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Zusammenfassung 

mRNA basierte Arzneimittel repräsentieren eine neue Generation therapeutischer Ansätze mit 

vielseitigem Anwendungsgebiet. Die COVID-19 Pandemie im Jahr 2020 zeigte, dass ein großer 

Vorteil dieser Plattform ihre flexible Anpassungsfähigkeit an verschiedene Krankheiten ist. Neben 

der mRNA, die als Wirkstoff für die gewünschten Proteine codiert, stellt das Trägersystem einen 

wichtigen Bestandteil der Formulierung dar. Lipidbasierte Trägersysteme, wie zum Beispiel Lipid 

Nanopartikel, haben sich dabei als Goldstandard etabliert. Anders als bei klassischen Arzneiformen, 

bei denen Wirk- und Hilfsstoffe klar unterschieden werden können, fällt diese Differenzierung bei 

mRNA-basierten Arzneimitteln schwerer, da deren komplexe Formulierung nicht nur die 

Nukleinsäuren schützt und zur Zelle befördert, sondern auch die Wirksamkeit beeinflusst. Ein 

tiefgehendes Verständnis der strukturellen Organisation der Systeme ist daher sowohl für die 

Formulierungsentwicklung als auch für die Qualitätsbewertung von zentraler Bedeutung. 

In den vergangenen Jahren wurde erheblicher Aufwand in die Entwicklung neuer Lipide und 

Herstellungsmethoden investiert, um eine Produktion verbesserter Lipidvehikel in skalierbaren 

Prozessen zu ermöglichen. Da bislang nur wenige rationale Ansätze zur Formulierungsentwicklung 

existieren, gestaltet sich das Screening neuer Lipide hinsichtlich ihrer Aktivität als zeit- und 

ressourcenintensiv. Dabei besteht die Gefahr, dass vielversprechende Kandidaten in frühen 

Entwicklungsphasen ausgeschlossen werden. Struktur-Wirkungs-Beziehungen sowie die 

Identifikation struktureller Merkmale mit prognostischer Aussagekraft zur Wirksamkeit können 

hier einen entscheidenden Beitrag zur Effizienzsteigerung beitragen. Mit der Zulassung der ersten 

mRNA-basierten Arzneimittel rücken auch regulatorische Anforderungen an Qualität, Wirksamkeit 

und Unbedenklichkeit zunehmend in den Fokus. Erste Leitlinien von Zulassungsbehörden 

definieren mittlerweile zentrale Qualitätsmerkmale und schaffen damit den Rahmen für die 

Bewertung entsprechender Formulierungen.  

In dieser Arbeit wurde vor allem die Kleinwinkelröntgenstreuung- ergänzt durch weitere 

analytische Methoden- genutzt, um lipidbasierte mRNA-Trägersysteme im Detail zu 

charakterisieren und deren strukturelle Eigenschaften mit der Potenz in in vitro und in vivo 

Modellen zu korrelieren. Strukturaufklärung durch Kleinwinkelröntgenstreuung liefert dabei 

wertvolle Einblicke in die innere Struktur und allgemeine Morphologie der Nanopartikel. Dies 

ermöglicht die Detektion qualitätsrelevanter Merkmale sowie wirksamkeitsvoraussagender 

Struktureinheiten. Zusammengefasst ermöglichen die Ergebnisse dieser Arbeit, ein tieferes 

Verständnis von Struktur-Wirkungs-Beziehungen bei lipidbasierten mRNA-Trägersystemen, die in 
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Zukunft sowohl für die Entwicklung verbesserter Plattformen als auch für die Bewertung der 

Qualität dieser Systeme herangezogen werden können.
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Abstract 

mRNA-based drugs represent a novel class of therapeutics applicable in various treatments. As the 

COVID-19 pandemic in 2020 demonstrated, this platform enables the rapid development of drugs 

against emerging infectious diseases due to its flexible adaptability. Besides the mRNA, which 

encodes the desired proteins, the carrier system that delivers the mRNA to target cells is a crucial 

component of the formulation. Lipid-based carrier systems, such as lipid nanoparticles (LNPs), 

have established themselves as the gold standard for delivery. Unlike traditional drug formulations, 

where active pharmaceutical ingredients and excipients can be clearly distinguished, this 

differentiation is more challenging for mRNA-based drugs. The complex lipid composition not only 

protects and delivers the nucleic acids to cells but also influences efficacy. A deep understanding 

of the intermolecular interactions within these systems and their structural organization is therefore 

of great interest not only for formulation development but also for addressing quality issues. 

In recent years, significant efforts have been made to develop new carrier systems, including novel 

lipids and manufacturing methods, to enable the production of improved lipid vehicles through 

scalable processes. Since only a few paradigms for rational lipid synthesis and formulation 

development exist, screening new lipids for their activity using in vitro and in vivo models remains 

a time-consuming process. Additionally, there is a risk that highly potent candidates may be 

excluded from further development at early stages. Here, structure-activity relationships and the 

identification of structural fingerprints that can predict high efficacy can help conserve resources 

and facilitate more efficient formulation development.  

With the approval of the first mRNA-based drugs, the quality and safety requirements for these 

drugs must also be addressed. During the rapid approval process of the pandemic, not all quality 

standards were established; however, in the years that followed, initial guidelines from regulatory 

authorities emerged, defining the key quality attributes and setting the framework for the quality 

control of such formulations. 

In this work, small angle X-ray scattering (SAXS) was used in conjunction with other 

characterization methods to elucidate the properties of lipid-based mRNA carrier systems and 

correlate their structural properties with potency in in vitro and in vivo models. Structural 

elucidation through SAXS can provide valuable information about the internal structure of 

nanoparticles and their overall morphology. This enables the detection of quality-relevant features 

and structural units that are indicative of high potency. In summary, the results of this work provide 

a deeper understanding of structure-activity relationships in lipid-based mRNA carrier systems, 

which can be used for both the development of improved platforms and the quality assessment of 

these systems in the future. 
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General Remarks 

This work is divided into seven chapters. In Chapter 1, the theoretical background is examined, 

followed by general introductions to the two subprojects in Chapter 2, which discuss the motivation 

for the respective research work. The two subprojects are presented and discussed in Chapters 3 

and 4. Each project is represented by accepted publications, which are accompanied by a brief 

summary that highlights the scientific objectives and key findings of the project, as well as the 

authors' contributions. The published text and supporting information of the respective publications 

are attached with permission from the journals. In Chapter 5, the results of the work are discussed, 

and an outlook for future research is presented. Chapter 6 provides the Lists of Figures, Tables, and 

Abbreviations, whereas in Chapter 7, the references for the general texts can be found. 

All Figures were prepared originally using QTIPlot 5.12.8 and Adobe Illustrator 2025 if not 

mentioned otherwise. 
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1 Theoretical Background 

1.1 Messenger RNA Therapy and Challenges 

Messenger RNA (mRNA) is an intermediate carrier for genetic information from gene to protein, 

being produced by transcription of DNA in the nucleus of the cell and subsequently transferred to 

the cytosol for translation into proteins at the ribosomes 1. With the outbreak of the COVID-19 

pandemic and the subsequent authorization of the first drug products, mRNA-based therapeutics 

have demonstrated their potential as a versatile platform for treating and preventing various 

diseases, including infectious diseases and oncology, among others. The short timeframes from 

target identification to phase 1 studies, the convincing safety profile of mRNA vaccines after being 

applied throughout the world, and the flexibility for adoption to every target protein underscore the 

potential that mRNA drug products may have in the future 2,3. Using mRNA as an active 

pharmaceutical ingredient (API) was first investigated about thirty years ago, when mRNA was 

directly injected intramuscular, where it mediated protein expression at the site of injection 4,5. Due 

to its low stability, other nucleic acid platforms, such as plasmid DNA, appeared to be more 

promising. Nevertheless, research in the field of mRNA therapeutics has paved the way from basic 

research to clinical trials and ultimately to application in approved drug products 6. One advantage 

of RNA products over DNA-based therapeutic platforms is that they do not need to enter the nucleus 

of the cell to be functional, but only need to reach the cytosol of the targeted cell. Additionally, 

mRNA must not be integrated into the genome of the cell to possess functionality and therefore 

does not pose the risk of mutagenesis, and is only transiently active and completely degraded in 

vivo 5,7. 

mRNA for therapeutic application is engineered to structurally resemble naturally occurring mRNA 

in the cell and is produced by in vitro transcription from a DNA template. Therefore, like natural 

mRNA, it is single-stranded, with a 5’ cap and a 3’ poly(A) tail, an open reading frame that encodes 

the desired protein, and untranslated regions at both the 5’ and 3’ termini. While extensive research 

has been invested in enhancing the translation and stability of mRNA, by nucleoside modifications 

or modifications of the poly(A) tail or the 5’ cap 8–11, the mRNA needs to be delivered to the desired 

cell using nanoparticulate vehicles to exhibit therapeutic efficiency.  
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Figure 1.1-1: Comparison between structure and function of LNP vehicles tailored for nucleic 

acid delivery and classic liposomal drug carriers used in many approved drug products. 

To date, lipidic delivery platforms are the gold standard, with lipid nanoparticles (LNPs) being the 

most clinically advanced nucleic acid delivery system already used within the authorized drug 

products. They differ from classic liposomal drug products in their composition, the cargo's binding, 

and the lipid vehicle's function (Figure 1.1-1). While liposomal drugs mostly stabilize the drug 

substance against degradation and lower the toxicity of the drug substance after application, LNPs 

actively facilitate cell uptake (e.g., endosomal uptake) by electrostatic interaction with endosomal 

membranes. Nevertheless, there remains space for further improvement, and many implications of 

LNPs remain unclear to the community.  

 

One example of questions that occurred during the rapid development of the two mRNA-based 

COVID-19 vaccines was the stability and storage conditions of the drug products. One limitation 

of using these vaccines was the requirement for frozen storage, which complicated distribution 

throughout the world, especially in third-world countries with tropical climate conditions. The long-

term storage integrity of the two vaccines, Comirnaty® and SpikeVax®, was only achieved at 
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subzero temperatures; however, upon thawing, the shelf life was significantly decreased 12. Stability 

investigations revealed several reasons for the limited stability of the mRNA drug products, which 

also led to rapid formulation modifications to ease the storage of the vaccines. For example, it has 

been proposed that the ionizable amino lipids used in LNP formulations are a potential source of 

reactive electrophilic impurities, which are generated through the N-oxidation of the tertiary amine 

and subsequent hydrolysis. The resulting reactive aldehydes can form covalent adducts with the 

mRNA, leading to the inactivation of the nucleic acid cargo 12,13. While the BioNTech/Pfizer 

vaccine Comirnaty® was initially formulated in a phosphate buffer (PBS buffer containing 

KCl/NaCl), the formulation was later modified to a second-generation formulation containing a 

Tris buffer, resulting in a prolonged storage time in the refrigerator in a non-frozen state 14. Besides 

the  avoided disadvantage of phosphate buffers during freezing because of its potential pH shifts, 

the Tris buffer also acts as a scavenger with aldehyde impurities, thereby reducing mRNA-lipid 

adduct formation 12,15. Additionally, research was conducted on redesigning the ionizable lipid 

component to make it more susceptible to the described thermal instability. Here, piperidine-based 

lipids exhibited extended long-term stability at a non-frozen liquid state 16. Another factor that 

determines stability is the shaking stress applied to it during, for example, distribution throughout 

the world. Here, vials with lower fill volumes resulting in higher headspace volumes are more 

sensitive to shear stress, which is a problem since the mRNA vaccine formulation is distributed in 

vials with relatively high headspace volumes 17. Prefilled syringes would be beneficial in this 

regard, but they lack performance during freezing due to volume expansion. Nevertheless, Moderna 

recently marketed mRESVIA®, an mRNA LNP-based vaccine against respiratory tract disease 

caused by RSV, packed in prefilled syringes that require long-term storage in frozen conditions 18. 

This highlights how research can lead to modifications in the formulation and packaging of 

approved drug products, and how this emerging delivery platform is still in its infancy, with 

considerable room for further improvement. 

 

Other open questions include the delivery of LNPs to tissues beyond the liver 19,20. The first nucleic 

acid-based drug product, Onpattro®, a small interfering RNA (siRNA) carrying LNP for the 

treatment of polyneuropathies in patients with hereditary transthyretin-mediated amyloidosis, was 

marketed in 2018 21. Its potency in inhibiting the synthesis of the transthyretin protein within 

hepatocytes was found to be mediated by a passive targeting of LNPs towards liver tissue due to 

adsorption of apolipoprotein B (apoE) onto the LNP. ApoE is an endogenous targeting ligand for 

the low-density lipoprotein receptor expressed on hepatocytes and therefore enables the successful 

delivery of the siRNA LNPs to the tissue of interest 22,23. While this ability was crucial for the 

potency of Onpattro®, it hinders the delivery of nucleic acid LNPs towards other tissues, which 

need to be addressed to treat other diseases. To date, much research has been done on active and 

passive targeting strategies to overcome liver accumulation of LNPs. Active targeting strategies 
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focus on the modification of nanoparticle surfaces with biological or chemical moieties that allow 

selective binding to receptors of the targeted cell types. These moieties include antibodies, antibody 

fragments, peptides, or sugars, among others 20,24. While active targeting is a straightforward 

approach to deliver nucleic acids to the desired tissues, it comes along with difficulties and costs of 

large batch production and in vivo stability. Passive targeting utilizes the variation of lipid 

composition to modify the physicochemical properties, such as size and surface composition, and 

subsequently the in vivo behavior of the formulation, such as the formation of a defined protein 

corona. For example, the addition of a permanently positively or negatively charged lipid to the 

standard LNP formulation mediated higher affinity to non-liver tissues like the spleen or the lung 

25,26 and allowed for T-cell transfection within the spleen in the case of anionic lipids 27. For passive 

targeting, it is crucial to gather as much information as possible about the physicochemical 

properties of the formulation to understand the advantages and disadvantages of certain 

formulations and to further develop novel drug product candidates on a rational basis.  

Other frequently discussed challenges within the LNP research community cover the limited 

endosomal escape success 28, the formation of lipidic substructures (so-called blebs) and other 

particle inhomogeneities 29,30 as well as whether and to what extent there are empty LNPs, which 

do not carry mRNA 30. Empty LNPs are frequently discussed within the research community 

because of potentially beneficial properties on the overall potency of the drug product. For example 

they are hypothesized to have a preference for phagocytic cells which would keep them occupied 

and improve non-phagocytic mRNA delivery. Controversially, the coexistence of empty and loaded 

LNPs rises questions of dose homogeneity and safety of the drug product30. Therefore gaining 

information about the extent and the morphology of unloaded LNPs could provide guidance on 

their actual effects on the formulations31. Along with these scientific questions, the ambition 

towards international standardization of analytical methods to characterize the novel drug products 

is rising. The need for analytical protocols to investigate chemical composition, drug loading, as 

well as particle size, size distribution profiles, and stability of the drug substance and drug product, 

led to many efforts towards novel methods and regulatory frameworks 32.  

This highlights that, although first drug products have entered the market worldwide, many 

questions remain unanswered, and research in formulation development and quality determination 

is still in an evolving stage. In this work, the development and quality determination of LNP delivery 

systems are described from the perspective of structural analysis, aiming to elucidate further 

structure-function relationships that can inform future tailored formulation development.  
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1.2 Evolution of lipid formulations for drug delivery 

 Development of the first liposomal drug products 

While the term LNPs came into use in the 1990s, when the era of nanotechnology began, the earliest 

lipidic nanosized particles were described in the 1960s, where the formation of closed lipid bilayer 

vesicles, which form spontaneously in water, was first reported 33. While liposomes were initially 

primarily used as a model to study cellular membranes, this observation led to the development of 

colloidal drug delivery systems, an entirely new field of research in pharmaceutical technology. 

