lipid 
mixture to obtain a suspension, followed by storage at 4 °C overnight to ensure 
optimal hydration. To achieve uniformity and convert MLVs to SUVs, the emulsion is 
often first sonicated to break up aggregates and then successively extruded through 
membranes of decreasing pore sizes to obtain a homogeneous liposome suspension. 70 

Various iterations of this protocol have been established over time, each optimised to 
specific lipid compositions, cargo types and production efficiencies. As an example, an 
alternative approach carries out the hydration at elevated temperatures (60-70 °C), 
reducing the hydration time to 2 h and improving the overall time efficiency of the 
process. Furthermore, by raising the temperature above the phase transition 
temperature of the lipids, this process can increases encapsulation efficiency through 
improved hydration. 63,70–73 

This highlights the adaptability and broad applicability of the thin film hydration 
method to a wide range of lipid compositions. However, these advantages are offset 
by several limitations. The technique is often limited in its ability to encapsulate 
hydrophilic molecules, primarily due to the large volume required during the 
hydration phase. In addition, the production process is particularly time-consuming, 
does not allow parallel production of different samples, is limited in scalability and 
can requires post-production sterilisation. 63,74–76 

 

1.2.2 Liposome preparation by dual centrifugation 

Closely related to the thin film hydration method is the approach based on dual 
centrifugation published in 2008 by Massing et al. Here, the sample is rotated around 
two axes simultaneously and at different angles, in contrast to conventional 
centrifugation, resulting in homogenisation of the sample (Figure 1.3 B and C). 1,77 Dual 
centrifugation has emerged as a promising technique in liposome research, offering 
several advantages by allowing the simultaneous production of multiple liposome 
samples while typically achieving high encapsulation efficiencies (EE) of up to 50% of 
the introduced cargo. It also allows dynamic batch size adjustment and preparation 
under sterile conditions, increasing its versatility and applicability in various 
experimental settings. 2–5,78  
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Figure 1.3: Overview of common liposome and lipid particle preparation techniques. A: Widely used 
process for the production of liposomes using thin film hydration technology followed by membrane 
extrusion to obtain homogeneous samples. B: Schematic representation of liposome preparation by dual 
centrifugation, whereby the two highlighted axes rotate simultaneously to achieve the mixing effect. C: 
Cross-sectional view of dual centrifugation showing the angle of the samples during homogenisation 
and the rotating axes. D: Illustration of a flow cell with stepwise mixing of the lipid stream and the 
aqueous phase for the production of LNPs and lipoplexes using baffle mixer microfluidics. (Part A 
inspired by Cazzolla et al.;  part C inspired by Massing et al.; part D inspired by Osouli-Bostanabad et 
al.) 1,71,79,80 
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In contrast to other production methods, further extrusion of the liposome dispersion 
is often not necessary to reduce the diameter and polydispersity index (PdI), which 
describes the size distribution of the particles in a sample. Several articles report 
examples where the physicochemical properties of the prepared liposomes were 
between 100 nm and 200 nm in diameter and did not exceed a PdI of 0.3 a.u. 
(adjustable unit). 2,4–6,81  

 

1.2.3 Preparation by ethanol injection 

An alternative approach to liposome production is the ethanol injection method 
introduced by Batzri et al. in 1973. 82 In this technique, an ethanolic lipid solution is 
injected into an aqueous medium. The rapid dilution of the ethanol leads to the 
formation of bilayer phospholipid fragments (BPFs), which then rapidly fuse to form 
vesicles as the open ends of the lipid bilayers, minimising contact with water. 75,83,84 The 
ethanol injection technique is particularly suitable to produce small diameter vesicles 
due to the rapid fusion of the BPF ends. Additionally, it can provide precise control 
over particle size and distribution through several adjustable parameters, including 
choice of injected solvent (e.g. ethanol, isopropanol, acetone), injection speed, lipid 
concentration and optimisation of solvent diffusion. 85 However, a significant 
limitation of ethanol injection is the inability to encapsulate certain enzymes and 
macromolecules, as they become inactive in the presence of ethanol. 63 

 

1.2.4 Microfluidic nucleic acid-lipid nanoparticle production 

One of the most advanced techniques for lipid nanoparticle production is 
microfluidics, which involves controlled mixing of an organic phase with an aqueous 
phase on a specialised chip (Figure 1.3 D). The process starts with the laminar flow of 
booth phases through the microfluidic chip. Turbulence is created by modulating the 
volume of the mixing path and the contact area to break the liquid into small units, 
forming particles during the mixing process. 79 Microfluidic technology is typically 
characterised by precise control of lipid particle size and high reproducibility, coupled 
with exceptional encapsulation efficiencies in the >90% range. However, an additional 
purification process is often required to remove solvents. Given these advantages, it is 
not surprising that a wide range of microfluidic techniques have been developed 
featuring various flow chamber designs. These innovations enable production from 
small batches for academia to industrial volumes. 86,87 Due to its versatility and 
effectiveness, microfluidic technology has found widespread application in the 
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production of LNPs for various therapeutic purposes. It has been successfully 
employed for developing LNPs for CRISPR/Cas9-based (clustered regularly 
interspaced short palindromic repeats / CRISPR-associated 9) genome editing in 
cancer therapies, creating siRNA (small interfering RNA) and mRNA (messenger 
RNA) delivery systems, and manufacturing the COVID-19 (coronavirus disease 2019) 
vaccine produced by BioNTech and Pfizer. 79,88–93 

 

 

 

1.3 Surface functionalisation for passive and active             
targeting 

 

Conventional liposomes, composed of phospholipids and cholesterol, mimic the 
body's cell membranes, which can result in reduced immunogenicity, enhanced 
biocompatibility, lower drug degradation and improved delivery efficiency compared 
to free drugs. 94,95 However, when administered, liposomes encounter various proteins 
and biomolecules in the biological environment, which typically attach to the liposome 
surface, forming a protein corona. The newly formed layer envelops the entire 
nanoparticle and plays a critical role in determining several key aspects of its in vivo 
and in cellulo behaviour. 96 The protein corona has the potential to influence the cellular 
uptake of liposomes, their distribution in the body, their clearance from the system 
and their interaction with macrophages. The challenge of protein corona formation 
and the low tissue specificity of conventional liposomes restrict the wide medical 
application of liposomes. 97 Consequently, innovative strategies to overcome these 
drawbacks and to extend the clinical utility of liposomes, such as the modification of 
the liposomal membrane, have become an important area of research. 

 

1.3.1 Surface modification strategies 

Membranes can be modified either before or after production. The pre-production 
lipid modification offers precise control and analysis of the modification level, making 
it particularly suitable for available molecules. However, this method has a 50% chance 
of incorporating the functionalised lipid into the inner membrane layer by the 
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liposome preparation, requiring a higher input of modified lipid. Moreover, it is often 
not suitable for biologically active macromolecules, which can lose their activity in 
organic solvents during liposome preparation. 97–99  

For these molecules, as well as those with limited availability, post-production binding 
to liposomes is an avenue to be explored. This approach is typically based on chemical 
reactions between the ligands and reactive lipids, often containing alkyne, azide, 
cyclooctyne or maleimide groups. These reactive groups are frequently attached to the 
lipid by a PEG (polyethylene glycol) linker (Figure 1.4 B). Due to the different reaction 
conditions of the functional groups, double functionalisation are also possible. 6,100–104 
An alternative approach exploits the strong interaction between biotin and 
streptavidin, where streptavidin acts as an adapter protein with four biotin binding 
sites. In this method, both the liposomes and the ligand are biotinylated, allowing them 
to be linked via streptavidin. 105,106 This strong affinity between the binding partners is 
based on the formation of multiple hydrogen bonds and van der Waals interactions, 
combined with conformational changes that trap biotin within streptavidin. 107 A third 
approach to liposome surface modification involves the fusion of two different lipid 
particles, resulting in the mixing of their membrane lipids and proteins. The fusion can 
occur between two synthetically produced lipid-based nanoparticles or between the 
liposome and the natural exosome. Literature reports the fusion of exosomes secreted 
by macrophages with liposomes, resulting in hybrid particles that mimic immune 
cells. These hybrid structures offer the potential for targeted delivery to specific 
tumour cells. 108–110 

The choice of lipid for modification, whether by covalent or non-covalent binding, 
must consider its stability within the lipid bilayer. Previous research by Fritz et al. 
demonstrated significantly faster exchange rates of cholesterol linkers with other 
membrane systems, reducing the half-life of functionalisation considerably compared 
to dialkyl linkers. These finding highlights the importance of lipid choice in 
maintaining the lifetime and stability of liposome modifications. 102 

 

1.3.2 Shielding of the liposome surface 

PEGylation is a widely used surface modification technique for liposomes and related 
lipid particles, addressing the limited circulation time and stability of conventional 
particles in the bloodstream (Figure 1.5). This polymer-based approach creates a 
flexible, protective layer around the liposome surface, which can minimise the 
interactions with proteins and immune cells. As a result, PEGylated liposomes 
typically show reduced uptake by the mononuclear phagocyte system (MPS), earning  
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Figure 1.4: Liposome surface modification. A: Common surface modifications to enhance liposome 
specificity and performance. Their membrane distribution depends on functionalization timing. Pre-
preparation results in both inner and outer surface presence, while post-preparation localizes them 
exclusively on the outer surface. B: Overview of commonly used covalent and non-covalent methods 
for attaching ligands to liposomes by using modified lipids. (Part A inspired by Khan et al.) 111–115 
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them the name "stealth liposomes" due to their ability to evade immune recognition 
and prolong their circulation within the bloodstream. 116,117  

In liposome formulations, the most commonly used PEG chain length consists of 
2000 g/mol PEG (PEG2000) units, with 5 mol-% typically used in the lipid 
composition. 118 The PEGylation process can be implemented either through pre-
production insertion or post-production modification. 119,120 PEG2000 is incorporated 
into all five FDA-approved PEGylated liposomes and LNPs, including the 
BioNTech/Pfizer and Moderna COVID-19 vaccines and Doxil™, the first liposomal 
drug approved by the U.S. Food and Drug Administration (FDA) for the treatment of 
ovarian cancer. 121–123 

As polyethylene glycol is widely used as an additive in pharmaceutical and cosmetic 
products, immune reactions leading to the formation of PEG antibodies are more 
common in certain patients when PEG is combined with nanocarriers. 124 In a study 
from 2023, elevated PEG antibody levels were found in 4 out of 5 samples (83%) of the 
german study participants, showing the widespread distribution of the antibodies. In 
particular, the highest antibody levels were found in 20-year-old subjects, with a 
gradual decline observed in older age groups. 125 However, the generalisability of these 
data to other regions of the world is difficult. When PEGylated therapeutics are 
administered again to a patient, they become targets for pre-existing anti-PEG 
antibodies, which rapidly recognise and bind to the PEGylated drug molecules, 
forming distinct immunological complexes. These newly formed complexes are 
subsequently recognised and taken up by Kupffer cells in the liver, which typically 
reduces the therapeutic value of the drug by shortening its circulation time in the 
bloodstream. In addition, this immunological process can potentially trigger allergic 
complications, further compromising the therapeutic efficacy. 124,126–128 Several 
alternative polymers have been developed to address the issue of immune responses, 
including those derived from polysarcosine, heparin, hyperbranched polyglycerol, 
hyaluronic acid and polyvinylpyrrolidone, to name some examples. The polymers 
have been successfully used to decorate liposomes as well as LNPs such as for RNA 
delivery. Furthermore, some of these alternative polymer candidates have been shown 
to be less immunogenic than PEG. 129–134 

 

