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Zusammenfassung

Die Entwicklung physiologisch relevanter 3D In vitro-Modelle der menschlichen Atemwege
ist aufgrund des komplexen Aufbaus und der sich stark verandernden morphologischen
Zusammensetzung sehr schwierig. Die wesentlichen Unterschiede der menschlichen
Atemwege werden bedingt durch die variierenden Schichten der unterschiedlichen Zell-
typen und der unterschiedlichen Regenerationskapazitdten der oberen, unteren Atemwege
und der Alveolen. Diese Komplexitdt und Variabilitdt macht die Entwicklung eines
biomimetischen in vitro-Modells unmdéglich. Dies vorliegende Dissertation zielt darauf ab,
diese Komplexitdt in unterschiedlichen Co-Kulturen - Gewebemodellen zu entwickeln und
zum Studium der Zell-Zell- und Zell-extrazelluldre Matrix (EZM)-Interaktionen Region-

spezifisch - obere Atemwege, untere Atemwege und Alveolar Regionen - einzusetzen.

Ein Schwerpunkt dieser experimentellen Dissertation liegt in der Charakterisierung und
vergleichenden Testung unterschiedlicher Tragerstrukturen fiir den Region-spezischen
Aufbau der Atemwegsmodelle. Basierend auf aktuellen Literaturrecherchen wurden elek-
trogesponnene Membranen aus biokompatiblen Polymeren wie PCL, PTMC sowie deren
Komposit in unterschiedlichen Anteilen, (50:50 und 70:30) und PA hergestellt. Diese Mem-
branen wurden hinsichtlich ihrer mechanischen Eigenschaften charakterisiert, um ihre
Eignung als EZM-&dhnliche Geriiste fiir jeden Atembereich zu beurteilen. Diese Charakter-
isierung der mechanischen Eigenschaften wie Zugfestigkeit und Elastizitdtsmodulmessun-
gen ergab, dass PCL:PTMC 50:50 sowie PA ein Gleichgewicht aus Flexibilitdt und Zugfes-
tigkeit besitzen, das der Elastizitdt von natiirlichem Lungengewebe sehr nahe kommt.
Diese Materialeigenschaften machen sie zu vielversprechenden Kandidaten fiir den Aufbau
von Alveolar Modellen. Im Gegensatz dazu wiesen kommerzielle PET-basierte Membranen
eine hohere strukturelle Steifigkeit auf. Diese Materialeigenschaft war vorteilhaft fiir alle
Anwendungen, bei denen eine stabile Barriere unerldsslich war; fiir Alveolargewebemod-

elle waren sie jedoch ungeeignet.

Der zweite wissenschaftliche Schwerpunkt dieser Dissertation bestand darin, die Zellbe-
siedlungsstrategien zu optimieren, um die Barriere-Funktion der unterschiedlichen
Gewebemodelle physiologischer widerzuspiegeln. Atemwegs Region-spezifische Zel-
lkomponenten wurden ausgewéhlt, darunter Zelllinien wie Calu-3, A549 fiir die oberen
Atemwegsregionen sowie primdre menschliche Zellen, menschliche Endothelzellen (hEC)
und menschliche Atemwegsepithelzellen mit Alveolarepithel Typ 2 (huAEC), um komplexe
Co-Kulturen aufzubauen. Zusatzlich wurden menschliche Lungenbiopsien genutzt, um
native, aus der menschlichen Lunge gewonnene Fibroblasten, zu isolieren. Die Integration
der Fibroblasten aus Lungenbiopsien verbesserte diese Modelle. Diese Verbesserung

zeigte sich durch physiologische Zellorganisation und die Umstrukturierung der EZM.
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Insgesamt konnte so in vitro eine Gewebestruktur aufgebaut werden, die der nativen Lun-
genarchitektur wesentlich ndherkommt. Zwei unterschiedliche Zellbesiedlungsmethoden
wurden eingesetzt und den Einfluss dieser auf die Barriere Funktion und Durchléssigkeit
(Papp) des resultierenden Gewebes zu untersuchen. Die Verwendung huAEC zeigte eine

verbesserte frithe Barriere Integritdt auf unterschiedlichen Scaffolds.