Following the first attempts at enzyme encapsulation for treatment of storage diseases 34,35, the 

delivery of small molecules with low water solubility became the focus of interest in the following 

years 36. Within these molecules, cytotoxic drugs soon became popular cargos for cancer 

chemotherapy 37. Longer circulation times and targeted delivery to malignant tissues were expected 

to enhance potency while reducing toxicity. Despite promising in vitro and in vivo results, early 

liposomal formulations lacked the necessary tissue selectivity and were predominantly taken up by 

the liver and spleen 38. Besides the first attempts of active targeting strategies, using targeting 

ligands like antibodies and peptides on the liposome surface 39, improvement in circulation time 

and behavior was utilized to exploit tumor-related pathophysiological differences to normal tissue 

to enhance passive targeting (for example through the enhanced permeability and retention (EPR) 

effect) 40. Especially the utilization of PEGylation, which was first described to alter the 

immunological properties of bovine serum albumin 41, triggered the development of long-

circulating “stealth” liposomes 42,43. These efforts led to the approval of the first liposomal drug 

product, Doxil®, by the United States Food and Drug Administration (FDA) in 1995 44–46, providing 

higher potency and lower toxicological effects (e.g., cardiotoxicity, as the main dose-limiting 

factor) than unencapsulated doxorubicin 47. Subsequently, more liposome-based drug products were 

approved in the late 1990s and 2000s, with applications in chemotherapy (e.g., DaunoXome®, 

DepoCyt®), antifungal therapy (e.g., Abelcet®, Ambisome®), and analgesic therapies (e.g., 

DepoDur®, Exparel®) among others 48,49. To conclude the concepts for formulation development of 

most parenteral liposomal drug products, the lipidic vehicles should be smaller than 100 nm in 

diameter, composed of lipids that promote long circulation half-lives (PEGylated lipids for stealth 

properties, 1,2-distearoyl-sn-glycero-3-phosphocholin (DSPC) as phospholipid for rigid liposomes) 

and manufactured by procedures enabling encapsulation efficacy of approximately 100% 6. To date, 

several drug products utilizing liposomal delivery systems have been authorized by the FDA or the 

European Medicines Agency (EMA) (Table 1.2-1), with applications primarily focused on cancer 

chemotherapy but also including infectious diseases and other conditions. 
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Table 1.2-1: Selection of parenteral liposomal drug products being approved by the FDA or 

EMA with their respective details and indications. List adopted from 50,51 

Drug product API Company Year Indication 

Doxil®/Caelyx® Doxorubicin Baxter 

1995 

(FDA)/ 

1996 

(EMA) 

Ovarian cancer, Kaposi´s 

sarcoma, multiple 

myeloma, metastatic 

breast cancer (only 

EMA) 

AmBisome® 
Amphotericin 

B 
Astellas Pharma 

1997 

(FDA) 

Fungal infections, 

visceral leishmaniasis, 

cryptococcal meningitis 

Myocet® Doxorubicin 
CHEPLAPHARM 

Arzneimittel GmbH 

2000 

(EMA) 
Metastatic breast cancer 

Visudyne® Verteporfin 

Bausch + Lomb 

(FDA), 

CHEPLAPHARM 

Arzneimittel (EMA) 

2000 

(FDA, 

EMA) 

Macular degeneration, 

degenerative myopia, 

ocular histoplasmosis 

Mepact® Mifamurtide Takeda 
2009 

(EMA) 
Osteosarcoma 

Exparel® Bupivacaine Pacira 

2011 

(FDA), 

2020 

(EMA) 

Post-operative pain 

Onivyde® Irinotecan 

Ipsen 

Biopharmaceuticals 

(FDA), 

Les Laboratories 

Servier (EMA) 

2015 

(FDA), 

2016 

(EMA) 

Pancreatic 

adenocarcinoma 

Vyxeos® 
Daunorubicin, 

Cytarabine 

Celator 

Pharmaceuticals 

(FDA), Jazz 

Pharmaceuticals 

(EMA) 

2017 

(FDA), 

2018 

(EMA) 

Acute myeloid leukemia 
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 Development of lipid-based drug products for nucleic acid delivery 

After the discovery of the DNA double helix structure in 1958 52 and the beginning of modern 

biotechnologies in the 1970s, which enabled the synthesis of mRNA 53, the concept of gene therapy 

is rooted in basic science 6. While the above-mentioned drug products were designed to deliver 

small molecules, advances in understanding the cellular pathogenesis of tumors and other diseases 

have triggered research into the delivery of nucleic acids as APIs. Encapsulation in potent delivery 

vehicles is crucial for the therapeutic performance of nucleic acids, since (i) passive cellular uptake 

of nucleic acids is hindered by the negative charge and (ii) high hydrophilicity, and in-circulation 

stability is impeded by serum protein association, phagocytic uptake, and rapid degradation by 

nucleases 54. Within the lipidic delivery systems, the use of neutral liposomes was described for the 

encapsulation of RNA in 1978 55. Despite the entrapped RNA being protected from ribonuclease 

degradation and proving to be active after liposome disruption, no sufficient drug loading levels 

were obtainable 55. Subsequently, cationic lipids were developed to form stable complexes with 

anionic nucleic acids 56,57. While the encapsulation of nucleotides benefits from the positive charge 

excess, in vitro and in vivo toxicity has been observed, leading to inflammation, embolism, and 

organ-specific toxicity depending on the route of administration 58. Additionally, the positive charge 

facilitated complement activation, nonspecific interactions with blood and immune system 

components, and plasma clearance 59,60. Initial attempts to address these issues resulted in 

formulations with very low amounts of cationic lipid, showing longer circulation times and lower 

toxicity levels, but lacked a scalable manufacturing process 61. The development of ionizable 

cationic lipids, bearing a tertiary amine group instead of a quaternary ammonium salt, exposed 

lower toxicity levels, while maintaining the beneficial positive charge excess for mRNA binding at 

acidic pH 57,62. The amine group pKa of these lipid excipients should be chosen so that within 

physiological conditions (pH>pKa) the overall charge is near neutral, while in acidic conditions 

(pH<pKa) the lipids are positively charged. This enables high circulation stability at neutral pH, 

while providing strong complexation and thus high incorporation of nucleic acids in acidic 

manufacturing buffers. Early studies demonstrated that by mixing liposomes, comprising the 

ionizable lipid DODAP and phospholipids, with nucleic acid in acidic buffer, high encapsulation of 

nucleic acid cargo alongside long circulation half-lives following i.v. administration was 

achieved 63. This ultimately led to the development of modern lipid nanoparticle formulations for 

RNA delivery, which peaked with the approval of the first mRNA drug products in 2020 64.  
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Figure 1.2-1: Schematic overview of the two main lipid delivery systems for mRNA: lipoplexes 

(LPX) and lipid nanoparticles (LNPs). The main differences are lipid composition, 

manufacturing process, and subsequently size and internal organization. Further 

implications are discussed in the following chapters 

In this work, two types of lipid delivery systems were investigated (Figure 1.2-1): lipoplexes (LPX) 

and lipid nanoparticles (LNPs). 

Lipoplexes were first described as the complex of cationic lipids with nucleic acids in the 1990s 65. 

For the manufacturing of these systems, liposomes consisting of cationic lipids (e.g., DOTMA) and 

helper phospholipids (e.g., DOPC) were formed through dispersion in aqueous media and 

subsequent sonication to clarity 56. After mixing these lipid vesicles with nucleic acids (as first 

described with plasmid DNA), lipoplexes are formed, carrying the cargo electrostatically bound 

either externally on their surface or internally enclosed by lipid bilayers. To produce liposomes, 

various approaches can be employed, including thin-film hydration processes and rapid ethanol 

injection in aqueous media (see Chapter 1.3.1). Despite the above-mentioned disadvantages 

regarding toxicity, cationic lipoplexes are one of the most studied lipid nano-vectors for RNA 

delivery, with in vivo studies on various routes of administration 66 (see Table 1.2-2). Not 

surprisingly, the composition of the lipid delivery system has a major influence on the therapeutic 

performance of the lipoplex formulations. For example, it has been demonstrated that adjusting the 

charge ratio of the formulation by varying the lipid-to-RNA ratio (N/P ratio) leads to targeting of 

different tissues or cell types 67. There, negatively charged mRNA lipoplexes (formulated with an 

excess of mRNA) predominantly targeted the spleen, whereas those composed of an excess of 

cationic lipid triggered protein expression, especially in the lung, independently of the used lipids. 

Additionally, as shown for small-molecule-carrying liposomes, introduction of a PEG moiety led 
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to longer circulation times and subsequently to a higher probability of targeting solid tumors 68. 

Despite considerable efforts in research, no lipoplex-based formulations have been approved for 

therapeutic use in humans to date. Nevertheless, lipoplex-based approaches are currently being 

investigated in clinical studies. One example, based on the delivery of mRNA encoding four 

different tumor antigens used for advanced malignant melanoma, is FixVac-BNT111 by BioNTech, 

currently in a Phase II trial in combination with cemiplimab 69. Besides other ongoing clinical trials 

using the same lipid formulation platform (FixVac), which delivers mRNA encoding fixed tumor 

antigens, individualized immunotherapies are also being investigated using lipoplexes for delivery 

of mRNA encoding for patient-specific neoantigens. One example here is BNT122, which is 

investigated in a Phase II trial, for example, in patients with pancreatic ductal adenocarcinoma, 

colorectal cancer, and advanced melanoma 66.  

 

Table 1.2-2: Selection of mRNA lipoplex based candidates currently being investigated in 

clinical trials adopted from 66 

Drug name Developer/ 

Sponsor 

Indication Lipid  

platform 

Stage Trail number 

(NCT-

number) 

BNT111/ mRNA BioNTech 

SE 

Melanoma LPX II NCT04526899 

BNT113/ mRNA BioNTech 

SE 

Head and neck 

cancer 

LPX II NCT04534205 

BNT116/ mRNA BioNTech 

SE 

Non-small cell 

lung cancer 

LPX II NCT04526899 

Autogene 

cevumeran/ 

mRNA 

(patientspecific) 

BioNTech 

SE 

Colorectal Cancer LPX II NCT04486378 

Autogene 

cevumeran/ 

mRNA 

(patientspecific) 

Genentech 

Inc. 

Advanced 

melanoma/ 

Pancreatic ductal 

adenocarcinoma 

LPX II NCT03815058/ 

NCT05968326 
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The other lipid delivery systems investigated in this dissertation are LNPs, which are nowadays the 

gold standard platform for RNA delivery, with four FDA- or EMA-approved drug products for 

RNA delivery. In the early 2000s, the first nucleotide delivery systems, carrying ionizable lipids 

such as DODAP or DLinDMA, were developed and subsequently launched LNPs as a platform for 

nucleic acid encapsulation and administration 63,70. While the liposomes used for lipoplex formation 

are usually assembled from a cationic lipid and a helper phospholipid (e.g. DOTMA and DOPE), 

LNPs usually comprise four lipid components in varying ratios, where different lipids can be used 

in the respective lipid “group”. The ionizable lipids are the key component of the formulation, since 

they complex the incorporated nucleic acids. Cholesterol and phospholipids, on the one hand, 

determine the structure and stability of the formulation, while also influencing the efficacy of RNA 

delivery. As a fourth lipid component, PEG-functionalized lipids are incorporated to provide 

colloidal stability against aggregation during storage and after administration 66,71. The role of the 

respective lipids in state-of-the-art formulations is explained in detail in Chapter 1.4. Even though 

each lipid component is crucial for overall performance, the evolution of LNPs as nucleic acid 

delivery systems strongly correlates with the development of novel ionizable lipids (Figure 1.2-2). 

Starting with DODAP, the first advancements toward improved stability were achieved by 

substituting ester bonds with ether bonds, leading to DODMA 72. To enhance the probability of 

fusion of the lipid carrier with endosomal membranes during cellular uptake, new lipids with 

improved fusogenicity were designed. Knowledge that a higher degree of saturation within the 

hydrophobic lipid domain leads to a higher tendency to form hexagonal liquid crystalline lipid 

phases and therefore higher fusogenicity, triggered the introduction of more double bonds within 

the hydrocarbon chains of the lipids (e.g., DLinDMA with two double bonds in each hydrocarbon 

chain) 70.  

Besides modulations of the lipid tail domain, further research was started on the role of the ionizable 

headgroup and linker group of the lipids. Systematic investigation on the influence of changes in 

the three lipid domains on siRNA delivery showed a superior potency of Dlin-KC2-DMA, bearing 

a dimethylamine headgroup, a cyclic ketal linker region, and a double unsaturated dilinoleyl lipid 

tail 73. Another systematic variation study of the headgroup and linker region revealed that the pKa 

of the ionizable lipid correlates with biological activity for gene silencing therapy using siRNA, 

which remains one of the main paradigms for rational lipid synthesis for nucleic acid delivery 74.  
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Figure 1.2-2: Evolution of ionizable lipids from permanently cationic transfection agents 

towards the ionizable lipids used in COVID-19 vaccines. 

The optimal pKa was observed to be between 6.2 and 6.5 for hepatic gene silencing after i.v. 

administration and revealed DLin-MC3-DMA as a lead molecule, which was later tested in clinical 

studies and eventually used in the first FDA- and EMA-approved RNA drug product, Onpattro®, in 

2018 for the treatment of transthyretin-induced amyloidosis 21. For exchanging siRNA to mRNA, 

LNPs with the same composition were tested in different administration routes 75. While different 

expression kinetics were observed for different administrations, for most injection sites, protein 

expression in the liver was visible. Subsequent attempts were made to optimize the ionizable lipids 

and, thus, the LNP formulations for use as vaccines after intramuscular injection. The primary 

rationale was to increase the tolerability of the formulations without compromising their 

immunogenicity. To minimize adverse effects after administration, which may be related to the 

accumulation of lipid components due to low biodegradability, lipids with rapid clearance were 

designed. One concept for enhancing biodegradability is the introduction of primary esters in the 

alkyl chain of the lipid, allowing degradation by esterases in vivo 76. Additionally, the insertion of 

branches in the alkyl chain leads to more cone-shaped lipid structures, which improves membrane 

disruption ability when paired with anionic phospholipids of endosomal membranes during 
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uptake 77. Furthermore, it was stated that a pKa value between 6.6 and 6.9 is optimal for i.m. 

immunogenicity, whereas lipids with these properties exhibited only poor performance after i.v. 

administration 78. While formulation development in these times headed towards infectious diseases 

as influenza, Zika virus, HIV, or malaria, the SARS-CoV-2 outbreak in 2019/2020 triggered a rapid 

adoption of these delivery systems for the use in mRNA-based vaccines. The lead component 

(Lipid H or SM-102) of the study on optimizing i.m. delivery was eventually used in the Moderna 

vaccine Spikevax®, while ALC-0315 was used as an ionizable lipid in the Pfizer/BioNTech vaccine 

Comirnaty® 79. Approval of the first mRNA-based vaccines introduced the delivery platform to a 

broad audience through vaccination campaigns worldwide, and massive efforts were invested in 

research afterwards. Several clinical trials for the next authorization are currently underway for 

various diseases (Table 1.2-3). Future prospects for improvements in the delivery system 

encompass the development of LNPs targeting extrahepatic tissues after i.v. administration as T-

cells or hematopoietic stem cells in bone marrow 6,80,81. Here, challenges arise because different cell 

types exhibit variations in endosomal acidification, thereby demanding different properties on the 

ionizable lipid, which need to be elucidated using orthogonal (complementary and independent) 

methods 78,82.  

Table 1.2-3: Selection of mRNA LNP based drug products and investigational medicinal 

products currently investigated in clinical trials. Adopted from 6,66 

Drug name 
Developer/ 

Sponsor 
Indication Stage 

Trail number 

(NCT-

number) 

Comirnaty 

(tozinameran)/ 

mRNA 

BioNTech SE, 

Pfizer 
SARS-CoV-2 Approved - 

Spikevax 

(elasomeran)/ 

mRNA 

Moderna SARS-CoV-2 Approved - 

Onpattro 

(patisiran)/ siRNA 

Alnylam, 

Inex/Tekmira 

Transthyretin 

amyloidosis 
Approved - 

mRESVIA/ mRNA Moderna 
Respiratory tract 

disease caused by RSV 
Approved - 

V940/ mRNA 
Merck Sharp & 

Dohme 
Melanoma III NCT05933577 

V940/mRNA 
Merck Sharp & 

Dohme 

Non-small Cell Lung 

Cancer 
III NCT06077760 

V940/mRNA 
Merck Sharp & 

Dohme 

Cutaneous Squamous 

Cell Carcinoma 
II/III NCT06295809 

mRNA-1647 ModernaTX Cytomegalovirus III NCT05085366 

mRNA-1010 ModernaTX Influenza III NCT06602024 

modRNA vaccine Pfizer Influenza III NCT05540522 
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1.3 Manufacturing of lipoplexes and lipid nanoparticles 

General concepts for producing nanoparticles are typically categorized into two approaches: 

bottom-up and top-down. While bottom-up approaches use nucleation and growth out of dissolved 

materials for nanoparticle synthesis, top-down approaches use milling or other comminution 

techniques to break bulk materials into nanosized fragments 83. For mRNA-carrying lipoplexes and 

LNPs, bottom-up approaches are typically used, with potential final downstream size adjustment, 

for example, through extrusion. In this work, two types of lipid delivery systems for mRNA were 

investigated, namely lipoplexes and lipid nanoparticles. These systems differ in their manufacturing 

methods: i) lipoplexes are formed through the mixing of mRNA with pre-formulated liposomes, 

whereas ii) LNPs are spontaneously formed after mixing mRNA in an acidic buffer with lipids 

dissolved in a water-miscible solvent, such as ethanol. Although these approaches are the gold 

standard for producing the respective formulations, various production steps and methods can be 

used for manufacturing both lipoplexes and LNPs, which will be discussed in the following 

sections.  

 

 Production methods for lipoplex formulation 

The first step in producing lipoplexes involves the formulation of liposomes in an upstream process. 

The two most commonly used methods for liposome manufacturing are (i) thin-film hydration and 

(ii) the solvent injection method (Figure 1.3-1), whose details will be further explained in the 

following section.  

In thin-film hydration processes, a preformed dry lipid film is rehydrated for several hours, resulting 

in a heterogeneous dispersion of liposomes in terms of size and lamellarity 84,85. The film is prepared 

by dissolving lipids in chloroform or another easily evaporable solvent, and subsequently, the 

solvent is removed using a rotary evaporator (Figure 1.3-1A). This results in the formation of a thin 

film of dried lipids on the inner surface of the flask. When dry films are hydrated, the lamellae swell 

and grow into thin lipid tubules, which must be broken by mechanical agitation to form liposomes. 

Hereby, the level and type of agitation highly influence the resulting liposomes (size, lamellarity) 86. 

Because of the high heterogeneity, downstream homogenization steps are necessary. Usual size 

uniformity can be applied by extrusion or sonication. In sonication, ultrasonic waves break down 

into larger vesicles; however, the possible degradation of encapsulated drugs and lipids limits the 

use of this method. Extrusion involves the repeated filtration of liposomes through pores of a 

defined diameter, resulting in monodisperse unilamellar vesicles. The mean size of the vesicles 

obtained decreases with the number of extrusion cycles and is dependent on the pore size of the 

filter 85. Extrusion processes are easily applicable and relatively gentle for sensitive samples, but 

they lack the ability to scale up for production in large batches or continuous manufacturing 

approaches.  
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A more scalable approach for liposome synthesis is the solvent injection or ethanol injection 

method, also used in the manufacturing of LNPs (Figure 1.3-1B). A solution of lipids in a water-

miscible solvent (e.g., ethanol) is injected into an aqueous medium, leading to the rapid dilution of 

ethanol and, consequently, the precipitation of lipids and the spontaneous formation of liposomes. 

