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Science is a self-correcting process. To be accepted, new ideas must survive the 

most rigorous standards of evidence and scrutiny.

Carl Sagan

Die Welt, wie wir sie geschaffen haben, ist ein Prozess unseres Denkens. Sie kann 

nicht verändert werden, ohne unser Denken zu ändern.

Albert Einstein

These quotes from two eminent figures underscore the transformative power of 

science and the open-mindedness essential for progress. This dissertation 

introduces innovative human in vitro models designed to offer crucial alternatives to 

traditional animal models. By exemplifying the necessary evolution and 

advancement in infection research, these models aim to enhance the fight against 

chronic infections through novel anti-infectives tested on systems with reliable 

predictive capabilities.
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Summary
3D (Bio)printing is a cutting-edge technology offering precision in developing in vitro

models. These models can serve as alternatives to animal experiments, particularly 

in infection research, where options are limited. By mimicking in vivo conditions, they 

can improve the predictability of drug efficacy for clinical applications.

This thesis explores 3D bioprinting to create innovative approaches in biomedical 

research. The primary goal was to develop a model of chronically infected lungs. 

Previous work involved an in vitro model of epithelial lung cells combined with 

Pseudomonas aeruginosa biofilms, revealing limitations of manual pipetting. 3D 

bioprinting was identified as a solution to position biofilms accurately on lung cell 

monolayers. Escherichia coli was chosen for its ease of handling, and a gelatin-

alginate bioink was developed to support biofilm growth.

The second project applied 3D printing to hair follicle research. Initially aimed at 

studying hair loss, the model was adapted to investigate bacterial infections like acne 

inversa. Using 3D printing to create a collagen matrix, hair follicles were sustained in 

their growth phase, infected with Staphylococcus aureus, and treated with 

nanoantibiotics.

These approaches highlight the potential of 3D bioprinting. They reduce reliance on 

animal testing and accelerate the development of treatments for chronic infections, 

representing progress toward effective drug testing and clinical applications.
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Zusammenfassung
3D(Bio)printing ist eine innovative Technologie zur Entwicklung präziser in vitro

Modelle, die Tierversuche in der Infektionsforschung ersetzen können, wo 

Alternativen begrenzt sind. Durch die Nachahmung von in vivo Bedingungen 

verbessert diese Methode die Vorhersagbarkeit der Arzneimittelwirksamkeit.

Diese Dissertation untersucht den Einsatz von 3D (Bio)printing für biomedizinische 

Forschungsansätze und die Entwicklung eines Modells für chronisch infizierte 

Lungen. Ein Vorläufermodell bestand aus epithelialen Lungenzellen und 

Pseudomonas aeruginosa Biofilmen und zeigte die Grenzen manueller Pipettierung. 

3D Bioprinting erwies sich als geeignet, Biofilme präzise auf Lungenzell-Monolayer 

zu platzieren. Escherichia coli wurde aufgrund seiner einfachen Handhabung 

gewählt, und eine Gelatine-Alginat Biotinte wurde entwickelt, um das 

Biofilmwachstum zu fördern.

Das zweite Projekt befasste sich mit der Anwendung des 3D-Drucks auf die 

Haarfollikelforschung. Ursprünglich zur Untersuchung von Haarausfall entwickelt, 

wurde das Modell zur Erforschung bakterieller Infektionen wie Acne inversa 

angepasst. Mithilfe von 3D Druck und einer Kollagenmatrix konnten Haarfollikel in 

ihrer Wachstumsphase gehalten und mit Staphylococcus aureus infiziert werden.

Diese Ansätze zeigen das Potenzial des 3D (Bio)printings: Es reduziert die 

Abhängigkeit von Tierversuchen und beschleunigt die Entwicklung neuer 

Behandlungen für chronische Infektionen sowie die Arzneimittelprüfung und klinische 

Anwendungen.
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1. Introduction

1.1 3D (Bio)printing 

1.1.1 Definition and application in biomedical research

The core technology and primary method utilized in this thesis is 3D printing, an 

additive manufacturing process developed in the 1980s that creates three-

dimensional objects by layering materials. This versatile technology has found 

widespread applications across various industries, including aviation, geoscience, 

education, clothing, medical, and pharmaceuticals (1). 3D printing can be classified 

according to different layering methods and the selected materials and their physical 

state. Metal, ceramic, composite and polymeric materials can all be utilized in 3D 

printing (2). Various 3D printing methods are employed in the biomedical field, each 

tailored to specific applications and materials. Fused deposition modeling (FDM), for 

instance, uses thermoplastic filaments like Polylactid (PLA) or Polyetheretherketon 

(PEEK). In FDM, the filament is heated, melted, and extruded through a nozzle, 

which moves layer by layer to build the object. PLA is biocompatible and 

biodegradable, making it suitable for temporary medical models, while PEEK is 

known for its durability and is often used in permanent implants (3).

Stereolithography, on the other hand, utilizes liquid photopolymers that are cured 

layer by layer using UV light, producing highly detailed structures. This method is 

frequently applied in dental applications, such as creating crowns, surgical guides, 

other prosthetic constructs, as well as in the fabrication of microfluidic devices for 

research purposes (4, 2). Another method is selective laser sintering, which uses a 

laser to sinter powdered materials, such as polymers like nylon and metals like 

titanium and cobalt-chromium alloys. This technique produces robust and precise 

implants, also commonly used in orthopedics and dentistry. (5). Within each of these 

methods, there are further classifications and variations, and the materials used can 

often be adapted or combined across different techniques, demonstrating the 

versatility and overlap of 3D printing technologies in biomedical applications.