Ein weiterer wichtiger Aspekt dieser Arbeit ist die biochemische Charakterisierung, der
zelluldr in den Gewebemodellen erzeugten, Schleimschicht. Die Charakterisierung von
in vitro produziertem Mucus (Schleim) ist notwendig, um eine funktionelle Nachah-
mung des Atemwegsgewebes zu gewdhrleisten. Bei der Anwendung der Gewebemod-
elle beispielsweise zum Studium von Virusinteraktionenmit den humanen Atemwegen
oder der Aerosolbildung und -einkapselung, kommt es entscheidend auf die physikalis-
chen Eigenschaften wie Oberflaichenspannung und Viskositdt der Schleimschicht an.
Mit einem Rheometer wurden detaillierte rheologische Untersuchungen, einschlieRlich
Oberflichenspannungs- und Viskoelastizitdtsanalysen, durchgefiihrt, um die Stabilitét
und das Verhalten des Schleims unter Belastung zu beurteilen. In dieser Studie wur-
den Methoden zur Messung der Oberflichenspannung (ST) der Schleimproben bewertet.
Es konnte gezeigt werden, dass die wiederholten zyklischen Messungen stabile und zu-
verldssige ST-Werte ergaben. Variationen der ST in verschiedenen Umgebungen und
Vorbereitungsmethoden unterstreichen die Bedeutung der Feuchtigkeitskontrolle und
der Anpassung des Messprotokolls zur Erfassung genauer Schleimeigenschaften. Mes-
sungen der relativen Viskositit, die in verschiedenen Umgebungen fiir Amplituden- und
Frequenzdurchlaufanalysen durchgefiihrt wurden, bestétigten, dass die Schleimschicht
scherrverdiinnende Eigenschaften aufwies und bei hoherer Belastung von einem elastis-
chen zu einem viskosen Verhalten tiberging. Dies ist ein charakteristisches Verhalten
des natiirlichen Atemschleims, dass seine Funktion beim Schutz der Epithelschichten

unterstiitzt.

Zusammenfassend konnte in der Dissertation gezeigt werden, dass fiir die Generierung
physiologische Atemwegsmodelle, die Auswahl der Tragermaterialien basierend auf den
mechanischen Eigenschaften wie Elastizitdtsmodul und Zugfestigkeit getroffen werden
muss. Zweitens ist die Auswahl der Zellkomponenten und die Co-kultur fiir die unter-
schiedlichen Atemwegsregionen zwingend notwendig. Drittens muss die funktionelle
Charakterisierung der Mucusschicht neben den in vitro-Modellen durchgefiihrt werden.
Die Mucusproduktion und Barrierefunktion der Region-spezifischen 3D-in vitro-Modelle
der Atemwege wird in dieser Dissertation in prazisen Protokollen festgehalten. Diese Ver-
suchsbedingung zur Generierung der unterschiedlichen Atemwegsmodelle stellen einen
bedeutenden Fortschritt bei der Nachbildung struktureller und funktioneller Komplex-

itditen menschlicher Atemwege dar. Wichtige KenngréBen sind die mechanischen Eigen-
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schaften der EZM und die zelluldre Heterogenitit. Die vorgestellten regions-spezifischen
in vitro-Modelle, die auf neuartigen synthetischen elektrogesponnenen Polymergertist-
membranen und selektiver Co-Kultur basieren, bieten eine potenzielle Plattform fiir An-
wendungen, insbesondere zur Untersuchung der Aerosolproduktion als Grundlage fiir das

Studium der Virusverkapselung.



Summary

Establishing 3D in vitro models for human airway systems exhibits significant challenges,
due to the intrinsic heterogeneity and complex cellular composition of respiratory tissues.
Different regions in the human respiratory system have diverse cell types, differences
in layered structures, and varied regenerative capacities across the upper, lower, and
especially alveolar lung. This complicates the creation of biomimetic in vitro models.
This work is aiming towards addressing these complexities by developing region-specific,
co-culture-based models that provide possibilities to replicate better cell-cell and cell-
extracellular matrix (ECM) interactions, essential for mimicking the behaviour of distinct

areas within the lung, such as the upper airway, lower airway, and alveolar regions.