While this can be applied in a lab-scale approach through injection using needles into a stirring 

aqueous solution, automation by microfluidic mixing channels can also be used. To remove the 

remaining solvent, purification steps such as dialysis should be applied. Typical maximal 

concentrations of residual solvents derived from the monographs USP <467> and Ph. Eur 5.4. 

are 0.5 % (w/w) for ethanol as the mainly used solvent. 

Lipoplexes are eventually formed by mixing the preformulated liposomes with mRNA in an 

aqueous buffer. The approaches for this can range from simple pipetting steps to automated mixing 

systems.  

 

 

Figure 1.3-1: Manufacturing approaches for liposomes using thin-film hydration (A) or 

solvent injection (B) procedures. A. During the thin film hydration approach lipids get 

dissolved in an organic solvent that is subsequently evaporated. The remaining dried thin 

lipid film is then rehydrated with an aqueous phase, which leads to formation of polydisperse 

lipid vesicles. These must be homogenized (e.g., using an extruder) to receive relatively 

monodisperse liposomes. B. During solvent injection procedures, lipids get dissolved in a 

water miscible solvent (e.g., ethanol) and the aqueous phase is added by, for example, syringe-

based injection. Ethanol dilution and homogenization can be supported through vortexing. 

The remaining liposomes are relatively small and monodisperse without downstream 

processing. 
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 Manufacturing of lipid nanoparticles 

While lipoplexes are formed in two steps, the manufacturing of lipid nanoparticles typically follows 

a one-step bottom-up approach, with downstream purification. The accepted gold standard is an 

ethanol-injection approach, utilizing a microfluidic setup for the rapid mixing of components. 

While this is also applicable for large batch sizes and continuous manufacturing through the 

parallelization of different mixers or high flow-through times, most microfluidic approaches 

encounter difficulties with very low batch sizes. Hence, for lab scale, some methods based on 

pipetting can also be used. Since the mixing properties highly affect the size and structure of the 

resulting particles, working with non-standardized pipetting methods leads to larger particles with 

higher polydispersity 87.  

One method employed in this work is a simple, one-step lab-based approach, in which the aqueous 

dispersion of mRNA is pipetted into the ethanolic lipid mixture, followed by direct vortexing for 

homogenization and particle size adjustment. Due to the use of very low amounts of ethanol and a 

biocompatible buffer system consisting of glycylglycine, allowing for application without buffer 

exchange, no further processing steps are necessary. While with this approach, LNPs exhibit larger 

particle sizes compared to microfluidic-produced LNPs, they have proven to show similar internal 

organization and comparable transfection potency in vitro and in vivo 88,89. 

The commonly used manufacturing approaches these days include microfluidic channels for the 

mixing of ethanolic and aqueous phases. In addition to the use of commercial microfluidizers, such 

as the NanoAssemblr®, various mixing channels with different geometries are also available, 

connected to syringe pumps or HPLC pumps. Microfluidic production techniques enable precise 

and reproducible control of particle size due to defined reaction times, continuous flow, and 

controlled diffusion distances within the channel. This provides high standardization and good 

scale-up ability. As explained above, the lipid nanoparticles are formed when the ethanolic phase 

with dissolved lipids is diluted by the aqueous phase. While slow dilution, due to low flow rates, 

results in larger particles, fast dilution with high flow rates yields smaller LNPs. Besides the flow 

properties, the different geometries of mixing channels influence the resulting variation in size and 

morphologies (Figure 1.3-2).  

Independent of the type of micromixer, the geometry of the mixing channel (height and width 

dimension, obstacles), the total flow rate, and the flow rate ratio between the ethanolic and aqueous 

phase are the main determining factors for the outcome of nanoparticle formation and encapsulation 

of the cargo. The simplest form of mixing channel is a Y- or T-shaped mixer (Figure 1.3-2A), which 

directs the two phases to the mixing liquid-liquid interface, where ethanol dilution occurs. T-

junction mixers require high flow rates, which cannot be scaled down to low amounts (<100 µl), 

thereby impeding their use in small lab scales 90. Slow dilution and an ethanol-concentration 

gradient lead to relatively higher particle sizes and high polydispersity 87. To improve this, a third 

inlet for these channels was added, leading to so-called sheath-flow or hydrodynamic focusing 
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devices 91, where a central stream of solvated lipids is surrounded by two streams carrying the 

aqueous buffer (Figure 1.3-2B). This increases the interface between ethanol and the aqueous 

buffer, which reduces the diffusion length scales and the time scale available for the growth of 

intermediate lipid fragments and yields smaller particles with a narrower size distribution 92. 

Another attempt to overcome the slow mixing speeds in T- and Y-junction micromixers is the 

addition of obstacles inside the mixing channel to manipulate the streamlines of liquids by chaotic 

advection. These chaotic micromixers allow particle formation with high size control at low flow 

rates, by stretching and folding of merging fluid domains, which promotes rapid diffusion between 

the liquid phases 92. The geometry of the mixing channels can include periodic turns, grooves, or 

branched flow paths to disrupt the laminar flow paths, which results in mixing through diffusion 

and advection.  

One of the most commonly used chaotic mixer geometries is the staggered herringbone mixer 

(Figure 1.3-2C), which consists of periodic, asymmetrically angled protrusions in the base of the 

mixing channel. This induces passive mixing through chaotic advection, thereby creating short 

diffusion lengths between the streams and allowing for the controlled production of nanoparticles 

according to the flow rates. In comparison to mixers based on hydrodynamic flow, due to the lower 

flow rates, lower amounts of input solutions are also necessary, which is crucial when expensive 

cargos, such as nucleotides, need to be encapsulated 90. One disadvantage is the limited production 

capacity, resulting from the restricted flow rates, as optimal mixing conditions can only be achieved 

at specific flow rates. 

 

 

Figure 1.3-2: Microfluidic LNP production technologies based on different micromixer 

geometries. A. T-junction micromixer. B. Sheath flow or hydrodynamic focusing micromixer. 

C. Staggered herringbone micromixer. D. Bifurcated or toroidal micromixer. 

 



 

 
17 

The increasing interest in nanoparticulate drug products and the utilization of microfluidizers for 

their manufacturing have led to the development of commercial platforms that ensure the 

reproducible formation of distinct nanoparticles, thereby facilitating the development of drug 

products also for small companies such as start-ups. One of these platforms was developed by 

Precision NanoSystems® (now: Cytiva®), entitled NanoAssemblr™. The mixing channels consist 

of a series of toroidal or bifurcated mixers (Figure 1.3-2D), which induce chaotic advection through 

split channels. Because of the branched channels, the fluid travels along different paths within the 

channel and is then merged again. This induces rapid mixing in a single-layer device through large 

centrifugal forces, known as the Dean vortex. Compared to staggered herringbone mixers, higher 

flow rates are required for optimal mixing conditions, therefore resulting in higher possible 

production rates, while maintaining the high encapsulation efficacy, high reproducibility, and low 

nanoparticle size with narrow distribution 87,90.  

Microfluidic technologies offer the opportunity for the fabrication of large batches of 

nanoparticulate drug products. This requires a scale-up in batch sizes, without changes to the 

physicochemical properties as size and morphology. Essentially, two approaches exist for scaling 

microfluidic processes: (i) using a single mixer with high flow-through times and higher flow rates, 

or (ii) utilizing multiple mixers in parallel and merging them into a single batch. The parallelization 

enables the scale-up of the process without altering the physics of nanoparticle self-assembly within 

the channel. Nevertheless, maintaining uniform performance across the parallel mixers is 

challenging, considering the need for quality control and the confinement of batches when one 

mixer does not perform as expected. As explained previously, flow rates significantly influence the 

physicochemical properties of drug products, so that increasing the flow rate will most likely also 

alter the size and size distribution of the nanoparticles. Therefore, scaling up devices with a single 

mixer is a challenging operation that requires extensive knowledge about the mixing properties 

within the channel and how they change during scale-up 92. 

 

1.4 State-of-the-art composition of RNA LNPs 

Alongside the manufacturing procedure, the second property that defines LNPs as well as their 

therapeutic potency is the lipid composition. All currently FDA- and EMA-approved LNP drug 

products are characterized by four lipid components: (i) an ionizable cationic lipid, (ii) a 

phospholipid, also referred to as helper lipid, (iii) cholesterol and (iv) a polyethylene glycol grafted 

lipid serving as a stealth lipid (Figure 1.4-1). Additionally, all authorized drug products are based 

on similar molar ratios of the respective lipid components 93. This highlights the similarity of the 

LNP systems, despite their application through different routes (i.m. vs. i.v.) and diseases, and raises 

the question of where differences occur and how the different lipid components influence the 

therapeutic potency of the RNA nanomedicine. To reach optimal delivery performance, the lipid  
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Figure 1.4-1. State of the art composition of mRNA carrying LNPs divided into the four 

essential lipid components: ionizable lipid (yellow), phospholipids (red), cholesterol (brown), 

and stealth effect mediating lipopolymers (blue). Together, these lipid components interact to 

form RNA-carrying LNPs, as illustrated in the center of the figure. For the ionizable and 

stealth lipids the usage in the respective approved drug products is stated in brackets. 

vehicle must protect the mRNA from degradation and transfer the nucleotides to the targeted cells 

(e.g., antigen-presenting cells for mRNA vaccines). Successful delivery further includes the uptake 

of the cargo into the cytosol via the endosomal uptake pathway and the eventual release of the RNA 

from the vehicle. All lipidic components play crucial roles in the success of this procedure 54,94,95. 

 Ionizable lipids 

The cationic ionizable lipids typically consist of a tertiary amine, which can be protonated, 

becoming positively charged under acidic conditions, while remaining uncharged at neutral pH. 

The pKa of the ionizable lipid describes the pH-responsive behavior of the lipid. Carrasco et al. 

showed that the theoretical pKas of some published and commonly used lipids are in the range 
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of 8 - 10, whereas the apparent pKa of the LNP formulation manufactured with the same lipids 

results in pKa values 2-3 pH units lower 96. This highlights the need for accurate determination 

methods for the pKa of LNP formulations. For determining pKa values, a fluorescence-based assay 

utilizing 2‑(p‑toluidino)-6‑naphthalene sulfonic acid (TNS) as a fluorescence dye is most 

commonly employed. TNS shows almost no fluorescence in aqueous solution, while fluorescence 

intensities rise upon binding to positively charged membranes. Therefore, the assay primarily 

reflects the surface charge properties, albeit to a lesser extent, the situation of lipids being 

complexed with RNA inside the LNP. Furthermore, the TNS assay is highly sensitive to 

experimental settings (such as the buffer media or sample concentration). Techniques using 1H-

NMR 96 can reveal more accurate values for the situation within the particle. Other approaches to 

estimating the apparent pKa of an LNP formulation include computational techniques, which allow 

for estimation based on lipid structures 97 or molecular dynamics simulations 98. These deliver 

promising insights but require further verification through experimental data to be widely 

applicable. Structural approaches using small angle X-ray scattering can detect pH-responsive 

structural motifs, and their behavior upon variation in pH can be utilized to determine structural 

pKa values 99. By analyzing, for example, the structural changes of the mRNA/lipid stacks, rather 

than just interfacial accessible lipid charges, the structural pKa reflects the actual pH responsiveness 

of the active complex and is independently measurable. This information is also relevant from the 

perspective of potency and stability.  

The ionizable properties of the lipid excipients enable complexation of the mRNA during 

manufacturing in acidic conditions, while providing net neutral LNPs after application at 

physiological blood pH 7.4 (e.g., during circulation in the bloodstream). In addition to the benefits 

during manufacturing, the pH-responsive behavior of the lipid component determines the in vivo 

behavior of LNPs. On one hand, the surface charge of the particle, determined by the pH-responsive 

behavior of the ionizable lipid, influences the binding of a protein corona to the particle surface. As 

shown for hepatocytes, the association of distinct proteins, such as apoE, with the LNPs surface can 

facilitate the uptake of the particles in liver tissue 22,100. Additionally, the ionizable lipids enable 

improved endosomal uptake, the general expected uptake mechanism for LNPs (Figure 1.4-2). 

During endosomal maturation, the pH value decreases below the pKa of the LNP formulation, thus 

yielding a high level of protonation of the ionizable cationic lipids. Due to electrostatic interactions 

of the positively charged LNP lipids with the anionic endosomal membrane, the endosome tends to 

disrupt and release the LNPs to the cytosol. In particular, oppositely charged lipids can facilitate a 

transformation from bilayer structures to a hexagonal lipidic structure, which destabilizes the 

endosomal membrane and leads to disruption 54,101. Eventually, the ionizable lipids also must release 

the RNA to ensure that the translational mechanism can occur.  
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Figure 1.4-2. Endosomal escape mechanisms for mRNA LNPs. Following endocytosis, 

stepwise acidification during endosomal maturation leads to the protonation of ionizable 

lipids and subsequent interaction with negatively charged lipids within the endosomal 

membrane, resulting in the destabilization of the endosomal membrane. This facilitates the 

release of the nucleic acid cargo into the cytosol. Adopted from 102. 

 Phospholipids 

In addition to the ionizable lipid, which is crucial for RNA complexation and transfection efficacy, 

helper lipids such as phospholipids, cholesterol, and PEGylated lipids are incorporated into the LNP 

formulation to enhance particle stability, improve blood compatibility, and facilitate delivery 

efficacy. The phospholipid used in the four approved LNP drug products is DSPC, a 

phosphocholine with saturated hydrocarbon chains. The use of DSPC for the novel RNA products 

is probably due to its established application in liposomal drug products (for example, as the main 

component in HSPC used in Doxyl®). Saturated phospholipids exhibit high melting temperatures 

and favor the formation of lipid bilayers due to their cylindrical geometry, which together drives 

the stabilizing function of the lipid and delivers optimal in vivo serum stability 71. 
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One drawback of DSPC as a saturated phospholipid is the lack of facilitating effects on endosomal 

release mechanisms. Comparatively, lipid mRNA delivery systems manufactured with DOPE 

showed higher expression levels than those formulated with DSPC 103. DOPE carries two bulky 

unsaturated hydrocarbon chains and a relatively small headgroup, which gives it a cone-like shape 

(see Figure 1.4-1). This geometry tends to build non-bilayer hexagonal lipid liquid crystalline 

phases, which are known to facilitate membrane fusion 54,71,104. While their fusogenicity enables a 

more successful endosomal escape, DOPE-based LNPs exhibit relatively low colloidal stability due 

to bilayer fusion during storage and subsequent size increase. Additionally, interactions with serum 

proteins during blood circulation are increased, which may hinder delivery to the targeted cells 71. 

Like DOPE, DOPC shows lower melting temperatures, giving membranes a fluid state at 

physiological temperatures and making the LNP susceptible to serum protein opsonization 105. The 

inclusion of cholesterol can stabilize this kind of lipid membrane. Nevertheless, due to the branched 

hydrophobic chains, it can facilitate endosomal escape by mediating membrane disruption. DOPC-

based LNPs show higher stability than DOPE-based LNPs, but lower stability than analogues 

manufactured with DSPC, which could present a compromise between stability and efficacy 71. 

 Cholesterol 

Cholesterol is commonly used in liposomes and LNPs to enhance colloidal stability and resistance 

to serum proteins. When combined with phospholipids that possess low melting temperatures, 

cholesterol decreases membrane fluidity by uncoiling their acyl chains and therefore increasing the 

bilayer thickness. Controversially, for phospholipids with higher melting temperatures, cholesterol 

increases the membrane fluidity and decreases membrane thickness54. In sum, cholesterol brings 

the lipid membranes towards a state of liquid-ordered phase 106. By increasing the rigidity of 

membranes, it can reduce drug leakage, which is not a big problem in nucleic acid delivery, but can 

be beneficial when small-molecule drugs are incorporated. Furthermore, it has been demonstrated 

for liposomal drug products that cholesterol can reduce the amount of surface-bound proteins during 

circulation, thereby extending the circulation times 54. Due to its stabilizing function, the approved 

RNA drug products contain approximately 40 mol% cholesterol, which is necessary for the stable 

encapsulation of siRNA 107. While cholesterol, a well-known excipient, is used in all authorized 

mRNA drug products, investigations have been conducted on replacing this LNP component. By 

using cholesterol analogues, such as C‑24 alkyl phytosterols, it was possible to enhance gene 

transfection efficiency by modulating the shape and intracellular trafficking of the nanoparticles. 

The cholesterol analogues contribute to higher cellular uptake and retention, facilitating a steady 

release from endosomes and enhancing intracellular diffusivity 108,109. Additionally, the use of 

cholesterol analogues can influence cell-type-specific effectiveness. For example, LNPs comprising 

7α-hydroxycholesterol led to increased delivery to primary human T-cells compared to cholesterol-

based LNPs 110. Utilization of bile acids as substitutes led to reduced liver delivery and improved 
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delivery to other cell types, like T-cells and B‑cells 111. By adding ionizable headgroups to the 

cholesterol, endosomal escape was enhanced, and mRNA delivery was significantly improved in 

mice 112. These results highlight the critical role of cholesterol in optimizing the potency of mRNA 

LNPs. 

 PEGylated lipids 

While PEGylated lipids exhibit the lipid compound within LNPs with the lowest molar percentage 

(1-2%), they play a crucial role in the LNP´s physicochemical properties as well as their potency. 

PEGylated lipids can differ in their lipid tail as well as in the structure and length of the PEG chain. 

