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I. Summary 

Pulmonary administration of anti-infectives is an appealing non-invasive delivery route for the 

treatment of respiratory tract infections. However, the sophisticated cellular and non-cellular 

barriers of the lungs remain a major challenge for the success of inhalation therapy. Pulmonary 

mucus protects the lungs from inhaled materials by physical and chemical entrapment in the 

conducting airways. In the respiratory airways, the thin pulmonary surfactant (PS) layer enables 

the process of breathing and determines the fate of inhaled nanomaterials by particle corona 

formation. There is, however, a lack of pulmonary mucus and surfactant models to investigate 

nanoparticle interactions. This work investigates the macro- and microrheology of native and 

surrogate mucus to predict nanoparticle mobility, antibiotic permeability and pathogen growth. 

PS preparations were analyzed for their composition and biophysical activity and the key 

parameters that influence nanoparticle aggregation, internalization and toxicity were 

determined in vitro. As part of the ANTI-TB project, the models described in this thesis were 

used to investigate novel inhalable formulations for the treatment of pulmonary tuberculosis. 

An inhalable nano-in-micro dry powder formulation comprised of bedaquiline-loaded 

liposomes was tested in vitro for its potential to treat mycobacterial infections and to overcome 

the pulmonary barriers and the ever-increasing challenge of antimicrobial resistance. 
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II. Zusammenfassung 

Die Inhalation von Antiinfektiva ist ein nicht-invasiver Verabreichungsweg zur Behandlung 

von Atemwegsinfektionen. Die Überwindung der ausgeklügelten zellulären und nicht-

zellulären Barrieren der Lunge bleibt eine der größten Herausforderung für den Erfolg der 

Inhalationstherapie. Mukus schützt die Lunge vor eingeatmeten Materialien durch 

physikochemische Wechselwirkung. In der tiefen Lunge ermöglicht eine dünne Schicht aus 

Lungensurfactant den Atmungsprozess und bestimmt das Schicksal eingeatmeter 

Nanomaterialien durch Partikelkoronabildung. Um diese Interaktionen zu untersuchen werden 

geeignete in vitro Modelle benötigt. Diese Arbeit untersucht die Rheologie von nativem und 

künstlichem Mukus, um Nanopartikelmobilität, Antibiotikapermeabilität und 

Pathogenwachstum vorherzusagen. Eine Auswahl an Lungensurfactants wurde auf ihre 

Zusammensetzung und biophysikalische Aktivität analysiert und die Schlüsselparameter, die 

die Aggregation, Internalisierung und Toxizität von Nanopartikeln beeinflussen, wurden 

bestimmt. Im Rahmen des ANTI-TB-Projekts wurden die in dieser Arbeit beschriebenen 

Modelle verwendet, um neuartige inhalierbare Formulierungen zur Behandlung von 

Lungentuberkulose zu untersuchen. Eine inhalierbare Nano-in-Mikro-

Trockenpulverformulierung aus Antibiotika-beladenen Liposomen wurde auf ihr Potenzial zur 

Behandlung mykobakterieller Infektionen und zur Überwindung der Lungenbarrieren getestet, 

um der ständig wachsenden Herausforderung der Antibiotikaresistenz entgegenzuwirken. 
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III. Abbreviations 

AT I / AT II Alveolar Type I /II cells 

API Active Pharmaceutical Ingredient 

BDQ Bedaquiline 

BALF Bronchoalveolar Lavage Fluid 

COPD Chronic Obstructive Pulmonary Disease 

CF Cystic Fibrosis 

CFTR Cystic Fibrosis Transmembrane Conductance Regulator 

DLS Dynamic Light Scattering 

DPPC Dipalmitoyl Phosphatidylcholine 

LVX Levofloxacin 

MSD Mean Squared Displacement 

MIC Minimal Inhibitory Concentration 

MUC Mucin Glycoprotein 

MCC Mucociliary Clearance 

MDR Multi Drug Resistance 

MPT Multiple Particle Tracking 

Mtb Mycobacterium Tuberculosis 

NGA Next Generation Impactor 

PA Pseudomonas Aeruginosa 

PADDOCC Pharmaceutical Aerosol Deposition Device on Cell Cultures 

PEG Polyethylene Glycol 

PLGA Polylactic-co-glycolic Acid 

PS Pulmonary Surfactant 

RTI Respiratory Tract Infection 

SP Surfactant Protein 

TEER Transepithelial Electrical Resistance 
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1 Introduction 

1.1 Lung physiology and barriers 

The lung is the entry port of the surrounding air into the human body and the organ in charge 

of gas exchange. Its main function is to transfer life-giving oxygen to the body while removing 

exhaled air (CO2). Considering an average breathing rate of 15 min-1 for adults and a tidal 

volume of 500 mL, the volume of inhaled air exceeds a number of 10,000 liters per day [1]. 

This bears a significant risk of exposure to pollutants, allergens, pathogens a well as dust and 

other particles. Therefore, the inhaled air must be appropriately conditioned and filtered on its 

way to the alveolar capillaries, where gas exchange takes place. The exchange of fresh O2 with 

CO2 from the blood stream at the air-blood interface and the subsequent elimination of carbon 

dioxide from the lungs by expiration completes the respiratory cycle. 

As it travels along the branched bifurcations to the deep lungs, the inhaled air is surrounded by 

well-differentiated epithelia with specialized functions, distinguishable as conducting and 

respiratory airways. The former consists of a ciliated and pseudostratified columnar epithelium, 

starting to branch from the trachea into more than 20 generations of bronchi and even smaller 

bronchioles with progressively decreasing airway cross-sections [2]. Opening out to the 

alveolar region, the gas flow becomes laminar and the total lung surface with an area of 140 m2 

offers exceptional conditions for pulmonary absorption and gas exchange [3]. The 

approximately 10-30 µm thick airway epithelium, consisting mainly of goblet, basal and 

ciliated cells, not only reduces in diameter, but also significantly in epithelial thickness [4]. In 

the alveolar region, the epithelium is less than 1 µm thick, allowing for efficient diffusion of 

gases to and from the blood stream facilitated by the orchestrated in- and deflation of the 

alveolar air sacks (alveoli) [5]. The inner, luminal side of the alveolus consists of a non-ciliated 

epithelium composed of squamous alveolar type (AT) I cells, covering about 95% of the airway 

surface. AT II cells, which are round to cuboidal in shape, account for the remaining 5%, 

however greatly outnumber the number of AT I cells. AT I and II cells exhibit alveolar tight-

junctions that form an extremely tight epithelium, limiting the transition of most materials to 

the blood stream [6]. Separated from the alveolus by a thin endothelial layer, they collectively 

form the so-called air-blood-barrier. Alveolar macrophages, present in the alveolar lumen and 

connective tissues, clear up debris and inhaled materials by phagocytosis, displaying an 

efficient pulmonary protection mechanism [7]. 

On the non-cellular level, the lung is covered and protected by surface lining fluids, that greatly 

differ in their function and composition between respiratory and conducting airways. The latter 

are covered by pulmonary mucus, a dense polymer network consisting of water, inorganic 

salts, DNA, proteins, cell debris and the gel-forming macromolecular mucins [8]. Mucus, 

secreted from goblet cells and submucosal glands, entraps inhaled materials and continuously 

removes them from the lungs by the coordinated beating of ciliated cells, a process referred to 

as mucociliary clearance (MCC Figure 1). Mucus can be separated into two distinct layers, the 

inner, low-viscosity layer (5–10 µm thick periciliary layer) directed towards the ciliated 
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epithelium and an outer viscoelastic layer composed mainly of the gel-forming mucins 

(20 – 25 µm thickness) [9]. 

 

Figure 1) Mucus in health. Mucus in healthy airways is continuously secreted and replenished, enabling 

efficient removal of inhaled materials. The figure summarizes and depicts normal lung parameters. 

Osmotic pressure of the mucociliary (πML) vs. the periciliary layer (πPCL) – the ratio ensures that the 

periciliary layer is stable in health. Adapted with permission from Huck et al. [10]. 

 

Mucin glycoproteins (MUC) are the main constituents of mucus. The secreted MUC5AC and 

MUC5B and the cell-bound mucins (MUC16; MUC1) are the predominant mucins in the human 

airways [11,12]. They consist of a polypeptide backbone decorated with oligosaccharide side 

chains and are covalently linked via disulfide bonds present in cysteine rich regions. Mucus has 

a net negative charge since the carboxyl- and sulfate groups of terminal sugars of the 

oligosaccharide branches are deprotonated at the physiological pH range of pulmonary mucus 

(pH range 7-9) [13]. With each approximately 1%, lipids and proteins represent only a small 

proportion of the total mucus mass, however, they are extremely diverse in composition. With 

more than 250 species each, the mucus lipidome [14] and proteome [15] is far from being 

understood. Lipids play a role mainly in maintaining wettability and stabilization of the 

conducting airways by a reduction of the airway’s surface tension [16,17], whereas most of the 

proteins found in human mucus can be categorized either as antimicrobial peptides, chemokines 

or immunomodulators, almost all of them associated with innate host defense mechanisms [18]. 

The collective interplay of mucus constituents and particularly the high-molecular mucins 

create a three-dimensional biopolymeric network with diverse chemical (hydrogen bonding, 

hydrophobic and Van der Waal interactions), physical (electrostatic interactions and size 

filtering) and immunomodulatory (lipids, proteins) interaction potential. As such, mucus acts 

as an efficient barrier to inhaled pathogens and nano-sized materials, which are sterically 

trapped in the mucus meshwork (Figure 2) [19]. 



Introduction 

3 

 

 

Figure 2) How the mucus barrier works. Mucus entraps most inhaled materials - both hazardous (red) 

or therapeutic (green) - and the coordinated ciliary beating transports them out of the lungs (A). Only if 

the physicochemical parameters are within a certain range, inhaled materials can penetrate the mucus 

barrier (B). This includes a size < 200 nm and a non-interacting (stealth or mucoinert) surface chemistry 

that complies with the size- and interaction filtering mechanisms of mucus. In addition, the complex 

glycosylation pattern of the mucin backbone allows for specific interactions, thereby attenuating the 

virulence of inhaled pathogens (C). Reprinted with permission from Huck et al. [10]. 

 

With the transition from the bronchial to the alveolar airways alongside the respiratory tract, 

the composition and biophysical function of the surface lining fluid changes dramatically to 

suffice the complex process of alveolar ventilation. An extremely thin layer of pulmonary 

surfactant (PS) covers the whole respiratory surface and protects the lungs from collapsing by 

a reduction in surface tension during exhalation – a mechanisms paramount to breathing [20]. 

PS is secreted from AT II cells as lamellar bodies, unravelling into intermediate structures such 

as tubular myelin and large surfactant layers before adsorbing and spreading along the alveolar 

air-liquid interface (Figure 3) [21]. 
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Figure 3) Particles entering the lungs during respiration. a) Lung sections of trachea, bronchi, 

bronchioles and alveolar air sacs decrease in diameter from 12 mm to 200 µm. b) Deposition of 

nanoparticles in the alveolus. c) Deposited fractions in the bronchial (black line) and alveolar region 

(red line) of the lungs depending on the particle diameter. Preprinted with permission from Radiom et 

al. [22]. 