1.3.3 Passive tumour targeting 

Stealth liposomes can exploit the enhanced permeability and retention (EPR) effect, a 
characteristic of certain solid tumours which is caused by the increased permeability 
of tumour blood vessels (Figure 1.5). Since stealth liposomes often have a longer 
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circulation time than conventional liposomes, they can gradually accumulate in the 
tumour tissue. 135 This is mainly due to rapid and irregular angiogenesis, which is 
driven by the tumour's high nutrient demand and elevated levels of inflammatory 
hormones. In addition, the lymphatic system of the tumour is often unable to remove 
macromolecules effectively. Together, these factors promote the accumulation of 
nanoparticles in tumour tissue. 136 Numerous studies in animal models have 
demonstrated positive therapeutic outcomes using the EPR effect. However, in most 
studies, these results have not been effectively translated into clinical practise. This 
lack of translation may be due to several factors, including the remarkably low 
accumulation rate in tumour tissue of only 1-5% of the administered dose, as well as 
the inherent variability between different tumour types. 137 

 
Figure 1.5: Passive tumour targeting via enhanced permeability and retention (EPR) effect. Solid 
tumours can have blood vessels that are more permeable to macromolecules than healthy tissue, 
allowing targeted penetration and accumulation of liposomes. This targeted tumour treatment has the 
potential to be further improved using stimuli-responsive particles. (Figure inspired by Franco et al.) 10 

 

1.3.4 Active targeting of tissue by antibodies 

Besides extending the circulation time of liposomes, surface functionalisation is used 
for targeted delivery to tissue. The earliest method of tissue-specific targeting 
exploited the natural binding affinity of antibodies for their respective antigens. This 
technique was first applied to liposomes in 1980 by Leserman et al., who successfully 
attached antibodies to liposomes. 138–140 In this approach to tumour therapy, antibodies 
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are often used to target tumour-specific or over-expressed surface proteins and 
antigens. 141 As antibodies tend to lose their biological activity in organic solvents, post-
formulation conjugation is a widely used strategy for attaching them to liposomes. 142 
A particularly promising target is the overexpressed vascular endothelial growth 
factor receptor (VEGFR), which promotes angiogenesis and thus tumour growth. 143–

147 Besides VEGFR, immunoliposomes have demonstrated the ability to target a wide 
range of molecular markers, demonstrating their versatility in targeted drug 
delivery. 148–151  

Two comparative studies in tumour mouse models evaluated the effect of antibody 
conjugation to conventional liposomes. In these studies, immunoliposomes achieved 
several times higher intracellular cargo accumulation in the tumour after one day 
compared to conventional liposomes. Importantly, there was no noticeable difference 
in total tumour tissue accumulation between the two groups. This finding indicates 
the enhanced cargo accumulation is likely due to receptor-mediated endocytosis, 
which facilitates more efficient cellular uptake. 141,152,153 In addition to optimising 
liposomal lipid composition, antibody bioengineering is an active area of research 
aimed at improving pharmacokinetic properties and reducing immunogenicity. One 
approach involves generating antibody fragments through the removal of non-
essential regions, such as the crystallisable fragment (Fc), yielding constructs 
containing only the antigen binding fragments (Fabs). 154 

 

1.3.5 Surface decoration with peptides 

Peptides offer a promising alternative strategy for the targeted delivery of particles. 
They typically have several advantages over antibodies, including smaller size, higher 
stability, easier production and a more favourable immunogenicity profile. 155 
Nevertheless, it is important to note that antibodies usually have a higher binding 
affinity than peptides. 156 An essential peptide for targeted delivery is arginine-glycine-
aspartic acid (RGD), which specifically targets αvβ3 integrins overexpressed on 
endothelial cells undergoing active angiogenesis, which is upregulated on several 
solid tumours. 157–160 Beneficially, integrins have been shown to facilitate cellular 
internalisation of RGD-lipid particles. 161 The applicability of the conjugates was 
demonstrated by the successful delivery of both cytostatic drugs and mRNA via RGD-
LNPs and liposomes to tumour tissue, liver and spleen in a mouse model. In addition, 
conjugated liposomes demonstrated the ability to reduce blood clot aggregation by 
blocking glycoprotein IIb/IIIa integrin, offering an exciting approach to the treatment 
of thrombosis and atherosclerosis. 157,158,160–162 The wide range of potential peptides 
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offers versatile targeting options for different types of cancer, providing a broad 
spectrum of therapeutic approaches. 163 

 

1.3.6 Use of nucleic acids for tissue targeting 

Aptamers, which can have similar properties to peptides, are short, synthetically 
produced DNA or RNA sequences designed to bind to specific targets. 164 According 
to the literature, DNA aptamers generally have higher overall stability, whereas RNA-
based aptamers often offer greater structural flexibility at the expense of reduced 
stability. 165 The term 'aptamer' is derived from a combination of two Latin words: aptus 
'to fit' and meros 'part'. 166 Chemical modifications of aptamers provide a way to tailor 
the critical properties of aptamers and improve the pharmacokinetic profile. These 
modifications can be used to alter immunogenicity, improve serum stability, and 
prolong half-life in the bloodstream. One approach is to replace the 2'-hydroxy group 
of ribose by either a fluoro or methoxy group. Another strategy uses locked nucleic 
acids (LNA), in which the 2'-O and 4'-O of the ribose are linked by a methylene bridge. 
These structural modifications are typically used to increase the overall stability of the 
aptamer. 167 Improving the stability of aptamers is particularly important to prevent 
rapid degradation after administration. 168 In addition to the advantages mentioned 
above, the strong negative charge of the aptamers' phosphate backbone can induce 
repulsive interactions with anionic membranes and charge-mediated release of 
liposomes from endosomes following endocytosis. The charge can also interact with 
cationic or ionised lipids, which may have a negative effect on particle properties. 169 

Aptamers may have reduced specificity compared to antibodies, resulting in increased 
cross-reactivity with similar targets. This characteristic requires extensive validation 
and careful design to ensure optimal performance. 170 Unlike antibody conjugation, 
aptamer liposomes can often be prepared in the pre-production phase by 
incorporating lipid-bound aptamers into the lipid mixture, thereby retaining their 
activity. Additionally, post-production conjugation methods are available, including 
chemical conjugation techniques or the use of micelles to attach aptamers to the 
liposomal membrane. 171,172 Studies have shown that aptamer-conjugated lipid 
particles can achieve targeted delivery to tumours, bone, muscle and various organs. 
However, a major challenge with this approach is usually the rapid degradation of the 
aptamer ligands. 170,173,174 
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1.3.7 Small molecule ligands  

Certain tumour tissues show an overexpression of vitamin receptors on their surface 
compared to normal cells. These receptors, which include those for vitamin A, biotin 
or nicotinamide, provide an opportunity for targeted delivery using vitamin-liposome 
conjugates. 115 One notable example is the folate receptor, which is overexpressed in 
several tumour tissues but lacking in normal tissues. When targeting this receptor, it 
is critical to conjugate folic acid to liposomes using a PEG linker, as direct attachment 
to the particle surface can prevent effective binding to the receptor. 175 This is a 
promising approach for the targeted delivery of cytostatic drugs using folate-
conjugated liposomes. 176,177 By exploiting the upregulated folate receptor on activated 
macrophages, this strategy could potentially enable lipid particle-based therapies for 
inflammatory diseases such as rheumatoid arthritis and atherosclerosis. However, 
despite these promising in cellulo results with folic acid conjugates, attempts to 
replicate these findings in vivo have often been unsuccessful. 178,179 

In addition to targeting, small molecule ligands facilitate in vivo and in cellulo 
visualisation and tracking. Liposomes can be conjugated with fluorescent dyes, 
enabling in vivo distribution studies in living animal models. Furthermore, liposomes 
conjugated with chelators are used in imaging techniques such as positron emission 
tomography (PET) and single photon emission computed tomography (SPECT) for 
tumour diagnosis and therapy in combination with radioactive isotopes. 180–182 

 

1.3.8 Carbohydrate-decorated lipid nanoparticles 

Carbohydrates and polysaccharides can exhibit high chemical stability, are often 
readily available, biocompatible, and have excellent water solubility, making them 
attractive ligands for targeting cellular sugar receptors, such as the C-type lectin 
receptors, which are found on many cell membranes. 183,184 Experimental studies 
revealed that PEGylation of the lipid particle surface can reduce the binding efficiency 
of carbohydrate-conjugated liposomes to receptors. Consequently, direct conjugation 
of carbohydrates to the surface is recommended for optimal receptor targeting. 184 
Using mannose- respectively trimannose-decorated liposomes, specific targeting of 
dendritic cells and macrophages in mice was achieved, as these cells express the 
mannose receptor, a subtype of the C-type lectin family, on their surface. 185,186 This 
provides an opportunity to shift the polarisation of anti-inflammatory M2 
macrophages to pro-inflammatory M1 subtypes, which have an anti-tumour 
effect. 187,188 Moreover, targeted delivery of therapeutic agents to liver cells, pancreatic 
cancer and mucosal tissues through functionalisation mediated by various saccharides 
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is being investigated. 184 Apart from cell targeting, polysarcosine offers several 
advantages as an alternative polymer for the design of stealth liposomes. These 
advantages typically include low protein adsorption, excellent water solubility, high 
biocompatibility and minimal immunogenicity, making it particularly suitable for this 
application. 184,189 

 

1.3.9 Exploiting exosomes for the design of liposomes 

All the strategies discussed so far involve engineered particles designed to target 
specific tissues or to optimise particle properties. Furthermore, cells naturally secrete 
extracellular vesicles called exosomes, which are loaded with DNA, RNA or proteins 
for intracellular communication. 190 The exosomes typically are between 30 and 200 nm 
in diameter and, like liposomes, have a lipid bilayer membrane consisting of 
phospholipids, cholesterol and sphingolipids. However, their membranes also contain 
various transmembrane proteins, such as glycoproteins, adhesion proteins and 
antigen-presenting molecules, which facilitate cellular targeting, uptake and potential 
immune stimulation. 191 Exosomes, as endogenous vesicles, may have unique 
biocompatibility, low immunogenicity and reduced toxicity, making them an 
attractive option for drug delivery systems. However, their clinical use is typically 
limited by several challenges, including difficulties in isolation and purification, low 
entrapment efficiency and short circulation time. 192 One strategy for utilising natural 
vesicles is to create hybrid particles by fusing exosomes with liposomes, which can be 
loaded with lipophilic and lipophobic cargo. In addition, PEGylated hybrid particles 
showed a twofold increase in cellular uptake compared to their non-PEGylated 
counterparts. The authors suggest that PEGylation may reduce electrostatic repulsion 
with the cell membrane, thereby enhancing particle uptake. 109,193 Lu et al., adopted an 
alternative approach by designing lipid nanoparticles with fusogenic membrane 
properties for siRNA transfection based on the membrane composition of extracellular 
vesicles. These particles showed substantially improved cellular uptake compared to 
traditional lipid particles. 7 Despite major progress in the use of exosomes as drug 
delivery systems and their advantageous properties as native vesicles, significant 
challenges remain before clinical application. 194 

 

 

 



Introduction 

18 
 

1.4 Stimulus responsive liposomes 
 

An alternative, promising approach to tumour therapy uses stimuli-responsive 
liposomes, which have the potential to selective treatment of cancerous tissue while 
minimising damage to healthy cells. This approach uses generally external or internal 
stimuli, such as temperature changes, exposure to light, magnetic fields or pH changes, 
to precisely control the release of encapsulated therapeutic compounds (Figure 1.6). 