While in all authorized RNA drug products (see Table 1.2-3), the molecular weight of the PEG 

chain is 2000 Da, which was also used in liposomal drug products, the lipid anchor is different 

within the four formulations (see Figure 1.4-1). PEGylation is a widely used approach for increasing 

in vivo circulation time, as it decreases nanoparticle clearance via the reticuloendothelial system, as 

first demonstrated in Doxyl® liposomes. While extended circulation times are desirable for the 

anticancer drug doxorubicin, as they lead to accumulation of the drug at the tumor site and reduce 

cardiotoxicity compared to free doxorubicin, the high circulation stability hinders cellular uptake 

and endosomal escape, thereby reducing the potency of RNA nanomedicines. To overcome this 

PEG dilemma, for liver targeting PEG-lipids can be applied, which tend to desorb from LNPs upon 

i.v. administration so that adsorption of lipoproteins, such as apoE, can exploit the liver uptake. The 

length of the PEG-lipid hydrocarbon chains can determine the ability to desorb from LNP surfaces 

since the hydrophobic acyl/alkyl chain is incorporated into the LNP outer membrane. PEGylated 

lipids with shorter chains are more likely to desorb from the LNP because they are prone to 

association with lipoproteins, extracellular lipidic vesicles, or proteins, such as albumin, with 

multiple hydrophobic pockets in the blood plasma during circulation 54,113. Alternatively, reversible 

PEGylation of the LNPs can be achieved by using cleavable linked PEG chains, which are sensitive 

to degradation during circulation 71. Further to the stabilizing function of PEGylated lipids during 

circulation, they also mediate stability during particle formation and determine the particle size after 

manufacturing of LNPs. While particles manufactured without any PEGylated lipid are 

aggregating, polydisperse, and exceeding 200 nm in particle size, increasing the molar ratios of 

PEGylated lipids causes a decrease in particle size independent of the other lipid 

composition 103,114,115. Since the PEG-lipid resides on the outer surface of the LNP, an increase in 

its molar ratio leads to an increase in the surface area/volume ratio and consequently to a reduction 

in particle size 115.  

Although PEGylated nanoparticles are thought not to exhibit antibody or complement protein 

binding due to their stealthy properties, it is well known that unanticipated immune reactions occur 

against PEG-conjugated nanomedicines after administration, ranging from local inflammation to 

accelerated clearance and severe hypersensitivities 116,117. The immunogenicity and adverse effects 
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of PEGylated systems, along with general concerns about their application, led the FDA to call for 

the screening of anti-PEG-antibody responses during preclinical trials of new drug products 

containing PEGylated composites 118. Due to its widespread use in numerous cosmetics, 

households, and over-the-counter (OTC) drug products as an excipient, the prevalence of anti-PEG 

antibodies in the population is very high, even when determined before the global use of PEGylated 

vaccines against SARS-CoV-2 119. One example of these reactions is the accelerated blood 

clearance (ABC) phenomenon, leading to rapid clearance of PEGylated nanomedicines due to the 

production of IgM and IgG antibodies after primary contact with PEGylated products, which is 

detectable after secondary applications. Subsequent activation of the complement system and 

facilitated particle phagocytosis can decrease circulation halftimes of PEGylated therapeutics 116. 

Another adverse immune reaction is the complement activation-related pseudoallergy (CARPA). 

In contrast to the ABC phenomenon, it takes place directly after the primary administration of a 

PEGylated drug product, while the symptoms diminish in subsequent applications 116. CARPAs are 

non-IgE-mediated hypersensitivity reactions that can also be observed after application of non-

PEGylated drug products and range from mild allergic symptoms to fatal anaphylaxis. This reaction 

was first reported in the treatment using Doxyl® as a PEGylated liposome, where it could be 

mitigated by slow infusion rates and pre-treatment with corticosteroids 54. Notably, the presence of 

anti-PEG IgM and IgG antibodies per se is not predictive of the prevalence of antibody-mediated 

toxicity 117. Nevertheless, since the number of anti-PEG-antibody positive people will be immensely 

raised due to the COVID-vaccines, implies future hypersensitivity problems and arises the question 

of alternative stealth effect mediating LNP excipients. Alternative stealth polymers such as 

polyoxazolines or polyglycerols have been tested among others. While polyoxazolines 

demonstrated good biocompatibility and favorable biodegradability, high costs and impurities 

during synthesis result in problems for application in drug products120. Polyglycerols did not initiate 

the ABC phenomenon but exhibited skin sensitization and allergic contact dermatitis 116,117. Despite 

several hopeful substitutes were found, none of them has by now led to a drug product excipient 

with stealth properties. One promising approach is the PEG substitution with polysarcosine (pSar), 

a polypeptoid derived from the endogenous amino acid sarcosine. While comparable stealth-like 

properties are observable for pSar 121,122, it also avoided production of polymer-related antibodies, 

which allowed repeated administration of pSar-grafted liposomes, without a note towards the ABC 

phenomenon 123,124. The alternative usage as a stealth property providing excipient in RNA LNPs 

was also proven, where the molar ratio of the pSar-lipid also influenced particle sizes and 

biodistribution 125. 
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1.5 Characterization and quality control of lipid delivery systems for 

RNA 

Despite the emergency use authorization of the two mRNA-based vaccines Comirnaty® and 

Spikevax® against SARS-CoV-2 by the FDA and EMA in 2020 64 and of course also the other 

RNA-vaccines being authorized by, for example, the National Medical Product Administration of 

China (NMPA), the regulatory framework for mRNA nanomedicines is still evolving. While 

guidelines for liposomal drug products have already been published by the FDA 126, no such 

document was available for RNA vaccines. To cover these gaps, regulatory agencies are working 

on guidelines for the development and quality control of such vaccines, with several drafts currently 

under discussion among experts. In December 2020, the WHO published a draft for a guideline, 

which resulted in the technical document “Evaluation of the quality, safety and efficacy of 

messenger RNA vaccines for the prevention of infectious diseases: regulatory considerations”, 

published in October 2021 127. In these WHO guidelines, information and regulatory considerations 

regarding key aspects of (i) manufacturing and quality control, (ii) nonclinical, and (iii) clinical 

evaluation of preventive mRNA-based vaccines for human use are provided. In 2022, USP 

published a first draft of the “Analytical Procedures for mRNA Vaccine Quality – Draft 

Guidelines”, which was in the third draft from 2024 also extended to RNA therapies that are not 

vaccines 128. Within these guidelines, various procedures for controlling identity, content, integrity, 

purity, potency, and safety of both the drug substance and the drug product are introduced. 

Additionally, the Ph. Eur. is currently working on three new general texts to be included in their 

pharmacopeia, which are scheduled for publication in 2025. In the general texts “mRNA vaccines 

for human use (5.36)”, “mRNA substances for the production and control of mRNA vaccines for 

human use (5.39)” and “DNA template for the preparation of mRNA substances (5.40)” definitions, 

guidance for process development and testing of final product and mRNA substance are provided 

129. Besides this, other national regulatory authorities, such as the NMPA, published respective 

guidelines for industry 130. 

All previously published and discussed guidelines cover, on the one hand, the production and 

characterization of RNA as an active ingredient, as well as the manufacturing and quality control 

of RNA-LNP as the final drug product. While analytical procedures for the drug substance are 

further discussed elsewhere 131, but include the attributes presented in Table 1.5-1.  
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Table 1.5-1 Characterization and Release Testing Criteria for mRNA Drug Substance and 

their respective analytical procedures proposed by Ph. Eur. (Edition 11.5) and USP 

(Edition 2025, Issue 3). 

Quality Attribute Possible analytical methods 

Identity 

mRNA sequence Sequencing (Sanger/ high-throughput sequencing), PCR 

RNA size Electrophoresis (capillary gel electrophoresis) 

Content RNA concentration Quantitative PCR, UV Spectroscopy 

Integrity 

mRNA intactness Capillary gel electrophoresis, agarose gel electrophoresis 

5’capping efficacy Ion-pair RP-HPLC, LC-MS 

3’ poly(A) tail length Ion-pair RP-HPLC, LC-MS 

Purity 

Product-related impurities: 

dsRNA Immunochemical methods (Ph. Eur. 2.7.1) 

Fragmented RNA RP-HPLC 

Process-related impurities: 

Residual DNA template Quantitative PCR  

Free nucleotides LC-MS 

Residual RNA 

polymerase content 
ELISA, total protein test (Ph. Eur. 2.5.33) 

Potency 
Expression of target 

protein 

Cell-based assay with detection by immunochemical 

assay Ph. Eur. 2.7.1 or flow cytometry 2.7.24 

Safety 

Bacterial endotoxins USP <85>, Ph. Eur. 2.6.14/ 2.6.32 

Sterility/ Bioburden USP <61> ,<62>, <1115>; Ph. Eur. 2.6.1 

Other 

Appearance USP <790> 

Residual solvents USP <467> 

pH USP <791>, Ph. Eur. 2.2.3 
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 General remarks about the quality of the mRNA drug product 

The following section focuses on the characterization of the drug products (e.g., mRNA‑LNPs). An 

overview of the most important critical quality attributes and their possible detection method 

required for batch release is described in Table 1.5-2. Nevertheless, further CQAs for monitoring 

throughout the manufacturing process need to be identified, and respective analytical methods must 

be developed. Hence, there remains space for further improvement, as many orthogonal methods 

must still be applied to generate quantitative datasets to date. The development of novel analytical 

methods, therefore, remains an unmet need for many CQAs of LNPs. 

The identity and content are not only limited to the nucleic acid active ingredient, but also the lipids 

used for the delivery vehicle need to be investigated. The content and identity of lipids can be 

confirmed by chromatographic assays, such as those utilizing charged aerosol detectors (CAD), 

whereas for the sequence identity of RNA, sequencing or PCR investigations are required. The 

determination of mRNA content is usually described as either measurements of the total amount of 

RNA in the formulation or of the encapsulated amount of mRNA. Furthermore, the amount of 

mRNA per particle can be described, although it is often based on several estimated assumptions. 

For the quantification of RNA, usually UV spectroscopy measurements at an absorbance 

wavelength of 260 nm are used 132. For determining the absolute RNA content encapsulated in the 

formulation, a pretreatment with a disrupting agent is usually required. For example, the Ph. Eur. 

describes an extraction of mRNA by precipitation with 2-propanol using a centrifugation step. Other 

methods include the detection of RNA using fluorescent dyes, such as the 

Quant‑it ™ RiboGreen reagent®, after disruption of LNPs with surfactants, such as TritonX®100 133. 

The amount of accessible RNA can be measured using an untreated LNP sample, which further 

enables the calculation of the relative percentage of accessible RNA compared to the values from 

the disrupted sample, often referred to as the encapsulation efficiency. Here, it is noteworthy that 

this fluorescent-based assay is unable to differentiate between free RNA and RNA bound to the 

LNPs that is still accessible to the dye. This renders the term 'encapsulation efficiency' technically 

incorrect; the detection of accessible RNA would be a more accurate measure. To ensure if the RNA 

is freely distributed in the bulk phase, or bound to LNPs but still accessible, for example, agarose 

gel electrophoresis of untreated samples can be utilized 131.  
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Table 1.5-2 Characterization and Release Testing Criteria for mRNA Drug Product and their 

respective analytical procedures proposed by Ph. Eur. (Edition 11.5) and USP (Edition 2025, 

Issue 3). Alternative methods for quality determination were added according to 131 

Quality Attribute 
Possible analytical 

methods 

Identity 

RNA identification 
Sequencing (Sanger/ high-

throughput sequencing), PCR 

Lipid identity RP-HPLC-CAD 

Content 

RNA concentration UV Spectroscopy 

RNA encapsulation efficacy 
Fluorescence-based assay, UV 

spectroscopy 

Lipid content RP-HPLC-CAD 

Integrity 

RNA integrity Capillary Gel electrophoresis 

LNP size and polydispersity 
Dynamic light scattering (Ph. 

Eur. 2.9.50) 

Purity 

Aggregate quantification 
SEC-HPLC, AF4-MALS-

(SAXS) 

Fragment RNA Ion pair RP-HPLC 

Potency Expression of target protein 

Cell-based assay with 

detection by immunochemical 

assay (Ph. Eur. 2.7.1) or flow 

cytometry (Ph. Eur. 2.7.24) 

Safety 

Bacterial Endotoxin 
USP <85>, Ph. Eur. 2.6.14/ 

2.6.32 

Sterility USP <71>, Ph. Eur. 2.6.1 

Other 

Appearance 
USP <790>, Ph. Eur. 2.2.1/ 

2.2.2/ 2.2.20 

Osmolality USP <785>, Ph. Eur. 2.2.35 

Subvisible particles USP <787>, Ph. Eur. 2.9.19 

Extractable volume USP <1>, Ph. Eur. 2.9.17 

pH USP <791>, Ph. Eur. 2.2.3 

Container closure integrity USP <1207> 
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Other batch release attributes, such as sterility, osmolality, pH, and testing for bacterial endotoxins, 

can be executed according to the respective pharmacopeia monograph (see Table 1.5-2). For the 

determination of subvisible and visible particles, the particles in colloidal drug products pose some 

difficulties for execution. To face that, the USP differentiates between three types of particulate 

contaminations (<USP1790>), namely intrinsic, extrinsic, and inherent particles. Extrinsic particles 

are defined as particle contaminations derived from external sources (e.g., personnel, non-process 

related materials), while internal parameters derive from ingredients or processes connected to the 

process (cleaning processes, lubricants, primary packaging materials). Inherent particles, on the 

other hand, are present or expected within the formulation or drug product. These dosage-form-

related particles must be characterized as accurately as possible in the development phase. For the 

optical control of drug products, it is necessary to consider that the inherent particles can lead to 

turbidity; therefore, extensive training and comparison with test sets are required. For subvisible 

particles, the detection of inherent particles with the method must also be demonstrated and 

considered for quality control measures. Here, also, automated detection by machine learning 

approaches for image analysis is gaining importance 134. 

 

 Size-related quality attributes of mRNA LNPs and their determination 

One main concern regarding the integrity of the drug product is the size, polydispersity, and 

colloidal stability of the mRNA-LNPs. The integrity of the RNA containing particles is, on one 

hand, important for protecting the degradation of RNA molecules, but, in addition to this, variations 

in particle morphology and size can affect changes in in vivo potency. Particle size influences the 

biodistribution and cellular uptake, thereby affecting the transfection efficacy and immunogenicity 

of the formulations 135,136. Furthermore, size can also influence the encapsulated amount of mRNA 

per particle and the downstream characterizations, such as the detection of subvisible particle 

contamination. Therefore, both USP and Ph. Eur. define size as one of the primary CQAs for LNPs. 

Both guidelines recommend Dynamic Light Scattering (DLS), also known as Photon Correlation 

Spectroscopy (PCS), for determining size and polydispersity, as indicated by the polydispersity 

index (PDI), without specifying a size or PDI limit. DLS is the most commonly used lab-based 

approach for determining the size distribution of nanoparticles in the range of up to 1000 nm. It 

detects the intensity fluctuations of scattered light as a function of time, caused by particles 

undergoing Brownian motion (Figure 1.5-1). The scattered light can be detected either in a 90° or 

173° (non-invasive back scattering, NIBS) angle relative to the incident beam, where the latter 

brings benefit for concentrated samples, by avoiding long light diffusion paths through the sample, 

which could lead to multiple scattering. Since the size and, therefore, diffusional behavior influence 

how rapidly the intensity fluctuates, DLS allows for determining particle size 137. After detection of 

the scattered light photons, a mathematical process, the correlation, is used, where the similarity of 
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two signals separated by a time delay is measured, which results in the autocorrelation function. 

This function decays to a mean value of the rapidity of the signal fluctuations and therefore to the 

diffusion coefficient D 138. According to the Stokes-Einstein relation (eq.1), the hydrodynamic 

diameter (Dh) can be calculated using the universal Boltzmann constant (kB), the temperature (T), 

the viscosity of the dispersing medium (η), and the translational diffusion coefficient (D), which 

can be determined from the intensity fluctuations. τ 

𝐷ℎ =  
𝑘𝐵𝑇

3𝜋𝜂𝐷 
 (1) 

The polydispersity index (PDI) is a dimensionless parameter that corresponds to the square of the 

normalized standard deviation of the underlying size distribution, and a perfectly uniform sample 

would result in a PDI close to 0 139. Nevertheless, exact determination of the particle size underlies 

several assumptions, which limit the accuracy of DLS. These assumptions include: (i) particles are 

considered to be spherical, (ii) samples should not absorb or fluoresce the light in the used 

wavelength, (iii) particle-particle interactions should be prevented by dilution, (iv) variable sample 

parameters as viscosity, temperature, refractive index need to be known or determined, (v) large 

particles may mask smaller particles in an intensity-derived size determination 140. Due to its 

limitations with polydisperse samples, DLS is only recommended for use as a quality control 

measure for samples with low polydispersity.  

 

Figure 1.5-1: Schematic overview of size determination using Dynamic Light Scattering 

(DLS). The incoming monochromatic laser beam is scattered by particles and detected, e.g., 

at an 173° angle in non-invasive back scattering (NIBS) methods. Particles in Brownian 

motion can be detected at different positions and time points, so the lag time τ of correlating 

signals from the same particles can be detected. Cumulative events of the whole entity of 

particles result in a detected count rate of photons. Correlation analysis of the detector signals 

yields the autocorrelation function, from which the diffusion coefficient can be determined to 

calculate the hydrodynamic diameter. 
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In the early stages of product development, it is highly recommended to use complementary sizing 

measures, that rely on different physical principles (orthogonal methods). In comparison to DLS, 

multi-angle light scattering (MALS) utilizes static light scattering at various detector angles to 

determine particle size 141. Here, no time-dependent fluctuations in the scattered light intensity, but 

the absolute intensity of scattered light as a function of the angle is measured. Since this scattering 

intensity depends on particle size, molecular weight, and particle concentration, MALS enables the 

determination of these parameters using established formalisms 142. Here, in contrast to DLS, not 

the hydrodynamic diameter but the radius of gyration is detected, which is the root mean square 

distance of the detected matter of an object from its center of mass. MALS measurements typically 

require the use of an upstream size fractionation technique to produce reliable data 143. 