 

Although used surfactant can be found in the upper airways, it is to the largest extent recycled 

by alveolar macrophages via receptor-mediated mechanism and returned to the cycle [14]. PS 

is a membrane-based lipid-protein material consisting of 90% phospholipids and 10% proteins 

by mass. The lipid fraction consists of saturated dipalmitoylphosphatidylcholine (DPPC), 

phosphatidylglycerols and other lipids including sphingomyelins and cholesterol [23]. 

Surfactant proteins (SP) can be divided in two classes, the hydrophobic SP-B and SP-C and the 

hydrophilic SP-A and SP-D. The latter predominantly contribute to host protection via the 

innate immune system by opsonization and subsequent internalization by macrophages, thus 

clearing unwanted materials from the lungs. SP-B and SP-C support the rapid adsorption to the 

air-interface, the packaging of DPPC to high-ordered states and the lateral diffusion of 

surfactant membranes [24,25]. Collectively, surfactant proteins and phospholipids facilitate the 

biophysical activity of PS and its ability to reduce surface tension to values close to 0 mN/m 

[26]. 

The respiratory epithelium that is covered by PS represents the largest and thinnest surface in 

the body exposed to the environment. Thus, the fate of inhaled materials is determined by the 

interplay with PS constituents promoting nanoparticle deposition, entrapment, toxicity, 

pulmonary absorption and clearance [27–29]. Together with pulmonary mucus, PS constitutes 

an important renewable non-cellular barrier to inhaled materials, be it to harmful pollutants and 

pathogens or (nano)-materials for on purpose delivery of medicines to the lungs. 
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1.2 Respiratory tract infections and anti-infectives 

Pathogens such as viruses and bacteria that circumvent the lung’s sophisticated barriers can 

cause severe respiratory tract infections (RTI), typically classified as upper and lower RTIs. 

Infections of the respiratory tract are the leading cause of death among all infectious diseases 

according to WHO [30]. Although viral infections such as influenza, viral pneumonia and 

SARS-CoV-2 are on the rise, there is an equal threat and health-care burden caused by bacterial 

pathogens. In several pulmonary pathologies, including bronchitis, pneumonia and asthma, 

both viral and bacterial pathogens are involved. The majority of bacterial infections are caused 

by three major pathogen classes: streptococci, haemophilus species and mycobacteria and 

generally treated with antibiotics (Figure 4) [31–33]. In 2019, worryingly, the deaths caused 

by antibiotic resistance have outnumber that of AIDS and Malaria together, imposing a major 

and increasing threat to human health [34]. 

 

Figure 4) Deaths associated or attributable to antimicrobial resistance sorted by their causative 

pathogens. Reprinted with permission from Murray et al. [34]. 

 

Particularly in patients with reduced immunity and pre-existing lung conditions, the risk of 

severe infections and development of antibiotic resistance is dramatically increased. 

Oftentimes, this applies to disorders associated with the occurrence of exacerbations and 

impaired MCC, offering an ideal matrix and seeding ground for respiratory pathogens [35]. 

Mucus hypersecretion, accumulation of cell debris, mucins, DNA and impaired MCC in chronic 

obstructive pulmonary disease (COPD) and cystic fibrosis (CF) lead to an imbalanced lung 

homeostasis (Figure 5) [36]. Alterations in pH, protein oxidation, protease activity and 

neutrophil dysfunction – the main contributors to host-pathogen interactions – thus lead to acute 
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lung inflammation, airway obstruction and severe pulmonary infections [37]. In CF patients, a 

mutation in the CF transmembrane conductance regulator (CFTR) hampers the hydration and 

the maintenance of the osmotic pressure of the mucus layer, impairing the above-described 

homeostasis and host defense mechanisms while facilitating bacterial colonization [38]. Still 

nowadays, CF is a disease without curation, and in 60-80% of the cases, infections with 

Pseudomonas aeruginosa (PA) ultimately lead to death [39]. 

The most prevalent lung pathogen with almost 2 billion infected people – almost one fourth of 

the world’s population – however, is Mycobacterium tuberculosis (Mtb) [40]. When 

mycobacteria, typically transmitted from person-to-person as liquid aerosols, deposit in the 

lower respiratory tract, they are phagocytosed by macrophages and dendritic cells via a 

multitude of different receptors including complement receptors, toll-like receptors and C-type 

lectin receptors such as the DC-SIGN and macrophage-mannose (CD206) receptors [41]. The 

latter is of high clinical significance for diagnosis and therapy of Mtb infections, and exploited 

to deliver medicines to intracellular phagosomal compartments [42,43]. During disease 

progression, the formation of granuloma via the attraction and aggregation of immune cells – 

the hallmark of Mtb infections – offer a perfect niche for bacterial replication and persistence, 

making them difficult to reach and treat [44]. Strikingly, there is another emerging class of non-

tuberculous mycobacteria, such as M. avium and M. abscessus, for instance, that have 

transformed from harmless saprophytics to dangerous pathogens even for immunocompetent 

patients, now becoming extensively antibiotic-resistant [45]. 

Figure 5) Mucus in disease. Altered mucus hydration, composition, and viscoelasticity significantly 

contribute to obstructive pulmonary diseases. Mucus hyperproduction, accumulation and increased risk 

for infections is observed in asthma and even more in chronic obstructive pulmonary disease (COPD) 

and cystic fibrosis (CF). The table highlights the crucial solid components with increased contributions 

for the respective diseases. The airway cross sections represent the three main obstructive pulmonary 

diseases with their differences in mucus origin (glands or airway cells), extent of mucus plugging and 

increased risk of infections. Adapted with permission from Huck et al. [10]. 

 

Since the prevention of such bacterial infections by vaccination is not established yet, the 

treatment with antibiotics is the greatest hope for combatting infectious diseases. The standard 

first-line treatment regimen for Mtb infections, for instance, requires the simultaneous co-

treatment with a variety of antibiotics (e.g., rifampicin, ethambutol, pyrazinamide, isoniazid) to 

prevent and cope with resistance [46]. On the downside, such an oral antibiotic therapy may 
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take up to 6 months and is associated with severe systemic side effects and low patient 

compliance, at a success rate of only 50%, that worsens if bacteria become multi (MDR)- or 

even extensive drug resistant [47]. This creates a strong need to innovate new treatment 

strategies, delivery platforms as well as novel antibiotics and anti-infectives [48]. The 

development of second-line antibiotics such as the well-known streptomycin and levofloxacin 

(LVX) and the highly potent MDR drugs bedaquiline (BDQ), linezolid and BTZ043, however, 

can only be the first step in a cascade of strategies for improving pulmonary infection therapy. 

Particularly the hydrophobicity and poor water solubility of such antibiotics makes them hard 

to be adequately formulated and administered [49]. It is therefore of paramount interest to 

develop new delivery systems for oral inhalation therapy that deliver their cargo in sufficient 

amounts to the target site. Such a loco-regional delivery requires formulations that ideally can 

cope with or even overcome the various cellular (e.g., macrophages and epithelial cells) and 

non-cellular (e.g., mucus and surfactant) barriers of the lungs that challenge pulmonary drug 

delivery of anti-infectives. 

 

1.3 Challenges in pulmonary drug delivery of anti-infectives 

Treating infectious diseases via the lungs is appealing since the lungs offer an exceptional non-

invasive delivery route with an extremely large surface area available for absorption of the 

inhaled molecules. Inhalation medicines are currently the best option for the treatment of 

pulmonary disorders such as asthma, COPD and CF, represented by an array of formulations 

approved to treat such diseases [50,51]. Local pulmonary delivery can direct molecules to their 

target, thereby circumventing systemic administration, reducing side effects and the dose 

required to achieve therapeutic concentrations [52]. However, the development of new 

chemical and biological (e.g., proteins and small molecules) anti-infectives more than ever 

requires sophisticated carriers that protect the cargo, control the release and direct drugs to the 

lungs: the drug delivery system. The essential barriers for the successful pulmonary delivery 

are depicted in Figure 6. 

 

Figure 6) Barriers to be overcome for successful pulmonary delivery. 
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The pharmacological response strongly depends on the amount of active pharmaceutical 

ingredient (API) binding to its target, thus maximizing the locally deposited dose should be the 

ultimate goal of pulmonary administration. The deposition in the lungs occurs via three main 

mechanisms: inertial impaction, gravitational sedimentation and Brownian diffusion [53], all 

of them critically affected by the size, density and shape of the inhaled aerosol particles, that 

can be classified by i) the mass median aerodynamic diameter, which defines the particle 

diameter at which 50% of the aerosol mass is above and 50% is below, ii) the geometric 

standard deviation describing the spread of particle size of an aerosol and iii) the fine particle 

fraction, which is the mass percentage of particles with a diameter below a size of 4.7 µm [54]. 

Thus, the particle’s diameter dictates whether it settles in the throat or upper airways 

(size > 5 µm), the central and small airways (size between 2-5 µm) or the alveolar region 

(size < 2 µm). Due to airway narrowing and mucus plugging in obstructive pulmonary diseases, 

the dose delivered to the deep lung can be reduced by up to 50%, whereas the deposition is 

typically increased in the upper compared to lower airways [55]. In fact, the doses required for 

the treatment of pulmonary infections are as high as 1000 mg per single inhalation and quickly 

reach a non-tolerable limit, leaving only little space for dose adjustments. Thus, the selection 

of an appropriate inhaler strategy (liquid vs. dry powder aerosol) is crucial and must allow for 

accurate and repeated dosing while ensuring patient adherence (Figure 7). The latter is referred 

to as the behavioral barrier – the last hurdle to be taken for a successful inhalation therapy [56]. 

Fortunately, recent advances in inhaler technologies have quite successfully addressed this 

issue and increased deposited amounts tremendously [57], while shifting the focus of inhalation 

therapy towards a deeper understanding of the fate of the inhaled particle upon landing in the 

lungs. 

 

Figure 7) Major challenges for inhalation on the example of protein-based medicines intended for lung 

targeting. Targeted deposition sites within the lung (large or small airways) will vary depending on the 

specific lung disease being treated. Reprinted with permission from Matthews et al. [58].  
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The interactions with the cellular and non-cellular pulmonary barriers determine whether a 

particle reaches its therapeutic target and successfully delivers the incorporated cargo or if it is 

trapped and cleared from the lungs. Thus, one aim of this thesis is to understand and elucidate 

the mechanisms and contributing factors to the molecular and microscale interactions of 

nanoparticle-based drug delivery systems with the non-cellular and cellular pulmonary barriers. 

While for deep lung targeting, the loss of particles within the mucus layer should be minimal, 

for the treatment of upper airway infections, the delivery system must efficiently penetrate the 

pulmonary mucus layer at a speed higher than MCC rates in order to access the therapeutic 

target in the airway epithelium [59]. Recent studies by Schuster et al. have demonstrated a cut-

off size of < 500 nm for such diffusive or “mobile” particles, while objects larger than this size 

are sterically trapped within the mucus meshwork and transported out of the lungs [19]. 

