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1. Zusammenfassung

Tierversuche sind gängige Praxis um Unbedenklichkeit oder Wirksamkeit von Inhalanda in 

präklinischen Studien zu untersuchen. Die Relevanz der durch Tierversuche generierten Daten 

für den Menschen wird zunehmend in Frage gestellt. Das Ziel dieser Arbeit ist deshalb die 

Entwicklung eines für den Menschen relevanten in vitro Modells der Blut-Luft-Schranke zur 

genaueren Vorhersage der humanen in vivo Situation.  

Im ersten Kapitel wird beschrieben, wie die Aufnahme von Partikeln in Alveolarmakrophagen 

mit Korrelativer Licht- und Elektronenmikroskopie (CLEM) in vitro visualisiert werden kann.  

Das zweite Kapitel legt den Fokus auf die Entwicklung eines zellulären alveolaren in vitro 

Modells. Die humane autologe Kokultur besteht aus primären alveolaren Typ-I ähnlichen 

Pneumozyten, welche mit primären Alveolarmakrophagen des gleichen Spenders kokultiviert 

werden. Das Modell erwies sich als geeignet, um Zell-Partikel-Interaktionen zu untersuchen, 

wobei die Partikel direkt aus der Luft auf die Zelloberfläche abgeschieden wurden. Mittels 

CLEM konnte gezeigt werden, dass es lediglich die Makrophagen sind, die die Fremdpartikel 

aufnehmen. Der Fokus des dritten Kapitels liegt auf der Fähigkeit der autologen Kokultur 

entzündliche Prozesse nachzuahmen. Das in vitro Modell zeigte eine typische Freisetzung 

entzündlicher Marker nach Stimulation mit Lipopolysacchariden. Eine anschließende Be-

handlung mit IL-10 beladenen Partikeln führte zu einer anti-inflammatorischen Wirkung.
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2. Summary

Animal experiments are general practice to study safety and to estimate the efficacy of orally 

inhaled drugs in preclinical trials. The relevance of these data for humans is questionable. The 

aim of this thesis is the development of a relevant in vitro model of the air-blood barrier that 

can better predict the human in vivo situation.  

The first chapter describes how particle uptake by alveolar macrophages can be visualized in 

vitro by correlative light and electron microscopy (CLEM). The second chapter focuses on the 

development of a cellular in vitro model addressing the alveolar space. The human alveolar 

autologous coculture consists of primary alveolar type I-like pneumocytes cocultured with 

primary alveolar macrophages from the same human donor. The model demonstrated its use 

to investigate cell-particle inreractions at the air-liquid interface. Only macrophages engulfed 

foreign particles in the in vitro model visualized by CLEM. The ability of the autologous co-

culture to mimic inflammatory processes in the lung is the focus of the third chapter. The in 

vitro model showed a typical interleukin release of inflammatory markers after stimulation 

with lipopolysaccharides. A subsequent treatment with IL-10 loaded particles counter-

regulated the inflammation.  
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Abstract 

The interplay of costs, ethics and the need for more relevant predictive data has increased the 

need for adequate models drastically. This review highlights how in vitro models can enrich 

pulmonary drug delivery research with more detailed insights in cellular and non-cellular bar-

riers, allowing for faster improvements and significant innovations of inhalation drug prod-

ucts. Risk assessment in inhalation toxicology and aerosol medicines and related important 

guidelines are mentioned as a fundament for the described methods. Principle decisions to 

find a suitable in vitro tool for the question being asked are discussed to improve the individ-

ual selection. Depending on the cellular and non-cellular barrier, exemplary in vitro tools are 

described with their ability to reflect a certain part of the in vivo lung situation. The review 

closes with a short summary of more complex systems as well as their advantages and limita-

tions. 
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5. Chapter I – Macrophage uptake of cylindrical microparticles investi-

gated with correlative microscopy
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Abstract 

Cylindrical particles offer the opportunity to develop controlled and sustained release systems 

for the respiratory tract. One reason is that macrophages can phagocyte such particles only 

from either of the two ends. We investigated the uptake behavior of murine alveolar macro-

phages incubated with elongated submicron-structured particles. For that purpose, fluorescent 

model silica nanoparticles were interconnected with the biocompatible polysaccharide aga-

rose, building up cylindrical particles within the pores of track-etched membranes. In contrast 

to common approaches we determined the uptake at different time points with scanning elec-

tron microscopy, fluorescence microscopy, and the combination of both techniques - correla-

tive microscopy (CLEM). As a consequence, we could securely identify uptake events and 

observe in detail the engulfment of particles and confirm, that phagocytosis could only be 

observed from the tips of the cylinders. Correlative microscopy allowed a comparison of the 

uptake measured with different techniques at identical macrophages. Qualitative and quantita-

tive evaluation of this cylindrical particle uptake showed substantial differences between fluo-

rescence microscopy, electron microscopy and the combination of both (CLEM) within 24 

hours. 
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6. Chapter II – Autologous co-culture. Part I: Model Characterisation
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Summary 

The development of new formulations for pulmonary drug delivery is a challenge on its own. 

New in vitro models which address the lung are aimed at predicting and optimising the quali-

ty, efficacy and safety of inhaled drugs, to facilitate the more rapid translation of such prod-

ucts into the clinic. Reducing the complexity the in vivo situation requires that such models 

reproducibly reflect essential physiological factors in vitro. The choice of cell types, culture 

conditions and the experimental set-up, can affect the outcome and the relevance of a study. 

In the alveolar space of the lung, epithelial cells and alveolar macrophages are the most im-

portant cell types, forming an efficient cellular barrier to aerosols. Our aim was to mimic this 

barrier with primary human alveolar cells. Cell densities of alveolar macrophages and epithe-

lial cells, isolated from the same human donor, were optimised, with a focus on barrier prop-

erties. The combination of 300,000 epithelial cells/cm² together with 100,000 macrophag-

es/cm² showed a functional barrier (transepithelial electrical resistance > 500Ω*cm²). This 

cell model was combined with the Pharmaceutical Aerosol Deposition Device on Cell Cul-

tures (PADDOCC). The functionality of the in vitro system was investigated with spray-dried 

fluorescently labelled poly(lactic-co-glycolic) acid (PLGA) particles loaded with ovalbumin 

as a model drug. 
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7. Chapter III – Autologous co-culture. Part II: Evaluation of IL-10-
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Summary 

Acute respiratory distress syndrome is linked to inflammatory processes in the human lung. 

The aim of this study was to mimic in vitro the treatment of lung inflammation by using a 

cell-based human autologous co-culture model. As a potential trial medication, we developed 

a pulmonary dry powder formulation loaded with interleukin-10 (IL-10), a potent anti-

inflammatory cytokine. The inflammatory immune response was stimulated by lipopolysac-

charide. The co-culture was combined with the Pharmaceutical Aerosol Deposition Device on 

Cell Cultures (PADDOCC), to deposit the IL-10-loaded microparticles on the inflamed co-

culture model at the air–liquid interface. This treatment significantly reduced the secretion of 

interleukin-6 and tumour necrosis factor, as compared to the deposition of placebo (unloaded) 

particles. Our results show that the alveolar co-culture model, in combination with a deposi-

tion device such as the PADDOCC, may serve as a powerful tool for testing the safety and 

efficacy of dry powder formulations for pulmonary drug delivery. 
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