Besides light scattering techniques, microscopic investigations (e.g., transmission electron 

microscopy (TEM) or scanning electron microscopy (SEM)) are a common tool to determine size 

distribution profiles of nanoparticulate formulations. One benefit here is that additional information 

about particle morphology and shape can be obtained. While this technique is useful in early stages 

of formulation delivery, it has several limitations for daily quality control, including the need for 

skilled operators, high maintenance costs, and analysis times. Furthermore, the sample preparation, 

i.e., freezing (for cryo-EM), drying, or staining, can possibly modulate the particle shape and size. 

Since microscopic analysis requires the investigation of representative images, it can also bear the 

risk of not detecting aggregates, especially when they rarely occur 140. 

While the above-mentioned sizing techniques are so-called “batch-mode” methods where the 

sample is investigated without any fractionation or sample preparation, methods coupled to 

upstream size-dispersive separations can also be considered. This is beneficial, since most 

pharmaceutically used nanoparticles display a certain degree of polydispersity which impedes the 

interpretive strength of the analytical results. Common approaches for sample fractionation include 

field-flow fractionation (FFF) or size-exclusion chromatography (SEC), which can be coupled to 

DLS or multi-angle light scattering (MALS) detectors for size determination, among other possible 

detectors, such as UV for RNA quantification. While FFF separates analytes based on their size 

without a stationary phase, SEC utilizes densely packed separation columns with matrices featuring 

respective pore sizes, allowing samples of specific sizes to permeate into the pores and thereby 

leading to higher retention times. This leads to faster elution of larger particles, since lower 

interaction with the porous matrix is possible. Controversially, at FFF, smaller particles show lower 

retention times in the separation channel. There, the sample is injected into the fractionation 

channel, where it is diluted in the chosen buffer. This buffer passes the separation channel in a 

parabolic flow. The applied forces for sample separation may be a second liquid flow (e.g., cross-

flow (asymmetrical flow FFF (AF4)), magnetic (magnetic FFF), or electrical field (electrical FFF), 

among others) 144,145. The respective separation forces accumulate the analytes at a porous 

membrane on one side of the separation channel, from where the particles can diffuse back to the 
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parabolic main flow. Since smaller particles show higher diffusion coefficients and faster motion 

into the middle of the parabolic flow, they migrate faster through the channel than larger particles. 

This allows a gentle separation of the analytes with a lower risk of shear-force-related sample 

degradation or alteration. An additional combination of SAXS can generate particle size distribution 

profiles, further allowing the determination of particle number per size fraction and the 

quantification of mRNA encapsulated per particle 146,147.  

Further possible methods include nanoparticle tracking analysis (NTA) and analytical 

ultracentrifugation (AUC). AUC separates the samples using high centrifugal forces according to 

their mass, which is determined by size and density 148. The widely used NTA can reveal 

information on particle size distribution by correlating Brownian motion rates, detected with 

microscopic imaging, with nanoparticle size. This avoids the sample fixation step, which is 

necessary in electron microscopy, while providing the mean, mode, and span of the particle 

population. Drawbacks include the need for an appropriate sample dilution to obtain accurate size 

distribution profiles, which can influence the properties of nanoparticles in dispersion.  

Besides particle size and particle size distribution, another size-related parameter needed for batch 

characterization is particle concentration. Some of the above-mentioned size determination methods 

can also deliver particle concentrations. NTA provides information about particle concentration by 

analyzing the number of particles detected in an image analysis of a given sample volume. MALS 

techniques, with optional coupling to SEC or FFF methods, also enable the determination of particle 

concentration by measuring photon count rates, along with material and optical properties, to 

calculate particle concentration distributions. There, the accurate determination of particle size 

distributions, as well as knowledge about particle shape and physicochemical properties of the 

sample medium, is crucial 149. As explained earlier, all methods are subject to inherent biases due 

to sample dilution or preparation. To overcome the limitations of single methods, the use of 

orthogonal size determination approaches can help minimize method-specific biases and 

interferences by employing a second well-characterized procedure that applies a different 

measurement principle 150.  

Another size-related parameter, which is of crucial importance in product development, is the 

structure of the nanoparticulate drug product. Besides the size of the LNPs, morphology and internal 

structure also influence stability, circulation time, endosomal uptake mechanism, and the release of 

the nucleic acid cargo. Methods for its determination include scattering and transmission electron 

microscopy, where SEM allows determination of surface morphologies up to a certain resolution, 

while TEM also reveals information about the internal structure within the nanoparticulate samples. 

Utilizing this, the effects of lipid composition on structural organization and detection of lipidic 

substructures, such as blebs or membrane defects, are possible 131. Nevertheless, aside from the 

aforementioned sample preparation and experimental difficulties, the limited resolution and 

contrast of internal features hinder in-depth analysis of the organization.  
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Another advanced method for structural investigations is NMR spectroscopy, e.g., 31P NMR in 

combination with the use of chemical shift reagents. It is well established that multilamellar large 

vesicles (MLV) composed of phospholipids lead to broad 31P-NMR spectra, whereas small 

unilamellar vesicles (SUV) are characterized by narrow line spectra 151, due to disturbed molecular 

motions within multiple lipid layer systems. Signals derived from phospholipids present in surface 

layers of the particles can be influenced by shifting agents such as Mn2+, which are assumed not to 

penetrate through the lipidic bilayers into the particle 140. This technique further allows statements 

about the mobility of RNA, which is influenced by the degree of encapsulation and the level of 

complexation by cationic lipids 152.  

Small angle scattering measurements, including small angle X-ray and neutron scattering 

(SAXS/SANS), allow investigation of the samples in solution without further sample treatment. 

These methods measure the intensities of the scattered beam upon interaction of the beam with the 

sample. Further insights into these powerful techniques are explained in Chapter 1.6. Since the 

scattering of the beam happens upon collision with electrons (SAXS) or nuclei (SANS), every 

material included in the sample is detectable and influences the overall scattering intensity. This 

enables quantification of nanoparticle composites as well as the RNA cargo. Additionally, repeating 

structural features, such as the mRNA/lipid stacks in LNPs, lead to a positive interference of 

scattering intensity, which allows for the determination of distinct length scales within the particle. 

These include the length of the mRNA/lipid stacks and their long-range order within the formulation 

(Figure 1.5-2). This enables the determination of the influence of lipid composition, lipid-to-RNA 

ratio, and manufacturing approaches on the lamellar spacing and, consequently, the packing density 

of mRNA inside LNPs.  

 

Figure 1.5-2: Structural features detectable by Lorentzian fitting of the SAXS-derived peak. 

Repeating structural motifs, as the mRNA/lipid stacks within lipoplexes (as displayed in the 

right) lead to peaks in the SAXS patterns of these systems (right). Lorentzian fitting (as 

indicated by the red line in the scattering pattern) of the observed peaks allows detection of 

peak position and width, which can be converted to length and long-range order of the 

repeating units, respectively (center). 
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Besides these determinations of distances in the Angstrom scale, information about particle sizes 

up to the micrometer scale, as well as information about shape and surface morphology, can be 

obtained. Selective deuteration of lipid or RNA components in SANS further enables determining 

the distribution of these components within the formulation. By doing so, it was revealed that helper 

lipids, such as DSPC, are mainly located at the surface layers of LNPs, whereas the ionizable lipids 

are located in the core of the particle 153,154. Also, various drawbacks limit the application in daily 

quality control. Due to the low electron contrast of the LNP samples, high beam intensities are 

required, which are only attainable at synchrotron sources for SAXS and neutron sources for SANS. 

This limits the accessibility of the method. Furthermore, batch measurement of samples with an 

intrinsic degree of polydispersity results in overlapping signals from different structures, 

complicating the analysis. Here, coupling size-dispersive methods enables structural investigations 

in different size fractions of a single sample 146. 

Further particle-related properties as zeta potential, surface hydrophobicity, and membrane polarity, 

also need to be characterized in drug product development, but are treated in detail elsewhere 131. 

 

1.6 Structural analysis using small angle X-ray scattering 

As explained above, SAXS is a powerful tool for exploring structural parameters that can be of 

interest not only in early development stages but also for determining the quality of nanoparticulate 

drug products. Despite SAXS being more of a platform for basic research and not yet fully 

implemented in industrial drug product control, considerably more information can be derived, 

which can be directly applied in daily quality measures.  

In SAXS measurements, a collimated, monochromatic X-ray beam is scattered by the sample, with 

the scattered light intensity being captured on a radial 2D detector Figure 1.6-1. Since in SAXS 

experiments, the incident beam is scattered by electrons in the sample, the sample must have a 

different electron density than the surrounding matrix material (e.g., the solvent or the buffer used). 

Upon interaction of X-rays with material, one fraction will pass through the sample, one fraction 

will be absorbed (e.g., converted into any form of energy), and a last fraction will be scattered to 

other directions. To obtain SAXS data of sufficient quality, the absorption must be kept as small as 

possible, which can be adjusted by varying the sample thickness (e.g. by using flow through 

capillaries) and contrast to the solvent. 
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Figure 1.6-1: Schematic illustration of a SAXS experiment (left) and the scattering behavior 

at single X-Ray scattering events (right). 

X-ray scattering involves elastic and inelastic processes 155. When objects are exposed to 

monochromatic waves having a wavevector with the modulus k, atoms can absorb and re-emit 

spherical waves. In inelastic scattering, some photon energy is transferred to electrons, changing 

the wavelength and preventing interference, which means no derivable structural information. 

Elastic scattering occurs when photons interact without energy transfer, causing electrons to 

oscillate and emit light at the same wavelength (with the modulus k’), with interference patterns 

depending on the position and orientation of the scattering electron. This leads to varying intensities 

on the detector and therefore allows structural investigations. The angle between the vector of the 

incoming beam and the scattered light is defined as the scattering angle 2ϴ, where the wave vectors 

of both are of the magnitude of 2π/λ (with the wavelength of the beam being λ, see Figure 1.6-1). 

The scattering vector q, which is used to describe the scattering patterns as a function of the detected 

intensity and has the dimension of inverse length units (e.g., nm-1 or Å-1), describes the difference 

between the wave vectors of the incoming and scattered beams and is given in equation 2 155,  

q =
4π

λ
 sin Θ 

 
(2) 

Repeating structural features lead to constructive interference, resulting in a higher detected 

intensity for distinct scattering vectors. This can be, for example, used to investigate the structure 

of the lipid/mRNA stacks inside lipoplexes and LNPs. By analyzing the scattering patterns, it is 

possible to detect distances and structural organizations within the nanoparticle and the radius of 

gyration of the overall particle. Overall particle characteristics can also be described by the form 

factor of the particle, since all electrons in one particle contribute to the resulting interference 

pattern. This pattern oscillates in a manner characteristic of the shape and form of the particle. 

To model these structures from small-angle X-ray scattering (SAXS) data, the Debye formula 

provides a foundational approach156. It relates the scattering intensity to the sum over all pairwise 

distances between scattering centers (e.g., electrons) within the particle, as in equation 3  

𝐼(𝑞) =  ∑ ∑ 𝑓𝑖𝑓𝑗

sin(𝑞𝑟𝑖𝑗)

𝑞𝑟𝑖𝑗

𝑁

𝑗=1

𝑁

𝑖=1

 (3) 
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where I(q) is the scattering intensity as a function of q, fi and fj are the respective scattering factors 

of two particles i and j, and rij is the distance between the two particles (see Figure 1.6-2). Each pair 

of scatterers contributes to the total scattering intensity depending on their distance and the 

scattering angle. To get an insight into real-space dimensions, the so-called pair-distance 

distribution function p(r) becomes a central concept 155. This function describes the probability of 

finding a pair of points separated by a distance r within the particle and displays essentially a 

histogram of all particle-to-particle distances (rij) weighted by their scattering factors f. By applying 

an indirect Fourier transform (IFT) to the experimental scattering data, the p(r) function can be 

derived, offering real-space insights into the particle’s internal structure and maximum 

dimension (Figure 1.6-2) 157. From the shape of the p(r) function, the shape (spherical, core-shell, 

cylindrical) of the sample can be derived. Additional parameters, like the maximum dimension Dmax, 

can be obtained. By doing so, one can gain first impressions of the particle´s size and shape, and 

combined with the utilization of the Debye formula, SAXS curves can be simulated from candidate 

models and refined to match the experimental data. This process is the basis for ab initio modeling 

approaches, which are often used in protein biology to elucidate the structure of proteins and to 

investigate potential new targets and design novel APIs by molecular modeling techniques 158,159. 

 

 

Figure 1.6-2: Relationship between particle structure (left, including internal distances (rij) 

between internal particles i and j), the pair distance distribution function (p(r) function, 

middle), and the scattering intensity measured by SAXS (right). The p(r) function can be 

derived from scattering patterns by indirect Fourier transformations (IFT) and vice versa by 

Fourier transformations (FT). 

 

For the exact determination of overall particle features, the particle needs to be as monodisperse as 

possible and adequately diluted. Therefore, size-dispersive fractionation approaches are crucial for 

detecting properties as accurately as possible 160,161. Additionally, the contrast to the solvent of the 

sample needs to be as high as possible to reach structural information in a high resolution. Since by 

SAXS analysis only point-to-point distances and their relative appearances inside the particles can 

be derived, especially for complex systems like mRNA-LNPs, complementary methods like cryo-

EM or freeze-fracture EM measurements have to be performed to prove structural assumptions. 
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Further descriptions regarding the application of SAXS as a tool in quality determination and 

formulation development, as well as the underlying formalisms, can be found in the respective 

experimental sections of this work.  
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2 Subprojects and scientific aims 

The results presented in this doctoral thesis can be divided into two subprojects. On the one hand, 

an analytical platform utilizing AF4 and SAXS was implemented to determine size distributions 

and quantify size-dependent critical quality attributes. Secondly, SAXS batch measurements were 

employed to investigate the impact of lipid composition, manufacturing approaches, and 

environmental conditions on the structural properties of lipid nanoparticles carrying mRNA, and to 

elucidate further structure-function relationships through various in vitro and in vivo experiments. 

Both subprojects were conducted in the framework of the CRC1066 (subproject B12) and the 

BMBF grant number 05K22UM3. 

 

2.1 Subproject 1: Coupling of Asymmetrical-Flow Field-Flow 

Fractionation (AF4) and Small Angle X-ray Scattering (SAXS) for 

Enhanced Characterization of Lipid mRNA Delivery Systems 

As mentioned in Chapter 1.5, the emerging delivery platforms for nucleic acids used therapeutically 

come with substantial analytical requirements to obtain in-depth characterization during 

development and to ensure quality through adequate quality control measures during clinical trials 

and in post-marketing stages. Here, size and size-related parameters, such as particle size 

distribution, morphology, content of the drug substance, and colloidal stability, need to be 

investigated in detail, because they can serve as batch release criteria and have a crucial influence 

on in vivo behavior and therapeutic potency. SAXS is a powerful tool for investigating the overall 

particle characteristics, including particle size, shape, and surface properties. It also allows for the 

investigation of internal structural features, including, for example, the mRNA-lipid stacks, whose 

morphology is assumed to influence the therapeutic performance and stability of the formulation. 

Additionally, because the SAXS signal is linearly correlated to the concentration of the analyte, it 

is a suitable method for absolute quantification of the sample. Nevertheless, discrete investigation 

of these parameters is only possible if the sample is as monodisperse as possible, which raises issues 

when investigating lipid mRNA delivery systems, which are always characterized by a certain 

2 2 
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degree of intrinsic polydispersity. Therefore, size-dispersive fractionation upstream of the SAXS 

measurement is a necessary task to obtain results of the highest quality.  

Within this project, an in-line coupling of two analytical methods was designed and, for the first 

time, implemented to assess the quality of nanoparticles, specifically those carrying mRNA. 

Particularly, the size-dispersive separation technique AF4 was used to separate particle fractions 

according to their size before in-line investigation of structural features using SAXS. This setup 

enables structural investigation of nanoparticles from nm to µm scale and overcomes the problem 

of SAXS during measurements of non-monodisperse samples. AF4, as an elution-based 

fractionation technique that does not utilize a stationary phase, enables the separation of shear-

force-sensitive samples with a large size and polydispersity range, thereby providing a useful 

alternative to the widely established SEC-SAXS combination for lipidic nanoparticles. Due to the 

numerous available downstream detection methods, the AF4-SAXS combination enables the 

detection of several overall and internal structural features, as well as RNA quantification using UV 

spectroscopy and orthogonal size determination using MALS and DLS.  

This project paved the way for applying the combination of AF4 and SAXS at the synchrotron 

facility Petra III at DESY Hamburg (Germany) and enabled the first-time acquisition of a 

quantitative dataset of size-related CQAs for mRNA-carrying nanoparticles, which our group 

continues to explore and develop for other pharmaceutical nanoparticles.  

 

 Publications obtained in this project 

(1) Melissa A. Graewert‡, *, Christoph Wilhelmy‡, Tijana Bacic‡, Jens Schuhmacher, Clement 

Blanchet, Florian Meier, Roland Drexel, Roland Welz, Bastian Kolb, Kim Bartels, Thomas 

Nawroth, Thorsten Klein, Dmitri Svergun, Peter Langguth and Heinrich Haas*. 