In this work, one critical challenge was the selection of appropriate scaffold material for
biomimetic ECM modelling. Following recent literature reviews, electrospun membranes
composed of biocompatible polymers like PCL, PTMC (blended into varied proportions,
namely 50:50 and 70:30), and PA were fabricated and characterised with respect to me-
chanical properties to assess their suitability as ECM-like scaffolds for each respiratory
region. Characterisation of the membrane variants for mechanical properties like tensile
strength and Young’s modulus measurements revealed that the PCL:PTMC 50:50 as well
as PA promise to provide a balance of flexibility and tensile strength closely matching
the elasticity of native lung tissue, revealing them promising candidates for the dynamic
environment of alveolar models. Conversely, standard and commercialised PET-based
models exhibit higher structural rigidity, which proved advantageous for static or short-
term applications where a stable barrier was essential but inappropriate for alveolar tissue

models.

The second vital challenge was to optimise cell seeding strategies to improve barrier
function within the models. Tissue region-specific cellular components were selected, in-
cluding standardised cell lines such as Calu-3 and A549 for upper airway regions, as well as
primary human-derived cells, human endothelial cells (hEC), and human airway epithelial
cells, including alveolar epithelium type 2 (huAEC), which were used to produce complex
co-cultures. Additionally, human lung biopsies were used to isolate native human lung
biopsy-derived fibroblasts. The integration of fibroblasts derived from lung biopsies fur-
ther enhanced these models by promoting layered cell organisation and ECM remodelling,
yielding a tissue structure closer to native lung architecture. Two cell seeding sequences
were evaluated to examine how cellular arrangement influences permeability (Papp) and
tight junction formation. The huAEC-first configuration demonstrated improved early
barrier integrity across multiple membrane types, with faster reductions in Papp indicating

effective tight junction establishment.

iv



A further critical component of this work involved characterizing the mucus layer gener-
ated within these models. Mucus characterisation of in vitro airway models is necessary
to ensure functional mimicry of respiratory tissue. As an application in further analytical
studies such as viral interaction or aerosol formation and encapsulation studies, critically
depends on physical properties like surface tension and viscosity of the mucus layer. De-
tailed rheological assessments, including surface tension and viscoelasticity analyses, were
conducted using a rheometer to evaluate the mucus’s stability and behaviour under strain.
This study evaluated surface tension (ST) measurement methodologies for mucus samples
in in vitro airway models, demonstrating that repetitive cyclic measurements yield stable
and reliable ST values. Variations in ST across different environmental settings and prepa-
ration methods underline the importance of humidity control and measurement protocol
customisation to capture accurate mucus properties. Relative viscosity measurements
explored across varied settings for amplitude and frequency sweep analyses confirmed
that the mucus layer exhibited shear-thinning properties, transitioning from elastic to
viscous behaviour under higher strains, a characteristic behaviour of native respiratory

mucus that supports its function in protecting epithelial layers.

In essence, this thesis will demonstrate ways through which scaffold material selections
can be optimised by means of essential mechanical characteristics of elasticity modulus
and tensile strength. Secondly, the critical selection of cellular components and cell
seeding strategies are presented to accomplish region-specific in vitro model generation.
And thirdly, the steps of functional characterisation of in vitro models as well as, most
importantly, mucus using standardised protocols when establishing high-fidelity 3D in
vitromodels of the lung. These models represent a significant step forward in the recreation
of structural and functional complexities of human respiratory system regions, based on
the mechanical properties of the ECM and cellular heterogeneity. Presented region-specific
in vitro models based on novel synthetic electrospun polymeric scaffold membranes and
selective cell co-culture provide a potential platform for applications, especially to study
aerosol production as a basis for virus encapsulation in respiratory research, drug testing,

and extended application in Tissue Engineering.
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Introduction

1.1 Background and Significance

Amidst the critical period of viral pandemics, particularly in light of pandemics
like COVID-19, pulmonary research inspired in the line of Tissue Engineering has
become critically important in viral studies. Understanding the transmission dy-
namics of airborne viruses has become one of the vital topic in various research
groups. Comprehending how airborne viruses spread has emerged as a crucial area
of study for numerous research teams. It is well recognized that the respiratory
system is the main pathway for many viral airborne diseases, including SARS-CoV-2.
The main way that viruses spread was thought to be through droplets and aerosols
produced by infected people. Studying these viruses’ intricate interactions inside
human respiratory tissues as well as their passage via the pulmonary pathway is
therefore essential. To create complex human lung models that can replicate this
process, in vitro tissue models are crucial [1].