 

1.4.1 Design of heat-sensitive liposomes 

A complementary therapeutic strategy to classical chemotherapy is the application of 
mild hyperthermia to tumour tissue, which increases tissue perfusion and cellular 
permeability. This approach can be synergistically combined with thermosensitive 
liposomes to achieve highly targeted drug delivery. 195 Thermosensitivity can be 
achieved by using lipids with a phase transition temperature above body temperature. 
When the temperature exceeds this range, the membrane changes from the solid gel 
phase to the liquid crystalline phase, resulting in increased membrane permeability 
and cargo release. A typical lipid used for this purpose is DPPC, which has a phase 
transition temperature of 41.4 °C and is combined with other lipids to precisely 
modulate membrane properties. 196 In this process, conventional thermosensitive 
liposomes normally release their encapsulated cargo within a temperature range of 42-
45 °C after 30 min. 197  

 

1.4.2 Ultrasonic-induced particle release 

In order to increase sensitivity and expand therapeutic applications, the concept of 
thermosensitive liposomes has been refined to implement advanced release 
mechanisms. One approach uses high-intensity focused ultrasound (HIFU) for 
targeted delivery, where tissue is irradiated with precisely focused ultrasound at 
frequencies above 20 kHz and provides deep tissue penetration. The sound waves heat 
both the tissue and the liposome membrane, which can cause a localised increase in 
temperature and subsequent release of the cargo. In addition, the process creates 
vapour bubbles in the membrane which rapidly collapse (cavitation), further 
compromising membrane integrity. 198 This method can be integrated with direct 
tissue ablation using HIFU, which exploits the ability to focus sound waves at a specific 
point. At the focal point, tissue temperatures can exceed 80 °C, resulting in rapid cell 
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death. Several studies are currently investigating the combined use of HIFU and 
thermosensitive liposomes to improve therapeutic efficacy. 199,200 

 

 
Figure 1.6: Summary of external and internal stimuli inducing the release of cargo from liposomes for 

the selective treatment of tumour tissue. (Figure inspired by Ashrafizadeh et al.) 10,201 

 

1.4.3 Application of near-infrared light for release control 

Near-infrared light (NIR, 750-2000 nm) is often used to trigger release from 
photosensitive liposomes, mirroring approaches used with other wavelengths. This 
longer wavelength light penetrates tissue more effectively than shorter wavelengths 
due to reduced absorption and scattering, despite carrying less energy per photon. 
Unlike ultraviolet (UV) radiation (100-400 nm), NIR light generally does not cause 
harmful changes to RNA, DNA or proteins, making it safer for biological 
applications. 202,203 Based on this, design approaches were developed for 
photochemical-, photothermal- and photoisomerisation-induced release of the cargo 
from the liposomes. 203 The photoisomerisation approach exploits UV-induced 
conformational changes of double bonds within the liposomal membrane, converting 
them from trans to cis configurations. This transformation increases the steric space 
requirement in the membrane, thereby increasing its permeability. 204 For this purpose, 
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these liposomes contain lipids with an azo moiety, such as azobenzene, in which the 
conformational change is induced. 205  

Photochemically triggered liposomes can be created by incorporating photosensitisers 
into the lipid composition. When exposed to visible or NIR light, these photosensitisers 
generate reactive oxygen species (ROS) which subsequently damage the liposome 
membrane, facilitating the release of the encapsulated cargo. 206 Generated ROS can in 
turn damage nearby tumour tissue, enhance tumour immunogenicity and antigen 
presentation while reducing immunosuppression in the tumour microenvironment 
(TME), leading to synergistic therapeutic effects. 207 Several FDA-approved 
photosensitisers are available for therapeutic applications, most of which share an 
optimised porphyrin-oligomer core structure as the photoactive moiety with excitation 
wavelengths between 570 and 762 nm. 208 Current research and approved formulations 
primarily use photosensitisers in liposomes to enhance pharmacokinetic properties by 
incorporating these molecules into the phospholipid bilayer, rather than for triggered 
cargo release. Visudyne, an approved formulation, is used in the treatment of age-
related macular degeneration and scar tissue. 209,210 Liposomal temoporfin has been 
approved for the palliative treatment of squamous cell carcinoma of the head and neck. 
The clinical approach of temoporfin is based on the accumulation of tissue followed 
by irradiation to activate the photosensitiser. 206 

Photothermal liposomes typically use a therapeutic strategy that combines heat-
sensitive liposomes with incorporated photothermal agents capable of converting light 
energy into heat. 211 One study demonstrated the efficacy of this approach by 
combining a water-soluble photothermal compound with a mild chemotherapeutic 
agent, resulting in a significantly enhanced anti-tumour effect. In addition, in vivo 
photothermal imaging, enabled by thermal imaging cameras, allows the visualisation 
of the conversion of radiation energy into thermal energy and the resulting heating of 
tissues as an indicator of liposome accumulation. 212 Numerous studies have 
demonstrated the successful use of light-triggered thermal activation of liposomes in 
the treatment of various tumour types. 211 

 

1.4.4 Release of cargo by external magnetic fields 

Unlike other liposome systems discussed, magneto-liposomes can be confined to the 
treated area by an applied magnetic field, preventing diffusion. This often sets 
liposomes apart from other nanoparticle systems due to their stability combined with 
a high loading of magnetic compounds. Additionally, the magnetic moieties in these 
liposomes allow visualisation by magnetic resonance imaging. 201,213  In the preparation 
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of liposomes, magnetic substances such as iron oxides or magnetic nanoparticles can 
be incorporated into the phospholipid bilayer and the aqueous core. 214,215 The precise 
performance of the liposomes is influenced by the frequency of the applied magnetic 
field. When magnetic liposomes interact with a high frequency magnetic field, it 
typically induces a temperature rise in the phospholipid bilayer. Above the phase 
transition temperature, the membrane permeability increases, which is consistent with 
the behaviour of thermosensitive liposomes. Low frequency magnetic fields do not 
cause an increase in temperature, but instead induce oscillation of the magnetic 
particles, which may also trigger the release of cargo, although the exact mechanism 
remains unclear. Benefits of using lower frequency ranges are generally their relative 
safety to the human body, the localised effect for a specific therapy, a higher cargo 
release and no hyperthermia of healthy tissue. 216,217 Although the approach has been 
validated in several studies, it remains an active area of research requiring further 
refinement and optimisation. 217 

 

1.4.5 Use of pH for cargo release 

The concept of pH-sensitive liposomes exploits the pH difference between healthy 
tissue and the tumour microenvironment. While healthy tissue maintains a pH of 7.3-
7.4, the TME has a more acidic pH of 5.5-6.8. This acidic state results from increased 
metabolic activity and an excess of CO2, which contributes to tumour growth, 
resistance to therapy and a higher risk of metastasis. 218,219 One approach induces 
liposome fusion with cell membranes by combining permanently charged cationic 
lipids with ionisable anionic lipids. The liposome surface charge is neutralised at a 
specific acidic pH, which favours fusion with the cell membrane. By adjusting the lipid 
ratio, the pH range at which membrane fusion occurs can be precisely controlled. 220 
Another strategy exploits pH-induced changes in lipid properties to disrupt the 
membrane and trigger cargo release. This method often uses dioleoylphosphatidyl 
ethanolamine (DOPE), which tends to form non-bilayer structures due to its conical 
geometry. However, when combined with a weakly acidic amphiphile such as 
cholesteryl hemisuccinate (CHEMS), stable liposomes can be formed. In an acidic 
environment, the anionic CHEMS is protonated and loses its ability to stabilise the 
bilayer membrane by electrostatic repulsion. This change triggers a phase transition in 
the DOPE, moving it to a hexagonal phase and consequently increasing membrane 
permeability. 221 In addition to the use of the phosphatidylethanolamine-based lipid 
DOPE, several other lipids have been investigated for the design of pH-responsive 
liposomes. These include the phosphoglycerol lipid 1,2-dipalmitoylsuccinylglycerol, 
oleic acid, polysaccharides and several polymers. 222,223 Combined with active targeting 
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strategies, pH-sensitive liposomes offer a potentially powerful approach to enhance 
tissue specificity and accumulation, making them a promising strategy for tumour 
therapy. 224  

 

1.4.6 Exploitation of biochemical anomalies in tumours 

Redox-sensitive liposomes can also be designed to exploit the biochemical differences 
between healthy and tumour tissue. This approach utilises the significantly elevated 
levels of glutathione (GSH) in tumour tissue, which can be up to 1000 times higher 
than in healthy cells. GSH plays a crucial role as an intracellular antioxidant and 
maintains cellular redox balance. 225 An alternative approach focuses on the elevated 
levels of H2O2 in cancer cells, which are typically up to 100 times higher in comparison 
to healthy tissue. 226 Using GSH as an example, stealth liposomes can be designed in 
which PEG chains are conjugated to liposomes via disulfide bonds. In the presence of 
high levels of GSH, the disulfide bonds are reduced, leading to cleavage of the PEG 
units and facilitating increased interaction between liposomes and cells. 227 In a second 
approach, the lipid composition was supplemented with disilene conjugated to 
carboxylic acids. The cleavage of this linker was triggered by oxidation of disilene by 
reactive oxygen species, which subsequently initiated the release of the encapsulated 
cytostatic drug. 228 

 

 

 

1.5 Liposome delivery of polar methyltransferase 
inhibitors 

 

The cellular phospholipid membrane typically allows uncharged and weakly polar 
small molecules to pass through. However, more polar molecules are often unable to 
cross this non-polar barrier due to their charge and hydrophilic nature. 229 Liposomes 
offer a promising way to overcome this limitation by mediating the cellular uptake of 
polar molecules, such as inhibitors of RNA methyltransferases (MTases), which are 
inspired by the charged methyl donor S-adenosyl-L-methionine (SAM). 230–232 
Understanding and controlling RNA modifications is a major focus of current scientific 
research, as RNA methylation plays a critical role in many regulatory processes. 233 The 
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importance of this field was further underlined in 2023 when Katalin Karikó and Drew 
Weissman were awarded the Nobel Prize, highlighting the critical importance of 
understanding and manipulating RNA modifications. 234 

 

1.5.1 The role of DNMT2 

One area of RNA modification research has focused on the inhibition of DNA 
methyltransferase 2 (DNMT2), which catalyses the methylation of cytosine at position 
38 to form 5-methylcytosine (m5C) in human tRNAAsp(GUC), tRNAGly(GCC) and tRNAVal(AAC) 
(Figure 1.7). 230–232,235–237 The modification of cytosine, near the wobble position, 
typically has a substantial effect on tRNA stability and consequently on protein 
translation. This was demonstrated in mammalian cells by generating a double knock-
out of DNMT2 and NOP2/Sun RNA methyltransferase 2 (NSUN2), both 
methyltransferases that catalyse the formation of m5C. A clear reduction in the levels 
of unmethylated tRNAs was observed in the cells, leading to reduced protein 
translation. 238,239 In addition, DNMT2 is thought to play a critical role in maintaining 
protein integrity by reducing the likelihood of misidentification between the 
methylated C38 in tRNAASP(GUC) and its related but unmethylated C38 in tRNAGLU(UUC) 

during the process of protein translation. 236 

 

 
Figure 1.7: Schematic representation of a tRNA, highlighting its labelled loops and functional sections, 
as well as the methylation of cytosine to 5-methylcytosine catalysed by DNMT2 using SAM as methyl 

donor. (Figure inspired by Fischer et al.) 240–242 

 

The role of DNMT2 in oncology is not well understood. In one study, increased 
enzymatic activity was observed in some somatic cancer mutations of DNMT2, 
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suggesting a possible role in tumour development. 243 This is supported by the finding 
of a correlation between DNMT2 enzymatic activity, tumour proliferation, and 
metastasis in a study of liver cancer patients. However, further data are still very 
limited. 244 

 

1.5.2 Methyltransferase inhibitors 

Besides the novel inhibitors inspired by natural SAM, several small molecules with 
inhibitory activity against various MTases have been reported in the literature. 230–232 
Methyltransferase inhibition can be achieved by leveraging S-adenosyl-L-
homocysteine (SAH), the demethylated counterpart of SAM, which mediates non-
specific feedback inhibition when its hydrolysis is blocked. This mechanism underlies 
the effect of the pan-inhibitors adenosine aldehyde and methylthioadenosine. 235,245,246 
In addition, the non-proteinogenic amino acid cycloleucine acts at the substrate level 
by inhibiting SAM synthesis via the methionine salvage pathway. 247,248 Sinefungin, a 
small molecule with antifungal activity originally isolated from Streptomyces griseolus, 
was also reported to inhibit several methyltransferases due to its structural similarity 
to SAM. However, its inhibitory activity has only been studied in unicellular 
eukaryotes. 230,242 Overall, these approaches result in a very limited range of available 
methyltransferase inhibitors.  
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2 Motivation and 
Objectives 

The global burden of cancer remains a critical challenge, with statistics showing 20 
million new diagnoses and 9.7 million deaths in 2022. These alarming numbers are 
further underscored by WHO projections of a potential 77% increase in cancer cases 
by 2050. 249,250 The current standard of therapy, which often involves a combination of 
surgical removal of the tumour and chemotherapy, is facing increasing limitations. In 
particular, the significant damage caused to healthy tissue due to a lack of drug 
selectivity is hampering their effectiveness. 251 The development of novel, targeted 
therapeutic approaches is therefore urgently needed. Nanotechnology offers a 
promising avenue in this regard due to its inherent adaptability and potential for 
precise tissue targeting. Within the field of nanotechnology, liposomes have 
demonstrated considerable clinical potential, as evidenced by eight approvals in 
Europe and the USA. Despite this success, the development and approval of novel 
liposomal formulations remains a slow and challenging process. To address these 
challenges, the dual centrifugation-based production method for liposomes published 
by Massing et al. in 2008 offers a potent preparation technique. This technique provides 
unique advantages, including the ability to produce multiple samples simultaneously 
with minimal lipid consumption and high encapsulation efficiency for small 
molecules, making it a powerful tool for accelerating liposome research. 