Similarly, positively charged and hydrophobic particles adhere to the mucus layer via 

electrostatic and hydrophobic interactions, thereby limiting lung residence time due to rapid 

mucus turnover [60]. Dehydration and accumulation of mucins, cellular debris and DNA in 

pulmonary pathologies such as COPD and CF lead to thickening and a decreased mean mucus 

pore size, necessitating delivery systems tunable in size, charge and hydrophobicity [61,62]. In 

Pseudomonas aeruginosa infections, the polysaccharide and protein-rich bacterial biofilms 

additionally protect the embedded bacteria from the environment, thereby increasing 

antimicrobial resistance 10-1000 times [63]. Recently, the combination of tobramycin and a 

novel quorum-sensing inhibitor with a squalene-based muco-adhesive delivery system 

effectively reduced bacterial colonization by lowering the minimal inhibitory concentration 

(MIC) of the delivered antibiotic up to 32-fold [64]. Similarly, successful lectin targeting of PA 

biofilms using glycomimetic liposomes [65] clearly outlines that efficient antibiotic delivery 

using innovative approaches is key to a successful antimicrobial therapy. 

When the inhaled nanomedicine is designed to favor deposition in the respiratory airways where 

PS lines the interface, the formation of a protein-lipid shell, the so-called corona, determines 

the fate of the inhaled materials in the lungs. The new molecular identity acquired by lipid and 

protein adsorption may affect pulmonary absorption, distribution, particle aggregation and 

clearance as well as cytotoxicity [66,67]. This process depends on a variety of factors, such as 

the particle’s size, charge, curvature, hydrophobicity and surface properties [68,69]. 

Interestingly, the lipids adsorbed to the surface of polyethylene glycol (PEG), polylactic-co-

glycolic acid (PLGA) and lipid nanoparticles are similar to the greatest extent, whereas the 

surfactant proteins seem to mediate the corona formation on different surfaces by acting as a 

“primer” [70]. Upon binding to the surface of inhaled materials, SP-A and D – both belonging 

to the collectin subtype of pattern-recognition receptors – act as modulators of the immune 

system and facilitate receptor-mediated phagocytosis mainly by macrophages and dendritic 

cells [71]. Profiting from improved cellular internalization and intracellular routing, these 

mechanisms have been exploited for on purpose delivery of the therapeutic cargo to 

intracellular compartments. For instance, surface-decoration of drug delivery systems with 

surfactant proteins has been investigated in mycobacterial infections and cellular transfection 
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studies [72–75]. However, the corona formation upon contact with PS might also limit 

therapeutic effects of surface-targeted nanoparticles by masking the particle’s surface while 

facilitating rapid macrophage clearance (Figure 8) [76]. The fusogenic proteins SP-B and SP-

C modulate permeability and lipid dynamics after intercalation into phospholipid membranes. 

Thus, it is to be expected that similar effects can lead to disintegration and rapid payload release 

of lipid-based (e.g., liposomal) delivery systems [77]. On the other hand, the lipid-rich milieu 

of PS exhibits exceptional properties for the solubilization of hydrophobic drugs, such as 

corticosteroids and antibiotics. The inherent interfacial activity of PS facilitates spreading of 

drugs along the respiratory surface, with the potential to act as a delivery vehicle on its own 

[78,79]. 

 

Figure 8) Interactions of inhaled particulate matter with pulmonary surfactant. Reprinted with 

permission from Wang et al. [80]. 

 

Surfactants such as Alveofact® and Curosurf® are commercially available and clinically used 

for the treatment of neonatal respiratory disorders [81] and to study nanoparticle interactions. 

They have been shown to reduce the cytotoxicity of multiwalled carbon nanotubes [28] and 

silica nanoparticles [82], however, some nanomaterials are capable of intercalating into the 

surfactant layer while inhibiting PS’s biophysical function, in particular the ability to reduce 

surface tension that prevents the lungs from collapsing [83,84]. Thus, predicting the interaction 

of inhaled nanomaterials with PS in a case-by-case study appears necessary to estimate the 

efficacy and safety of novel delivery systems, ideally by including lung lining fluids into in 

vitro models of the lungs that allow for an extrapolation to the in vivo scenario. 

On the cellular level, the factors that limit the success of inhalation therapy include i) clearance 

by phagocytic cells/macrophages, ii) absorption across the alveolar epithelium and iii) the 

permeability across the bacterial cell membrane. Specific proteolytic enzymes and the 

surfactant proteins present in pulmonary mucus and surfactant are linking mechanical to 
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immunological barrier properties [85]. The prevention of macrophage clearance is important to 

enhance lung residence time and is typically achieved by rendering “stealth” properties via 

surface PEGylation, in a fashion similar to mucopenetration [86,87]. On the contrary, such non-

interacting particles may cause a dilemma; on the one hand they minimize barrier interactions 

and facilitate drug transport while on the other hand the uptake by phagocytic cells such as 

macrophages and dendritic cells has been shown to be significantly reduced [88]. This of high 

relevance for the treatment of Mtb infections with surface-targeted particles intended for 

efficient macrophage uptake and cellular routing to mycobacterial habitats in endosomal 

compartments. In endosomal compartments, mycobacteria are extremely difficult to be 

addressed via oral and intravenous administration, that solely rely on passive diffusion of the 

drug to the cellular compartments [89]. The formation of granuloma displays an additional 

diffusion barrier, as well as the mycobacterial cell wall itself, collectively limiting the access of 

the drug to the intracellular target. Noteworthy, the permeability across the bacterial cell wall 

is the rate limiting step for antibiotic availability and is counterbalanced by various efflux 

mechanisms, a major contributor to bacterial resistance [90]. Similarly, the clearance from the 

alveolar lumen depends on the ability of a material to be able to cross the air-blood interface, 

causing subtherapeutic drug concentrations and systemic side effects. 

The active molecule must be sufficiently solubilized in order to be therapeutically active, 

especially when the volume of absorption is low, as is the case for the alveolar lining fluid [91]. 

This is particularly relevant for new antibiotics such as the anti-tuberculosis drugs BDQ and 

BTZ043 that are both extremely hydrophobic and poorly water soluble [92–94]. To maximize 

therapeutic effects and minimize resistance, the drug concentration in the pulmonary 

compartment has to be above the MIC as long as possible, without clearance and absorption to 

cellular compartments or the systemic circulation. Therefore, the following parameters for the 

in vitro testing of orally inhaled drug products are suggested [95]: 

• Particle dissolution in the lung and in vitro testing  

• Lung permeability and transport 

• The role of fluid mechanics in pulmonary drug deposition 

• PK/PD modeling for lung delivery 

These efforts towards a pulmonary biopharmaceutical classification system require 

standardized lining fluids, reflecting as much as possible the composition (phospholipids, 

antioxidants and surfactant proteins) and the biophysical activity (e.g., surface tension 

reduction) of the native lung lining fluid, such as that of PS [96]. Guidance on the design and 

testing of novel delivery system should aim to minimize pulmonary barrier interactions and 

clearance mechanisms while maximizing the dose available at the intracellular target. Hence, 

advanced in vitro models that incorporate essential cellular and non-cellular barriers are 

required to investigate the complex interplay and thus the fate of aerosolized nanomaterials in 

the human lungs. 

  



Introduction 

12 

 

1.4 Models and methods to investigate pulmonary mucus and surfactant interactions 

A major limitation of investigating nano-bio interactions of nanoparticles with pulmonary 

mucus and surfactant is the availability of human material at sufficient quality and quantity. 

Both, the sampling of mucus by the endotracheal tube method [97] and that of PS by 

bronchoalveolar lavage [98] are invasive techniques, making native material, especially from 

patients without lung diseases, not readily accessible. Moreover, careful handling and sample 

preparation by trained specialists to prevent contamination with saliva, blood, serum and 

cellular components is required to maintain the original structure and function of both PS and 

mucus. The cleavage of disulfide bonds during the purification of mucins and insufficient 

inhibition of protease activity, for instance, can significantly alter the mucus meshwork, 

potentially overestimating the diffusion of dispersed nanoparticles [99,100]. The development 

of easy-to-use, standardized and reproducible surrogates is therefore desired; some mucus 

model based on reconstituted porcine mucins [101,102] and crosslinking polymers [103–105] 

already exist. Although a variety of nanomaterials has been investigated with such surrogates 

[106,107], an adequate rheological characterization of the applied mucus surrogate is often 

lacking. 

Novel delivery systems are typically designed to either bind/adhere to mucins or mucus [108], 

or to penetrate the latter [109], while nano-sized particles have also been applied to gain 

meaningful insights of the mucus layer itself [110]. Multiple Particle Tracking (MPT) in this 

respect is a useful tool to study the nanoscale interactions of hundreds of nanoparticles with 

their surrounding (mucus) matrix, simultaneously and at an individual particle level (Figure 9). 

Video microscopy of the x-y movement of the particles using a high-magnification microscope 

equipped with a high-speed camera allows to reconstruct individual particle trajectories from 

which the mean squared displacement (MSD or ∆𝑟2(𝜏)) and the diffusion can be calculated 

according to the formula [8]: 

((∆𝑟2(𝜏)) = (∆𝑥2+∆𝑦2) (1) 

∆𝑟2(𝜏) = 4𝐷𝜏 (2) 

The slope α of the resulting MSD curve classifies particle diffusion in dependence of viscous 

and elastic proportions of the tracking medium. In literature, a cut-off value of 0.5 is typically 

defined to discriminate between mobile (> 0.5) and immobile (< 0.5) particles [19,111]. 
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Figure 9) Workflow of particle tracking analysis. a) A fluorescence microscope equipped with a high-

speed camera is used to monitor the movement of nanoparticles embedded in mucus. b) Individual 

trajectories obtained after evaluation of tracking data with a custom-made script. c) MSD plots of 

individual particles classifying the mobility according to the slope of the MSD curve. 

 

On the other hand, bulk particle transport is studied as the time-resolved transport of molecules 

over a membrane-separated interface. In such systems, including the Franz-diffusion chamber, 

Ussing-chamber, and Transwell®-based approaches, the transport rate depends strongly on the 

homogeneity, height and origin of the mucus layer [112–115]. The connection of a deposition 

device such as the PennCentury™ Dry Powder Insufflator, the MicroSprayer® aerosolizer or 

the Pharmaceutical Aerosol Deposition Device on Cell Cultures (PADDOCC) to the Transwell-

system allows to investigate the dissolution and permeation of deposited materials in early drug 

development [116–118]. Interestingly, 100 nm sized polystyrene particles deposited as aerosols 

are entrapped by the mucus layer, whereas the same particles were mobile upon mechanical 

dispersion, suggesting a condensed mucus layer at the air-interface [111]. 