Quantitative size-resolved characterization of mRNA nanoparticles by in-line coupling of 

asymmetrical-flow field-flow fractionation with small angle X-ray scattering. Sci Rep 13, 

15764 (2023). doi:10.1038/s41598-023-42274-z 
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2.2 Subproject 2: In-Depth Characterization and Structure-Function-

Correlation of mRNA Lipid Nanoparticles using Small Angle X-ray 

Scattering (SAXS) 

 

Not only since the authorization of the first mRNA based drug products during the COVID-19 

pandemic, massive research capacities are used to design novel mRNA delivery systems which 

address issues and future challenges as (i) delivery to tissues and cells beyond the liver, (ii) 

endosomal escape and (iii) formation of morphological inhomogeneities (for example blebs and 

empty LNPs) among other questions (as discussed in Chapter 1.1). The basic concept of LNP 

delivery systems is very similar in FDA- and EMA-approved drug products; however, due to its 

complex lipidic composition, it offers several degrees of freedom to fine-tune the physicochemical 

properties and, consequently, the in vivo behavior of mRNA LNPs. This led to the development of 

hundreds of novel lipid components, primarily focusing on the ionizable cationic lipid, but also 

involving the substitution of other lipid components within the formulation. While this offers a large 

library of excipients that can be used for formulation development, the potency and toxicity testing 

of such novel lipids and formulations requires significant in vitro and in vivo capacities. While these 

experiments are indeed necessary and lay the groundwork for novel drug products, they are very 

time-consuming, costly, and even pose the risk of under- and overestimating the potency of lipids 

during early development stages. Having in mind that only a few general paradigms for rational 

synthesis of ionizable lipids exist, including adjustment of the lipid and formulation pKa and the 

ability of the lipid to undergo lamellar to hexagonal phase transition, the necessity of additional 

tools to estimate the potency of delivery systems arose.  

Within this project, we implemented SAXS as a tool to investigate structural features of mRNA 

LNPs and proposed distinct quality attributes, including the repeating unit of the mRNA-lipid 

stacks, the long-range order of the repeating unit, and the surface mass fractal dimension. 

Furthermore, we investigated the influence of manufacturing approaches, formulation composition, 

and environmental conditions (e.g., environmental pH) on the above-mentioned parameters to draw 

conclusions about critical process parameters, which significantly influence the SAXS-derived 

properties. By employing a combination of various characterization methods, including dynamic 

light scattering, ζ-potential measurements, and cryo-EM, among others, we were able to obtain an 

in-depth characterization of the LNP samples. By correlating these results with different 

in vitro (including different cell models) and in vivo (zebrafish embryo model) experiments, it was 

possible to elucidate novel structure-potency relationships. Particularly, we detected distinct 

structural features that are present in formulations with high transfection efficacy, which can be 

used as a quality target profile parameter in early formulation development stages. Additionally, 

these structural fingerprints can be used in quality determination testing.  
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Overall, the investigations within this project paved the way for a standardized approach to using 

SAXS as a characterization tool in the development and quality control of mRNA-carrying 

nanoparticles, by proposing distinct methods to elucidate the structural behavior of the overall 

particle and the internal organization within LNPs. 

 

 Publications obtained in this subproject 

(1) Christoph Wilhelmy‡, Isabell Sofia Keil‡, Lukas Uebbing, Martin A. Schroer, Daniel 

Franke, Thomas Nawroth, Matthias Barz, Ugur Sahin, Heinrich Haas, Mustafa Diken* and 

Peter Langguth*. Polysarcosine-Functionalized mRNA Lipid Nanoparticles Tailored for 

Immunotherapy. Pharmaceutics 2023, 15, 2068. doi:10.3390/pharmaceutics15082068 

 

(2) Dongdong Bi‡, Christoph Wilhelmy‡, Dennis Unthan, Isabell Sofia Keil, Bonan Zhao, 

Bastian Kolb, Roman I. Koning, Melissa A. Graewert, Bert Wouters, Raphaël Zwier, 

Jeroen Bussmann, Thomas Hankemeier, Mustafa Diken, Heinrich Haas, Peter Langguth*, 

Matthias Barz* and Heyang Zhang*. On the Influence of Fabrication Methods and 

Materials for mRNA-LNP Production: From Size and Morphology to Internal Structure 

and mRNA Delivery Performance In Vitro and In Vivo. Adv. Healthcare Mater. 2024, 13, 

2401252. doi: 10.1002/adhm.202401252 

 

(3) Christoph Wilhelmy‡, Lukas Uebbing, Bastian Kolb, Melissa A. Graewert, Thomas 

Nawroth, Heinrich Haas*, Peter Langguth*. Direct structural investigation of pH 

responsiveness in mRNA lipid nanoparticles: Refining paradigms. Journal of Controlled 

Release 2025, 113848, doi:10.1016/j.jconrel.2025.113848.
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3 Subproject 1: Coupling of Asymmetrical-

Flow Field-Flow Fractionation (AF4) and 

Small Angle X-ray Scattering (SAXS) for 

Enhanced Characterization of Lipid 

mRNA Delivery Systems 

 

3.1 Quantitative Size-Resolved Characterization of mRNA 

Nanoparticles by In-Line Coupling of Asymmetrical-Flow Field-

Flow Fractionation with Small Angle X-ray Scattering 

 

 Summary and Contributions 

Within this work, we designed and implemented a combinatory analytical method to investigate 

pharmaceutically used nanoparticles in terms of size and size-related properties. For this, we linked 

a size-dispersive fractionation technique (AF4) to in-solution small angle X-ray scattering (SAXS) 

at the synchrotron DESY, located in Hamburg, to enable structural investigations of separated size 

fractions of nanoparticles. The work presents a novel approach for the quantitative, size-resolved 

characterization of mRNA nanoparticles, addressing the challenges in determining size-related 

critical quality attributes, such as drug loading, free drug content, and internal structure, within 

pharmaceutical products. 

First, the setup was successfully tested with the model protein BSA, which is commonly used for 

calibration of the SAXS setup and can be separated into its oligomers (monomer, dimer, and 

potentially aggregates). As a proof-of-concept system for pharmaceutical nanoparticles we 

subsequently chose mRNA lipoplexes, as a systems which is currently undergoing clinical trials for 

several applications (see Chapter 0) and display nanoparticles with a relatively high degree of 

intrinsic polydispersity in coexistence with a fraction of free, unbound mRNA, making it a 

3 
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challenging sample for the novel setup. Traces of the downstream detectors connected to the AF4 

exhibited a good separation of free mRNA in mixture with loaded LPX particles, with the UV signal 

allowing quantification of separated unbound mRNA. Furthermore, the overlay of the AF4 

detectors with the measured scattering intensity by SAXS revealed a successful connection between 

the two analytical methods, with all signals being in good accordance with each other. The SAXS 

patterns of LPXs within a separated SAXS fraction further confirmed a successful separation, since 

no indication of larger moieties was visible and the SAXS pattern was significantly different from 

that of an unseparated batch measurement of the same sample. In addition, comparisons of 

fractionated and unfractionated mRNA revealed no differences, confirming that the separation 

process did not have an influence on drug substance stability. 

By analyzing the SAXS patterns of the respective size fractions, we observed that distinct 

parameters like the position of the characteristic Bragg peak remained similar, while others like 

peak width and peak area changed as a function of particle size. This suggests that the type of 

ordered material within the nanoparticles was consistent, and only the amount of this material per 

particle varied with increasing particle size. Furthermore, the area of the Bragg peak could be taken 

to quantify the concentration of mRNA. 

In combination, the different detection possibilities of the AF4-SAXS enabled the determination of 

distinct particle sizes, the quantification of total material within the respective particle size fractions, 

and the internal organization of the particles. By combining this information with generally 

accepted formalisms, it was possible to determine the particle size distributions of LPX and to 

obtain subsequent quantitative profiles of drug loading parameters, including the number of LPX 

particles, RNA copy number, and RNA copy number per particle. 

This proof-of-concept experiment should pave the way for the application of this setup to all kinds 

of pharmaceutically used nanoparticulate drug products. To date, our group has further refined this 

setup with applications to other mRNA-based particles, such as LNPs, as well as liposomal products 

carrying small molecules as APIs. 
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This work was published in the following article: 

Graewert, M.A.‡, Wilhelmy, C.‡, Bacic, T.‡ et al. Quantitative size-resolved characterization of 

mRNA nanoparticles by in-line coupling of asymmetrical-flow field-flow fractionation with small 

angle X-ray scattering. Sci Rep 13, 15764 (2023). https://doi.org/10.1038/s41598-023-42274-z 

 

‡ These authors contributed equally to this work. 

Own contribution: 

Authorship:  First author 

Investigations: Execution of experiments at the beamline 

Data analysis: Gathering and organization of raw data, Structural analysis of SAXS data for 

lipoplex samples 

Writing: Writing of original draft, review and editing 

 

Contribution of all authors: 

Conceptualization: M.G., P.L., and H.H  

Methodology: M.G., T.B., J.S., F.M., R.D., R.W., P.L., and H.H  

Investigation: M.G., C.W., T.B., F.M., R.D., R.W., B.K., and K.B. 

Project administration, supervision: M.G., T.K., D.S., P.L., and H.H  

Data analysis: M.G., C.W., T.B., J.S., C.B., F.M., R.D., R.W., T.N., D.S., and H.H.  

Writing—original draft: M.G., C.W., T.B., J.S., F.M., R.D., R.W., P.L., and H.H  

Writing – review & editing: all. 
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4 Subproject 2: In-Depth Characterization 

and Structure-Function-Correlation of 

mRNA Lipid Nanoparticles using Small 

Angle X-ray Scattering (SAXS) 

 

4.1 Polysarcosine-Functionalized mRNA Lipid Nanoparticles Tailored 

for Immunotherapy 

 Summary and Contributions 

 

Figure 4.1-1. Graphical abstract of the publication 4.1. LNP formulations of systematically 

varied lipid composition were tested in SAXS for internal structure investigation as well as 

for biological performance using hPBMCs to explore structure-function relationships for 

mRNA LNPs. As published in 89. 
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This work aimed to derive novel insights into the structure-function relationships of mRNA LNPs 

by comparing results from physicochemical and structural investigations, utilizing SAXS among 

other techniques, with in vitro cellular uptake and transfection efficacy experiments. As mentioned 

in Chapter 1.4, the composition of lipid nanoparticles significantly influences their physicochemical 

properties and, consequently, determines their therapeutic potency. Therefore, it is crucial to gain 

as much insight as possible into the effects of composition on structural aspects, in order to provide 

a solid foundation for future developments and further improvements of existing products.  

To address this, we systematically varied single lipid excipients of the respective functional lipid 

components, namely the ionizable lipid (DODMA vs. DLin-MC3-DMA), the helper phospholipid 

(DOPE vs. DOPC), and the stealth moiety (PEG vs. pSar). The obtained physicochemical results 

were then compared with the biological assay conducted on hPBMCs with Thy1.1 reporter mRNA 

for transfection efficacy testing and Cy5-labelled Luc encoding mRNA for cellular uptake studies, 

respectively.  

The SAXS measurements revealed significant structural variation in LNPs based on their lipid 

composition. The internal structural features of LNPs were influenced by the choice of ionizable 

lipid and phospholipid but not by the selection of the stealth moiety. In particular, DLin-MC3-DMA, 

as an ionizable lipid, and DOPE, as a helper lipid, resulted in significantly smaller repeating unit 

distances in the mRNA-lipid stacks compared to DODMA and DOPC across all tested 

compositions. The selection of the stealth moiety, on the other hand, had a considerable impact on 

the surface properties of the mRNA LNPs. While choosing DLin-MC3-DMA as the ionizable 

component generally increased the surface roughness of the LNPs, substituting PEG with pSar 

further enhanced the surface roughness properties of LNPs, especially at low pH values, which 

occur in late endosomes during cellular uptake. 

Biological testing revealed that pSar-grafted LNPs demonstrated improved transfection efficacy 

compared to PEG-grafted LNPs. As shown in cellular binding and uptake studies, pSar also 

contributes to nearly complete cell binding of LNPs to monocytes, whereas PEG results in much 

lower values. This could explain the improved transfection efficacy. Furthermore, the choice of 

DLin-MC3-DMA and DOPE led to enhanced transfection efficacy compared to their tested analogs, 

with the LNP comprising DLin-MC3-DMA, DOPE, and pSar showing the highest potency. We 

therefore hypothesize that a high internal packing density of the mRNA-lipid complex, combined 

with the ability to exhibit high surface roughness at decreasing pH, leads to enhanced biological 

potency in monocytes, a subfraction of the hPBMCs. 

Our results establish a foundation for a deeper understanding of the correlations between structure 

and potency, as well as how SAXS measurements can aid in the comprehensive characterization 

and evaluation of mRNA drug products.  
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This work was published in the following article: 

Wilhelmy, C. ‡; Keil, I.S. ‡; Uebbing, L. et al. Polysarcosine-Functionalized mRNA Lipid 

Nanoparticles Tailored for Immunotherapy. Pharmaceutics 2023, 15, 2068. 

https://doi.org/10.3390/pharmaceutics15082068 

‡ These authors contributed equally to this work. 

Own contributions: 

Authorship: First author 

Methodology, validation, data curation 

Formal Analysis and investigation: Preparation of samples, investigation of SAXS experiments, 

structural analysis 

Writing: original draft, visualization, review and editing 

 

Contribution of all authors: 

Conceptualization: P.L., H.H., and U.S. 

Methodology: C.W., I.S.K., and L.U. 

Software: C.W. and I.S.K. 

Validation: C.W., I.S.K., H.H., M.B., and P.L. 

Formal analysis: C.W. and I.S.K. 

Investigation: C.W. and I.S.K. 

Resources: P.L., U.S., M.D., and M.B. 

Data curation: C.W. and I.S.K. 

Writing—original draft preparation: C.W. and I.S.K. 

Writing—review and editing: C.W., I.S.K., L.U., M.A.S., D.F., T.N., M.D., H.H., M.B., and P.L. 

Visualization: C.W. and I.S.K. 

Supervision: P.L., M.D., M.B., U.S., and H.H. 

Project administration: P.L., M.D., M.B., and U.S. 

Funding acquisition: P.L., M.B., and U.S.  
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4.2 On the Influence of Fabrication Methods and Materials for mRNA-

LNP Production: From Size and Morphology to Internal Structure 

and mRNA Delivery Performance In Vitro and In Vivo 

 Summary and Contributions 

 

Figure 4.2-1. Graphical abstract of the publication 4.2. A novel microfluidic process (CD) was 

tested against two established manufacturing methods (NA and EI) by investigating structure 

and morphology along with biological performance in vitro and in vivo using a zebrafish 

embryo model. As published in 88. 

 

Microfluidic approaches to ethanol injection methods are the gold standard for producing mRNA 

LNPs, ranging from lab scale to batch production for clinical studies and marketed products. Using 

standardized production methods is crucial to ensure the manufacturing of reproducible batches 

with consistent quality and efficacy of the drug product. Besides commercially available 

microfluidic platforms, such as the NanoAssemblr®, various customized chaotic mixing systems 

are available, all of which lead to nanoparticles with comparable sizes. In this work, we employed 

physicochemical characterization tools to elucidate the effects of various ethanol injection 

approaches and stealth moieties on the structure and morphology of LNPs. Ultimately, we 

conducted various in vitro and in vivo potency experiments to investigate the impact of structure on 

transfection performance. Gaining insight into the influence of these properties on structure and 

function can also help define quality target product profiles, which can be utilized during upscaling 

processes or product development using Quality-by-Design approaches.  
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In the first part of the work, a customized microfluidic mixing device was designed based on a 

staggered herringbone micromixer, and the optimal mixing properties, defined by the total flow rate 

and the flow rate ratio between the aqueous and ethanolic phases, were explored. LNPs produced 

with this customized device (CD) were compared with LNPs manufactured using a manual ethanol 

injection (EI) approach and a commercial microfluidic platform, NanoAssemblr® (NA). 

Physicochemical investigations were performed, including cryo-EM and SAXS measurements, to 

elucidate structural aspects of the respective LNPs. While the microfluidic approaches produced 

LNPs with similar sizes, the manual approach resulted in significantly larger particles. Furthermore, 

in cryo-EM, the manual produced LNPs exhibited lipidic bleb substructures, which were not visible 

for the other two manufacturing methods. Despite being similar in size, in-depth analysis revealed 

discrete differences between the two microfluidically produced LNPs in their internal organization, 

with CD-derived LNPs exhibiting a higher packing density and greater surface fractality than NA-

LNPs. Additionally, using pSar-lipids instead of PEGylated lipids resulted in increased surface 

roughness, regardless of the production approach employed.  

In vitro experiments using adherent HepG2 cells and suspended Jurkat T cells revealed cell-type-

dependent differences in transfection efficacy, with larger particles being more effective in HepG2 

cells, while smaller particles, particularly when grafted with pSar, were more efficient in Jurkat T 

cells. In vivo biodistribution and transfection studies utilizing a zebrafish embryo model showed 

higher aggregation levels in circulation for manually produced particles, which can be attributed to 

their larger size and higher inhomogeneity. Nevertheless, the transfection levels were comparable 

to those of the other two manufacturing methods. 

Our work highlights the influence of the manufacturing procedure for mRNA LNPs and how 

particles with similar sizes and morphologies, as detected by DLS and cryo-EM, can still differ in 

their internal organization. Mixing speed and mixing channel geometry highly influence 

physicochemical properties, but this can still yield comparable transfection potential. Therefore, 

gaining more insights into how structure ultimately influences the in vivo distribution and potency 

is of crucial interest for improving existing delivery platforms.  
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This work was published in the following article: 

 

Dongdong Bi‡, Christoph Wilhelmy‡, Dennis Unthan et al. On the Influence of Fabrication Methods 

and Materials for mRNA-LNP Production: From Size and Morphology to Internal Structure and 

mRNA Delivery Performance In Vitro and In Vivo. Adv. Healthcare Mater. 2024, 13, 

2401252. doi: 10.1002/adhm.202401252 

 

‡ These authors contributed equally to this work. 
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4.3 Direct structural investigation of pH responsiveness in mRNA LNPs: 

refining paradigms 

 Summary and Contributions 

 

Figure 4.3-1: Graphical abstract of the publication 4.3. Different mRNA LNP formulations 

with varying compositions (ionizable lipid, N/P ratio) were investigated using SAXS in 

different environmental pH buffers. Structural investigations revealed organizational 

features present in highly potent formulations, as well as structural parameters that are 

altered by pH, allowing for the determination of structural pKa values. As published in 162. 