A specialized application of 3D printing is 3D bioprinting1, a revolutionary technique 

that enables the layer-by-layer deposition of bioinks, comprising biomaterials and 

living cells. This state-of-the-art technology facilitates the creation of three-

1 For clarification, the term 3D (bio)printing with brackets is used when referring to 3D printing and 
bioprinting.
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dimensional structures that closely mimic natural tissues and organs. There are 

several distinct bioprinting techniques, broadly categorized as droplet-based 

bioprinting, extrusion-based bioprinting, and laser-assisted bioprinting. Droplet-based 

bioprinting involves generating drops of low-viscosity materials using piezoelectric, 

thermal, or electrostatic forces to construct a spatially heterogeneous tissue structure 

(6). Extrusion-based bioprinting, on the other hand, utilizes pneumatic pistons or 

screw drive approaches to deposit continuous filaments of hydrogels. In photocuring-

based bioprinting, a laser-assisted printing system incorporates a pulsed laser 

source, laser focusing tool, metallic ribbon film with an upper energy-absorbing layer, 

and a receiving substrate. During the printing process, the pulsed laser focuses on 

the upper layer, inducing film evaporation and the formation of a high-pressure 

bubble that propels suspended bioink onto the receiving substrate (7). To date, 3D 

(bio)printing has been successfully applied to fabricate a diverse array of tissues, 

organs, and disease models (8). These applications span a wide range, 

encompassing cardiac tissues (9, 10), liver tissues (11, 12), bone (13, 14), lung, skin, 

various cancer models, and beyond (8).

1.1.2 Application of 3D (bio)printing for in vitro models

The potential applications of 3D (bio)printing extend prominently to regenerative 

medicine, tissue engineering, and drug testing, as evidenced by its growing adoption 

in these fields (15). This versatile method has spurred increased interest in designing 

advanced 3D in vitro models, positioning itself as a bridge between traditional cell 

culture and in vivo modelling. Nowadays, such models led to an advanced 

understanding of pharmacological and toxicological processes of all kind of 

treatments and chemicals (8). Over the past decade, manual construction of 3D in

vitro models using natural polymers (collagen, ECM, gelatin, polyacrylamide) and 

various natural and synthetic scaffolds has been a prevailing approach (16).

However, these methods have been limited in their ability to create intricate 

architectures and exerting precise control over cell placement, thereby constraining 

their ability to simulate in vivo conditions accurately. 3D (bio)printing significantly 

increases the complexity of in vitro models, enabling the creation of structures that 

closely mimic tissues, organs, and diseases by incorporating heterogeneous cell 

populations, extracellular matrix components, and vascular networks (17). Moreover, 

the tailored microenvironment, supported by suitable bioinks and matrices, promotes 
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more natural cell-cell interactions, leading to a better replication of in vivo conditions

(18). While it is difficult to provide an exact number of publications addressing 3D 

(bio)printing and in vitro models, the emergence of 3D (bio)printing, along with other 

advanced manufacturing techniques like electrospinning, has undoubtedly 

revolutionized the field. These technologies offer unprecedented control over model 

architecture by enabling precise placement of cells and biomaterials with high 

resolution and reproducibility, marking a new era in tissue engineering and model 

development (16, 19). Consequently, the development of all types of printed in vitro-,

tissues and disease model rose tremendously in the past decade. 

According to the world health organization cardiovascular diseases are the leading 

cause of death globally, taking an estimated 17.9 million lives each year (20). Hence, 

there is a great focus on in vitro models addressing this issue, designed to be 

applied for drug and toxin testing. To advance previous 2D or manually prepared 3D 

heart models/tissue and overcome a wide range of limitations, 3D bioprinting was a 

key application in the past decade. For instance, it was demonstrated that iPSC-CMs 

exhibit enhanced maturity and can more accurately mimic adult heart tissue during 

drug testing when bioprinted as small strands stretched between two pillars (21).

Recently, milestones were achieved when 3D (bio)printing was utilized to design full 

heart and chamber models (22, 9, 10).

Recent advancements in 3D bioprinting have also improved liver in vitro models for 

drug screening and disease studies. Vascularized liver models with spatially 

organized hepatic and endothelial cells, as well as perfusion-enabled models with 

microchannels, are outcomes of this progress, demonstrating enhanced liver 

function and the expression of key liver markers (12, 23). Interestingly, Gori et al.

(2020) demonstrated significantly increased sensitivity of the drug acetaminophen in 

3D printed liver models than in 2D counterparts, suggesting that spatial organization 

might play a key role for drug screening (24, 8). Hiller et al. (2018) presented a

platform of a bioprinted liver model, applied to study adeno-associated virus infection

(11).  These advancements have made bioprinted liver models increasingly valuable 

in the pharmaceutical industry, offering enhanced sensitivity in drug testing and 

effective platforms for viral research.
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A key disease of great interest for in vitro modelling is cancer, still a significant global 

health issue. A wide range of different cancer types with different complexities were 

already designed for drug screening by (bio)printing, including brain, liver, lung, 

breast, colorectal, pancreas and ovarian cancer (25). Like other in vitro models, 2D 

and manually constructed 3D cancer models are limited by their inability to 

accurately emulate the disease's pathophysiology and by the reduced functionality of 

the cells (26). Specifically, they lack perfusable vasculature, pathological 

architecture, extracellular matrix environment (ECM) and multiple cell type 

inclusions. 3D (bio)printing, as previously described, can spatially pattern different 

cell types to more accurately mimic the in vivo microarchitecture (25). In combination 

with suitable bioinks, composed of ECM components and growth factors, this 

approach can further enhance cellular functionality and promote more physiologically 

relevant behaviour within the constructs. That microenvironment has a great impact 

on cells and the relevance of the model was shown again and again in different 

cancer model types, showing generally, more in vivo pathology via increased 

resistance towards chemotherapeutic agents, gene expression, altered drug 

reaction, cell proliferation and function (27). Although cancer is not the primary focus 

of this thesis, it is worth noting that with over 500 publications on cancer and 3D

(bio)printing (28), this field holds significant potential for advancing pharmaceutical 

development, potentially leading to more effective and efficient therapies in the near 

future.