These models are critical for mimicking the human respiratory tract’s distinct de-
sign, which spans the nasal and tracheo-bronchial airways to the deep alveolar
areas. Viral transmission and tissue interaction are influenced by variations in tissue
structure, mucus production, and mechanical characteristics such as elasticity and
surface tension in these regions[2]. Surfactants and mucus, which cover the respi-
ratory surfaces, are essential for the encapsulation and movement of viruses. The
production and stability of virus-laden aerosols are influenced by their rheological
characteristics, underscoring the necessity of standardizing methods for examining
these characteristics in relation to viral transmission [3].

Comprehending aerosol transmission is essential in examining superspreading situ-
ations when little virus particles can traverse extensive distances, hence elevating
infection rates. Advanced lung models facilitate the evaluation of these dynamics
and provide platforms for testing antiviral treatments and vaccinations, becoming
essential instruments for enhancing pandemic preparedness [4]. Given the ongoing
global health dangers posed by respiratory viruses, the advancement of human-
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relevant in vitro systems will be crucial for improving our capacity to respond swiftly
and effectively.

1.1.1 Tissue heterogeneity of human respiratory tract

The human respiratory system is a complex system, bifurcated into upper and lower
respiratory tracts and characterized by different complex cellular layers, fluids over-
laying the cellular layer and forming the barrier to the environment. The upper
respiratory tract starts from the nasal cavity to the pharynx and larynx, while the
lower respiratory tract comprises of upper lung and lower lung areas. The upper
lung area of the trachea, bronchi, and upper bronchioles functions as a gas transport
system, while the lower lung area of terminal bronchioles and distal lung alveoli is
responsible for air exchange and respiration through the crucial air-blood barrier.
Polarised epithelium lining the respiratory tract change tissue architecture and cell
types as the airway deepens, i.e., starting from the trachea/bronchi where the epithe-
lium is more pseudo-stratified and prominent cilia presence, bronchioles appear to
have cuboidal epithelium. Fig. 1.1 shows the structural differences between upper
lung epithelium architecture and lower distal lung epithelium [5].

Upper Airway (Trachea, Bronchus)

The trachea has multilayered ciliated cylindrical epithelium with prominent
kinocilia responsible for mucus and airway clearance (as shown in fig. 1.1 (A)). The
mucus layer appears to be thicker given the highly frequent mucus-producing goblet
cells in the differentiated epithelium in comparison to the lower lung epithelium.
Such multilayered epithelium rests on thick lamina propria made of collagen and
elastin fibres forming the extracellular matrix (ECM) embedded with immune cells,
glands, fibroblasts, and other immune cell types. Similar multilayered ciliated
epithelium stacked on top of the smooth muscle layer ECM continues towards
the bronchus area. To summarize, upper airway tissue can be distinguished by
the main components, like multilayered highly ciliated pseudostratified epithelial
cell types, including a higher number of mucus-producing goblet cells and conse-
quently thicker mucus layered on top of the epithelium. The ECM embedded with
fibroblasts and other cell types is thicker and can be responsible for overall cellular
behaviour, differentiation, and function.

Lower airway (Bronchioles, Terminal Bronchioles, Respiratory Bronchioli)

Descending towards bronchioles, the thicker ECM made of the smooth muscle
fibres gets remodelled and no longer is in continuous layered form, as seen in the
case of the bronchus, while cartilage and glandular tissues disappear. Here the
epithelium becomes a single-layered cylindrical ciliated epithelium, resting over
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Figure 1.1: Typical tissue architecture for the human respiratory tract

(A) upper respiratory tract with multilayered pseudostratified epithelium and thicker mucus layer
and ECM; (B) lower respiratory tract with single-layered columnar epithelium and thinner mucosal
layer and ECM; (C) deep lung alveoli network with ultrathin ECM and thinnest surfactant layer.
Figure adapted using Biorender.com [6]
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the loose collagenous connective tissue layer, while mucus-producing goblet cells
are significantly less present than compared to the trachea and bronchus region
(as shown in fig. 1.1 (B)). The height of the epithelium layer is greatly reduced
in the lower lung area, starting from terminal bronchioles. Terminal bronchioles
have single-layered cuboidal epithelium with significantly reduced ciliary density.
Epithelial cells increasingly differentiate into club cells responsible for secreting
certain surfactant proteins among other lysozymes for the non-specific immune
defence, etc. Further down, the respiratory bronchioli are walled with single-layered
cuboidal epithelium similar to the terminal bronchiole. To summarise, thinner,
remodelled ECM as a result of smooth muscle fibre can be considered one of the
main components while developing lower airway tissue models. Besides the single-
layered cylindrical epithelium with reduced cilia and goblet cells, it consequently
gives rise to a reduced to none mucus lining on top of the epithelium.