In the context of infectious diseases, mucus may not only act as a diffusional barrier for 

antibiotics and other small molecules, but also facilitate growth and adaptation of pathogenic 

bacteria, collectively limiting anti-infective susceptibility [119]. Thus, mucosal cultivation 

media such as homogenized sputum and ex vivo mucus have been employed to meet both, an 

environment for pathogen growth and the mechanical barrier properties of mucus [120]. Such 

mucus models, however, are likely contaminated with host-derived microorganisms that need 

to be eliminated by UV-sterilization, autoclavation or filtration before experiments can be 

performed. None of these techniques, however, are satisfactorily applicable without 

compromising the viscoelastic nature of mucus, driving the design of artificial sputum media 

to grow, for instance, PA and other bacteria [121] and to study rheology, diffusion and 

susceptibility of antibiotics as well as mucus-microbe interactions under controlled conditions 

in vitro (Figure 10) [122,123]. The complexity of such models and potential readouts can be 

increased by incorporation of epithelial cells, such as Calu-3, A549, 16HBE14o- and CFBE41o 

cells or even ciliated cells, modeling MCC and respiratory barrier properties both in health and 
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disease [124–126]. Some cells, including Calu-3, are secreting mucus on their own, however, 

the addition of ex vivo or synthetic mucus to such models allows for controlling layer thickness 

and a better distinction of the cell and mucus layer. Furthermore, bronchial epithelial (Calu-3) 

as well as alveolar epithelial cells such as hAELVi cells find wide application in drug 

permeation studies because of the expression of tight-junctions, that are functionally assessed 

as the transepithelial electrical resistance (TEER) [127,128]. 

 

Figure 10) Overview of mucus assays. Use of native human mucus in models with increasing 

complexity. Mucus rheology can be studied on the macro- and microscale. Moreover, mucus is used 

tostudy microbe-mucus interactions, biofilm interactions and gene expression. The combination of lung 

cells with ex vivo mucus allows to create 3D models to study cellular uptake, drug transport, cellular 

interactions, and barrier integrity by means of fluorescence microscopy, flow cytometry and 

transepithelial electrical resistance, respectively. Reprinted with permission from Huck et al. [10]. 

 

To model particle-interactions in the alveolar airways, various surfactant preparations are 

available ranging from simple synthetic lipid mixtures containing mainly DPPC and DPPG 

[129–131], animal-derived surfactants which are used in clinic [132] and native material of 

bovine and porcine origin [133,134]. For evaluation of the quality of PS preparations, the 

reduction of surface tension upon compression as a functional readout is preferred over the 

analysis of lipid and protein composition by quantitative methods due to a complex structure-

function relationship [24]. 

The behavior of individual phospholipids, their mixtures and complete surfactant preparations 

is studied upon dynamic compression and expansion of an interfacial layer, typically using a 

Langmuir surface balance [79,129]. The decrease in surface area is then related to the reduction 

in surface tension γ or, more commonly, an increase in the reciprocal surface pressure π, 

resulting in a specific pressure-area isotherm from which the phase transitions of the lipid layer 

can be concluded (Figure 11) [135]. Since this setup is extremely sensitive to external factors 

such as temperature, vibrations and the surrounding atmosphere, only few studies have 

successfully managed to investigate particle interactions with surfactant films, particularly after 

aerosol deposition. Broichsitter et al. could demonstrate that PLA nanoparticles inhibited the 
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reduction of surface tension of Alveofact® in a dose dependent manner, that was significantly 

improved when the particle’s surface was coated with PEG [86]. Interestingly, the particle size 

becomes relevant only when the particles reach a size of approx. 20 nm, while above this size 

(particles of 40 and 500 nm, respectively), the π-area isotherms are similar to those of a 

surfactant not exposed to particles [136]. A negative zetapotential, in contrast, facilitates the 

adsorption of phospholipids and proteins to the particle surface, while disturbing the lateral 

packing and highly ordered states of the interfacial film [137]. 

 

 

Figure 11) Surface pressure–area isotherms (π–A) of a Langmuir monolayer and molecules in different 

phases. Reprinted with permission from Rojewska et al. [138].  

 

The only few nanometer thin corona that forms around the particle can be assessed via a change 

in the particle size by methods including high-resolution electron microscopy, density gradient 

centrifugation [139] or fluorescent-based surface staining methods [140]. The biological 

consequences of the molecular corona that trigger cellular interactions is studied by flow 

cytometry [14] to quantify particle uptake into cells and/or cytokine and chemokine release 

[141]. Protective effects of PS against silica [22], zinc oxide nanowires [141], and polymeric 

nanoparticles [83] on A549 and other epithelial cells but also on macrophages (THP-1, MHS) 

have been observed by measuring cytotoxicity in MTT and LDH assays. More complex models, 

for instance, include PS covered cells and particle aerosol deposition, thereby reflecting both 

the mechanical and immunological barrier properties of PS, allowing to simultaneously study 

particle aggregation, uptake, toxicity and barrier integrity. Co- and multicultures of epithelial-, 

mucus-producing and phagocytic cells grown on permeable supports or 3D chips allow for the 

simultaneous readout of a multitude of parameters with the possibility to introducing breathing-

like motion [142,143]. Current in vitro models, however, are often limited by the selection of 

adequate surfactant preparations or missing vivo-like particle deposition, or do not contain PS 

at all. 
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1.5 Recent advances and strategies to overcome the pulmonary barriers 

Colloidal delivery systems, such as nanoparticles, micelles and liposomes offer a variety of 

advantages over other drug delivery systems due to their intrinsic biophysical properties. This 

includes their small size range, large surface area and tunable surface properties, leading to a 

wide range of applications in oral, parenteral and pulmonary therapies [144]. Early studies on 

the diffusion of small molecules through gastrointestinal mucus already unraveled the charge 

and molecular weight (equivalent to size) as important delimiters for the diffusion of small 

molecules [145]. The diffusion through mucus is limited when the molecule is lipophilic and 

positive in charge. This observation has been exploited to enhance residence time of 

nanomedicines after ocular, oral and pulmonary administration and is nowadays well-known as 

mucoadhesion [146]. Conversely, when the molecule is sufficiently small and non-interactive, 

typically via surface masking (e.g., by PEGylation), it can efficiently penetrate the mucus layer 

and even so reduce the interaction with the PS system [147,148]. In addition to 

mucopenetration, the linkage of mucolytic or cleaving agents, such as N-acetylcysteine, papain 

or DNase to the particle surface increases the ability to cross the mucus layer [149]. In a similar 

fashion, mucus-penetrating peptides and viral vectors can be designed to deliver, for instance, 

small molecules to their target in the lung tissue [150–152]. An innovative concept that focuses 

on the delivery of active molecules, such as glucocorticoids and antibiotics, is the “surfing” 

over the respiratory interface by exploiting the ability of PS to efficiently spread along this 

interface [79,153]. The concepts to cope with the pulmonary barriers can be summarized as i) 

avoiding or circumventing MCC, ii) mucoadhesion, iii) mucopenetration, iv) mucolysis by 

active destruction of the mucus meshwork and v) interfacial delivery by spreading over the 

mucus layer (Figure 12). 

 

Figure 12) Strategies to cope with the mucus barrier. Mucociliary clearance (A) efficiently removes 

materials that are entrapped in or adhere (B) to mucus. Mucopenetration (C) is a concept to increase the 

permeation of the mucus layer as a consequence of a non-interacting surface. The use of mucolytics (D) 

leads to a similar effect by fluidifying the mucus layer. An emerging concept is the spreading over the 

mucus barrier (interfacial delivery) while exploiting surface active materials such as pulmonary 

surfactant (E). Reprinted with permission from Huck et al. [10]. 
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The use of nanomaterials to overcome the limitations of the free drug, e.g., by increasing the 

solubility and bioavailability, reducing toxicity, controlling the release, enabling mucus 

penetration and targeted delivery, has significantly advanced the field of nanomedicine [154] 

with numerous promising candidates in the pipeline aiming for the treatment of infectious 

respiratory diseases [50]. However, until 2011, tobramycin [155] and colistin [156], and more 

recently, aztreonam [157] – all of them used for the management of PA infections in CF patients 

– were the only approved antibiotics for inhalation, followed in 2018 by the liposomal 

formulation of amikacine (Arikayce®) for the therapy of nontuberculous mycobacterial 

infections [158]. Liposomes are particularly suited for such applications due to their ability to 

incorporate both lipophilic and hydrophilic drugs at large amounts, while allowing to adjust the 

fluidity of the membrane by combining different lipids with cholesterol, most of them generally 

recognized as safe by regulatory authorities (Figure 13) [159]. Aerosol administration of 

rifampicin-encapsulating, ligand-decorated liposomes has been demonstrated to significantly 

reduce the survival of mycobacterium smegmatis from 46% to 7-11%, due to high drug 

accumulation in macrophages compared to oral therapy [160]. Aerosolization of the first-line 

antibiotics isoniazid, rifampicin, and ethambutol in combination with DPPC showed reduced 

alveolar atelectasis and a higher drug supply at the air-interface, possibly by synergistic 

interactions with endogenous PS [161–163]. As proposed by Misra et al., such liposome-based 

and targeted delivery approaches might be even more successful for second-line drugs, which 

are only moderately potent, limited in absorption and oral bioavailability, and exhibit 

substantial toxicity [159].  

 

Figure 13) Liposome based drug delivery. Loading strategies, modes of action and surface engineering 

of liposomes. Reprinted with permission from Sercombe et al. [164]. 

 

The success of inhalation therapy, however, requires optimization of the entire system including 

not only the drug and the formulation, but also the inhaler device; all of them necessary to 

enable efficient delivery of the aerosol particle to the desired region in the lung [165]. The 
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inhaled aerosol consists either of liquid (droplets) or solid (powder) particles with different 

shapes and sizes, typically depending on the inhaler device. The most common inhaler devices 

include i) metered dose inhalers to aerosolize drug solutions or dispersions with the use of 

propellants, ii) nebulizers that use mechanical and electrical mechanisms (e.g., vibrating 

meshes) for aerosol generation and iii) dry powder inhalers that generate aerosols by breath 

actuated mechanisms [154]. Dry powder inhalers are appealing since they are relatively easy to 

use and provide high chemical and storage stability compared to aqueous solutions, which is of 

particular interest for antibiotic therapy of infectious diseases in developing countries where 

transport and cold storage is difficult [166,167]. However, the development of respirable dry 

powders requires optimization of the drying process to ensure physicochemical stability of the 

stock solution/dispersion, a process most commonly accomplished by freeze- or spray-drying 

[168]. The use of safe, biocompatible and biodegradable excipients, such as antioxidants (e.g., 

ascorbic acid), amino acids (e.g., L-leucine, trileucine) and sugars (e.g., trehalose, lactose) is 

necessary to improve chemical stability, powder dispersibility and aerodynamic properties, 

respectively [94,169]. 