In the realm of lung in vitro models, Horvath et al. 2015, pioneered the bioprinting of 

an air-blood tissue barrier, utilizing a layer-by-layer approach to fabricate A549 

alveolar epithelial cells and EA.hy926 endothelial cells, separated by a basement 

membrane mimic with Matrigel (29). This innovative method showcased the 

capability of 3D bioprinting to design thinner and more homogeneous cell layers, 

creating a closer mimic of the air-blood barrier. Recent advancements have 

extended to the bioprinting of 3D lung tissues for investigating viral infections such 

as Covid-19 or influenza A, aiming to portray a more natural infection profile, a 

limitation in conventional 2D models (30, 31). Compared to other tissues and organs 

however, the application of 3D (bio)printing is rather less investigated for the lung.

Over the past decade, 3D (bio)printing has made significant strides in the field of skin 

and cutaneous tissue. 3D printed skin grafts have been employed for various 
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applications, notably in wound healing and skin regeneration (32). 3D full-thickness 

skin equivalents (36, 6), extensively used for drug efficacy testing, involve multiple 

cell types (fibroblasts, keratinocytes) incorporated into bioinks composed of 

biomaterials such as collagen (33, 34), gelatin or fibrin (35). Synthetic materials have 

also been integrated to enhance these models. Kim et al. (2017) and Ramasamy et 

al. (2021) utilized a full-thickness collagen-based skin equivalent within a printed 

PCL mesh to mitigate the effects of collagen contraction, a phenomenon often 

induced by fibroblasts under air-liquid conditions (36, 37). Although 3D (bio)printing 

of skin models has seen significant advancements, several aspects remain 

underexplored. One such aspect is the inclusion of hair follicles, which play a critical 

follicles into 3D-printed skin constructs was made by Abaci et al. (2018). In their 

study, human dermal papilla cells (DPCs) were incorporated into a 3D-printed mold 

to form hair follicles within a skin construct, achieving physiological 3D organization 

for drug screening purposes (38). Similarly, Catarino et al. (2023) bioprinted DPCs 

and human umbilical vein endothelial cells within a pre-gelled dermal layer 

containing fibroblasts (39). However, challenges and limitations of such cultures, as 

well as a more detailed analysis of existing methods, will be discussed in section 

2.1.2. As of now, no publication has reported a fully 3D-printed model of mature 

human hair follicles. The current approaches mainly involve traditional in vitro

models, where isolated human hair follicles are maintained in suspension, as 

described in Chapter 2.

One area where 3D (bio)printing has yet to be extensively applied in research is the 

modelling of infections. However, bacteria have been 3D bioprinted before for 

various applications. A recent innovative approach involves the bioprinting of bacteria 

for diverse biotechnological and biomedical purposes, functioning as biofactories 

when embedded in specialized bioinks (40, 41). Another approach was the 

bioprinting of bacterial biofilms for antimicrobial testing within controlled and shaped 

models. Biofilms have been successfully printed using alginate-based bioinks. 

Spiesz et al. and Balasubramanian et al. bioprinted planktonic E. coli MG1655 in an 

alginate solution on CaCl2-Luria-Bertani (LB)-agar plates, allowing them to incubate 

for 3 6 days to form a biofilm within the designated shape (42, 43). Additionally, Ning 

et al. bioprinted biofilms of E. coli, S. aureus, and Pseudomonas aeruginosa (P. 
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aeruginosa) for in vitro antimicrobial testing within a partially crosslinked alginate 

bioink, with biofilms forming within the printed construct after 5 14 days (44).

Notably, in these approaches, biofilms were always formed post-printing. However, 

the integration of this concept with human cells to mimic an in vitro infection has not 

been explored thus far. The importance of this gap is discussed in more detail in the 

next chapter. Nevertheless, this represents an intriguing chance, taken in this thesis 

to offer the potential to create more realistic in vitro infection models by combining 

bacterial biofilms with human cells using advanced bioprinting techniques.

The ability of 3D (bio)printing to mimic the complexity of human tissues and diseases 

holds promise for advancing both basic research and translational applications in 

medicine and biology. Nevertheless, several key areas remain unexplored by 

traditional in vitro models, potentially could greatly benefit from this technology.

1.2 The importance of in vitro models

1.2.1 In the context of lung and lung infections

Bacterial biofilm associated infections are estimated to cause over half a million 

deaths each year in the US alone, including 171,000 respiratory cases, with a huge 

economic burden (45, 46). Bacterial biofilms are communities of bacteria,

aggregating in a self-produced protective extracellular matrix, which consists of 

protein, polysaccharides and nucleic acids (47). In this state, bacteria can exhibit

crucial antibiotic resistance due to penetration barrier or an altered chemical 

microenvironment (48 51). In patients suffering from cystic fibrosis, mucociliary 

clearance is impaired due to a mutation in the CFTR gen (52). These are optimal 

conditions for microbes to colonize the lung and cause chronic biofilm infections.

Pseudomonas aeruginosa (PA) is the major pathogen, involved in such infections

(53, 54). When the pathogens resist the therapy, lung destructive inflammation can 

occur, deteriorating the respiratory system (55). Considering the global medical 

challenge, novel and innovative anti-infective therapies are required. Taking this into 

account, every discovered active drug compound needs to be tested preclinically on 

robust and standardized models. Drug development is a time-extensive and costly 

process, especially the clinical studies. Recent estimates of costs are ranging from 

$314 million to $2.8 billion (56). Therefore, it is essential that novel drugs undergo 

preclinical studies to investigate efficacy and safety. Ultimately, preclinical studies 

aim to predict treatment/efficacy outcome and adverse effects (toxicity assessment) 
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in patients. To conduct preclinical studies, models mimicking the human physiology

and disease mechanism are required. The gold-standard is still animal models,

where rats, mice, cats and many more are infected intratracheally or intranasally with 

bacteria loaded agar beads to emulate the lung infection (57, 58). However, these 

approaches are questionable, because the bead embedded bacteria are not in 

contact with lung epithelium in vivo. Additionally, differences in genetics or 

immunology elucidate the issues in comparability to human pathology. To improve

clinical translation and predictivity of drug efficacy in vitro alternatives, ideally with 

co-cultures of human epithelial cells and bacterial biofilms, are required. Although, 

such models exist, they are still limited in flexibility and cultivability.