The first project of this thesis investigated the exchange kinetics of modified lipids 
between liposomes and cell membranes, a critical factor in maintaining surface 
modifications for targeted drug delivery. Building on the previous work of Fritz et al., 
who observed a significantly higher transfer rate of modified cholesterol derivatives 
compared to dialkyl lipids from liposomes to cell membranes, this study aimed to 
elucidate the membrane anchoring stability of various modified dialkyl lipids. 102 This 
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task was addressed through a combined approach involving highly efficient liposome 
preparation by dual centrifugation, covalent fluorescent labelling of lipids, and 
quantitative and qualitative fluorescence detection techniques. The integrated 
application of these methods to liposomes with labelled dialkyl lipids was intended to 
validate the lipid migration rate into other membrane systems in cellulo. In addition to 
a better understanding of the anchoring stability of dialkyl lipids, the influence of the 
total lipid composition of liposomes on lipid migration kinetics was also an area of 
interest. 6 

A major aim of this work was to develop novel pH-sensitive liposomes. Due to the 
large variety of available lipids, standard methods are not sufficient to produce and 
validate the properties of all potential lipid compositions. Therefore, an efficient 
workflow for liposome production and characterisation was required. To address 
these research objectives, we proposed an integrated methodological approach 
combining dual centrifugation for parallel liposome production with a suite of 
analytical techniques. The approach included physicochemical characterization 
methods, chromatographic analysis, and fluorescence-based liposome evaluation. By 
applying this comprehensive analytical framework to a diverse range of liposomal 
candidates, we aimed to elucidate the release properties and validate their potential as 
pH-responsive drug delivery systems. This multi-faceted strategy was expected to 
streamline the identification process of novel pH-sensitive liposomes. 3 

The third project focuses on the application of liposomes to transfect membrane-
impermeable drug candidates for their evaluation of the in cellulo activity. For this 
purpose, a fusogenic liposome inspired by the lipid composition of natural exosomes 
and developed by Lu et al. was a promising avenue. 7 To validate the liposomal system, 
dual centrifugation was used to produce samples with high entrapment efficiency 
together with quantitative and qualitative analysis techniques of cellular fluorescence 
as well as model substrates. This was complemented by chromatographic analysis 
methods. In the combination of the techniques, we aimed to standardize sample 
quality in order to assess the suitability of the approach in cellulo for the transfection 
of membrane impermeable drug candidates. 

In addition to the main projects, emphasis was placed on cooperation in various 
projects. This involved the cultivation of various eukaryotic cell lines, the application 
of cell lysis methods, RNA extraction and the preparation of liposomes by dual 
centrifugation. The analytical evaluation of the samples was carried out using LC-MS. 
By integrating these techniques, the aim was to address questions related to liposomal 
drug delivery of an immunomodulator in a mouse model and to generate cell samples 
for tRNA composition analysis (data not shown in part). 
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4 Results and Discussion 
 
4.1 Membrane anchoring of lipids in liposomal and cellular 

membranes 

 

During his time as a PhD student in Mark Helm's group, Thomas Fritz worked on the 
surface modification of liposomes by adding synthetic lipids to the lipid composition, 
which subsequently enabled chemical conjugation with ligands. However, the 
conjugated liposomes, which in some experiments contained ligands to induce 
receptor-mediated particle uptake by cells, had no advantage over control groups. In 
follow-up experiments to investigate this observation, he replaced the ligand by 
fluorescent dyes and observed a rapid migration of cholesterol derivatives containing 
a fluorescent dye from the liposome membrane into the membrane of the incubated 
cells, while dye-conjugated dialkyl lipids remained stable in the liposome membrane. 
This finding was published 2016 in Chemistry – A European Journal in cooperation 
with scientists from the Institute of Organic Chemistry and the Institute of Nuclear 
Chemistry in Mainz 102. 

Due to the importance of surface functionalised systems for the targeting of tissues 
and the modulating of particle properties, we decided to extend the study by Fritz et 
al..  252,253 We therefore decided to further improve our knowledge of suitable lipid 
linkers by studying the migration rate of diacyl lipids as a function of the number of 
carbon atoms in the hydrophobic tail region with a focus on dialkyl derivatives in a 
range of 16, 18 and 20 carbon atoms. We prepared liposomes containing small amounts 
of propargylated alkyl lipids of the appropriate chain lengths, which had previously 
been synthesised by Eyleen Becker from the Department of Chemistry. A fluorescent 
dye was then coupled to the corresponding propargylated lipid via a Huisgen 
cycloaddition. Jonathan Schupp from the Department of Dermatology and I 
successfully incubated melanoma cells with liposomes to quantify the incorporation 
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of labelled lipids in the cell membrane after 4 h and 24 h using flow cytometry. We 
discovered that the migration rate of dialkyl lipids with 16 carbon atoms per chain was 
significantly higher compared to the derivative with 18 and 20 carbon atoms. This was 
validated by confocal fluorescence imaging. In our final experiment, we investigated 
the effect of lipid composition on anchor stability. We did this by varying the ratio of 
the dialkyl lipid and by testing the effect of different dialkyl chain lengths. Our 
research showed that the ratio of dialkyl lipids in the lipid composition did not 
influence the exchange rate. However, the use of phospholipids with chains of 18 or 20 
carbon atoms proved beneficial in reducing migration compared to inhomogeneous 
EPC3. 6  

Reprinting of the following article is permitted by terms of a Creative Commons 
Attribution License. (https://creativecommons.org/licenses/by/4.0/) ©2020 The 
Author(s), published by MDPI. 6 
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4.2 Dual centrifugation-based screening of pH-sensitive liposomes 

 

Stimuli-responsive liposomes are an important approach for tissue-specific tumour 
therapy, as they reduce damage to healthy tissue. For this purpose, many different 
strategies have been developed in recent decades, such as the development of 
thermosensitive, enzymatically degradable and pH-reactive liposomal drug delivery 
systems. 224,254,255  

To contribute to this therapeutic approach, Matthias Voigt and his cooperation partner 
Jonathan Schupp from the Department of Dermatology developed a rational multistep 
screening protocol for pH-sensitive liposomes that does not depend on the use of 
specially designed lipids, as often reported in the literature. Instead, Matthias Voigt 
classified known and common lipids from the literature into stabilising lipids, which 
can form liposomes themselves, and those that require one or more co-lipids to form 
particles and were categorised as destabilising lipids. In several screening steps, he 
and Jonathan Schupp identified and optimised three potential new pH-sensitive 
liposomes. 3 

I became involved in the project at the beginning of my PhD, initially focusing on the 
establishment of quality control procedures based on thin-layer chromatography for 
lipids. The objective was to guarantee the integrity of the samples throughout the 
preparation process of the liposomes. Moreover, the influence of human serum 
albumin on the structural integrity of the liposomal candidates was elucidated through 
the establishment of an HPLC-coupled incubation assay. The understanding of the 
particle stability in serum is crucial for the prediction of potential stability in animal 
models and cell culture. 3  

In a later study, we conducted a comparative analysis of the three final candidates with 
a conventional liposome model in mice, in collaboration with Barbara Gräfen from the 
Department of Dermatology. In this in vivo imaging experiment, we analysed the half-
life of the particle circulation and the tissue accumulation in mice model. In addition, 
we validated the results by analysing blood and organ samples taken at the end of the 
study and used these for the extraction of liposomes to determine concentrations. 
Overall, Barbara's and my in vivo data confirmed particle properties and organ 
accumulation similar to those of the conventional liposome. 3 

Reprinting of the following article is permitted by terms of a Creative Commons 
Attribution License. ©2024 The Author(s), published by Wiley-VCH GmbH. 3
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Abstract 

This study investigated FTAD, a compound structurally similar to S-adenosyl-L-
methionine, as a potential DNMT2 inhibitor. Although FTAD has demonstrated 
inhibitory activity against recombinant enzymes in vitro, its cellular effects and 
potential cross-inhibition of other methyltransferases remain undetermined. Previous 
in cellulo studies have been unsuccessful, and it remains unclear whether this is due to 
the inefficacy of FTAD or a lack of cellular uptake. To address these limitations, we 
developed a novel liposomal delivery system using LFT1, a liposome designed to 
mimic the lipid composition of naturally occurring exosomes. 7 By encapsulating 
FTAD within LFT1, we aimed to exploit the fusogenic properties of the liposome to 
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facilitate cellular entry and to determine its biological effects. The efficiency of the 
encapsulation and cellular uptake process was assessed using FDP, a fluorescent 
phosphatase substrate, as a model compound. To evaluate the ability of the system to 
inhibit tRNA methylation levels, sinefungin, a pan inhibitor of methyltransferases, was 
used as a positive control. In this study, sinefungin as a liposomal formulation and as 
a free drug effectively reduced several levels of tRNA methylation in total tRNA. In 
contrast, FTAD, when administered at equivalent concentrations and conditions, had 
no detectable effect on tRNA methylation levels, indicating minimal or no inhibitory 
activity. These results highlight the potential of the LFT1 system as a delivery platform 
for in cellulo activity studies of non-cell permeable small molecules. Furthermore, the 
results demonstrated the efficacy of sinefungin in reducing multiple tRNA 
methylation levels in HEK293 cells. 

 

 

1 Introduction 

The early stages of drug development primarily focus on cell- and organ-free methods 
to assess the activity and affinity of potential enzyme inhibitors. Techniques such as 
isothermal titration calorimetry (ITC), microscale thermophoresis (MST), and enzyme 
activity assays are commonly employed to study pharmacokinetic properties like 
enthalpy, entropy, and affinity. 256–258 However, translating these findings to in cellulo 
experiments often faces challenges due to poor cell permeability or aqueous solubility 
of small molecules.  

To address these issues, pharmacological properties are typically optimised by 
masking polar groups as prodrugs. Modifications such as esters or amides can be 
cleaved enzymatically or chemically after cellular entry to form the active 
compound. 259 However, this approach requires time-consuming synthetic 
modifications for each candidate, limiting its practicality in screening applications. 