Deep lung alveoli

Respiratory bronchioli lead to the alveolar ducts, where they start bifurcating into
minute alveolar sacs from a group of alveoli. An alveoli is the basic functional unit of
the distal deep lung area. The alveolar sac consists of many grouped alveoli, where
neighbouring alveoli just share a single wall known as the intra-alveolar septum.
Alveolar epithelium shares an ultra-thin basement membrane (approx. 0.62 um -
0.2 um) with the endothelial cell layer from the surrounding blood capillaries via
the septum [7]. Alveoli perform the crucial role of maintaining air-blood barrier
tissue; here the previously thicker ECM is remodelled by fibroblasts to form a thin
fibrous network through which blood capillaries pass. As shown in Fig. 1.1 (C), the
inner ECM forming the intra-alveolar septum lined by endothelial cells from blood
capillaries is overlayed by the ultrathin basement membrane lined by alveolar ep-
ithelium on top. Such epithelium is composed of 95 % alveolar type 1 pneumocytes,
which form the single-layered flat squamous layer to enable the diffusion of oxygen
into the blood and of carbon dioxide into the alveoli via their flat cell body. Distinct
cuboidal type 2 pneumocytes are scarcely present, secreting a surfactant layer to
maintain crucial surface tension in order to prevent alveolar collapse. The presence
of alveolar macrophages in the alveolar epithelium is also found to be crucial in sup-
porting the mitigation, interaction, or removal of virus or dust particles that manage
to reach alveoli. These macrophages are able to migrate through the intra-alveolar
septum and connect to the lymphatic system of the lungs. To summarise the vital
characteristic of deep lung alveoli is the ultra-thin ECM network remodelled by the
fibroblasts, which influences the co-culture of epithelial and endothelial cells while
maintaining a crucial air-blood barrier at the same time. Besides the epithelium
being cuboidal non-cialated, the scarcely present pneumocytes type 2 responsible
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for surfactant production may result in an ultra-thin, layered surfactant layer on top
of the epithelium.

1.1.2 Advanced 3D Airway Models: Unlocking Viral Dynamics and Deep
Lung Biology

In addition to being a crucial location for gas exchange, the alveolar region also
plays a crucial role in the production of virus-laden aerosols during exhalation.
Understanding the production of aerosols and how they affect the spread of viruses
depends critically on the thin film creation in deep lung alveoli. Aerosols are released
into the airways by the rupture and reform of the thin mucus films lining the alveoli.
This process, which is fuelled by the mucus’s surface tension (ST) and rheological
characteristics, produces tiny, virus-encapsulated aerosols that can be released into
the atmosphere through coughing or inhaling. Studying this process is crucial for
understanding viral propagation, especially during superspreading events when
aerosol transmission can result in quickly spreading infections like COVID-19 [3].

Advanced in vitro models, especially of the alveolar region, require specific incorpo-
ration of both endothelial and epithelial counterparts, along with reproducibility
in simulating the distinct mechanical and biological behaviours of the alveolar
Secondly, in developing advanced 3D alveolar models for studying viral dynamics,
limitation of reproducibility, functional and structural features and human-relevant
data generation has been one of many challenges in many research studies [8]. The
standardization of scaffold materials that mimic native extracellular matrix (ECM)
properties is equally important. These scaffolds provide the structural support nec-
essary for proper cell behaviour and tissue architecture, allowing for the accurate
modelling of biological processes such as aerosol generation and viral transport.
Scaffolds made from materials like hydrogels, decellularized lung ECM, or synthetic
biomaterials must recreate the native lung’s mechanical, biological, and physical
properties, including ECM thickness and stiffness, which are essential for creating
reproducible, human-relevant models [8, 9]. For example, the use of hydrogel-based
lung ECM models for studying alveolar dynamics, including viral infections and
mucus formation, shows promise but faces challenges in replicating native tissue
functionality and ensuring reproducibility [9]. While lung ECM hydrogels derived
from decellularized tissues have the potential for advanced alveolar cell attachment
and cellular phenotype maintenance, fast changes in mechanical properties and
structural stability of the latter badly interfere with consistent modelling of the
tissue studied, especially in long-term studies. Besides, while the ECM-derived gels
do facilitate some lung-specific functions, maintenance of complex interactions in
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mucus formation under viral conditions is one of the important challenges yet to be
resolved [8].