A timeline, depicting the development of such in vitro models is shown in figure 1, 

beginning with biofilms growing on abiotic surfaces without host cells. Although such 

simple models allow for preliminary assessment of treatment efficacy, they seem to 

stay unable to reproduce the complexity found in vivo and lack any host cell 

response (59). A decade later, when biofilms in combination with host cells were 

approached, complex difficulties emerged. When PA was cultivated on epithelial lung 

cell layer, Anderson et al. showed rapid cell death within 4-6 h before a biofilm was 

even formed (60). Similar studies correlated the biofilm formation process with 

accelerated cell death (61). In a study from 2014, it was reported that in vitro lung 

cells are more prone to planktonic bacteria, compared to the cultivation with pre-

established biofilms (62). The driving force of cell death seem to be the shear 

overgrowth process when bacteria are planktonic, while biofilm bacteria exhibit a 

reduced metabolism and growth (63). An approach to still establish such a culture 

with planktonic bacteria was to treat the infection promptly after infection with anti-

infectives (64). However, still no chronic biofilm infection could be emulated by that 

approach. To overcome that, Juntke et al. and Horstmann et al. conducted these 

cultures with pre-established biofilms (65, 66). This was conducted by transferring

(pipetted) separately grown biofilms onto human lung cell monolayers at air-liquid 

interface. With repeated antibiotic administration, the cultures were viable for 72 h. 

Although successful, a limitation of that approach is the lack of control of the 

deposited biofilms and the reproducibility. During the biofilm preparation process, 

biofilm mass is lost due to washing steps. Additionally, the transferring method via 

pipetting requires more standardization and flexibility to adapt the approach to any 
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requirements. In the context of this work, the promising technology of bioprinting and 

shaping biofilms were approached to overcome these challenges.

Figure 1: Timeline of in vitro Biofilm models

1.2.2 In the context of hair follicle infections

Beyond the respiratory system, hair follicles (HFs) are highly exposed to the external 

environment and potential pathogens. Globally, there have been over 200 million 

recorded incidences of bacterial skin diseases (67). Two examples of bacterial-

related skin and HF diseases are acne inversa and folliculitis decalvans. Folliculitis 

decalvans, characterized by follicular pustules, manifests as an inflammatory scalp 

ailment with Staphylococcus aureus (S. aureus) playing a pivotal role in its 

pathogenesis (68, 69). Acne inversa, also known as hidradenitis suppurativa, is a 

painful inflammatory disorder typically found in regions like the axillary, genital, or 

inguinal areas (70, 71). The global prevalence varies significantly from 0.03-4%, 

likely influenced by geographical location and/or gender (72). Ongoing research 

seeks to unravel the precise role of bacteria and the microbiome in these diseases, 

with S. aureus appearing to be implicated alongside other microbes (73). Despite the 

clinical significance of these diseases (74, 75), our understanding of the mechanisms 

underlying treatment strategies remains incomplete. The primary goal often revolves 

around eliminating S. aureus, typically pursued through antibiotic administration, 

such as Rifampicin (76, 77). However, challenges like antibiotic resistance and the 

formation of biofilms by pathogens, such as S. aureus, have been linked to treatment 

failures and the development of chronic conditions (78, 79). Since the establishment 

that nanosystems in the submicrometer size range can penetrate and accumulate 
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within HFs (80 83), advanced nanocarriers have been a focus of research to 

effectively target these infections. Robust models are crucial to studying such anti-

infective loaded nanocarriers against HF infections.

The ex vivo pig ear model stands as the prevailing method for studying nanoparticle 

uptake by HFs. For instance, Lademann et al. (2007) showcased the effective 

penetration of dye-loaded nanoparticles (320 nm) into the HF of pig ears (84).

Another study by Raber et al. (2014) demonstrated the uptake of poly(D,L lactide-co-

glycolide) (PLGA) nanoparticles into HF of pig ears (85). While the pig ear model 

effectively illustrates HF penetration due to its high similarity (86), it is a non-

culturable tissue, limiting the assessment of biological efficacy and the study of 

tissue or immune responses over extended periods. Furthermore, interspecies 

differences may yield unique immune responses. An alternative ex vivo model 

involves human skin biopsies for studying nanocarrier penetration. In a study by 

Christmann et al. (2020), the penetration of PLGA nanoparticles (150 nm) into skin 

biopsies from human body donors, specifically targeting HF, was demonstrated (87).

Investigations into diseases related to hair loss, such as alopecia areata, have been 

a focus in these studies. However, the challenge lies in the limited accessibility to 

intact HFs, hindering a comprehensive analysis of biological effects. Both models 

effectively illustrate HF penetration using dye-loaded nanocarriers but may not be 

optimal for testing the efficacy of drug-loaded systems. Additionally, these ex vivo

models have yet to explore bacterial infections, as non-intact HFs may not elicit a 

reliable immune response. Nevertheless, the presence of a functional HF holds 

immense potential, offering opportunities to assess the follicle's condition in relation 

to various hair-related diseases.

The sole existing in vitro alternative comprises isolated HFs cultured in a liquid 

medium. In 1990, Philpott et al. introduced a HF organ culture system utilizing 

isolated human scalp skin, a model subsequently applied in studies pertaining to 

both hair growth and hair loss diseases (88, 89). A notable strength of this model lies 

in its capacity to explore biological effects over an extended period, spanning several 

days. However, its application for diverse purposes, such as nanoparticle treatment 

and bacterial infections, has not been thoroughly investigated. A limitation stems 

from the fact that HFs, naturally enveloped by a three-dimensional matrix in vivo,

cannot be effectively exposed to topical nanocarrier formulations or bacteria in this 
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floating state. Recent methodologies have incorporated tissue engineering 

approaches, seeding dermal papilla cells within a 3D human skin construct to 

establish a more comprehensive HF model  (38). While these advanced models 

better approximate in vivo conditions, they remain intricate, expensive, and time 

intensive. Despite these strides, the investigation of HF infection diseases still 

encounters challenges when approached either ex vivo or in vitro.