 

Despite the extensive research conducted not only since the COVID-19 pandemic, a deep 

understanding of how the composition of LNPs influences therapeutic performance remains 

unclear. Specifically, the choice of ionizable lipid has a significant impact on both the 

physicochemical properties and in vivo behavior. During manufacturing, the ionizable lipid 

component complexes the mRNA due to its cationic charge in acidic media. After administration 

at near-neutral physiological pH, the formulation possesses no net charge, thereby allowing longer 

circulation times and reducing charge-related toxicities. During endosomal uptake, the stepwise 

acidification of the endosomal compartment allows positive charges to reappear, facilitating the 

release of nucleic acids into the cell's cytosol. Therefore, gaining deeper insights into the structure-

function relationships for the ionizable lipid and understanding how environmental pH influences 

the structural features of the formulation is crucial for improving formulations for future 

applications. 

Within this project, the influence of ionizable lipids, as well as the lipid-to-mRNA ratio (N/P ratio), 

on structure was investigated as a function of environmental pH. For this, SAXS measurements 

were performed in different pH buffers, ranging from acidic conditions at pH 4.5 to near-neutral or 

basic conditions (pH 8 or 10, depending on N/P ratio). In the first part of the work, different 

ionizable lipids in otherwise similar LNP formulations were investigated, where lipids with known 
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activity (varying from low to highly potent lipids) were chosen. The distance of the repeating unit 

changed with pH, allowing for the determination of a structural pKa value of the formulation. Here, 

depending on the lipid composition, differences from the standard pKa determination using 

fluorescence dyes could be distinguished. Furthermore, distinct structural features that varied along 

with known transfection potential were revealed, including the repeating unit distance and surface 

mass fractality. These could serve as predictors of good biological performance if used in screening 

experiments. 

In the second part of the work, the influence of the N/P ratio on SAXS-derived parameters and the 

pH responsiveness of these were investigated. Here, we tested formulations ranging from mRNA 

excess (N/P<1) to ionizable lipid excess (N/P>1). While mRNA excess during formulation led to 

LNPs with uniform structural organization, LNPs with an excess of ionizable lipid exhibit SAXS 

patterns with overlapping scattering motifs, indicating structural heterogeneity. Furthermore, the 

repeating unit distance, long-range order, and surface roughness are influenced by the N/P ratio. 

Notably, the pH-responsive behavior of the LNPs is affected, with an increased molar ratio of RNA 

leading to a shift in the pKa value towards higher values. This highlights that not only the choice of 

ionizable lipids but also the mRNA-to-lipid ratio can be used to fine-tune formulations for different 

targeted cell types with varying ionizable requirements. 

The results of this work can help to elucidate the implications of compositional and environmental 

changes on the structure and function of formulations. We propose general, applicable standards 

for analyzing SAXS experiments of mRNA-carrying nanoparticles and identifying parameters that 

can be used for quality determination or as potency predictors in early formulation development 

studies. 

 

  



 

 
115 

This work was published in the following article: 

Wilhelmy, C.; Uebbing, L.; Kolb, B et al. Direct structural investigation of pH responsiveness in 

mRNA lipid nanoparticles: Refining paradigms. Journal of Controlled Release 2025, 113848, 

doi:10.1016/j.jconrel.2025.113848. 
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Formal analysis: C.W.  

Funding acquisition, P.L.  

Investigation: C.W., L.U., B.K., M.G.  
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5 Discussion and Outlook 

Lipid delivery systems for mRNA delivery have emerged from a promising platform to a new class 

of approved drug products in the last decade. While their success as a vaccine during the COVID-

19 pandemic led to the widespread use of mRNA LNPs globally, with the rapid approval of mRNA 

vaccines by several regulatory agencies, many aspects of this platform remain elusive to the 

research community. To date, only a few recommendations and guidelines exist for determining the 

quality of the drug substance and drug product. Especially for determining drug product integrity, 

numerous established analytical methods, including DLS or MALS, exist and are used in daily 

quality control routines. However, the results of these methods can be biased by intrinsic 

polydispersity or structural inhomogeneities and require a deep understanding of the product to be 

interpreted correctly. This knowledge can be obtained through in-depth characterization during 

formulation development stages using analytical techniques such as SAXS, which are not 

applicable as a tool for daily routine but can provide several information that are not obtainable by 

DLS or other approaches. Likewise, for structure-function relationships that could build a basis for 

the more rational development of LNP systems, paradigms exist but do not answer every open 

question and therefore need to be refined to be useful for future development. This results in tedious 

work for screening lipids and formulations in vitro and in vivo, which, on the one hand, is very 

time- and resource-consuming and, additionally, carries the risk of underestimating candidates in 

early development stages. Elucidating additional organizational features that can be indicative of 

good biological performance broadens the available methods to estimate the potencies of mRNA 

LNP drug products and is therefore of high interest to both academia and the pharmaceutical 

industry. 

In this work, a series of structural investigations was conducted to gain an in-depth understanding 

of the organizational features of mRNA LNPs and their impact on the quality and performance of 

LNP drug products. One part of the doctoral research comprised the design and implementation of 

a novel combinational technique, providing a joint analysis of size and size-dependent quality 

attributes through the hyphenation of AF4 and SAXS. The other project aimed to gain more insights 

into the influence of manufacturing and composition parameters on the overall and internal structure 

of LNPs by utilizing SAXS, and further correlating this information with the in vitro and in vivo 

performance of the respective formulations. The work presented in this thesis is summarized in four 

scientific publications, as outlined in Chapters 3 and 4. Together, these studies make a significant 
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contribution to the field, paving the way for novel applications and improvements to existing 

mRNA LNP-based nanotherapeutics. 

 

Within the first project, the development of joint AF4-SAXS analysis aimed to fill the gap in 

missing quantitative determination approaches for the size-dependent properties of pharmaceutical 

nanoparticles. To tackle this unmet need, an in-line coupling of AF4 separation, accompanied by 

the typical downstream detection methods (MALS, DLS, UV), with synchrotron solution SAXS 

was implemented. This enables the orthogonal determination of particle size along with particle-

size-related parameters. Here, the ability of SAXS to quantify analytes can be used to generate 

datasets of distinct sample size fractions, which can be further correlated with the downstream AF4 

detectors. This connected setup enabled us to overcome the limitation of batch measurements in 

SAXS, where samples with intrinsic polydispersity result in the overlay of signals obtained from 

different particle types. Therefore, it is highly important to provide samples as homogenous in size 

and morphology as possible for quantitative analysis. A combination of SAXS with SEC has 

already been established in several synchrotron sources, but it lacks usability with lipidic delivery 

systems and other pharmaceutically used nanoparticles. High shear forces during SEC separation, 

for example, can affect the morphology of the particles. Additionally, the fact that larger particles, 

such as agglomerates, elute lastly after the smaller size fractions with AF4 separation, leads to 

reduced capillary fouling (reduced performance due to surface depositions within the capillary) in 

SAXS, as agglomerates are more prone to radiation damage. This often leads to reduced data quality 

for smaller moieties in SEC-SAXS coupling, where the large moieties elute first. Based on the 

frequent use of the SEC-SAXS setup, we assumed a high interest also from other groups in using 

our joint AF4-SAXS setup, since it increases the variety of measurable systems. These include, 

besides nanoparticular vehicles as lipoplexes and LNPs, also pharmaceutically protein 

formulations, such as antibodies, nanobodies, or other peptide-based drugs.  

For proof of concept of the combinational approach, we investigated the protein sample BSA as 

well as mRNA-carrying lipoplexes as model systems. These tested lipoplexes, to date, are the 

subject of several clinical studies, as explained in Chapter 0, and possess several benefits that make 

them a suitable model system for the initial study. They exhibited (i) relatively large sizes for 

nanoparticulate drug products (200-800 nm), they (ii) come along with high intrinsic polydispersity 

(both, in case they are not homogenized downstream of manufacturing), and (iii) they were 

manufactured with an excess of mRNA, thus, providing a section of free mRNA additionally to the 

lipoplexes. The latter allowed for the separation of two fractions of material inside the sample, 

which were significantly different in size and nature of material, and therefore presented an 

adequate challenge for the setup. Despite proving the application of this setup as described in the 

respective publication, many questions and tasks remained to be addressed for implementing AF4-

SAXS into the beamline facility, located at the EMBL Hamburg outstation at DESY, to make it 
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accessible to users worldwide. These include the integration of software into the user interface of 

the beamline, which enables the use of the integrated autosampler and allows for multiple runs 

within a sequence through the already established software of the P12 beamline. While this work 

was conducted by the experts at the beamline in Hamburg, we contributed through our hands-on 

experience from several AF4-SAXS experiments, detecting recurring errors or pitfalls that could 

be addressed in the subsequent updates. Further improvements, implemented since the pilot 

experiment, include automatic cleaning in place during longer measurement sequences and a 

standardized approach to provide the collected data to the user.  

The successful experiments from Chapter 3 encouraged us to expand the investigated systems to 

other already approved drug products in ongoing studies. In the first follow-up studies, currently 

being prepared for publication, we continued our work with mRNA-carrying LNPs, which are more 

in focus than lipoplexes for RNA delivery, but exhibit a more complex structure and therefore 

present additional challenges for the analysis. One often-discussed topic is the payload distribution 

of mRNA, because it influences pharmacodynamics, pharmacokinetics, and delivery efficacy 163. 

Based on the proven ability to provide quantitative data on the size distribution, as well as the 

mRNA payload distribution within the respective size fractions, we are convinced that our joint 

analysis can answer remaining questions, such as the presence of empty LNPs in coexistence with 

loaded LNPs. In addition, we are investigating the in vitro potency of different size fractions of 

LNPs to elucidate how size and loading capacity of LNPs influence their transfection efficacy in 

different cell types in future works. 

Also, other than mRNA-based nanoparticulate drug products, are currently being investigated in 

this setup. For example, we performed experiments on Amphotericin B loaded generic drug 

products to assess their comparability to the originating drug product. These medications are used 

to treat invasive fungal infections, particularly in immunosuppressed patients with a high need in 

low-income countries 164. Given the toxicity of the API and the high costs of the treatment, 

application of generic liposomal Amphotericin B drug products from countries other than Europe 

or the United States, and the evaluation of their quality, becomes a crucial point for authorizing 

agencies to overcome supply barriers 164,165. Due to this, we believe the AF4-SAXS combination 

could be a valuable tool for determining particle size and payload distribution of generic products, 

which may serve as the basis for determining pharmaceutical equivalence and eventually 

bioequivalence for these and comparable drug products. 

 

In the second part of the work, the influences of formulation parameters and external conditions on 

the structure and function of mRNA LNPs were investigated in different studies (Chapter 4). As 

explained previously (Chapter 1.3 and 1.4), different manufacturing methods and lipid excipients 

can be employed to produce mRNA LNPs, resulting in formulations with varying physicochemical 

properties and therapeutic potencies. While the effect of formulation parameters on in vitro and in 
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vivo efficacy is often described, the implications for organizational properties are rarely addressed 

in recent research approaches. Therefore, we aimed to systematically investigate the LNP structure 

using SAXS and corresponding physicochemical investigation tools, focusing on changes in 

composition, manufacturing method, or environmental conditions.  

 

SAXS enables the determination of several structural parameters, both for the overall particle and 

its internal organization. While the detection of particle size, as explained before, is limited without 

a respective fractionation technique, the internal features can also be evaluated without upstream 

separation of particle fractions, since they remain similar in different particle size ranges. 

Parameters, which are obtainable from these kinds of measurements, are the surface fractal 

dimension, repeating unit distance, and long-range order of these repeating units. The surface fractal 

dimension is derived from the intensity decay in the lower q-ranges of the SAXS spectrum. By 

using a power law, the Porod exponent, which describes the steepness of the intensity decay, can 

be analyzed. A steeper decay is indicative of smooth surfaces, whereas a decreasing Porod exponent 

can describe increased surface roughness or even polymer chain-like fractality. Besides this 

intensity decay in lower q-ranges, SAXS patterns derived from LNPs are characterized by a peak 

at a distinct q-value, which is attributed to frequently occurring structural motifs. As a matter of the 

repeating distance of these structural motifs, the peak position is shifted, whereas the extent of 

ordered stacks influences the width of the derived peak. As shown in several SAXS studies in our 

group, these detectable repeating distances for lipid mRNA delivery systems are derived from lipid 

stacks with mRNA inserted in the hydrophilic slab between them 99,166. While lipoplexes exhibit 

sharp peaks with frequently occurring higher-order peaks, the reflexes in LNP samples are broader. 

The sharp peaks, indicating a high long-range order of the mRNA/lipid stacks, are due to the 

multilayer order of lipoplexes (see Fehler! Verweisquelle konnte nicht gefunden werden. in the 

introduction). Since in LNPs these multilayers are not present and the mRNA is more incorporated 

into lipid layers with lower long-range order, the peaks appear to be broader. In the following, the 

long-range order, as derived from peak width, is explained in terms of the correlation length. The 

peak position is indicative of the length scale of repeating units (e.g., mRNA/lipid stacks) and can 

be described as the d-spacing, which was originally used to describe crystalline structures but is 

also applicable to lipid bilayer systems 167. 

 

One scientific goal was to elucidate the effects of substitutions in the stealth moiety of mRNA 

LNPs, where PEGylated lipids are currently the gold standard, but also pose some risk of rapid in-

circulation clearance and adverse effects (see Chapter 1.4.4). The use of PEG alternatives can 

circumvent, for example, the accelerated blood clearance (ABC) phenomenon as shown in animal 

models 124. Polysarcosine as a potential substitute has been shown to exhibit comparable stealth 

effects and transfection efficacy in several studies within our subproject B12 of the CRC1066 121–
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123,125. The biocompatibility and biodegradability can, on one hand, explain the lower 

immunogenicity as a polypeptoide polymer. The N-methylation of the amine within the sarcosine 

units, on the other hand, prevents hydrogen bonding, which normally contributes to immune 

recognition in classical peptides121. The N-methylation additionally leads to an impeded enzymatic 

degradation during circulation, which prevents the. Additionally, due to potential end-group 

modifications, it enables flexible functionalization with antibodies or antibody fragments. To 

further broaden the knowledge about pSar as an LNP excipient, the structural implications were 

investigated in two studies and subsequently correlated with its potency in in vitro and in vivo 

models (see Chapters 4.1 and 4.2). While internal structure (e.g., the repeating distance and long-

range order of the mRNA-lipid stacks) was not or only to a small extent influenced by the choice 

of stealth moiety, the surface properties showed a larger effect upon PEG substitution. Particularly, 

according to the SAXS data, the surface fractal dimension was increased for pSar-grafted LNPs in 

comparison to PEG-grafted LNPs. These differences became even clearer in acidic media, which 

is the local environment during endosomal uptake pathways. One explanation may be that the amine 

headgroup of pSar potentially exhibits a positive charge in acidic media, and therefore shows a 

higher response to pH changes. The otherwise unaffected structural features are indicative of 

negligible integration of the stealth moieties within the particle core, where they would contribute 

to mRNA complexation and, consequently, influence the integrity and stability of the drug 

substance. In our in vitro testing study on hPBMCs, the tolerability of pSar-LNPs was again 

demonstrated to be good. For transfection efficacy in monocytes, as one subpopulation of the 

hPBMCs, all pSar-containing LNPs showed significantly higher transfection efficacy than their 

PEG-containing analogues (see Chapter 4.1). As demonstrated by cell binding assays, the pSar-

grafted LNPs also exhibited a higher association with cells, which may be one explanation for the 

better transfection efficacy. Similarly, in our in vitro studies using other cell lines (adherent HepG2 

cells and suspended Jurkat T cells), pSar-LNPs outperformed PEG-LNPs, regardless of the 

manufacturing approach used, with differences varying among the tested cells. In Jurkat T cells, the 

advantage of pSar in transfection efficacy was highest for microfluidic-produced particles, but was 

comparable for particles produced using the pipetting ethanol injection approach (which resulted in 

larger particle sizes). The favorable performance of small particles in suspended cell lines, such as 

Jurkat T, may explain the lack of pSar benefit in bigger particles, while the benefit was outstanding 

for small particles. This highlights that variation in transfection efficacy depends not only on the 

lipid composition, but also on a complex interplay of various factors such as particle size and cell 

line-specific requirements. Despite the advantages of pSar during in vitro experiments, in vivo 

experiments using a zebrafish embryo model did not exhibit significant benefits of pSar, but 

comparable biodistribution and transfection results compared with PEG. Summarizing our results, 

we are convinced that pSar is a promising alternative to PEGylation in nanomedicines, having a 
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minor influence on morphology and biodistribution, while showing cell-type-dependent advantages 

or at least comparable efficacy in all test systems to PEG. 

While a high (surface) fractal dimension could be reached through pSar-grafting, other parameters 

have also been shown to influence the surface roughness of LNPs. On the one hand, the 

manufacturing method affects the morphology of the overall particle and, with that, also surface 

properties. While microfluidic approaches lead to smaller particles with smoother surfaces, 

especially pipetting-based, unstandardized mixing approaches led to particles twice as big in size, 

bearing distinct morphologies. As visible in cryo-TEM images, these particles exhibit so-called 

blebs, lipidic substructures derived from phase segregation of lipid excipients 30,168. While these are 

preferably formed from phospholipids not compatible with hexagonal lipid phases, such as DSPC, 

we were also able to observe these for particles manufactured with DOPE, a phospholipid known 

for its tendency to undergo hexagonal transitions 104. We hypothesize that the slow mixing 

conditions during pipette mixing facilitate the formation of blebs, independent of the lipid 

composition. This observation of bleb occurrence also contributed to an increased mass surface 

fractality for these particles, as detected by SAXS. While the comparison of the three manufacturing 

approaches did not significantly influence in vivo transfection efficacy, experiments for 

biodistribution revealed a higher tendency towards aggregation during circulation for the larger 

particles with higher surface fractality and bleb formation. Here, it is noteworthy to mention that 

comparability of the particles was somehow limited because of the significant differences in particle 

size, so the effects of surface fractality on potency could not properly be assessed.  