Of equal importance is that cellularly relevant materials are employed for the fabri-
cation, such as primary human cells or cell lines, to create physiologically accurate
models of tissues. Such models may be biologically more relevant by co-culture
of the epithelium and endothelium along with fibroblasts of the lung reproductive
cell-cell interaction and tissue dynamics characteristic of the state in vivo. Complex
co-cultures are just like these, important in replicating this kind of diversified cellu-
lar landscape in the alveoli. For sure, these would be imperative in studying viral
spread through aerosol encapsulation in the deep lung.

Standardization of scaffold materials and cellular composition is critical in the
generation of reproducible models that yield reliable, translatable human data on
drug testing and therapeutic development. Further integration of these models
with advanced CFD simulations will provide more comprehensive insight into
how aerosol formation, transport, and viral load interact as particles travel upward
through the respiratory pathway, hence providing insight into how to prevent and
manage viral super spread events [4].

1.1.3 Role of Tissue Engineering

Tissue Engineering has revolutionised in vitro tissue modelling by providing more
realistic models of highly complex human airway systems. Besides, ways like 2D
culture, lung-on-chip systems, and organoid culture have added to our knowledge
not only about tissue biology but also to the development of in vitro systems that can
model definite regions of the respiratory tract [10]. Developing 3D in vitro models
for different airway regions, particularly the deep lung alveolj, is vital for studying
respiratory diseases and viral dynamics in a physiologically accurate context. For
instance, 3D extracellular matrices (ECM) that replicate the natural structure of
lung tissue have been made using hydrogels. Collagen-based hydrogel co-culture
systems were created in one study to differentiate airway epithelium under air-
liquid interface (ALI) conditions, and they demonstrated notable advancements
in simulating the creation of epithelial barriers [11]. Advanced approaches like 3D
bioprinting, but also scaffold-based approaches using electrospinning technology,
may enable the recreation of the complex architecture of the respiratory system.
These models should attempt to reproduce not only the anatomy of the airway but
also its mechanical and biochemical environment and then can be applicable for
investigating viral transmission, testing medications, and simulating sickness. To
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represent the multi-layered complexity of human lung tissue, systems that capture
both epithelial and endothelial interactions must be developed for the deep lung,
which is the site of gas exchange. Therefore, compared to conventional 2D cultures,
these sophisticated models might offer a more accurate depiction of human air-
way biology, providing insights into the development of respiratory disorders and
treatment outcomes.

The selection of essential cell types, co-culture condition optimisation, scaffold
selection, and functional validation are important considerations in the creation of
these models.
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1.2 Overview of current models and their limitations

Despite advancements, existing in vitro models still face limitations in replicating
the full complexity of human lung tissue. These limitations are categorised based
on several factors:

1.2.1 Advanced scaffold materials and their properties
Mechanical properties and thickness

The basal 3D microenvironment of the extracellular matrix is one of the key compo-
nents in in vitro tissue models, which supplies tissue- or region-specific proteins
interwoven in collagenous polymer networks for cellular adhesion. This structure is
crucial for cell signalling through ECM cell receptors and also houses essential tissue-
specific cell types, including subepithelial fibroblasts, endothelial cells, immune
cells, and smooth muscle cells, all of which are vital for cell-cell communication
[12].

Selection or fabrication of relevant scaffold is one of the crucial aspects given its
influence on ECM remodelling and conditioning, cellular and tissue differentiation,
cellular attachment, and cell-cell crosstalk. Scaffold interaction with surrounding bi-
ological entities as well as the material and the structure may influence cellular and,
in the larger context, tissue/organ function. Biomaterials for scaffolds are broadly
classified into synthetic and biologically derived materials [13]. Synthetic polymers
like PE, PMMA, and PVC as well as natural polymers like collagen, starch, fibrins,
etc., are extensively researched because of their attributes of high biocompatibility
and bioactivity, as well as mechanical properties including flexibility, etc. [14].