1.3 Nanoantibiotics

Nanosystems, characterized as particles within the size range of 1-100 nm, have 

undergone extensive exploration over the past decades across diverse applications

(90). Situated at the intersection of chemistry, medicine, physics, and engineering, 

nanotechnology has found utility in a multitude of fields such as electronics, energy, 

materials science, the cosmetic industry, food industry, and biomedicine. In recent 

years, thorough investigations in biomedicine have explored nanoparticles derived 

from both natural and synthetic compounds, showcasing their potential as promising 

drug delivery systems. (91). The primary objective is to target drug delivery to 

specific sites of action, thereby enhancing bioavailability, optimizing biodistribution, 

and augmenting drug accumulation (92). This strategic use of nanoparticles not only 

improves therapeutic efficiency but also mitigates toxicity and minimizes side effects. 

Furthermore, nanoparticles offer protection to the drug against biological 

degradation, enabling temporal and spatial control of therapeutics (93). The diverse 

applications and physiological conditions necessitate various nanoparticle base 

compositions of inorganic, organic or carbon-based materials (Figure 2). Transition 

metals (Ag, Au, Pt, Zn etc), metal oxides NPs (ZnO,TiO2, Fe3O4 etc), mesoporous 

silica NPs and quantum dots are examples for inorganic systems, while lipid-based 

NPs (e.g. liposomes) dendrimers, synthetic and natural polymers (polylactic-acid-co-

glycolic acid (PLGA), polycaprolactone (PCL), chitosan, gelatin etc.) are assigned to 

organic materials (94). Carbon-based nanostructures are made of graphene and its 

derivatives. This dynamic range of nanoparticle formulations underscores their 

versatility in addressing specific needs across a spectrum of biomedical applications.
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Figure 2: Scheme of different types of nanoparticles. Created using www.biorender.com.

In the context of combating bacterial infections, nanoparticles emerge as a promising 

tool for addressing several crucial aspects. Initially, the administration of antibiotics in 

their pure form faces multiple transport barriers, encompassing both human tissue 

and intra-bacterial obstacles. Notably, many bacterial infections are localized in 

specific tissues rather than the bloodstream, thereby restricting the effective dosage 

of antibiotics due to drug loss after systemic administration (95). Moreover, the 

presence of biofilms, as highlighted earlier, poses a significant impediment to 

antibiotic penetration, as numerous bacteria thrive within these structured 

communities. Additionally, reaching intracellular infections with antibiotics proves to 

be a formidable challenge (96). Secondly, bacteria manifest diverse antimicrobial 

resistance mechanisms, as discussed previously. These mechanisms include the 

capacity to impede the interaction of drug compounds with their intended sites of 

action through enzymatic modifications, hinder membrane penetration by reducing 

transporters, and express efflux pumps to expel antibiotics (95). These complexities 

underscore the imperative to explore innovative antibiotic delivery platforms that can 

surmount these challenges and enhance the therapeutic efficacy of antibiotics.

The unique properties of nanoparticles are an attractive tool either by exhibiting 

bactericidal effects by themselves or as carriers when packaged or tailored with 

antibiotics. A crucial aspect of nanomaterials is their high surface area to volume 

ratio, enabling diverse interactions with bacteria cells (97). Bactericidal 

nanomaterials exhibit antibacterial actions via a variety of mechanisms. One strategy 

is the disruption of the negatively charged bacterial cell wall and membrane with 

cationic nanomaterials. These NPs anchor to the bacterial surface via electrostatic 

interactions, causing loss of membrane integrity and cell lysis (98). Typical NP types 

used, are carbon-based NPs, metal-based NPs or polymeric NPs (99). Another 
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strategy is the generation or reactive oxygen species (ROS). ROS are byproducts of 

oxidative metabolic process causing lethal oxidative stress and cell damage when 

accumulated excessively (100). Specially metal-based NPs, like copper iodide NPs,

AgNPs, AuNPs and other nanocomposites are associated with the generation of 

ROS and high antibacterial activity (101). Other bactericidal effects of nanomaterials

include disruption of protein synthesis, DNA damage or gene regulation (99). As 

delivery systems, NPs can also be loaded with antibiotics. Aiming for improved 

therapeutic efficiency, antibiotic loaded NPs result in lower dosage requirements, 

enhanced stability, solubility, pharmacokinetics and barrier penetration (98, 102, 

103). A crucial benefit is the targeted and sustained antibiotic delivery, preventing the 

bacteria to exposure of subinhibitory antibiotic concentrations/doses (104). These 

features are induced by the so called Trojan Horse effect which included the 

following aspects (105): Nanoscale drug delivery enhances efficacy by shielding 

antibiotics during cellular entry, reducing bacterial expulsion, and enabling selective 

release at infection sites. Lower doses of nano-enabled antibiotics are more effective 

due to differential release kinetics. Some polymeric nanoparticles biodegrade in 

infected cells, crossing membranes and selectively binding to infected components. 

Nanoparticles accumulate inside cells, trapping microbes and blocking bacterial 

entry into macrophages. Responsive nanoparticles can modulate based on factors 

like temperature or pH, activating multiple antimicrobial mechanisms.