An alternative to structural optimisation involves using drug delivery systems that 
transport candidates across cell membranes and release them into the cytosol. 
Liposomes, first described in 1964, have emerged as one of the most promising lipid 
nanoparticle systems. By 2024, the U.S. Food and Drug Administration (FDA) had 
approved 15 liposomal and lipid particle based drugs. 260,261 In accordance with their 
lipophilic character, small molecules are either encapsulated into the aqueous core or 
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enclosed within the phospholipid bilayer of the liposomes. 121,262 This approach has 
demonstrated improved biodistribution, enhanced tissue uptake, and reduced side 
effects compared to non-liposomal applications in clinical practise. 95,263 

Our approach utilised a lipid composition inspired by exosomes, the body's natural 
lipid nanoparticles, which was described by Lu et al. in 2018. Their lipid particles 
demonstrated three times higher delivery efficiency of siRNA than traditional lipid 
nanoparticles based on cholesterol and phosphocholine. 7 

We combined this liposome, named LFT1, with our dual centrifugation technique to 
produce up to 40 liposome batches per run under sterile conditions. This method 
generates lipid nanoparticles with consistent physicochemical properties without 
requiring an additional extrusion step, making it ideal for larger screening studies, as 
recently demonstrated for pH-sensitive liposomes. 1–3,264 

This study investigated 5-FAM-triazolyl-adenosyl-diaminobutyric acid (FTAD), a 
potential methyltransferase inhibitor designed to mimic S-adenosylmethionine 
(SAM). In vitro experiments demonstrated the enzymatic binding and inhibitory effect 
of FTAD on DNA methyltransferase 2 (DNMT2), with a half inhibitory concentration 
(IC50) of 26.7 µmol (data not shown). 242 DNMT2 is an enzyme responsible for the 
methylation of cytosine to 5-methylcytosine (m5C) at position 38 in human tRNAAsp(GUC) 
(transfer RNA), tRNAGly(GCC) and tRNAVal(AAC). 231,237,265 However, when tested in HEK293 
cells, FTAD showed no effect on tRNA modification levels, possibly due to poor cell 
permeability or lack of inhibition of cellular methyltransferases. To overcome this 
challenge, we investigated the potential application of the fusogenic liposome LFT1 as 
a cellular delivery system for FTAD to facilitate activity studies.  
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2 Materials and Methods 

Consumables 

DOPC (#840035C-25mg), DOPE (#840035C-25mg), DOPS (#840035C-25mg) and 
sphingomyelin (#860061C-200mg) were obtained from Avanti Polar (Alabaster, 
Alabama, USA). Fluorescein diphosphate, tetraammonium salt (#11600) was 
purchased by Biomol (Hamburg, Germany). UNO Q1 column was obtained from (Bio-
Rad, Hercules, California, USA). Sephacryl S500-HR slurry (#GE17-061301 was 
ordered from GE Healthcare (Chicago, USA). Ethanol (#5054.3) and isopropanol 
(#AE73.2) were ordered from Carl Roth (Karlsruhe, Germany). Acetonitril (#10001334) 
and black half-area 96-well plate (#10762394) were received from Fisher Scientific 
(Hampton, NH, USA). 2.2 mL centrifugation tubes twist-top (#3225) were obtained 
from Hettich GmbH (Tuttlingen, Germany). Folded capillary zeta cell (#DTS1070) and 
glass cells 12 mm (#PCS1115) were purchased by Malvern Panalytical (Malvern, UK). 
Sinefungin (HY-101938) was ordered from MedChemExpres (Monmouth Junction, NJ, 
USA). TC-platte 6-Well (#83.3920.005) was ordered from Sarstedt (Nümbrecht, 
Germany). Aammomium acetate (#73594-25G-F), benzonase (#E1014-25kU), bovine 
intestine phosphatase (#P0114-10kU), chloroform (#C2432-500ML), cholesterol 
(#C8667-25G), dynasore (#324410-10mg), magnesium chloride solution (#63069-
100mL), nuclease P1 (#E1014-25kU),  pentostatin (#SML0508-5MG), TRI-reagent 
(#T9424), triton x-100 (#X100) and 12-well plate (#CLS3513) were ordered from Sigma 
Aldrich (Burlington, MA, USA). SiLiBeads Typ ZY-S 0.3-0.4 mm was received 
Sigmund Lindner (Warmensteinach, Germany). DMEM (#31966021), FastAP 
(#EF0651), fetal bovine serum (#A5256801), glycogen (#R0551), penicillin-streptomycin 
(#15140122), phosphate buffered saline (#14190094), RIPA buffer (#89900), 1M tris pH 
7.0 (#AM9850G), trypsin-EDTA (#25300054) and Viability Dye eFluor™ 780 (#65-0865-
18) were purchased from Thermo Fisher (Waltham, MA, USA). Snake venom 
phosphodiesterase (#LS003926) was ordered from Worthington Biochemical 
(Lakewood, NJ, USA). RNA clean & concentrator-5 (#R1016) was received from Zymo 
Research (Orange, CA, USA). 
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Liposome formulation by dual centrifugation 

For the preparation of liposomes by dual centrifugation, a total amount of 5 µmol 
lipids (21 mol-% DOPC, 17.5 mol-% sphingomyelin, 14 mol-% DOPS, 30 mol-% 
cholesterol, 17.5 mol-% DOPE) dissolved in chloroform were collected in a 2.2 mL 
centrifuge tube according to their molar ratio. 7 The solvent was removed under 
reduced pressure for 2 h in a SpeedVac (Eppendorf SE, Hamburg, Germany). Next, 
9.3 µL of 50 mM cargo dissolved in buffer, and 325 mg of 0.3-0.4 mm ceramic 
SiLiBeads®ZY were added and homogenised by dual centrifugation for 20 min. Then 
77.2 µL of phosphate buffer (PBS) was added, the sample was mixed for 4 min and the 
liposomal suspension was isolated. Lastly, 77.2 µL of phosphate buffer was added and 
the sample was mixed again for 4 min. 

 

Liposome purification and quantification of cargo encapsulation 

To separate the non-encapsulated Cargo, the liposome suspension was centrifuged at 
145,000 x g for 75 min at 4 °C (Optima + 60 TI fixed angle centrifuge rotor, Beckman 
Coulter, Brea, CA, USA). The supernatant was replaced with phosphate buffer and the 
liposome pellet was carefully resuspended by pipetting. For quantification, the 
sinefungin content in the supernatant was determined by high-performance liquid 
chromatography (HPLC) (Waters Corporation, MA, USA) and then subtracted from 
the total amount of used inhibitor.  

FTAD and fluorescein diphosphate (FDP) concentrations were quantified by addition 
of 0.1 vol-% triton X-100 to the purified sample to disrupt the nanoparticles and the 
fluorescence intensity was then measured in a plate reader (Spark, Männedorf, 
Switzerland) at 488/525 nm (excitation and emission). External calibration was used to 
calculate concentrations for all three cargoes. 

 

Dynamic light scattering 

The physicochemical properties of the particles were characterised by dynamic light 
scattering using a Malvern Zetasizer Nano Series (Malvern Panalytical, Malvern, UK). 
Particle size and size distribution (PdI) of diluted liposomes (1:1000, v:v) were 
measured in a 12 mm glass cell at 25 °C after a 30 s equilibration time and the zeta 
potential was analysed in a folded capillary zeta cell under the same conditions. The 
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water's viscosity was adjusted to 0.8872 cP, with a refractive index of 1.33 and a 
scattering angle of 173°. Additionally, the system automatically selected the 
appropriate attenuation index and voltage settings. All samples were measured in 
technical triplicates. 

 

Size-exclusion chromatography (SEC) coupled high-performance liquid 
chromatography (HPLC) 

15 µL of the cleaned or uncleaned loaded LFT1 (57 µmol / mL) was separated using a 
UNO Q1 column packed with S500-HR size exclusion chromatography resin. The 
absorbance was measured at 230 nm by HPLC by a flow rate of 0.5 mL/min phosphate 
buffer. 

 

Cell cultivation 

HEK293 cells (DSMZ, Germany) were cultured in dulbecco´s modified eagle medium 
(DMEM) supplemented with 10% foetal bovine serum and 10 U/mL penicillin-
streptomycin at 37 °C and 5% CO2. To detach the cells, they were first washed with 
phosphate buffer and then treated with trypsin-EDTA.  

 

Flow cytometry 

HEK293 cells were seeded in 24-well plates at a density of 2x105 cells per well with 
1 mL culture medium. The experiment was performed in triplicate for each 
experimental condition. To inhibit particle uptake, the cell culture medium was 
additionally supplemented with 80 µM dynasore 30 min before experimental start. 
After the incubation period, the medium was carefully removed, the cells were washed 
with phosphate buffer and then detached using trypsin-EDTA. For differentiation 
between viable and non-viable cells, the viability dye eFluo 780 was used and then the 
cells were fixed overnight in 1% paraformaldehyde-PBS solution. Flow cytometric 
analysis was performed using a BD Biosciences LSRII cytometer (BD Biosciences, 
Heidelberg, Germany) and data were subsequently processed using flow cytometry 
platform (Beckman Coulter, Brea, Ca, USA). 266 
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FDP extraction and digestion 

200k HEK293 cells in 1 ml DMEM per well were seeded into 24-well plates the day 
before. The cells were then incubated with LFT1-FDP or free FDP for 21 h. The 
following steps must be carried out very carefully to prevent the loss of cells. After 
incubation, the medium was removed, the cells were washed three times with PBS and 
400 µL of RIPA buffer was added per well. To prevent evaporation, the plate was 
sealed with foil and agitated at 75 °C for 45 min to lyse the cells and deactivate the 
phosphatases. The plate was then centrifuged at 400 x g for 5 min before the foil was 
removed and the cell lysates were transferred to 1.5 mL reaction tubes. The tubes were 
centrifuged at 15,000 x g for 15 min to pellet the cell fragments. 50 µL of each sample 
was then transferred to a black half-microwell plate and the fluorescence intensity at 
(ex. 488 nm / em. 525 nm) was quantified using a plate reader (Spark, Männedorf, 
Switzerland). For the analysis of uncleaved FDP, each well was then supplemented 
with 1000 U FastAP, a commercially available phosphatase, incubated for 30 min at 
37 °C and the fluorescence intensities were measured at (ex. 488 nm / em. 525 nm) 
again. 

 

tRNA-sample preparation  

500,000 HEK293 cells were resuspended in 1 mL of DMEM and seeded in 12-well 
plates one day prior to the start of the incubation. On the experimental day, the 
medium was replaced with a fresh medium and liposome suspension or free cargo 
was added. After a period of 48 h, the medium was replaced, the cells were washed 
once with phosphate-buffered saline and then detached from the surface by trypsin-
EDTA. The cell suspensions were then transferred to 6-well plates containing fresh 
DMEM and allowed to grow for a further two days before harvesting. For RNA 
extraction, the detached cells were added to DMEM and centrifuged at 400 x g for 
5 min. The supernatant was discarded, and the pellet was washed once with phosphate 
buffer. The cell pellet was then resuspended in 1 mL TRI-reagent and stored at -20 °C. 

Total RNA was extracted from harvested cell pellets using TRI reagent. The cell pellets 
were resuspended in TRI reagent according to the manufacturer's protocol and mixed 
thoroughly. Chloroform (half the volume of TRI reagent used) was added, mixed and 
the samples were centrifuged at 15,000 g for 15 min at 4 °C. The aqueous phase was 
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carefully transferred to a new tube and RNA was precipitated by adding isopropanol 
(half the volume of TRI reagent used) and 1 µL of glycogen. 

The mixture was centrifuged again at 15,000 g for 15 min at 4 °C and the supernatant 
was discarded. The RNA pellet was washed with 500 µL of 70% ethanol and 
centrifuged at 15,000 g for 15 min at 4 °C. After removal of the supernatant, the RNA 
pellet was briefly air dried, resuspended in RNase-free water and the RNA 
concentration was determined by measuring absorbance using a NanoDrop One 
(Thermo Fisher, Waltham, MA, USA). Zymo Research's RNA Clean and Concentrator-
5 kit was used to isolate tRNA from total RNA according to the manufacturer's 
protocol for small RNAs and then stored at -20 °C. 