Anti-infective delivery as dry powder aerosols could improve the efficacy of PA treatment 

when co-delivering deoxyribonuclease and ciprofloxacin [170], the killing of Mtb with spray-

dried chitosan-based rifampicin and rifabutin microparticles [171], and even the delivery of 

proteins by spraying-drying of liposomes [172]. Dry powder aerosols containing muco-inert 

particles, moreover, could effectively penetrate PA mucoid biofilms after in vitro aerosol 

deposition [173]. A combination of polymeric nanoparticles with Tat protein allowed to deliver 

their cargo into CF-like 16-HBE14o- cells by simultaneous muco- and cell penetration, even 

when the nanoparticles were embedded into spray-dried microparticles [174]. Recent advances 

in the formulation of lipid and polymeric nanoparticles, drug nanocrystals and proteins as dry 

powders reduced bacterial burden, systemic absorption and toxicity in mycobacterial infections 

by delivering high aerosol doses to the place of infection both in vitro and in vivo [175,176]. 

Thus, nano-in-micro delivery system may have the potential to combine the best of both worlds, 

while an adequate prediction and optimization of pulmonary barrier interactions remains a 

major challenge. 
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2 Aims of the thesis 

The overall aim of this work was to investigate the cellular and non-cellular barriers for 

pulmonary drug delivery. In particular, models of pulmonary mucus and surfactant have been 

developed to study uptake, toxicity and efficacy of nanoparticle-based anti-infectives in the 

context of mycobacterial infections. The delivery of nanomedicines to the place of infection in 

the alveolar airways requires novel delivery approaches to cope with resistance. Pulmonary 

administration of nanomedicines can complement conventional therapy by increasing 

pulmonary bioavailability, reducing systemic exposure and allows for targeted delivery of 

antibiotics to the site of infection. However, pulmonary delivery is challenged by the 

sophisticated interplay of nanocarriers with the lungs’ defense mechanisms. To address this 

issue, surrogates and in vitro models of pulmonary mucus and surfactant have been developed 

to study the penetration, cytotoxicity and uptake of aerosolized nanocarriers. Ultimately, 

antibiotic-loaded and macrophage-targeted liposomes were developed in cooperation with the 

ANTI-TB project partners as respirable dry powders and their uptake and barrier interactions 

were tested with the models described above (fucosylated liposomes were provided by Rodos 

Biotarget and dry powder formulations developed with the help of Thiagarajan Durairaj). 

 

The research aim of this study was to 

i) Develop a pulmonary mucus surrogate and to investigate nanoparticle mobility in 

dependence of size and surface decoration in native and surrogate mucus including the 

penetration of antibiotics through and the viability of respiratory pathogens in 

pulmonary mucus surrogates (see results section 3.1) 

ii) Determine the influence of pulmonary surfactant composition and biophysical 

properties on cytotoxicity, barrier integrity and cell uptake, and on drug release and 

stability of aerosolized nanoparticles (see results section 3.2) 

iii) Characterize and optimize respirable nano-in-micro dry powder formulations of 

antibiotic-loaded liposomes for macrophage-targeted pulmonary delivery in vitro (see 

results section 3.3) 

iv) Study the interactions of fucosylated liposomes and their nano-in-micro dry powder 

formulation with pulmonary mucus in the presence and absence of pulmonary surfactant 

with respect to the targeting of phagocytic cells (see results section 3.3).  
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3 Main outcomes of the thesis 

3.1 Native pulmonary mucus and surrogates: Characterization and interaction with 

nanomaterials and pathogens to predict pulmonary delivery of anti-infectives 

Mucus’ physical and chemical filtering mechanisms can significantly reduce the penetration of 

nanomaterials and thereby limit therapeutic outcomes. The limited access to native mucus 

material at high quality and quantity to study the interactions of mucus with nanomaterials was 

the driving force for the development of mucus surrogates. Such surrogates, ideally, should 

mimic both, the bulk rheological properties and the microscale properties of native mucus at 

small length scales. Macro- and microrheology of selected pulmonary mucus surrogates was 

assessed by oscillatory rheology and MPT and compared to native mucus samples obtained 

from human donors by means of the endotracheal tube method [97]. From previous studies, a 

cut-off size of approx. 500 nm was concluded, that discriminates mobile from immobile 

particles in human pulmonary mucus [19]. Therefore, 500 nm carboxy-modified and 

fluorescently labeled polystyrene particles were selected. Nanoparticle tracking experiments 

were conducted to spot differences between the investigated surrogates and native samples. In 

this study, native mucus from human lung and porcine intestine were compared to their 

respective surrogates previously described in literature [103,121]. Tracking the mobility of 

polystyrene nanoparticles in the surrounding mucus matrix allowed to calculate the transport 

modes and MSD curves of the suspended particles and the viscosity of the mucus matrix. 

Thereby, the main contributors to the viscoelastic properties of the mucus meshwork, such as 

the concentration and type of the macromolecular mucins and crosslinking polymers could be 

determined. The lung mucus surrogate developed by Dinesh et al. matched mucus in terms of 

composition, however, lacked the ability to form elastic-dominant (G’>G’’) hydrogels. Only 

when a biocompatible polymer, such as polyacrylic acid PAA was added to artificial airway 

mucus as a cross-linker, both elastic (G’) and storage (G’’) moduli matched well and 

rheological profiles similar to that of native mucus could be obtained (Figure 14).  

 
Figure 14) Rheological profiling of h-AirM and artm-AirM. a) Shows the loss and storage moduli for h-

AirM and artm-AirM. Measurements were performed at a strain-amplitude of 1%, falling in the linear 

viscoelastic region of the samples. b) Dashed line shows the viscosity of water at RT. c) The complex 

viscosities of human airway mucus (h-AirM), porcine intestinal mucus (p-IntM), artificial intestinal 

mucus (art-IntM) and modified artificial airway mucus (artm-AirM) at an angular frequency of 62.8 rad/s 

(= 10 Hz) compared to the dynamic viscosity (*) of artificial airway mucus (art-AirM) at a shear rate of 

10 Hz. Adapted with permission from Huck et al. [8]. 
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Interestingly, G’ of modified artificial airway mucus showed a stronger dependency on the 

angular frequency compared to native airway mucus, whereas the opposite was the case for G’’. 

At a fixed angular frequency of 62.6 rad/s, equivalent to a shear rate of 10 Hz, all matrices 

except for the artificial airway mucus, exhibited complex viscosities of ± 10 Pa*s. In line with 

these findings, the mobility of tracer particles in artificial airway mucus was essentially similar 

to pure water, whereas the behavior of particles in native airway mucus and modified artificial 

airway mucus was matching to a greater extent. Native airway mucus immobilized almost all 

of the polystyrene tracer particles (as indicated by red lines and a α-values distribution <0.5). 

In contrast, particles in artificial airway surrogates behaved like in a low-viscosity aqueous 

environment (black lines), and the polymer-modified surrogate showed an intermediate 

behavior (Figure 15). When adding PAA at an optimal concentration (predicted to be 0.9% 

w/w) to the surrogate, a size-limited penetration could be achieved, sufficient to discriminate 

the mobility of 500 nm, but also of 200 nm sized particles. These findings clearly indicate that 

both, macro- and microrheology critically affect the diffusion of molecules through mucus and 

need to be well-characterized and optimized to predict the nanoscale interactions with delivery 

systems and their diffusion through mucus. The polymer-modified surrogate described herein 

holds the potential to complement or even replace native pulmonary mucus in future 

nanoparticle-mucus interaction studies. 

 

Figure 15) Multiple particle tracking (MPT) analysis of 500 nm carboxylated polystyrene NPs dispersed 

in h-AirM, art-AirM and artm-AirM. Depicted trajectories (a-c) show 5s of particle motion (Scale bar: 

10µm). MSD of NPs dispersed in different hydrogels as a function of time scale (d-f). Black lines 

correspond to particles in a viscous environment (α > 0.5) and red lines to particles in an elastic 

environment (α < 0.5). The α-value plots (g-i) show the number distribution of particles in elastic and 

viscous environment. Data represents mean of 3-6 mucus samples with a minimal amount of 350 

particles/plot. Adapted with permission from Huck et al. [8]. 
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In a follow-up study under the lead of Sarah Frisch, the above developed PAA-modified mucus 

surrogate (ASMmod) was investigated for its capacity to predict the permeability of antibiotics 

in a Transwell®-based setup, where the concentration of antibiotics was measured after 

transition from the donor (apical) to the acceptor (basolateral) compartment at defined 

timepoints. Colistin, tobramycin and ciprofloxacin were selected as well-established antibiotics 

used in pulmonary infections with mucus and/or biofilm involvement, while they have different 

molecular weights and surface charges [177]. For all three tested antibiotics, the penetration 

through PAA-modified artificial mucus was in line with that of native human airway mucus. In 

contrast, the permeability was significantly higher for the PBS control, indicating that the 

mucus surrogate appeared as an applicable model to predict antibiotic permeability. The 

underlaying interaction mechanisms, most likely, is attributed to size and electrostatic 

interactions with the negatively charged PAA or mucin matrix, respectively. The discriminatory 

effect of the model allowed to rank the permeability of different antibiotics, particularly that of 

the poorly permeable colistin in contrast to ciprofloxacin and tobramycin (Figure 16). Hence, 

the model might be suitable for medium to high throughput in vitro screening of new active 

compounds intended for the treatment of bacterial infections. 

 

Figure 16) Antibiotic transport through mucus and ASMmod. a) Transport studies of tobramycin (b), 

colistin (c), and ciprofloxacin (d) through native mucus (squares) and ASMmod (triangles). PBS was used 

as control (circles). The cumulative mass [µg] was normalized to the calculated mass of the initial 

concentration [µg]; the permeated amount [%] is shown over time [min]. Statistical significance (PBS 

vs. mucus and PBS vs. ASMmod) is indicated by hashes. N=3 with n>8. Reprinted with permission 

from Frisch et al. [178]. 

 

Next, the growth of CF respiratory pathogens, including Staphylococcus aureus, 

Mycobacterium abscessus and PA, was assessed in the artificial mucus surrogate. However, 

only PA showed a growth behavior comparable to standard conditions (LB medium). Therefore, 

PA was selected to further study the effect of such a matrix on bacterial adaptation and growth 

and on antibiotic susceptibility. When treated with tobramycin in the presence of PAA-modified 

artificial mucus, the CFU/mL was reduced only 1-2 logs at concentrations up to 1028 mg/mL 

In contrast, bacteria grown in LB broth or unmodified artificial mucus, were killed almost 
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entirely. These findings correlate with metabolic activity data, showing a lower reduction for 

bacteria grown in PAA modified artificial mucus than for the controls (Figure 17). This 

suggests that PAA modified artificial mucus may serve as a biomatrix compatible to grow 

respiratory pathogens while exerting diffusional barrier properties for common antibiotics 

similar to permeation data found for native mucus [122]. Such a mucus model that represents 

both, composition and biophysical properties of native mucus, may allow to predict interactions 

of inhaled nanomaterials in vitro at appreciable throughput rates. 

 

Figure 17) Antibiotic activity against 72-h PAO1 biofilms in various test media. a) Presto BlueTM assays 

and CFU analysis (b) of 72-h PAO1 in LB (circles), ASM (squares) and ASMmod (triangles) after 24 h 

treatment with Tobramycin. Metabolic activity [%] or log10(cfu/mL) are plotted against antibiotic 

concentration [mg/L]. Significance between groups is indicated by asterisks (LB vs. ASM), hashes (LB 

vs. ASMmod) and circles (ASM vs. ASMmod). N=3 with n=9. Adapted with permission from Frisch et al. 