In the context of bacteria biofilms, NPs appear to be a promising tool also. All kind of 

different nanosystems were already applied to fight bacterial biofilms. For instance, 

metallic NPs like AgNPs or AuNPs showed antibiofilm properties. AuNPs exhibited 

biofilm disruption or inhibition features in S. aureus, P. aeruginosa, Escherichia coli

(E. coli) and many more biofilm forming strains (106, 107). This ability is apparently 

mediated by the binding of the particles to the surface of those bacteria, interfering 

the interactions between the pathogens during biofilm formation (107). Similarly,

AgNPs showed antibiofilmic properties but also synergistic effects when combined 

with antibiotics (108, 109). As nanocarriers, NPs can facilitate the effective delivery 

of antibiotics trough the biofilms. Lipid-based NPs like liposomes loaded with anti-

infectives can be cationic, facilitating the penetration of anionic biofilms. They also 

can be modified with molecules or antibodies, recognized by the biofilm, enhancing 

the targeting, interaction, and retention (110, 111, 107). Polymeric nanoparticles are 
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made of polymeric materials prepared via methods like nanoprecipitation, emulsion,

or solvent evaporation. Loaded with antibiotics, they can mediate enhanced drug 

stability, solubility, bioavailability and sustained release (112). The choice of polymer 

and method are crucial for the shape, size and surface properties and eventually for 

the antimicrobial and antibiofilm activity (113). Common materials for polymeric NPs 

are PEG, chitosan and PLGA, which also exhibit antimicrobial and antibiofilm activity 

by themselves and in synergy with antibiotics (114 116, 113). Instead of 

encapsulation, antibiotics can also be covalently linked to polymeric carrier as 

polymer-drug conjugates. Accordingly, they can exhibit improved biofilm matrix 

penetration and sustained release of antibiotics as well as synergistic effects by their 

own antimicrobial potential (117). Other nanoparticle systems with similar antibiofilm 

activity are cyclodextrin-based NPs, dendrimer and solid lipid NPs (118 120). The 

ability to add surface modification of these nanomaterials by attaching molecules like 

antibodies, surfactants, polymers or peptides can additionally enhance their 

antimicrobial and antibiofilm potential as well as their stability, biocompatibility and 

delivery ability (121).

2. Aims of the thesis and essential results
At the outset of this thesis, I aimed to explore the promising possibilities of 3D 

(bio)printing for our application areas. For that purpose, a new 3D (bio)printer was 

purchased. Building on our lab's expertise in in vitro modelling for drug testing and 

development, limitations were identified in two key areas of research, which could 

potentially be addressed through the application of 3D (bio)printing technology.

2.1 Bioprinting of E. coli MG1655 biofilms on human lung epithelial 
cells

2.1.1 Aims

The story began with the recognition of an opportunity to overcome challenges and 

limitations of a previous work with the help of 3D bioprinting. Recently, our research 

group achieved a significant milestone by successfully cultivating P. aeruginosa

biofilms atop human lung epithelial cell monolayers for an uninterrupted 72 hours

(66, 65). Overcoming a longstanding challenge, where rapid overgrowth of bacteria 

led to the swift demise of host cells before biofilm formation, we devised a two-step 

process. Initially, the biofilm and host cells were cultured separately, and in the 
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subsequent step, the preformed biofilm was applied to the cells. While this approach, 

coupled with repeated antibiotic administration, enabled successful culture, we 

identified a drawback, where some biofilm was lost during washing steps prior to 

transfer. This, combined with the rheological nature of biofilms, influenced the control 

and reproducibility of both the transfer step and the overall culture process.

In a bid to enhance control and reproducibility, the innovative idea of bioprinting 

biofilms directly onto the cells emerged. While bioprinting of bacteria had been 

reported in literature for various applications, our unique challenge required a 

departure from existing methods. Previous studies, such as the work by Ning et al.

(122), involved printing planktonic bacteria in alginate bioink, forming biofilm post-

printing. However, this approach was unsuitable for our application due to the 

inability to transfer intricately printed shapes onto cells and stability issues over time. 

Consequently, we opted to combine the bioprinting method with our previous

achieved approach.

My objective was to bioprint a preformed biofilm onto human epithelial lung cells. 

Further, the hypothesis was, that bioprinted biofilms, still exhibit biofilmic properties 

post-printing process. E. coli MG1655 was selected as the strain, given its biofilm-

forming capability and ease of handling. To make the biofilm printable, rheopromotive 

polymers were required. After a year of research, a gelatin-alginate hydrogel was 

identified as the optimal bioink base. It was hypothesized that with optimal bioprinting 

parameters, the biofilm properties could be retained post-printing and be shaped 

stable onto human lung epithelial cells. After consequent adjusting bioprinting 

parameters, this was demonstrated successfully. To showcase the feasibility of the

concept, I bioprinted the biofilm onto human bronchial epithelial cells (Calu-3). 

2.1.2 Essential results

Starting from scratch, I optimized a gelatin-alginate bioink, experimenting with 

different ratios to achieve ideal printability with minimal extrusion pressure. By 

combining rheological analysis with practical printability tests using a 3D (bio-)printer, 

a bioink composition of 3% gelatin and 1% alginate was identified as ideal for 

supporting E. coli MG1655 biofilms. Confocal microscopy and antibiotic susceptibility 

assays confirmed that printed biofilms retained essential biofilm characteristics. 

Using a live/dead stain kit, printed E. coli biofilms exhibited characteristic biofilm 
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morphology when compared to planktonic controls. Antibiotic susceptibility testing 

showed a high similarity in response between printed biofilms and native biofilms 

grown in well plates, as did metabolic profiling.

With the printed biofilm properties validated, I took the next step: printing E. coli

MG1655 biofilms directly onto Calu-3 cell monolayers., with one set crosslinked and 

the other was left non-crosslinked. After 24 hours, an LDH assay indicated that 

neither setup caused cytotoxicity, and confocal microscopy revealed direct contact 

between the biofilms and Calu-3 cells. The crosslinked biofilms retained their shape 

at 37°C after 24 h, while even the non-crosslinked biofilms held their bacterial form, 

despite the bioink hydrogel dissolved.

Published in the journal Biofabrication, these findings constitute the initial research 

contribution to this thesis and is included in chapter 4.1.