 

Quantification of RNA modification levels by LC-MS  

100 µg tRNA samples were enzymatically digested to nucleosides using a mixture of 
enzymes in a buffered solution. The digestion was performed at 37 °C for 2 h using 
nuclease P1, snake venom phosphodiesterase, bovine intestine phosphatase, 
benzonase and pentostatin in a tris-magnesium chloride buffer. After digestion, the 
samples were spiked with 13C-labelled nucleosides from S. cerevisiae as internal 
standards. Liquid chromatography–mass spectrometry (LC-MS) analysis was 
conducted using an Agilent 1260 series liquid chromatograph coupled to an Agilent 
6460 Triple Quadrupole mass spectrometer with an electrospray ionisation source 
(Agilent Technologies, Santa Clara, CA, USA). Chromatographic separation was 
achieved using a Synergi Fusion column (250 × 2.0 mm, 4 µm particle size, 80 Å pore 
size) (Phenomenex Inc., Torrance, CA, USA) with a gradient elution of ammonium 
acetate buffer (pH 5.3) and acetonitrile. The flow rate was set at 0.35 mL/min, with the 
gradient increasing from 0% to 40% acetonitrile over 20 min. Mass spectrometry was 
performed in positive ion mode using dynamic multiple reaction monitoring. 
Quantification was accomplished through a combination of external and internal 
calibration methods. 267 
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Statistical analysis 

Statistical significance was assessed using biological triplicates for all conditions except 
4 h 10 µM LFT1-FDP with dynasore in Figure 4.2 (duplicate). The statistical analysis 
was evaluated using an ordinary two-way ANOVA with Tukey's multiple-
comparisons test for comparisons between multiple measurement groups. In the case 
of comparisons between two conditions, Welch's t-test was used. p-values of ≥0.05 
were considered non-significant (ns); p ≤ 0.05 is indicated with *; p ≤ 0.01 is marked 
with **; p ≤ 0.001 is shown with *** and p ≤ 0.0001 is displayed with ****. The analyses 
were conducted using GraphPad Prism 9 (GraphPad Software, Boston, MA, USA). 
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3  Results and Discussion 

Characterisation of LFT1 and influence of the purification process 

The exosome-mimicking liposome LFT1 was evaluated as a transfection reagent for 
small molecules using three model drugs: fluorescein diphosphate (FDP), FTAD, and 
sinefungin (SFG). To ensure reproducibility, the impact of drug loading on size, size 
distribution, and zeta potential was assessed. Dynamic light scattering experiments 
revealed homogeneous particle populations, indicating maintained particle stability, 
no aggregate formation, and absence of diverse size populations (Figure 4.1 A, B and 
C). The purification of LFT1, by centrifugation showed no effects on sample 
homogeneity or increased aggregation (Figure 4.1 D, E and F). Consistent 
physicochemical properties were observed, with average particle sizes ranging from 
125-150 nm and PDIs of 0.15 (Figure 4.1 G and H). Nevertheless, variations of the zeta 
potential among encapsulated cargos indicate the small molecules' impact on LFT1's 
electrostatic properties (Figure 4.1 I). This analysis demonstrates LFT1's potential as a 
versatile and stable transfection reagent for various small molecules, with minimal 
impact on its key physicochemical properties.  

The purification process was validated using size exclusion chromatography (SEC) 
coupled to HPLC, which separated non-encapsulated cargo from the liposomal 
fraction. Results showed no detectable free cargo in purified LFT1-FDP and LFT1-SFG 
samples (Figure 4.1 J and L). However, small amounts of free FTAD remained in LFT1-
FTAD samples after centrifugation (Figure 4.1 K). 

These findings suggest that purification efficiency depends on the properties of the 
incorporated small molecule. The varying results across different cargos highlight the 
importance of continuous quality control to ensure comparability of experimental 
data. This cargo-dependant efficacy of the purification process underscores the need 
for ongoing monitoring such as high performance liquid chromatography (HPLC) and 
dynamic light scattering (DLS) when working with different small molecules in 
liposomal formulations, ensuring consistent and reliable results. 
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Figure 4.1: Physicochemical characterisation by dynamic light scattering of loaded liposomes 
before and after purification in triplicate. Size distribution in unpurified liposome samples of A: 
LFT1-FTAD, B: LFT-SFG and C: LFT-FTAD as well as for purified D: LFT1-FTAD, E: LFT1-SFG 
and F: LFT1-FDP. G: Average particle sizes, H: size distributions and I: zeta potentials of loaded 
liposomes. Chromatogram of unpurified and purified liposome separated by SEC-HPLC of J: 
LFT1-FDP, K: LFT1-FTAD and L: LFT1-SFG. 
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Liposomal delivery of phosphatase substrate 

To demonstrate biological efficacy, liposomes must release their cargo intracellularly, 
enabling interaction with target enzymes. LFT1 was loaded with fluorescein 
diphosphate (FDP), a derivative of the fluorescent dye fluorescein whose two hydroxyl 
groups have been esterified with phosphate groups to avoid fluorescence. If LFT1 is 
capable of cargo release, fluorescein would be formed after enzymatic cleavage of the 
phosphate groups by the cell's own phosphatases (Figure 4.2 E). 

HEK293 cells were incubated with either LFT1-FDP or free FDP and the uptake rate 
was measured at the single cell level by flow cytometry. In addition, the experiment 
was repeated in the presence of 80 µM dynasore to improve understanding of the 
uptake process. Dynasore is an inhibitor of clathrin-coated pit-mediated endocytosis 
and fast endophilin-mediated endocytosis, which are the major uptake pathways in 
HEK293 cells for nanoparticles <200 nm as reported in the literature. 268 

The uptake of the particles was studied at cargo concentrations between 0.1 µM and 
10 µM and at incubation times of 4 h, 24 h and 48 h. After 4 h of incubation 
(Figure 4.2 A), the normalised single cell fluorescence of HEK293 cells treated with 
10 µM LFT1-FDP was up to three times higher than in liposome free conditions. Lower 
concentrations of FDP and co-incubation with dynasore had no effect on the 
fluorescence intensity compared to untreated cells. The fluorescence intensity of cells 
incubated with liposome-encapsulated phosphatase substrate was markedly 
enhanced at the highest condition, up to 2.5-fold when the treatment time was 
extended to 24 h (Figure 4.2 B).  In addition, the longer incubation time resulted in a 
six-fold increase in the fluorescence intensity of LFT1-FDP treatment compared to free 
FDP, depending on the concentration used. It is notable that the treatment with FDP 
alone had no measurable effect on the fluorescence intensity. The addition of dynasore 
during the incubation period resulted in a reduction in liposome uptake by 30%. 
Furthermore, the doubling of the incubation period to 48 h did not increase the 
delivery efficacy compared to the 24 h period (Figure 4.2 C). 
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Figure 4.2: Transfection of phosphatase substrate. HEK293 cells were incubated with LFT1-FDP in the 
absence or presence of the uptake inhibitor dynasore. Delivery efficiency was measured in triplicate (4 h 
10 µM LFT1-FDP with dynasore in duplicate) by flow cytometry. A: 4 h, B: 24 h and C: 48 h incubation 
time. D: LFT1-FDP treated cells were lysed after 21 h incubation and fluorescence was measured. The 
lysate was then treated with phosphatase and fluorescence was quantified again. E: Reaction scheme of 
the enzymatic cleavage of FDP. Statistical analysis was performed using an ordinary two-way ANOVA 
with Tukey's multiple-comparisons test. p-values of ≥0.05 are not significant (ns); p ≤ 0.05 is indicated 
with *; p ≤ 0.01 is marked with **; p ≤ 0.001 is shown with *** and p ≤ 0.0001 is displayed with ****. 
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Comparison of LFT1-FDP with free FDP showed that the phosphatase substrate was 
only able to enter the cells when it was combined with liposomes. There was also a 
correlation between the incubation dose and the particle uptake. Time-dependant 
changes in relative fluorescence indicated that an optimal incubation time is between 
4 h and 24 h. Shorter incubation times resulted in inefficient uptake and release of 
LFT1-FDP, whereas longer incubation times provided no additional benefit. The 
fluorescence level was also reduced by the endocytosis inhibitor dynasore, which 
indicates a reduced uptake of the liposomes. However, further biological processes 
seem to be involved in the uptake of the nanoparticles, since only a reduction was 
achieved. 

The cellular release rate of liposome-delivered FDP was also evaluated through the 
extraction of incubated HEK293 cells combined with the addition of phosphatase, 
which was used to cleave undigested cargo (Figure 4.2 D). To enable a comparison 
between the pre- and post-addition of phosphatase conditions, the fluorescence 
intensity of the lysate was quantified as a number corresponding to the cargo release. 
To prevent cleavage of the FDP during lysis, the extraction was conducted at 75 °C to 
inactivate cellular phosphatases. 269 

The comparison between LFT1-FDP and free FDP in the absence of phosphatases 
showed a preferential uptake of the small molecule encapsulated in liposomes. 
Comparing 10 µM with 1 µM LFT1-FDP resulted in minor changes in fluorescence 
intensity compared to flow cytometry data (Figure 4.2 B). After treatment with 
phosphatase, the relative fluorescence intensity in all samples, except for 1 µM LFT1-
FDP, increased based on previously uncleaved FDP. This suggests limitation of 
cellular phosphatase, as the ten-fold increase in nanoparticle dosage compared to 1 µM 
condition may have exceeded the cells' enzymatic capacity to process the cargo. 
Overall, the results confirmed the successful encapsulation of all three compounds and 
demonstrated effective cellular delivery of FDP when encapsulated in LFT1. However, 
the fluorescence changes were minimal compared to controls, suggesting that FDP 
may not be an ideal cargo for this delivery system. 
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Delivery of FTAD, a fluorescein linked small molecule 

5-FAM-triazolyl-adenosyl-diaminobutyric acid (Figure 4.3 D), known as FTAD,  is a 
compound that exhibits a structural resemblance to the methyl donor S-adenosyl-L-
methionine. In a previous study, FTAD demonstrated an inhibitory effect on -DNMT2 
in vitro, an enzyme responsible for the methylation of cytosine to 5-methylcytosine in 
various tRNA species. Due to its fluorescent properties, the delivery efficiency of FTAD 
can be quantified using flow cytometry. 258 

Figure 4.3: Transfection of the fluorescein-conjugated FTAD with potential inhibitory effect on DNMT2. 
HEK293 cells were treated with liposome-encapsulated FTAD in the absence or presence of the uptake 
inhibitor dynasore. Single cell delivery efficiency was quantified by flow cytometric fluorescence 
measurement. The relative fluorescence intensity of triplicates was normalised to untreated cells treated 
for A: 4 h, B: 24 h and C: 48 h. D: Chemical structure of FTAD. Statistical analysis was performed using 
an ordinary two-way ANOVA with Tukey's multiple-comparisons test. p-values of ≥0.05 are not 
significant (ns); p ≤ 0.05 is indicated with *; p ≤ 0.01 is marked with **; p ≤ 0.001 is shown with *** and p 
≤ 0.0001 is displayed with ****. 
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HEK293 cells were incubated with either FTAD encapsulated in LFT1 or free cargo at 
different concentrations and incubation periods ranging from 4 h to 48 h. The uptake 
was measured at the single-cell level using flow cytometry. Furthermore, dynasore's 
inhibitory effect on endocytosis of LFT1 was investigated. After the shortest incubation 
time of 4 h, the normalised fluorescence intensities of the liposome-treated cells 
increased strongly, especially for conditions with 10 µM and 100 µM cargo with 
relative increases of 127-fold and 97-fold, whereas free FTAD had no effect on the 
fluorescence intensity of the cells (Figure 4.3 A). 

By extending the incubation time to 24 h, the efficiency of liposomal FTAD 
administration to the cells doubled, while the free dye again showed no effect 
(Figure 4.3 B). In contrast, longer incubation times had no effect on particle uptake 
(Figure 4.3 C). In addition, free FTAD was not taken up by cells. The co-incubation of 
HEK293 cells with dynasore reduced liposome uptake, independent from the 
incubation time, which was indicated by lower cellular fluorescence intensities 
compared to the conditions without inhibitor and is in line with the LFT1-FDP finding. 

These observations confirmed those from FDP treatment (Figure 4.2) concerning 
incubation time, dose dependence as well as uptake inhibition and demonstrated the 
potential of LFT1 as a transfection reagent for non-cell permeable small molecules.   