[178].  
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3.2 Role of composition, interfacial activity and barrier properties of pulmonary 

surfactant preparations for the uptake and toxicity of aerosolized nanomaterials 

Inspired by the work with pulmonary mucus, the idea to isolate PS from this material was 

hypothesized to open the perspective for a readily available source of PS, that would not require 

laborious sampling techniques. The isolation procedure and phospholipid quantities obtained 

from endotracheal tubes of healthy patients following organic extraction are summarized in 

Figure 18. The purpose of this work was to compare surfactant obtained from pulmonary 

mucus to a selection of native and commercially available PS preparations derived from human, 

porcine and bovine lungs, as well as an artificial lining fluid. The investigation focused on three 

main aspects i) the lipid and protein composition assessed by lipidomic analysis and western 

blotting (lipid analysis was performed at Forschungszentrum Borstel by Franziska Waldow), 

ii) biophysical properties investigated via surface tensiometry (at the Complutense University 

Madrid with the help of Jesus-Perez-Gil and Alberto Hidalgo) and iii) the interaction with 

aerosolized nanomaterials studied as cellular uptake and cytotoxicity. 

 

Figure 18) Extraction of surfactant from pulmonary mucus. Mucus samples were obtained from human 

patients via the endotracheal tube method and subsequent surfactant isolation was performed by organic 

extraction (n=28). 

 

The phospholipid composition of the various surfactant preparations was different between the 

investigated samples; however, major phospholipid species were relatively conserved in native 

surfactant preparations. The major proportion of PL are saturated Phosphatidylcholine 

(saturated PC) DPPC, and the (poly)unsaturated Phosphatidylcholine (unsaturated PC) POPC, 

POPG and POPI (Figure 19). The ratio of saturatedPC/unsaturatedPC is almost equal for 

human surfactant from bronchoalveolar lavage fluid (BALF) and mucus and porcine surfactant, 

but shifted to a higher proportion of unsaturated PC in bovine surfactant (Alveofact). In porcine 

surfactant from BALF – the biophysically best performing surfactant – POPG is elevated 

compared to all other surfactant preparations whereas the opposite was observed for POPI. In 

surfactant from mucus, interestingly, considerable amounts of sphingomyelins and lysolipids 
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were detected, supporting the hypothesis that surfactant isolated from mucus might be “spent” 

surfactant that is secreted from the alveolar region to the upper airways [179,180]. 

Figure 19) Lipid composition of pulmonary surfactant perparations. Relative molar amount of lipids. 

satPC: saturated phosphatidylcholine; unPC: unsaturated phosphatidylcholine (≤2 C=C); polyunPC: 

polyunsaturated phosphatidylcholine (>2 C=C); Chol.: free cholesterol; PI: phosphatidylinositol; PG: 

phosphatidylglycerol; PE: phosphatidylethanolamine; Lyso-PL: lyso phospholipids (lysoPC, lysoPG 

and lysoPE); PC-O: ether phosphatidyl choline; PE-O: ether phosphatidyl ethanolamine; Other lipids 

(sphingomyelins, ceremides, phosphatidic acid, diacylglycerols, triacylglycerols, hexosylceramide and 

cholesteryl esters). Adapted with permission from Huck et al. [14]. 

 

The relationship of the distinctive phospholipid fingerprint of the surfactant preparations to 

their surface activity is complex, and in most studies only individual lipids or some simple 

mixtures of lipids are investigated. Intriguingly, the lack of SP-B and SP-C observed in western 

blotting experiments might in the first place be responsible for the differences observed in 

biophysical properties and surface tension profile [181]. Pressure-area isotherms obtained with 

a Langmuir balance demonstrated that upon compression, all native surfactant preparations 

could achieve the maximum surface pressure (e.g., minimum surface tension) of approx. 60 

mN/m. The largest plateau phase – indicating a high stability of the interfacial film – is observed 

for bovine and porcine surfactant. This was further reflected in a minimum hysteresis after 

repetitive cycling and in a surface pressure that changes only marginally after the third 

compression cycle (Figure 20).  
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Figure 20) Pressure-area isotherms obtained with a Langmuir-trough. a) П-area isotherms of surfactant 

preparations following 10 subsequent compression-expansion cycles at a barrier compression rate of 

65 cm2/min. Surfactants were dispersed in Tris/NaCl at 5 mg/mL and applied on a Tris/NaCl (pH 7.4) 

buffered subphase thermostated at 25 °C. Surface pressure (П) is defined as the difference in surface 

tension between a clean air-water interface (γ0) and an interface covered by the lipid layer (γ). A 

representative experiment of n=3 is represented. b) Minimal surface pressure after each expansion. Error 

bars correspond to standard deviation (n=3). Reprinted with permission from Huck et al. [14]. 

 

Another powerful method to study the adsorption and surface tension profiles of PS is the 

captive bubble surfactometer, in which an air bubble that contains the surfactant preparation is 

continuously compressed and expanded while the surface tension is monitored as a change in 

the shape of the inserted air bubble. The initial interfacial adsorption to the equilibrium value 

of 20 mN/m is reached for all surfactant preparations except for the artificial lining fluid, that 

lacks essential surfactant lipids (POPC, POPG, POPI) and hydrophobic surfactant proteins SP-

B and SP-C. Under dynamic conditions mimicking compression and expansion at physiological 

breathing rates [182], the performance of the preparations can be ranked as porcine surfactant 

(BALF) > bovine surfactant (Alveofact) > surfactant from mucus from highest to lowest 

interfacial activity. This grading could be linked to the inverted ratio of POPG/POPI and 

saturated PC/ unsaturated PC of Alveofact compared to PS from porcine BALF and the absence 

of PS proteins SP-B and SP-C in case of surfactant isolated from human mucus. 

Even though the interaction of nanomaterials with PS has been reported to modulate particle 

aggregation, uptake and toxicity of nanomaterials, a systematic analysis of the aforementioned 

readouts is lacking. After nebulization of silica nanoparticles with positive, neutral and negative 

surface charge onto phagocytic macrophage-like THP-1 cells at the air-liquid interface, the 

toxicity – indicated as LDH release – was measured (Figure 21).  



Main outcomes of the thesis 

27 

 

 

Figure 21) In vitro setup to study the interaction of aerosolized nanoparticles in the presence of various 

surfactant preparations and cell types. The cell surface was covered with 20 μL of various surface lining 

fluids (PBS, artificial lining fluid, human surfactant obtained from mucus, Alveofact and a native 

porcine surfactant purified from BALF) at a concentration of 5 mg/mL. Adapted with permission from 

Huck et al. [14]. 

 

Interestingly, only when a surfactant preparation with high interfacial activity (such as 

Alveofact® and porcine surfactant) was added to the interface, protective effects on the 

underlaying THP-1 cells were observed. Neutral silica particles exhibited a lower toxicity 

compared to amino-functionalized ones, whereas PS showed a more pronounced protective 

effect on the latter, most likely due to interactions of positively-charged particles with the 

negatively-charged phosphate-residues. This is in line with the finding that amino-

functionalized silica nanoparticles exhibit stronger interactions with porcine and bovine 

surfactant expressed in a size increase and tendency of agglomeration. 

 
Figure 22) Cytotoxicity of NPs on macrophage-like THP-1 cells. The cells were exposed by aerosol 

deposition of a) 100 μg plain silica NPs, b) 100 μg amino-functionalized silica NPs, and c) 10 μg 

BTZ043 (drug)-NPs. Values were normalized to the unexposed cultures (data not shown). Increase in 

gray scale indicates a tendency for more physiological pulmonary surfactant samples. Cytotoxicity was 

determined by flow cytometry live/dead assay. Mean of N=3 independent experiments with n=3–4 

replicates are represented. Error bars represent standard deviation. One-way ANOVA, Tukey post-hoc 

test (*) p<0.05, (**); p< 0.001, (***); p < 0.005. Adapted with permission from Huck et al. [14]. 
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Most significant effects, however, were observed in case of the anti-mycobacterial BTZ-

nanoformulation, where the toxicity is reduced by a factor of 5, most likely due to a shielding 

of the sodiumdodecylsulfate molecules (used as stabilizers) from the cell membrane 

(Figure 22). Nanoparticle tracking analysis was employed to study the interaction of 

fluorescently-labeled particles upon incubation with the different surfactant preparations. 

Interestingly, the contact of aminated-silica nanoparticles with functional surfactant such as PS 

from porcine BALF, caused an aggregation of the contacting nanoparticles, particularly for 

positively charged amino-functionalized particles.  

 

Figure 23) hAELVi cells after aerosol deposition of Silica-NH2 NPs. The cytotoxicity (a) and barrier 

integrity (b) of hAELVi cells covered with 20 μL of PBS or native porcine surfactant from BALF (20 

μL at 5 mg/mL) 24 hours after particle deposition. Untreated control did not receive aerosol deposition 

of NPs. Bars represent mean +/- standard deviation of the mean of N=3 independent experiments with 

n=3 replicates and significance levels *** p <0.005. c) Representative confocal fluorescence micrographs 

of hAELVi cell monolayers after particle aerosol deposition showing the deposition pattern before 

washing (left panels) and cellular localization after washing and staining the cells (middle and right 

panels). Right panels correspond to a higher magnification of the middle panels and z-stacks are shown 

for discrimination of particle on and inside cells. Red: Silica-NH2 NPs; Green: Phalloidin-Alexa 488 

(Actin); Blue: DAPI (Nucleus). Reprinted with permission from Huck et al. [14].  

 



Main outcomes of the thesis 

29 

 

Cellular studies on nanoparticle localization in hAELVi cells could demonstrate that larger, 

aggregated particles are only cell-associated rather than internalized into the cell, potentially 

explaining the decreased toxicity of nanomaterials in the presence of a thin layer of PS (Figure 

23). This is in line with a higher barrier integrity – measured as TEER > 2000 Ω*cm-2 – of cells 

covered with porcine surfactant. The link of PS composition (content of DPPC and presence of 

surfactant proteins SP-B and SP-C) and biophysical function on the investigated biological 

readouts may guide the systematic selection of suitable surfactant preparations and their 

implementation into in vitro models of the human lungs. 

 

3.3 In vitro characterization and interaction of respirable liposomal dry powder 

formulations with cellular and non-cellular lung barriers 

Mycobacterial infections that persist in phagocytic cells (e.g., resident and monocyte-derived 

macrophages) are difficult to reach and treat with conventional oral therapies [183]. The goal 

of the ANTI-TB project and in particular of this thesis therefore was to characterize and 

optimize respirable nano-in-micro formulations of BDQ encapsulating liposomes that are 

targeted towards phagocytic cells in the alveolar region of the deep lung. A main focus was the 

in vitro assessment of fucosylated liposomes and their respective dry powder formulations using 

the above-described models and novel fucose-binding assays. By receptor mediated 

endocytosis via fucose ligands, a high and selective cellular uptake into macrophages was 

intended, as described recently by Duran et al. [43]. To deliver the encapsulated drug BDQ, dry 

powder microparticles based on fucosylated liposomes were developed with aerodynamic 

properties optimized to favor deep lung deposition. This task was accomplished in close 

collaboration with the ANTI-TB project partners, who provided fucosylated liposomes 

(employees of Rodos Biotarget), supported in dry powder development and spray drying of 

liposomes (Durairaj Thiagarajan). The challenge here was to maintain liposomes’ integrity and 

fucose-mediated targeting while prevent leakage of BDQ from the inside of the liposome. 