2.2 A 3D-printed human hair follicle model

2.2.1 Aims

While the first goal was on progress, we were looking for more applications and 

ideas for our 3D (bio)printer. The second project of this work arose from an idea in 

the course of Alopecia Areata research from a colleague. Previously, the goal was to 

develop a 3D model with living, anagen, upright hair follicles to test topical 

nanoparticle delivery. Inspired by this idea, the aim became to adapt this approach 

for infection research. As described before, HF infections are a critical health issue 

and so far, not addressed by in vitro models. Primarily, the goal was to build such a 

model with viable, anagen human HFs. Preliminary we tried to culture human 

isolated HFs, inserted simply into a collagen matrix inside a transwell system. As it 

turned, the HFs die rapidly with this approach, supposedly due to insufficient nutrition 

supply. Inspired by the idea of such a model, I hypothesized that creating channel 

structures via 3D printing, could overcome this issue.

Living human HFs were transplanted into a collagen matrix within a 3D printed 

seven days confirmed viability inside the collagen matrix. To demonstrate the 

it was hypothesized that nanoparticles of 

200 nm size enter the follicular cleft when applied on top of the model. This was 

confirmed to some extent. Building on this success, I was eager to take the next step 
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and set a second goal, focusing on HF infections, which remain my primary area of 

interest.

The objective was to infect the created model with a bacterial pathogen to mimic a 

HF infection like in acne inversa or folliculitis decalvans. Then the infection was 

supposed to be treated with a nanoantibiotic as a proof of concept. I hypothesized, 

that the nanoantibiotic may penetrate bacteria within the follicular cleft more 

effectively than free the drug. S. aureus was selected to infect the 3D model as well 

as the traditional floating culture as control, because the strain is a common 

pathogen in such hair follicle infections. To treat the infection, rifampicin-loaded lipid 

nanocapsules were selected, because lipid-based nanosystems have already shown 

promising outcomes for follicle-targeted drug delivery applications on ex vivo human 

and porcine skin (123 125).

2.2.2 Essential results 

After developing a reliable isolation method, I successfully transplanted hair follicles 

(HFs) into the 3D collagen construct. Within just seven days, the HFs in this model 

grew over 1 mm, closely mimicking the growth observed in traditional floating 

cultures in well plates. Given the hypothesis that nanoparticles sized at 200 nm could 

penetrate the HF openings, FluoSpheres® of this size were introduced onto the 3D 

model as well as into conventional floating cultures. Fluorescence imaging confirmed 

that in the 3D model, particles indeed entered the HFs, accumulating at the tip, 

whereas in floating cultures, they tended to cluster around the follicle structures.

With the HFs remaining viable in this system, I proceeded to the next step: 

establishing a controlled HF infection. My colleague Sarah Frisch was responsible 

for all bacterial handling, including the necessary CFU determinations and 

conducting the cytokine measurements. The HFs were drop-infected with S. aureus

(NEWMAN GFP), and confocal microscopy revealed that the bacteria colonized both 

the outer HF surfaces and the follicle openings. To assess the HF response to this 

infection, I measured cytokine release using a cytometric bead assay and compared 

infected models with healthy, non-infected controls. After 24 hours, levels of 

interleukins 6 and 8 were significantly higher in infected models, indicating a strong 

immune response.
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Encouraged by these results, I then moved to treat the infection with lipid 

nanocarriers (LNCs) loaded with rifampicin. Using micromixing, rifampicin-loaded 

LNCs were prepared, achieving a size of 142.4 ± 3.4 nm and a polydispersity index 

of 0.13 ± 0.02. After thorough characterization, these LNCs were applied to the 

infected 3D HF model and to floating cultures, and their effectiveness was compared 

to that of free rifampicin. While both treatments showed similar efficacy in floating 

cultures, only the nanoencapsulated rifampicin achieved a significantly greater 

reduction in bacterial count (CFU/mL) in the 3D HF model.

This pioneering work, published in ACS Biomaterials Science and Engineering, 

represents the second key research contribution of this thesis, and is included in

chapter 4.2. 

3. Discussion and Impact
The publication by Noor et al., where vascularized heart tissue was created through 

3D bioprinting (9), demonstrates the aspirations of this technology regarding drug 

testing and organ transplantation. While it is possible to create structures that are 

anatomically very similar to those in vivo, there is still a lack of reproduction of the 

necessary physiological complexity observed in humans. Thus, an appropriate 

clinical translation will likely take a considerable amount of time. However, as shown 

in this thesis, 3D biofabrication technologies can already complement and support 

limited in vitro models. It improves the development process and offers more 

accurate predictions about the effectiveness of new therapeutics. When we look at 

my first project, we realised that culturing human lungs cells and bacterial biofilms 

together is not trivial. However, we showed how the technology of 3D bioprinting can 

be used to overcome existing limitations of our previously published infectious lung 

in vitro model (66). Ideally, we want to mimic the in vivo disease environment closer 

with every step. Unlike animal models, our approach places biofilms in direct contact 

with the epithelium, more closely mimicking in vivo pathology compared to bacteria 

encapsulated in alginate, as used in previous described animal studies. Bioprinting 

mature preformed bacterial biofilms was the key premise for this achievement, 

demonstrated here for the first time. The hypothesis that the biofilm properties would 

be retained after printing was feasible when we designed a bioink composed of 

gelatin and alginate, optimized to extrude filaments at minimal pressure while 
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remaining printable. This was confirmed by confocal microscopy as well as antibiotic 

susceptibility assays. After printing the biofilm on human bronchial epithelial cells 

(Calu-3) the formulated objective was successfully achieved. The shape of the 

printed biofilms was stabilized by crosslinking with CaCl and remained intact even 

after the dissolution of non-crosslinked bioink, with no cytotoxicity observed over 24 

hours. An observation, which could be highly beneficial when shaping the pure 

biofilm is required.