 

 

Analysis of tRNA methylation levels in treated HEK293 cells 

Previous experiments have demonstrated LFT1's capability to transport FTAD and 
FDP intracellularly. This shuttle system was employed to investigate FTAD's potential 
inhibitory effects. Given FTAD's structural similarity to the methyl donor SAM, it 
could potentially inhibit various methyltransferases. Consequently, a wide range of 
methylations on the four main nucleosides of total tRNA was examined using LC-MS 
to detect changes in total tRNA modification frequency. To provide a benchmark for 
comparison and to assess the efficacy of FTAD, the broad spectrum methyltransferase 
inhibitor sinefungin was also tested as a load for LFT1 (Figure 4.4 I). 235 
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Figure 4.4: Changes in the modification pattern of HEK293 cells treated with liposome-encapsulated 
FTAD or the methyltransferase inhibitor sinefungin at dosages of 100 µM and 400 µM for 48 h. The 
abundance of modifications was normalised to untreated cells and each condition was performed in 
triplicate. The effect of the encapsulated inhibitors was compared with that of free FTAD and SFG. A: 
m1A, B: m6A, C: m2G, D: m7G, E: m5U, F: m5Um and G: m5C. H: Effect of 48 h incubation with sinefungin 
and additional 48 h cultivation in DMEM (without sinefungin) on tRNA modification levels. The 
reduction was normalised to cells incubated for 48 h in the presence of sinefungin. I: Chemical structure 
of sinefungin. The statistical analyses of A-G were performed using an ordinary two-way ANOVA with 
Tukey's multiple-comparisons test whereas the Welch's t-test was used for H. For both tests p-values of 
≥ 0.05 are not significant (ns); p ≤ 0.05 is indicated with *; p ≤ 0.01 is marked with **; p≤0.001 is shown 
with *** and p≤0.0001 is displayed with ****. 
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Due to the half-life of tRNA in growing cells of 60 h, an additional 48 h cultivation 
phase (without inhibitor) was applied after incubation and before tRNA extraction to 
obtain a stronger change of tRNA methylations. 270 Using this protocol, the level of all 
modifications in HEK293 cells decreased after sinefungin treatment compared to 48 h 
incubation alone, especially the levels of m1A, m6A and m7G (Figure 4.4 H). 

To evaluate the efficiency of liposomal delivery, HEK293 cells were incubated with 
either LFT1-FTAD or LFT1-SFG at concentrations of 100 µM and 400 µM, respectively. 
The effect was compared to the free inhibitor at the same concentrations. The 
concentrations used were substantially higher than the IC50 values determined in vitro. 
Specifically, concentrations up to 15.0-fold higher than the IC50 for FTAD (IC50 = 
26.7 µmol, data not shown) and up to 30.3-fold higher than the IC50 for SFG (IC50 = 
13.2 µmol) were used to maximise the potential for observing any biological effects. 258 

Treatment with either liposomal or free sinefungin resulted in a uniform reduction in 
six of the 22 methylation sites in total tRNA, irrespective of the incubation dosage 
(Figure 4.4 A-G). Moreover, the inhibitory effect of liposomal sinefungin was found to 
be comparable to that of the free cargo. This contrasts with the treatment with FTAD, 
which was not inhibitory, regardless of whether FTAD was encapsulated in liposomes 
or administered as a free drug.  

The comparable inhibitory effect of liposomal and free sinefungin (which is taken up 
by the cells themselves) suggests an intracellular release of LFT1-SFG, otherwise no or 
minor effect of LFT1-SFG treatment on total tRNA methylation sites would be 
expected. Consequently, the constant modification levels in total tRNA after FTAD 
treatment indicate a lack of inhibitory activity on tRNA methyltransferases in HEK293 
cells under conditions comparable to those of sinefungin. However, it is important to 
note that during incubation in the medium, some of the particles could become leaky, 
e.g., due to interaction with protein and released the encapsulated sinefungin and 
FTAD, making interpretation of the data difficult. 
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4  Conclusion 

This study demonstrates the application of LFT1, an exosome-inspired liposomal 
delivery system, for transporting small molecules into HEK293 cells. The research 
focused on screening the biological activity of FTAD, an early-stage methyltransferase 
inhibitor. 

The physicochemical analysis of LFT1 loaded with three different small molecules 
revealed that cargo nature minimally affected particle size and distribution, while zeta 
potential varied with molecular polarity. Also, the ultracentrifugation-based 
purification did not alter the liposomal physicochemical properties. Verification by 
SEC-HPLC showed complete separation of free SFG and FDP, but incomplete 
separation of FTAD, suggesting that purification efficiency depends on the loaded 
molecular properties. This indicates the need for quality control, including the 
potential influence of the cargo on the physicochemical properties of the particles, 
which may affect cellular uptake. 271 

The delivery properties of LFT1 were initially demonstrated using the phosphatase 
substrate FDP, which becomes fluorescent only upon successful release and enzymatic 
cleavage. HEK293 cells incubated with LFT1-FDP exhibited a significant increase in 
fluorescence intensity compared to the control group treated with free FDP. This 
observation strongly indicated successful cellular delivery mediated by the liposomes. 
The endocytosis inhibitor dynasore partially reduced the liposome uptake, but its 
effect was less pronounced than achieved by Lu et al. in other cell lines. 7 This suggests 
the involvement of additional cellular internalisation pathways in HEK293 that are not 
susceptible to dynasore inhibition. 

Experimental results revealed a clear correlation between fluorescence intensity and 
both incubation time and concentration. The optimal incubation period for maximum 
delivery efficiency was determined to be between 4 h and 24 h. To validate the flow 
cytometry results, treated cells were lysed, and the fluorescence of the lysate was 
quantified. This analysis corroborated the initial findings, showing enhanced FDP 
uptake by liposomes after incubation. 

Further investigation involved the addition of exogenous phosphatase to the cell 
lysate. This step revealed the presence of non-cleaved substrate in samples containing 
10 µM LFT1-FDP and 10 µM free FDP. The finding of LFT1-FDP suggests either an 
incomplete release of FDP from the liposomes post-uptake or insufficient intracellular 
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phosphatase activity to fully cleave the internalised substrate. The observed increase 
after 10 µM FDP treatment may be attributed to minimal cellular uptake without 
subsequent enzymatic cleavage, or to residual substrate adhering to the cell culture 
surfaces. 

The efficacy of LFT1 in delivering FDP was further corroborated by subsequent 
experiments using FTAD as cargo. LFT1-FTAD demonstrated high time- and 
concentration-dependant uptake, whereas free FTAD showed no cellular 
internalisation.  

Looking at the methylation levels of tRNAs by LC-MS analysis after 48 h incubation 
with LFT1-FTAD and FTAD, both treatments did not affect the methylation levels in 
tRNAs, whereas SFG and LFT1-SFG reduced six modification sites in total tRNA 
regardless of the concentration. The comparable inhibitory effects of LFT1-SFG and 
free SFG suggest successful intracellular delivery and release of the encapsulated 
inhibitor. We believe that this study represents the first reported inhibitory effects of 
sinefungin on methyltransferases in HEK293 cells in the absence of liposomal delivery 
systems. However, it is crucial to consider that during incubation, some liposomes 
may have released their cargo prematurely due to interactions with media 
components, potentially complicating data interpretation. 

In summary, our experimental data demonstrated the effectiveness of LFT1 as a drug 
delivery system for investigating the biological activity of small molecules with poor 
membrane permeability, particularly in early drug development. Using this liposomal 
transfection system, the biological activity of FTAD was analysed in cellulo which was 
not possible before. However, to confirm the intracellular release of the cargo, further 
research using fluorescence microscopy is essential to precisely localise the released 
substances within cellular compartments. 
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4.4 Contributing authors 

 

4.4.1 Quantification of tRNA modifications by cDNA hybridisation 
and next generation sequencing 

tRNA plays a central role in protein biosynthesis by acting as the transport system for 
amino acids, enabling the translational process from mRNA transcript to amino acid 
chain. 272 The rate of translation is largely dependent on the availability of different 
tRNA species, highlighting their critical importance in this context. Moreover, 
variations in the abundance of these tRNA species have been linked to the onset of 
various diseases, including cancer, highlighting the need for advanced diagnostic 
tools. 273 Consequently, the development of rapid and sensitive methods for 
quantifying tRNA species is crucial both for understanding these dynamics and for 
effectively addressing related health issues. 274 

For this reason, Marco Kristen and Marc Lander from our work group have developed 
a novel tRNA quantification technique capable of detecting femtomolar 
concentrations. The method integrates complementary DNA (cDNA) hybridisation 
with next generation sequencing technology. Marco Kristen and Marc Lander 
designed complementary oligonucleotides that specifically bind to individual tRNA 
species. These oligos were introduced into samples for hybridisation, followed by 
isolation and purification of tRNA-cDNA hybrids by gel excision. After amplification, 
the purified cDNA oligos were finally quantified by next generation sequencing in 
collaboration with Virgine Marchand and Yuri Motorin from the University of 
Lorraine. The composition of the purified cDNA oligos corresponded to the tRNA 
composition in the samples. 274 

I joined the project during the method validation phase, using my expertise in 
eukaryotic cell culture techniques gained from previous liposome characterisation 
studies in cellulo. My main contribution was to grow and maintain a variety of cell lines 
for Marco Kristen. These cultures were then prepared for RNA extraction. Additional 
samples for this publication were provided by Lea-Marie Kilz and Marko Jörg, both 
members of the institute. Mark Helm and Kristina Friedland served as principal 
investigators for the research project. 274 

Reprinting of the following article is permitted by terms of a Creative Commons 
Attribution License. (https://creativecommons.org/licenses/by/4.0/) ©2024 The 
Author(s), published by Oxford University Press on behalf of Nucleic Acids 
Research. 274 
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4.4.2 In-Depth Immune-Oncology Studies of the TME in mice model 

The prognosis of cancer patients is strongly influenced by the distribution of immune 
cells within the tumour microenvironment. Of particular interest are both the spatial 
relationships between tumour and immune cells and the phenotypic characterisation 
of these cells. 275 Traditional ex vivo analysis methods, such as flow cytometry and 
immunohistochemical staining, have limitations in simultaneously providing 
information on both cellular phenotypes and their spatial arrangement within the 
tissue. To overcome these limitations, the application of chip cytometry developed by 
Zellkraftwerk GmbH was investigated and compared with established techniques. 
This novel method uses iterative staining and bleaching cycles on tissue samples, 
allowing the analysis of multiple markers on a single sample, potentially providing a 
more comprehensive view of the tumour microenvironment. 275 

For the comparative study, Jonathan Schupp and Niklas Zimmer from the Department 
of Dermatology at the University Hospital in Mainz, used a humanised mouse model. 
This model was created by injecting melanoma cells and human immune cells into 
mice to mimic the human immune system. In collaboration with Arne Christians from 
Zellkraftwerk GmbH, they analysed tissue samples using chip cytometry and 
conventional methods. In parallel, the project investigated tasquinimod, a potential 
immunomodulator known to alter the polarisation of tumour-associated macrophages 
from the M2 to the M1 phenotype. 275,276 

My contribution to this project took place during the project preparation and 
development phase and focussed on the preparation of a liposomal drug delivery 
system for tasquinimod. I evaluated the compatibility of tasquinimod with established 
liposomal formulations and assessed its impact on the liposomal properties. I also 
developed a liquid chromatography–mass spectrometry-based quantification method 
to determine the entrapment efficiency of liposomal tasquinimod. The results revealed 
that tasquinimod compromised particle stability, making it incompatible with the 
liposomal formulations tested (data not shown). Consequently, Niklas Zimmer and 
Jonathan Schupp administered tasquinimod without liposomal drug delivery. Mark 
Helm from the IPBW in Mainz, Andrea Tüttenberg and Helmut Jonuleit, both from the 
Department of Dermatology at the University Hospital in Mainz, are the principal 
investigators of the research project. 275 

Reprinting of the following article is permitted by terms of a Creative Commons 
Attribution License. (https://creativecommons.org/licenses/by/4.0/) ©2021 The 
Author(s), published by MDPI on behalf of International Journal of Molecular 
Sciences. 275 
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5 Conclusion and 
Perspectives 
 