Moreover, the interaction with pulmonary mucus and surfactant that may eventually limit 

therapeutic outcomes and the efficacy of the final formulation on cultured Mycobacterium 

abscessus, were assessed (Figure 24). The scope of this study can be summarized as i) 

assessment of fucose surface functionalization and receptor-mediated internalization of targeted 

liposomes into myeloid cells under submerged and air-liquid interface conditions and ii) the 

interaction of liposomes with various types of macrophages in the presence of mucus and 

surfactant and, iii) the optimization and characterization of respirable nano-in-micro particles 

obtained by spray-drying of BDQ-loaded liposomes, and iv) the assessment of 

antimycobacterial activity against extracellular and intracellular Mycobacterium abscessus. 
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Figure 24) Research strategy. Targeted liposomes and liposomal dry-powder formulations loaded with 

bedaquiline (BDQ) or levofloxacin (LVX), respectively, were developed to overcome the pulmonary 

barriers. Abbreviations: MDMs: Peripheral blood monocyte-derived macrophages, dTHP-1: 

differentiated THP-1 cells. Reprinted with permission from Huck et al. [184]. 

 

In a first step, the fucose-binding capacity of liposomes was assessed in cell free assays. Both 

assays relied on the interaction of fucose-decorated liposomes with the fucose-binding lectin 

LecB, which was recently published by Metelkina and Huck et al. [65]. In the first assay, 

fucosylated liposomes were exposed to LecB at a molar ratio of 2:1, and the size measured by 

dynamic light scattering and nanoparticle tracking analysis after overnight incubation. Only in 

case of fucosylated liposomes, a size shift was observed due to the binding of liposomes to the 

multivalent LecB, leading to the formation of larger agglomerates (Figure 25a). In a second 

assay, PA C-type lectin LecB was coated to the surface of a flow chamber and subsequently 

flushed with targeted liposomes (Figure 25b) [65]. Upon contact of the fucose ligands with 

LecB on the chamber surface, liposomes were immobilized and subsequently quantified by 

confocal microscopy. This setup allowed to study the binding of fucosylated liposomes in the 

presence of competitive inhibitor, thereby confirming the specificity of such a sugar-based 

targeting. Only the competitive inhibitor L-Fucose, but not the buffer solution, removed the 

attached liposomes, indicating specific fucose-mediated binding of the targeted BDQ-

liposomes. 
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Figure 25) Principle of lectin binding assays. a) Incubation of fucosylated liposomes with Pseudomonas 

aeruginosa lectin LecB. Red arrow marks the size shift of fucosylated liposomes after overnight 

incubation with LecB, confirming the specificity of the binding and the presence of fucose residues on 

the liposomes’ surface. Experiments were performed in triplicates. b) Fucosylated liposomes were 

flushed through a LecB coated flow chamber using a syringe pump. Following incubation and flushing 

with buffer or competitive inhibitor, the fluorescence intensity of liposomes bound to the chamber was 

assessed by fluorescence microscopy. Adapted with permission from Huck et al. [184]. 

 

After demonstration of the fucose-mediated binding in a cell-free setup, relevant phagocytic 

cells, including the cell line THP-1 and primary macrophages obtained from human lung tissue 

and blood, were selected to study cellular internalization under controlled conditions in vitro. 

These cells were selected based on their distinctive expression profiles of the C-type lectin 

macrophage-mannose receptor (CD206), which facilitates the receptor-mediated internalization 

and intracellular routing of the targeted liposomes to endosomal compartments [185]. Since 

several types of macrophages are involved in TB infections including resident alveolar 

macrophages (represented by the macrophages isolated from human lung tissue) and monocyte-

derived macrophages [186] (represented by those isolated from buffy coats) both macrophage 

types as well as a cell line (dTHP-1) were used to study liposomal uptake. Noteworthy, the lack 

of competitive uptake between different cell types in the current “macrophage only model” may 

even underestimate the effect of a targeted delivery approach and the shift in uptake towards a 

certain population (e.g., phagocytic cells) might not be become visible in such a setup. On the 

other hand, due to an already high basal uptake of phagocytic cells, the observation of an 

elevated uptake of fucosylated liposomes might be challenging and requires an optimal 

concentration of both liposomes and cells and a careful selection of the incubation timeframe. 

In a first approach, the uptake of fucosylated liposomes was tested on differentiated THP-1 

(dTHP-1) cells after 2 hours of incubation in the absence and presence of competitive inhibitor 

(L-fucose). Here, the uptake of fucosylated liposomes was significantly increased, however, 

remained on the same level as plain liposomes when L-fucose was present. Experiments at 4°C 

were performed to confirm an active, energy-dependent uptake mechanism (Figure 26). 
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Figure 26) Cellular uptake of fucosylated liposomes into phagocytic cells. Fucosylated liposomes 

showed a higher uptake than plain liposomes. Increased uptake into human dTHP-1 cells, peripheral 

blood monocyte-derived macrophages (MDM) and lung tissue macrophages was reduced in the presence 

of free fucose (10 mM). At 4°C, the internalization was drastically reduced due to the inhibition of active 

uptake, thus indicating the proportion of cell-associated liposomes in this specific case. Data represent 

means ± SD (n=6-9, N=3 for dTHP-1 and MDM, and n=3-5 with N=2 for lung macrophages). 

Significance was defined as *** (p < 0.001), ** (p < 0.005) and * (p < 0.05). Adapted with permission 

from Huck et al. [184]. 

 

To simulate the deposition scenario in the alveolar region more closely, liposomes were 

subsequently exposed to cells in aerosol form using a vibrating mesh nebulizer. Such a setup 

further allowed the inclusion of pulmonary surfactant (Alveofact®) to the interface to 

investigate the fate of the deposited liposomes upon contact with PS. Interestingly, at the same 

dose, the overall uptake of aerosolized liposomes was higher compared to liposomes added 

under submerged conditions, most likely due to the additional diffusion barrier in the latter case. 

More importantly, the presence of PS in the interface seems to modulate liposomal 

internalization, since no additional uptake of fucosylated liposomes was observed when PS was 

present at the air-liquid interface (Figure 27). This is most likely attributed to a masking of the 

liposomes’ surface by PS components. From this in vitro study, the potential limitations 

observed in in vivo studies was deduced, owing to the control of various contributing aspects in 

such a setup.  
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Figure 27) Cellular uptake of fucosylated liposomes into phagocytic cells after aerosol deposition. In 

the presence of pulmonary surfactant, no additional uptake of fucosylated uptake is observed. Data 

represent means ± SD (n=6-9, N=3 for dTHP-1 and MDM, and n=3-5 with N=2 for lung macrophages). 

Significance was defined as *** (p < 0.001), ** (p < 0.005) and * (p < 0.05). Adapted with permission 

from Huck et al. [184]. 

Having shown that PS can mitigate the uptake of aerosolized liposomes in a variety of 

phagocytic cells, in a next step, the release of the incorporated antibiotic upon contact with PS 

was assessed. In order to so, a suitable system consisting of two compartments separated by a 

10,000 Dalton molecular weight cut-off membrane was developed using a Slide-A-Lyzer® 

placed into a 24 well plate equipped with a magnetic stirrer. The time-dependent release of the 

antibiotic from the donor to the acceptor compartment was then tested for bedaquiline (BDQ) 

and levofloxacin (LVX, used as control) either in the presence or absence of PS in the release 

medium. LVX is entirely released after 96 h of incubation and the presence of PS accelerates 

drug release, indicated by a more than two-fold increased release after 24 h compared to a 

release medium without PS (Figure 28). 

 
Figure 28) Drug release from liposomes. Release profiles of levofloxacin (LVX) (a) and bedaquiline 

(BDQ) (b) from fucosylated (Lipo_fuco) and plain liposomes (Lipo_plain) in the presence and absence 

of pulmonary surfactant (Alveofact®), respectively. LVX was released more rapidly in the presence of 

pulmonary surfactant (PS) and compared to BDQ. The release of BDQ did not exceed 10% after 96 h 

and was not detectable when PS was present in the donor medium. Error bars represent means ± SD 

(n=9, N=3). Significance was defined as *** / ### (p < 0.001) and ** / ## (p < 0.005). Adapted with 

permission from Huck et al. [184]. 
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In case of BDQ, the overall release did not exceed 10% even after 96 h, and in the presence of 

PS, literally no release was observed. This might be explained by the localization of BDQ in 

the hydrophobic liposomal bilayer, associating with the phospholipids present in PS, thereby 

hampering the release. The presence of a fucose targeting moiety on the liposomes’ surface, in 

contrast, seems to be of minor relevance for the release. 

To transfer BDQ-loaded liposomes into respirable microparticles within a size range of 1-5 µm, 

spray-drying was performed. Optimization of the biocompatible excipients lactose and leucine 

as previously published by Thiyagarajan and Huck et al. [94] resulted in stable, round-shaped 

microparticles with a high respirable portion (>70%) and drug load. Cryo-TEM and confocal 

microscopy confirmed the intactness of the liposomal outer layer after spray drying and a 

uniform distribution of liposomes within the dry powder. This was in line with dynamic light 

scattering (DLS) size measurements of liposomes after spray drying, which displayed a narrow 

size distribution with a mean size of 100 ± 5 nm. Subsequent flow cytometry and confocal 

image analysis could confirm that the targeting function of the fucosylated liposomes was 

preserved when formulated as microparticles. The elevated uptake into dTHP-1 cells was 

comparable to the liposomes before spray drying (Figure 29). 

 
Figure 29) Cellular uptake of the liposomal dry powder formulation. a) Uptake after 2 h incubation at 

37°C by dTHP-1 cells evidenced by flow cytometry confirmed that active targeting was preserved. b) 

Representative confocal images analyzed for dissolved dry powders containing fucosylated liposomes 

show the intracellular localization of liposomes. Nuclei were stained with DAPI (blue), actin with 

phalloidin (green), and liposomes with PE-Texas red. Data represent means ± SD (N=3, n=9) with 

significance defined as *** (p < 0.001). Adapted with permission from Huck et al. [184]. 