This groundbreaking study represents the first instance, to our knowledge, of 

bioprinting preformed biofilms directly onto human cells. Importantly, the results 

represent a significant milestone in using such models to predict the effectiveness of 

new anti-infective agents against chronic biofilm infections. My approach holds the 

potential to serve as a platform for constructing intricate in vitro chronic infection 

models, incorporating both bacterial biofilms and human host cells.

I am especially proud to highlight the impact of this thesis progress towards clinical 

translation. The reason why animal models are still the gold standard, is due to the 

lack of reliable in vitro models. We showed how the technology of 3D bioprinting can 

overcome limitations of in vitro models hindering them to take the step towards 

clinics. Reproducibility, standardization, precision and flexibility are key features 

required for that step and can get achieved by 3D bioprinting. Nevertheless, further 

work is needed, as the approach described here must be applied to other strains, 

like P. aeruginosa that are clinically relevant for cystic fibrosis. This work was already 

initiated by my colleague Aghiad Bali (manuscript yet to be prepared) and was based 

on the contribution of this project. A last key step is a complete entirely characterized

model, preferably cultured for many days or weeks like in in vivo chronic infections to 

monitor the disease process after a treatment. Such model must be tested rigorously 

for known and novel anti-infectives to evaluate its full prediction capability. 

Similarly, our second project was inspired by the observation of prior model 

limitations, where we saw opportunities for 3D printing technology. Traditional HF 

models, which have primarily been used to study hair growth disorders or to test 

nanoparticle penetration exhibited decisive limitations, described before. While skin 

biopsies of animals do not allow any HF growth experiments nor drug efficacy 

evaluation, the floating isolated human HF organ culture do not allow topical particle 
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testing due to unreliable microenvironments. With these given limitations, HF

infections were also never a part of ex vivo or in vitro investigations. By using 3D 

printing we were able to combine advantages of different traditional models and 

overcome some of the prior limitations. For the first time isolated human HFs were 

kept viable inside a 3D matrix, allowing topical drug administration. Over seven days, 

follicle growth resemble those of traditional simple floating cultures (used for 

comparison), growing more than 1 mm in that time. When fluorescent nanoparticles 

of 200 nm were applied on top of the model, follicular transport was observed to 

some extent, which was not the case for the floating cultures. Additionally, we 

designed an infection model for anti-infective drug testing, which was never

addressed before. While rifampicin-loaded lipid nanocapsules were as effective as 

free rifampicin in floating cultures, only nanoencapsulated rifampicin achieved the 

higher reduction of CFU/mL in the 3D model. This finding underscores the critical 

role of the HF microenvironment in limiting the efficacy of conventional antibiotic 

treatments.

Once again, I am proud to emphasize the importance of these results, which will set 

significant developments in motion. Since such an approach was so far not 

described, this study could serve as platform to initiate conducting urgently required 

nanoantibiotic testing for HF infections. Additionally, the non-infected model could 

also be used for other fields like hair growth diseases or cosmetic applications. 

Nonetheless, further work is required to make these approaches more robust, 

ensuring their broader applicability and effectiveness. For instance, adding an 

epidermal layer on top of the collagen matrix could make the model more 

physiological, as well as incorporating other cell types (fibroblasts, keratinocytes, 

immune cells). Automatizing and increase precision of HF insert could highly improve 

the standardization and robustness of the model. A remaining limitation of the 

approach is the isolated method of the HFs, where upper part of the HF opening

must be removed in order to access it. As this upper region of the opening is also an 

important part of the follicular cleft and thus for nanoparticle 

accumulation/penetration, new innovative techniques are required to remove the 

entire follicle.

Evaluating the overall impact of this thesis, I could underscore that we significantly 

contributed to set a new state-of-the-art of how 3D (bio)printing can be applied to 
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advance in vitro models. In the realm of 3D (bio)printing great progress was made in 

the last decade for man tissue engineering and in vitro models. However, infection in 

vitro models are a field with high potential for this technology, so far not in the 

spotlight of research. In the era of the silent pandemic however, facing antibiotic 

resistances and chronic biofilm infections, this focus on infection model is crucial to 

predict the efficacy of innovative anti-invectives. Our contribution paves the way 

essentially closer to reliable infectious lung and HF in vitro models.

In addition to the two publications, the scientific content of this thesis is already 

linked to two additional projects, with publications currently in preparation. Firstly, as 

previously mentioned, Aghiad Bali et al. built on the contributions of this thesis to 

adapt the bioprinting approach for P. aeruginosa biofilms. This could mark another 

milestone in advancing the concept, bringing us closer to a clinically relevant model 

for chronic infections in cystic fibrosis and providing a robust platform for testing anti-

infective treatments against biofilm infections. Secondly, Sarah Frisch et al. utilized a 

similar gelatin-alginate base from this thesis as a substrate to cultivate bacterial 

pathogens, aiming to investigate the influence of dysbiosis related to acne inversa.

During that collaboration the hydrogel/substrate was also 3D printed to achieve 

optimal thickness, making the application of imaging methods feasible. This 

approach is another example of the unlimited 3D (bio)printing possibilities. 

Furthermore, the findings of this thesis were presented at several prestigious 

conferences, where they garnered multiple awards. Among these, I am especially

proud on the Young Investigator Award at the MPS World Summit in 2023.

To keep improving such in vitro models faster with greater validity, more research, 

dedication and funding are required. This was demonstrated once via the EC 

regulation 1223/2009 on cosmetics initiated by the European union. Guided by such 

an ethical consideration, the cosmetic industry has developed in vitro assays, which 

nowadays are accepted for safety and toxicity predictions of cosmetic products 

(126). Great advances were achieved for skin in vitro models in the past decade with 

increasing complexity for all kind of applications (127). This status is not achieved

yet in vitro modelling of other organs and diseases. Recently, the FDA Modernization 

Act 2.0 was signed by President Biden, permitting the usage of in vitro assays for 

drug testing during preclinical phases. However, it is questionable whether this act 

will have the required drive to initiate significant investments into novel models.
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