In the first study, we extended the earlier work of Fritz et al. who investigated the fast 
exchange of liposomal cholesterol with cell membranes. The aim was to analyse the 
impact of dialkyl chain length on anchoring in liposomal membranes to achieve a 
deeper understanding of the factors which affect lipid retention in liposomal 
formulations. In cellulo studies have shown a significantly higher membrane anchorage 
of dialkyl lipids with carbon chain lengths of 16-20 carbon atoms compared to 
cholesterol derivatives. This result was consistent with the structural characteristics of 
cholesterol, which has a polycyclic, planar structure and was therefore weaker 
anchored in the membrane than dialkyl lipids. In contrast, dialkyl lipids carry two fatty 
acid chains that enabled stronger interactions in the membrane, which contributed to 
their stronger membrane integration. Our subsequent analysis revealed slightly 
weaker membrane anchoring of dialkyl lipids with C16 chain lengths in the liposome 
membrane compared to their C18 and C20 counterparts, although this difference was 
less pronounced than for cholesterol derivatives. We attributed this effect to a weaker 
or less favourable interaction of the C16 lipids with the phospholipids of the liposome 
membrane, which predominantly contained lipids with C18 fatty acids and 
cholesterol. This hypothesis is supported by the observed inverse relationship between 
the exchange rate of modified C16 dialkyl lipids and the chain length of the 
phospholipids in the lipid composition. In this case, the exchange rate decreased when 
shorter-chain phospholipids were replaced by their longer-chain counterparts. 6 

The observed differences in anchor stability between dialkyl lipids and the influence 
of lipid composition are crucial for the design of tumour-specific liposomes. This 
process involves the conjugation of antibodies, peptides and other tumour ligands to 
modified lipids, and rapid replacement of these components could result in a loss of 
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cell-specific properties. In addition, the stability of liposomes in the bloodstream is 
greatly enhanced using PEGylated lipids. Consequently, rapid loss of lipids 
compromises membrane integrity and shortens the in vivo half-life of liposomal drug 
delivery systems. These findings highlight the importance of a better understanding 
of lipid interactions and lipid composition for the design of functionalised liposomes. 6 

In our second publication, we presented a methodology for high-throughput screening 
of novel pH-responsive liposomes. The process started with the preparation of 
liposomes composed of varying ratios of stabilising and destabilising lipids. Laurdan, 
a fluorescent dye, was incorporated into the liposome membrane to monitor 
membrane stability and to identify formulations at  'the edge of stability'. This critical 
point describes the strong destabilisation of the liposomes due to a small increase in 
destabilising lipids and is characterised by a sigmoidal change in the fluorescence of 
laurdan. While this approach is not exhaustive in identifying all potential candidates, 
it provided a practical method for selecting promising formulations from the original 
pool of 168 candidates. This is evidenced by the fact that certain lipid compositions 
seemed highly compatible with this screening approach, whereas other formulations, 
such as the EPC3 containing liposomes, did not yield suitable candidates. The limited 
efficacy observed with EPC3 may be due to its heterogeneous composition of different 
phospholipids. This observation suggests improved sensitivity and reliability of 
laurdan when applied to homogeneous lipid mixtures. 3 

The selected two-lipid compositions were characterised for pH sensitivity and 
retention of the encapsulated model cargo sulforhodamine B, resulting in the 
identification of five candidates matching the criteria set. Remarkably, all candidates 
contained the same amount of 30 mol-% destabilising lipid. CHEMS, an ionisable 
cholesterol derivative, was then added to the candidate formulations. In subsequent 
incubation experiments, three of the five candidates achieved the predetermined 
thresholds of 90% retention and 50% release, demonstrating the stabilising effect of 
CHEMS on liposomal formulations at 'the edge of stability' while maintaining their 
pH sensitivity. In terms of physicochemical properties, the candidates exhibited the 
expected changes in zeta potential under acidic conditions, correlating with their lipid 
composition. Candidates containing the ionisable lipid DODAP showed a shift 
towards positive values after incubation under acidic conditions, whereas L15c, 
containing the permanently cationic DOTAP, remained unaffected. Furthermore, 
acidification did not induce major changes in particle diameters, suggesting an 
increase in membrane permeability without inducing liposomal disintegration. 
However, the observed increase in size distributions for L2c and L11c suggests a 
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correlation with DODAP protonation, in contrast to L15c containing DOTAP, which 
showed no comparable increase. 

In cellulo, the final candidates L2c, L11c, and L15c displayed toxicity levels similar to 
the reference liposome L0. Furthermore, these candidates improved doxorubicin 
delivery, achieving superior cellular penetration in both cytosolic and nuclear regions 
compared to the control L0 formulation. In in vivo experiments on mice, all three 
candidates demonstrated equal blood circulation compared to L0. While the findings 
indicated promising potential for the liposomal formulations, the candidates are 
considered primarily as a proof-of-concept approach. Future studies could include 
exploring alternative lipid compositions and novel stimuli-responsive liposome 
release mechanisms, including magneto-, light- or heat-controlled release. Other 
surface modifications, such as the integration of PEG or clickable lipids, offer potential 
opportunities for improvement. However, it is important to note that the introduction 
of any new requirement will progressively increase the overall complexity of the 
system and will require careful experimental design.  

The third project investigated the use of LFT1, a liposome with an exosome-like lipid 
composition, as a transfection system for cell membrane-impermeable small 
molecules. A potential DNMT2 inhibitor, FTAD, with fluorescent properties and poor 
membrane permeability, was selected as the primary research focus. Physicochemical 
measurements showed minimal influence of the entrapped cargos on particle size and 
size distribution, whereas the zeta potential was influenced by the polarity of the 
entrapped molecules. The impact on the zeta potential must be taken into account in 
broader screenings, as electronic interactions between liposomes and the cell 
membrane are crucial for particle uptake and therefore reduce the comparability of 
results. Furthermore, residual free cargo after purification emphasises the need for 
careful monitoring of sample purity.  

The drug delivery and release properties of LFT1 were demonstrated using the 
phosphatase substrate FDP, which becomes fluorescent after enzymatic cleavage. 
HEK293 cells showed minimal uptake of free FDP, whereas LFT1-encapsulated FDP 
resulted in a clear increase in fluorescence intensity, indicating successful delivery and 
release of the cargo. Liposomal uptake was reduced when cells were co-incubated with 
the uptake inhibitor dynasore, but its effect was less pronounced than achieved by Lu 
et al. in other cell lines. 7 This indicates the involvement of additional cellular 
internalisation pathways in HEK293 cells which are not inhibited by dynasore. Flow 
cytometry results were validated by extracting FDP from the treated cells. Data 
analysis revealed incomplete substrate cleavage by 10 µM incubation conditions. This 
observation suggests either incomplete cellular release of LFT1-FDP or that cellular 
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phosphatases were overwhelmed by the amount of substrate. In addition, the 
possibility of LFT1-FDP adhering to the cell membrane cannot be definitively excluded 
on the basis of these findings.  

The fluorescent properties of the potential methyltransferase inhibitor FTAD were then 
used to confirm the cellular delivery by LFT1. While free FTAD showed low cellular 
internalisation, the LFT1-FTAD formulation was highly internalised in a time- and 
concentration-dependant manner, consistent with the findings of LFT1-FDP. The data 
indicate peak uptake within a time window of 4 h to 24 h, which needs to be further 
validated for optimised incubation conditions. Analysis of tRNA modification levels 
in total tRNA showed no changes after incubation with liposomal or free FTAD, while 
the free and liposomal methyltransferase inhibitor SFG, which is taken up by the cells 
themselves, caused a reduction of six methylation sites. At the same time, the 
comparable levels of methylation reduction for the SFG and LFT1-SFG treatments 
suggest successful release of the encapsulated cargo. If the release had not been 
successful, the level of the six methylation sites in total tRNA species after the LFT1-
SFG treatment would not correspond to that achieved with free SFG. The lack of 
discernible effects in HEK293 cells exposed to FTAD indicates negligible or no 
inhibitory activity in cellulo where sinefungin shows efficacy. However, the possibility 
of premature cargo release during incubation due to interactions between media 
components should be considered, as this complicates the interpretation of the SFG 
findings. 

Overall, these results demonstrate the efficacy of LFT1 in delivering small molecules 
into cells, facilitating the assessment of the inhibitory effects of FTAD in cellulo - an 
assessment that would not have been possible using conventional methods. This 
delivery system represents a novel approach to determining the activity of new 
compounds in the early stages of drug development. However, further validation is 
required through the analysis of additional cargos. In addition, fluorescence 
microscopy studies are essential to elucidate cellular localisation and distribution 
patterns, providing a deeper insight into in cellulo behaviour and uptake mechanisms. 
To the best of our knowledge, this is also the first study in which the addition of 
sinefungin to the cell culture medium has resulted in the inhibition of multiple 
methyltransferases in cellulo, which may have future applications in nucleic acid 
research. 

In addition to primary projects, collaborative research was a particular focus. A 
collaborative project with Marco Kristen and Marc Lander focused on developing 
rapid, sensitive methods for quantifying tRNA species using a combined cDNA 
hybridisation and next-generation sequencing approach, which is named DORQ-seq 
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(DNA Oligo for RNA Quantification sequencing). This project involved culturing 
eukaryotic cell lines, in particular HEK293 cells, to analyse tRNA profiles. 
Comparisons between HEK293 cells and tissue samples from male and female donors 
revealed significant deviations in 16 out of 43 cytosolic cDOQs, a pattern also observed 
when these groups were compared with Alzheimer's disease patient samples. The 
sequenced cDOQ pool reflected the tRNA composition of the samples. Given the 
critical role of tRNA in protein synthesis, identifying differences between HEK293 cells 
and donor tissues may improve translational insights from cell culture to complex 
biological systems. 272,274 Furthermore, the samples helped to validate the utility of 
DORQ-seq for tRNA composition analysis. 274 

The research presented in this thesis has improved our understanding of stable surface 
functionalisation, liposome screening and in-cellular drug delivery. Future 
investigations could extend the screening approach for pH-responsive liposomes to 
include alternative stimulation mechanisms. The inclusion of modifiable dialkyl lipids 
in the initial screening process would allow subsequent conjugation with antibodies 
and other ligands, potentially leading to the discovery of novel, potent and selective 
liposomal drug delivery systems. 

The use of LFT1 in an initial pilot drug discovery study would provide early insight 
into the biological activity of candidates and would also provide further 
understanding of the applications and limitations of the liposome as a delivery system. 
In addition, the screening approach could be adapted to evaluate advanced versions 
of LFT1 for intracellular activity assays of membrane-impermeable drugs. 
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Appendix 
 

Table A.1: Declaration of the use of artificial intelligence tools and software. 
 

Artificial 
intelligence tool / 

software 
 

Used for Why When 

Deepl Translate 

Translation of texts 
from german into 

english and 
reverse 

Translation of text 
where wording is 

unclear 

Throughout the 
writing process 

Deepl Write 
Reformulation of 
the self-written 

text 

Improvement of 
the text structure 
and grammatical 

correction 

Throughout the 
writing process 

except chapter 4.1 

Perplexity 
Reformulation of 
the self-written 

text 

Improved text 
structure and 

native english style 

Throughout the 
writing process, 

except chapter 4.1 

GoTranscript 
Spelling check 

british and 
american english 

For consistent 
british english 

Throughout the 
writing process 

Gemini Spelling and 
grammar check 

Correction of 
grammatical 

mistakes 

Throughout the 
writing process 

Google & Google 
Scholar Literature research 

Research of 
scientific 

publications and 
reference data 

Throughout the 
writing process 

Microsoft Office 
365 

Writing and layout 
Creation of an 

electronic 
document 

Throughout the 
writing process 
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Adobe Illustrator Creation of 
illustrations 

Visualisation Throughout the 
writing process 

GraphPad Prism 

Statistical 
evaluation and 
visualisation of 

data 

Visualisation and 
statistical 

calculations 
Section 4 

Chemdraw 
Drawing chemical 

structures 

Visualisation of 
chemical 

structures 
Sections 1 and 4 



 
 

180 
 

 

 

 

Curriculum Vitae 
 

Persönliche Daten 

Name    Lukas Gleue 

Geburtsdatum   

Adresse    
    

 
 
Ausbildung 

   
     

 
 

 
   

     
  

 

   
     

  
 

    
      
 