The choice of ionizable lipids also influences surface fractality. As shown in Chapter 4.1, MC3-

based LNPs exhibited significantly higher surface fractality than the LNPs composed of DODMA. 

Interestingly, this also correlated with transfection efficacy in monocytes. To further investigate 

this relationship, a comparative study of 4 different ionizable lipids was conducted (see Chapter 

4.3), where the potency was varying from weak to high, as it is well known from literature and own 

experiments 89,96,169,170. While DODAP-LNPs, comprising an ionizable lipid with known low 

transfection potency, exhibited the lowest fractal dimension in an acidic environment, with 

increasing known potency, the surface fractality and thus the surface roughness increased 

(DODMA<MC3<ALC-0315). Additionally, DODAP-LNPs did not show a pH-responsive change 

of surface fractality, whereas all LNPs manufactured with other ionizable lipids exhibited an 

increase upon acidification. Overall, our results from structural studies guide towards a positive 

influence of high surface fractality, especially at acidic pH, on the transfection potency of the 

delivery system. We hypothesize that this structural feature of LNPs is favorable during endosomal 

escape, where positively charged lipids of the LNPs interact with negatively charged endosomal 

membrane lipids, facilitating membrane rupture and subsequent release of the nucleic acid cargo 

into the cytosol (see Chapter 1.4.1, Figure 1.4-2). We assume that an increased fractal dimension 

may reduce the energy barrier for membrane rupture, leading to higher permeability of the 
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endosomal membrane. To confirm this, experiments on model membrane systems may be applied 

(e.g., Atomic Force Microscopy) to investigate the interactions between LNPs and oppositely 

charged lipid membranes in detail.  

Another structural feature, which was detectable by SAXS analysis and correlated with LNP 

activity, is the distance and long-range order of the repeating units, which are derived from the 

mRNA/lipid interactions (e.g., the d-spacing and correlation length). As described in Chapter 4.1, 

DOPE and MC3-containing LNPs, which exhibited the highest surface protein expression levels in 

this experiment, also showed one of the lowest d‑spacings and one of the highest correlation lengths. 

By investigating all formulations only varying in their ionizable lipid, a significant decrease in d-

spacing and an increase in correlation length were visible for MC3-LNPs compared to their 

DODMA analogues. Also, in our comparative study with multiple ionizable lipids, a low d-spacing 

and relatively high correlation length correlated with the known activity from the lipid excipients. 

This high perpendicular packing density is a second structural indicator that may be used to estimate 

the therapeutic potency of mRNA LNP systems. The dense complexation of the mRNA is 

hypothesized to be beneficial from the perspective of drug substance and drug product stability, 

both during storage and after administration.  

The properties of the mRNA/lipid stacks are additionally influenced by the lipid-to-mRNA ratio 

(N/P ratio). Increasing molar fractions of mRNA within LNPs lead to an increase in d‑spacing and 

correlation length. Interestingly, most LNP formulations described in the research community are 

characterized by a high excess of ionizable lipid (N/P ratio>>1). One explanation for the lack of 

using systems with an excess of mRNA may be the lower perpendicular packing density of mRNA 

within these formulations, but this needs to be confirmed with further experiments. 

In addition to modifications of the mRNA/lipid interactions, N/P ratio variations also led to 

conversions in the overall organization of the LNP systems. With an excess of mRNA (N/P ratio < 

1) the SAXS patterns revealed a single pronounced Bragg peak, indicative of one single type of 

structural features inside the particle. With increasing molar fraction of ionizable lipids a second 

Bragg peak has been observed, indicative of a second lipid substructure with larger repeating 

distances. Because of the pH-responsive behavior of this second peak, indicating no change or, in 

some cases, a decrease in repeating distance with increasing pH, it may be derived from an mRNA-

depleted structural motif. Notably, with the batch measurements, where these results were observed, 

it is hard to distinguish if these different structural motifs derive from different fractions of LNPs 

or from LNPs bearing different lipidic motifs in one particle. While batch measurements average 

the scattering intensities from all measured particles, thus leading to an overlay of different 

scattering profiles, an upstream fractionation technique, as explained in Chapter 3.1 could clarify 

the results in this regard, and is the scope of future investigations in our group. Additional 

measurements using freeze-fracture EM would help to prove the assumptions from the batch 

measurements. Also, surface properties were influenced by the N/P ratio. With an excess of mRNA, 
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a fractality was observed, which exceeds the surface fractality observed for LNPs in case of an 

excess of ionizable lipid. It may be explained by mRNA building shell-like structures at the surface 

of the particles. Since mRNA is basically a biopolymer, when building a shell on the particle 

surface, in the SAXS patterns, the surface properties of the “polymeric coat” dominate so that a 

mass fractality of a polymeric chain is detectable. These results highlight that not only the choice 

of lipid components and manufacturing methods, but also the mRNA-lipid ratio, highly influence 

the structural organization of mRNA LNPs and are a valid tool for fine-tuning formulations. 

What further underlines this is its influence on the pH-responsive behavior of LNPs as shown in 

Chapter 4.3. The apparent pKa of the LNPs, determined by the fluorescence-based TNS assay, is 

shifted towards higher values with decreasing N/P ratio, with values around 8 at N/P 0.2, whereas 

at N/P 5 the values are between 6 and 7. The composition is affecting the local environment of the 

ionizable lipid´s amine groups, therefore influencing their level of protonation with varying pH. 

The pKa of the LNP formulation crucially impacts the activity of the mRNA drug product, and thus, 

determining an optimal pKa for the intended application is one of the main paradigms for rational 

formulation design in this field 171. Thereby, different administration routes and targeted therapeutic 

intervention require different pKas of the LNPs (see Chapter 1.4.1), and changes in the formulation's 

pKa led to organ/tissue-specific expression in vivo 26. Adjusting the pH-responsive behavior not 

only with the choice of the ionizable lipids but also with varying N/P ratio, may open another tool 

to fine-tune the delivery systems according to their intended use.  

Because of the observed pH-responsive properties of distinct structural features during SAXS 

experiments with varying pH environments, a structural analogue to the fluorescence-based value 

was established within this work. It is derived from the length of the repeating units (e.g., d‑spacing) 

and thus reflects the conditions of the API inside the delivery system. While the TNS assay is a 

well-established, easy-to-apply method for determining the apparent pKa, it has distinct limitations. 

Experimental conditions (e.g., buffer choice) highly influence the results and impede comparability 

between different labs. Furthermore, it only reflects the pH-dependent behavior of accessible amine 

groups, most likely describing the situation on the particle surface. In contrast, the SAXS‑based 

structural approach directly displays the situation inside the LNPs where mRNA is complexed and 

provides a buffer-independent readout for the pKa. Using this method, it was possible to detect 

certain variations from the TNS-based results, which underline the potential of our method in 

detecting information which are not visible for the established assay. For example, there are 

significant differences in the pKa of DODAP and ALC-0315-based LNPs between the two 

approaches. The origin of these differences remains unknown at this point, but needs to be proven 

and elucidated in upcoming experiments. 

Summarizing our results, we paved the way for applying SAXS as a tool for the determination of 

critical quality attributes for lipid delivery systems carrying mRNA. While SAXS has so far mainly 

been used descriptively, without in-depth characterization of the respective scattering patterns, we 
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proposed strategies to use the technique in a standardized approach. By doing so, it is possible to 

determine the state of the mRNA/lipid complex, which can be used for indications of potency and 

stability perspectives. Surface fractality as a property, which was not considered for standard SAXS 

analysis for LNPs so far, was described to be correlated with high therapeutic efficacy. 

Determination of such structural fingerprints, which could help with potency estimations, may be 

beneficial in early development stages as complementary measures to biological testing. By 

investigating the influences of lipid composition, manufacturing approaches, and external 

conditions on structure and function, we set the basis to describe critical process parameters and 

critical quality attributes, which can be further used in upscaling from small to large batches and 

rational development of mRNA LNP drug products using quality by design approaches. 
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Figure 1.4-2. Endosomal escape mechanisms for mRNA LNPs. Following endocytosis, stepwise 

acidification during endosomal maturation leads to the protonation of ionizable lipids and 

subsequent interaction with negatively charged lipids within the endosomal membrane, 

resulting in the destabilization of the endosomal membrane. This facilitates the release of the 

nucleic acid cargo into the cytosol. Adopted from 102. .......................................................... 20 

Figure 1.5-1: Schematic overview of size determination using Dynamic Light Scattering (DLS). 

The incoming monochromatic laser beam is scattered by particles and detected, e.g., at an 

173° angle in non-invasive back scattering (NIBS) methods. Particles in Brownian motion 

can be detected at different positions and time points, so the lag time τ of correlating signals 

from the same particles can be detected. Cumulative events of the whole entity of particles 

result in a detected count rate of photons. Correlation analysis of the detector signals yields 

the autocorrelation function, from which the diffusion coefficient can be determined to 

calculate the hydrodynamic diameter. ................................................................................... 29 

Figure 1.5-2: Structural features detectable by Lorentzian fitting of the SAXS-derived peak. 

Repeating structural motifs, as the mRNA/lipid stacks within lipoplexes (as displayed in the 

right) lead to peaks in the SAXS patterns of these systems (right). Lorentzian fitting (as 

indicated by the red line in the scattering pattern) of the observed peaks allows detection of 

peak position and width, which can be converted to length and long-range order of the 

repeating units, respectively (center). .................................................................................... 32 

Figure 1.6-1: Schematic illustration of a SAXS experiment (left) and the scattering behavior at 

single X-Ray scattering events (right). .................................................................................. 34 

Figure 1.6-2: Relationship between particle structure (left, including internal distances (rij) 

between internal particles i and j), the pair distance distribution function (p(r) function, 

middle), and the scattering intensity measured by SAXS (right). The p(r) function can be 

derived from scattering patterns by indirect Fourier transformations (IFT) and vice versa by 

Fourier transformations (FT). ................................................................................................ 35 

Figure 4.1-1. Graphical abstract of the publication 4.1. LNP formulations of systematically varied 

lipid composition were tested in SAXS for internal structure investigation as well as for 

biological performance using hPBMCs to explore structure-function relationships for mRNA 

LNPs. As published in 89........................................................................................................ 65 

Figure 4.2-1. Graphical abstract of the publication 4.2. A novel microfluidic process (CD) was 

tested against two established manufacturing methods (NA and EI) by investigating structure 

and morphology along with biological performance in vitro and in vivo using a zebrafish 

embryo model. As published in 88. ........................................................................................ 89 

Figure 4.3-1: Graphical abstract of the publication 4.3. Different mRNA LNP formulations with 

varying compositions (ionizable lipid, N/P ratio) were investigated using SAXS in different 

environmental pH buffers. Structural investigations revealed organizational features present 
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in highly potent formulations, as well as structural parameters that are altered by pH, 
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6.3 List of Abbreviations  

(h)DC (human) dentritic cells 

(poly)A tail polyadenylated tail of an mRNA transcript 

(U.S.) FDA (United States) Food and Drug Administration 

µg Microgram 

Å Angstrom 

a.u. arbitrary unit 

ABC Accelerated blood clearance 

AF4  Asymmetrical flow field-flow fractionation 

ALC-0159 2-[(polyethylene glycol)-2000]-N,N-ditetradecylacetamide 

ALC-0315 [(4-Hydroxybutyl)azandiyl]bis(hexan-6,1-diyl)bis(2-hexyldecanoat) 

ANOVA Analysis of variance 

API active pharmaceutical ingredient 

APS Advanced Photon Source 

AUC  Analytical ultracentrifugation 

BA12-50 pSar Didodecyl amine initiated polysarcosine (chain length =44) 

BSA Bovine serum albumin 

c Concentration 

C16-PEG2000-

Ceramide 

N-palmitoyl-sphingosine-1-

[succinyl[methoxy(polyethyleneglycol)2000]] 

CAD Charged aerosole detector 

CARPA Complement activation-related pseudoallergy 

CD Customized microfluidic device 

COVID-19 coronavirus disease 2019 

CPP Critical process parameter 

CQA Critical quality attribute 

Cryo-EM Cryogenic electron microscopy 

Cy5 Cyanine dye 5 (fluorescent dye) 

D Diffusion coefficient 

D10/D50/D90 Percentile values of particle size distribution 

DESY Deutsches Elektronen Synchrotron 

Dh Hydrodynamic diameter 

DLinDMA 1,2-dilinoleyloxy-N,N-dimethyl-3-aminopropane 

Dlin-KC2-DMA N,N-dimethyl-2,2-di-(9Z,12Z)-9,12-octadecadien-1-yl-1,3-dioxolane-4-

ethanamine 

Dlin-MC3-DMA dilinoleylmethyl-4-dimethylaminobutyrate 
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DLS Dynamic light scattering 

DMEM/F12 Dulbecco´s Modified Eagle´s Medium F12 

DMG-PEG2000 1,2-Dimyristoyl-sn-glycero-3-methoxypolyethylene glycol 

DNA deoxyribonucleic acid 

DODAP 1,2-dioleyl-3-dimethylammonium propane 

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

DOPE 1,2-dioleyl-sn-glycero-3-phosphoethanolamine 

DOTMA 1,2-di-O-octadecenyl-3-trimethylammonium propane  

DPBS Dulbeccos phosphate buffered saline 

dpf Days post fertilization 

DSPC 1,2-distearoyl-sn-glycero-3-phosphocholin 

EDQM European Directorate for the Quality of Medicines & Health Care 

EDTA Ethylenediaminetetraacetic acid 

EE Encapsulation efficacy 

eGFP Enhanced green fluorescent protein 

EI Ethanol injection 

ELISA Enzyme-linked immunosorbent assay 

ELS Electrophoretic light scattering 

EMA European Medicines Agency 

EMBL European Molecular biology Laboratory 

EPR effect enhanced permeability and retention effect 

FBS Fetal bovine serum 

FRR Flow rate ratio 

FWHM Full width at half maximum 

GG Glycylglycine 

HEPES 2-[4-(2-Hydroxyethyl)piperazin-1-yl]ethane-1-sulfonic acid 

HIV Human immunodeficiency virus 

hPBMC Human peripheral blood mononuclear cells 

hpi Hours post injection 

HPLC High-performance liquid chromatography 

HSPC Hydrogenated soybean phosphatidylcholine 

I intensity 

i.m. Intramuscular 

i.v. Intravenous 

ID Inner diameter 
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IgE, G, M Immunoglobulin E, G, M 

kB Boltzmann constant 

kDa Kilodalton  

keV Kilo electron volts 

LC-MS Liquid chromatography – mass spectrometry 

Lipid H/SM-102 Heptadecan-9-yl-8-{(2-hydroxyethyl)[6-oxo-6-

(undecyloxy)hexyl]amino}octanoate 

LNP lipid nanoparticle 

LPX Lipoplex 

LS Light scattering 

Luc Luciferase 

MALS Multi angle light scattering 

MEM NEAA Minimum Essential Medium – nonessential amino acids 

mg Milligram 

min minute 

mL Milliliter 

MLV Multilamellar large vesicle 

mm  millimeter 

mRNA messenger ribonucleic acid 

mV Millivolt 

MW Molecular weight 

N/P ratio Cationic lipid to mRNA molar ratio 

NA Avogadro´s number 

NA NanoAssemblr 

ng Nanogram 

NK cells Natural killer cell 

Nm Nanometer 

NMDA National Medical Product Administration of China 

NMR Nuclear magnetic resonance 

NTA Nanoparticle Tracking analysis 

PBS Phosphate-buffered saline 

PC Phosphatidyl choline 

PCR Polymerase chain reaction 

pdb Protein data bank 

PDI Polydispersity Index 
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PE Phosphatidylethanolamine 

PEG Polyethylene glycol 

Ph.Eur. Pharmacopeia Europaea – European Pharamcopeia 

pSar Polysarcosine 

PS-NP Polystyrol nanoparticles 

q Scattering vector 

qc q-value at peak maximum 

R radius 

R² Squared correlation coefficient 

Rg Radius of gyration 

Rh Hydrodynamic radius 

rMFI Relative mean fluorescence intensity 

RNA ribonucleic acid 

RP-HPLC Reverse Phase- High-performance liquid chromatography 

RSV Respiratory syncytial virus 

S.D. Standard deviation 

SANS Small angle neutron scattering 

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2 

SASBDB Small angle Scattering biological data bank 

SAXS small angle X-ray scattering 

SEC Size exclusion chromatography 

SEM Scanning electron microscopy 

siRNA Small interfering RNA 

SR Synchrotron radiation 

SUV Small unilamellar vesicle 

TEM Transmission electron microscopy 

TFR Total flow ratio 

Thy1.1 Thymocyte differentiation antigen 1.1 (CD90.1 cell surface protein) 

TNS 2-(p-toluidino)-6-naphthalene sulfonic acid 

USAXS Ultra small angle X-ray scattering 

USP United States Pharmacopeia 

UTP Uridine triphosphate 

UV Ultraviolet spectroscopy 

V Volume 

w/w Mass fraction 
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WAXS Wide angle X-ray scattering 

WHO World Health Organization 

ζ Zeta potential 

η Viscosity 

ϴ Half Scattering angle 

λ Wavelength 

ξ Correlation length 
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