 

Next, the interaction of the liposome-based dry powder formulations with native pulmonary 

mucus after dry powder aerosol deposition in the next generation impactor (NGA) served to 

spot the fraction that is excluded from deposition as consequence of entrapment in the mucus 

meshwork. The mobility of the liposomes released from microparticles, which were deposited 

on mucus-covered inserts inside the NGA, was than assessed by MPT. Considerable fractions 

of 71.4% and 66.5% of plain and fucosylated liposomes, respectively, were immobilized in the 

mucus layer (Figure 30). From this data one can conclude that the formation of granuloma and 

mucus microaggregate biofilms at the place of mycobacterial infections may impose a 
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significant barrier for the delivery of such particles to the place of infection in the respiratory 

bronchioles [187]. On the other hand, the fact that a large fraction of dry powder is immobilized 

in the mucus meshwork could in parts be counterbalanced by the comparably high mobility of 

fucosylated liposome. This might be related to the PEG-residues used to link the fucose-

derivates to the liposome’s surface. Such studies are key to predict the fate of inhaled 

nanomedicines, while dissecting numerous contributing aspects, such as the composition and 

barrier properties of pulmonary mucus and surfactant in vitro. 

 

Figure 30) Mucus interaction studies. An objective slide containing tracheobronchial mucus was placed 

into stage 2 of the next generation impactor and analyzed by video microscopy after deposition of the 

dry powder to study the mobility of plain (MP_lipo_plain) and fucosylated (MP_lipo_fuco) liposomes 

released from microparticles. b) The slope of individual mean squared displacement (MSD) curves 

discriminates between mobile (black line, α > 0.5) and immobile (red line, α ≤ 0.5) particles. Percentages 

indicate the mobile/immobile fraction of all tracked particles. c) The distribution of log(MSD) values at 

a timescale of t = 0.5 s indicates a higher mobility of fucosylated liposomes; see also representative 

trajectories. Three independent experiments were performed with at least >150 particles/frame. 

Reprinted with permission from Huck et al. [184]. 
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In a final evaluation, the killing of M. abscessus was assessed both intra- and extracellularly 

under submerged and air-interface conditions. The PADDOCC systems was used to study the 

killing of extracellular mycobacteria after dry powder aerosol deposition at a BDQ dose 

of 0.5 µg (Figure 31).  

 

Figure 31) Dry powder aerosol deposition for the treatment of extracellular M. abscessus using the 

PADDOCC system. The CFU is reduced by several logs after 72 h of treatment with the BDQ-loaded 

nano-in-micro formulation. Data represent means ± SD (N=3, n=9) with significance defined as 

*** (p < 0.001). 

 

The treatment resulted in a significant reduction in CFU, already at doses in the sub-microgram 

range. Control microparticles without BDQ (MP_only) served to exclude matrix effects derived 

from the lactose-leucine dry powder excipients. The CFU reduction was similar to that obtained 

under sub-merged conditions, demonstrating a successful killing of extracellular bacteria with 

the nano-in-micro formulation under relevant deposition conditions. To study the efficacy of 

the targeted formulations, a more complex in vitro model mimicking the intracellular infection 

of the targeted cells was developed and liposomes tested in cooperation with Aghiad Bali. The 

slow growth of the M. abscessus revealed a benefit of fucose-mediated targeting of infected 

dTHP-1 cells after 72 h of treatment. When improving the delivery to intracellular bacteria, 

targeted aerosolized nano-in-micro delivery systems could help to overcome the pulmonary 

barriers and the increasing challenge of mycobacterial resistance. While this study may provide 

the basis for a future translation to clinics, further investigations should focus on the correlation 

of in vitro results obtained in this study with data obtained in animal studies.  
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4 Conclusion and future perspectives 

This work investigated the interactions of nanomaterials and anti-infective drug delivery 

systems with cellular and non-cellular pulmonary barriers, in particular that of pulmonary 

mucus and surfactant. 

The first chapter (section 3.1) of this thesis focused on the characterization of pulmonary mucus 

and the development of mucus surrogates for the in vitro assessment of diverse nanomaterial 

interactions. Mucus barrier properties and rheology were studied as a function of composition 

and compared to recently published and newly designed surrogates of mucus, the latter offering 

a readily available source at high quantity and quality. The movement of 200 nm and 500 nm 

benchmark particles demonstrated a size-limited diffusion that depends on the concentration 

and type of cross-linking polymer, including the natural mucins as well as artificial polymers. 

A mucus surrogate could be developed with properties similar to that of native mucus, allowing 

to predict the interaction of nanomaterials at appreciable throughput rates. Moreover, this 

artificial mucus surrogate allowed the growth of respiratory pathogens and to study the 

diffusion and susceptibility of a variety of antibiotics. 

The surfactant barrier was addressed in the second chapter of this thesis (section 3.2) with the 

aim to link composition and biophysical activity to the interaction with aerosolized 

nanomaterials. A comprehensive lipidomic analysis of various surfactant preparations and 

biophysical investigation allowed to dissect individual lipids and proteins as key parameters of 

a proper interfacial activity. Moreover, this observation could be linked to the uptake and 

toxicity of aerosolized nanomaterials with different surface functionalization in an in vitro 

model composed of phagocytic or alveolar epithelial cells. These findings may guide the 

selection of appropriate surfactant preparations for future studies, while emphasizing on the 

role of PS in relevant in vitro models of the human lung, such as the one described herein. 

The last chapter (section 3.3 and 3.4) summarizes the characterization and optimization of a 

liposome-based nano-in-micro delivery system for deep lung deposition and targeting of 

mycobacterial infections. Fucose-mediated delivery of liposomes and liposomal dry powders 

in an in vitro model of M. abscessus infected macrophages demonstrated the benefit of 

controlled and targeted delivery using dry powder aerosols. This study is a first step towards a 

translation of novel drug carrier systems for aerosol therapy of mycobacterial infections, 

certainly requiring follow-up investigations to demonstrate the safety and efficacy of the 

described system in vivo. 

Altogether, this thesis contemplates the models and tools to predict the fate of inhaled 

nanomedicines after interaction with the pulmonary barriers in vitro and guides the selection of 

appropriate models for such interactions. While this is considered a significant contribution for 

the future testing of novel nanomedicines and anti-infectives, the carrier system investigated in 

this thesis may potentially overcome the lung barriers and shortcomings of current inhalation 

therapy of mycobacterial infections. 
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SUPPORTING INFORMATION 

Systematic Analysis of Composition, Interfacial Performance and Effects of Pulmonary 

Surfactant Preparations on Cellular Uptake and Cytotoxicity of Aerosolized 

Nanomaterials 
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SUPPLEMENTAL FIGURES 

FIGURE S1 

 

Figure S1: Spearman Rank’s correlation analysis of lipid composition of pulmonary surfactant 

obtained from different sources (surfactant from human bronchoalveolar lavage fluid (BALF), 

human mucus and porcine BALF, and the clinical surfactant surfacant [Alveofact®]). Squares 

represent Spearman’s rank correlation coefficients, where 1 correspond to the highest 

correlation (blue) and 0 the lowest (red). The analysis includes 48 lipid species that account for 

95 mol% of the total lipid content. 
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Figure S2: Gating strategy for flow cytometric live/dead staining.  

 

 

FIGURE S3 

 

Figure S3: Viability of dTHP-1 cells incubated with 20 µL of various surfactant preparations 

at a concentration of 1 mg/mL for 4 hours at 37°C.   
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SUPLEMENTAL TABLES 

Table S1: Internal standards used for lipid quantification. 

Substance 
Amount added  

(pmol) a) 

15:0-18:1(d7) PC 235.17 

15:0-18:1(d7) PE 8.76 

15:0-18:1(d7) PS 5.91 

15:0-18:1(d7) PG 41.10 

15:0-18:1(d7) PI 11.79 

15:0-18:1(d7) PA 11.76 

18:1(d7) LPC 52.95 

18:1(d7) LPE 11.85 

18:1(d7) Chol Ester 588.03 

18:1(d7) MAG 5.82 

15:0-18:1(d7) DAG 17.61 

15:0-18:1(d7)-18:1 TAG 76.44 

18:1(d9) SM 47.16 

Cholesterold(d7) 293.01 

Ceramide C17 113.07 

a) IS amounts added in total to the samples prior shotgun lipidomics measurement 
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Table S2: Lipid standards and quantitation mode including quantitation ions for shotgun 

lipidomics. 

Specie Class ESI Mode Standard for 
Quantitation 

mode 
Quantitation Ion 

LPE-IS LPE 

negative 

LPE MS2 Fatty acid fragment 

PE-IS PE PE/PE-O MS2 Fatty acid fragment 

CL-IS CL CL MS1 Precursor 

PG-IS PG PG/LPG MS2 Fatty acid fragment 

PI-IS PI PI/LPI MS2 Fatty acid fragment 

PS-IS PS PS/LPS MS2 Fatty acid fragment 

 

Cer-IS Cer 

positive 

Cer MS2 LCB fragment 

CE-IS CE CE MS2 CE specific fragment 

LPC-IS LPC LPC MS2 PC (184) fragment 

PC-IS PC PC/PC-O MS2 PC (184) fragment 

DAG-IS DAG DAG MS2 Neutral loss + fragment 

SM-IS SM SM MS1 Precursor 

TAG-IS TAG TAG MS1 Precursor 

After 

acetylation 
    

FC-IS FC FC MS2 FC specific fragment 

 

 

Table S3: Characterization of specific acyl chains corresponding to PC 32:0, PC 34:1, PG 

34:1 and PI 34:1 in the different surfactant samples using MS2 in the negative ion mode. 

Contribution in % for each fatty acid species with respect to total amount. 

  
Human Surf. 

(BALF) 
Human Surf. (Mucus) 

Bovine Surf. 

(BALF) 
Porcine Surf. (BALF) 

  

PC 32:0 

PC 14:0_18:0 0.50 0.26 1.29 0.77 

PC 16:0_16:0 99.50 99.74 98.71 99.23 

      

PC 34:1 

PC 16:1_18:0 2.82 2.78 3.72 3.64 

PC 16:0_18:1 97.18 97.22 96.28 96.36 

      

PG 34:1 

PG 16:1_18:0 4.46 5.05 0.97 4.64 

PG 16:0_18:1 95.54 94.95 99.03 95.36 

      

PI 34:1 

PI 16:0_18:1 100 100 100 100 

PI 16:1_18:0 n.d. n.d. n.d. n.d. 

 

 

Table S4: Particle size of plain silica and silica-NH2 NPs in various surfactant preparations 

after incubation at a 1:1 ratio (w/w). Size was determined by dynamic light scattering (DLS) 

and nanoparticle tracking analysis (NTA). 
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 Size [nm] 

Surfactant 

preparation 

Human Surfactant 

(Mucus) 

Porcine Surfactant 

(BALF) 

Bovine Surfactant 

(BALF) 
Artificial Lining Fluid 

Method NTA DLS NTA DLS NTA DLS NTA DLS 

Silica-NH2 NPs 
154.2 ± 

18.9 

740.6 ± 

21.8 

432.2 ± 

62.6 

1663.0 

± 35.4 

366.6 ± 

26.9 

2121.0 

± 239.3 

207.7 ± 

4.1 

1251.0 

± 247.7 

Silica-NP (plain) 
235.7 ± 

4.9 

620.0 ± 

31.2 

329.0 ± 

33.5 

1031.0 

± 125.6 

338.1 ± 

13.6 

1152.0 

± 76.2 

231.1 ± 

4.2 

1031.0 

± 125.6 
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