Not only material source but material properties are also seen to influence the cell
material interaction through the influence on cellular attachment proliferation and
differentiation, for example, porosity, biodegradability, wettability, stiffness, sur-
face roughness, etc.[13]. Many research studies have underscored the importance
and influence of mechanical forces and the physical properties of the niche, for
example, in stem cell behaviour [15], especially fibre alignment and patterning,
which showed a significant role in enhancing cell responses [14]. Among many
options for scaffold or ECM substitutes are hydrogels, native ECM, and synthetic
biomaterials. Each provides unique advantages, but challenges persist when ap-
plied as scaffold material. Application of biocompatible hydrogels or composites
using decellularized naive lung ECM promises an innovative technique to mimic
the native lung environment [16]. But the limitations concerning differences in, for
example, decellularization methods, enzymatic digestion times, and crosslinking
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impact mechanical properties and may suggest the lack of mechanical stability re-
quired for long-term studies [16, 17]. Developing an ECM-like structure that reflects
the native mechanical and biochemical properties of the human lung is crucial,
as it influences not only cellular growth but also the function of the tissue [17, 18].
Recent studies have explored hydrogels and solubilised lung ECM in combination
with native pulmonary fibroblasts, producing promising outcomes, such as the
pseudo-stratification of the epithelium [18, 19]. However, the thinness of the hydro-
gel ECM remains a limitation, particularly when modelling the deep lung, where
ECM thickness varies significantly.

Electrospun scaffold materials

PCL & PTMC scaffolds:

One of the novel scaffold optimisation or modulation studies, such as precision-
engineered polymeric nanofibers, has shown promising opportunities to adjust
mechanical properties like stiffness and porosity to better mimic in vivo environ-
ments. Biocompatible polymers like PCL, PLGA, PTMC, and PA are increasingly
being explored to enhance cellular adhesion, proliferation, and differentiation,
particularly in 3D airway models. These materials not only support the structural
formation of the ECM but also influence cell behaviour, tissue formation, and overall
model reproducibility [14].

PCL is a popularly known synthetic polymer used in a wide variety of applications
known for its biodegradability, structural stability, and mechanical strength [20].
For instance, PCL has provided in many bone Tissue Engineering applications the
possibility of tunable mechanical properties, especially in osteogenic differentia-
tion, bone formations, etc [20-22]. PCL, with its ability to provide an optimisation
platform via the addition of other composite materials like PLGA, hydroxyapatite
(HA), etc., has positively enhanced its application, going from osteogenic towards
antibacterial properties with therapeutic potential for alveolar/craniofacial bone
regeneration [22]. However, during in vitro testing, PCL fibres demonstrated rapid
degradation in the presence of enzymatic media [23], leading to increased surface
roughness and a reduction in fibre diameter [24]. Additionally, this degradation ac-
celerated changes in Young’s modulus and increased crystallinity, which negatively
impacted the scaffold’s long-term performance [25]. For instance, PCL scaffolds
show an increase in crystallinity over time due to polymer recrystallisation, which
contributes to an increase in stiffness [26, 27]. In addition to these limitations, it was
also seen that higher porosity provided in PCL scaffolds leads to severe loss of weight,
molecular weight, and compressive modulus, but also improves cell ingrowth [28].
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PTMC is a recently researched biocompatible polymer known for its flexibility and
elasticity, making it suitable for applications requiring high elasticity. This implies
that it can undergo reversible deformation under stress without permanent damage.
PTMC-based membranes have shown potential for lung research with promising
co-culture of in vitro airway epithelial-endothelial cells given their advantage of
flexibility, better mimicking the in vivo environments compared to stiff membranes
like PET[29]. Moreover, the flexibility provided by PTMC-based membranes may
also allow the possibility of cyclic stretch, enabling mechanical stimulation of cells,
which is also crucial for mimicking the dynamic environment of the lungs [29, 30].

Pure PTMC was seen to have limited mechanical strength; hence, it is best suited
with some reinforcement, typically with PCL, that can enhance its stability [29].
PTMC polymer alone shows low melting point but high flexibility; hence, achieving
uniformity in PTMC scaffold thickness is one more challenge to achieve to blend it
into a stable scaffold[29]. One of the studies that explored blends of PTMC with block
copolymers like PTMC-PCL-PTMC (Polycaprolactone) demonstrated enhancement
in the material properties, such as erosion rates and mechanical strength, while
remaining suitable for photocrosslinking as well [31].

Blending PCL and PTMC polymers requires more investigation in the direction
of scaffolds for tissue models. Not many research studies have explored the wide
applicability, but one of the heavily cited studies has put forth the advantages of
PCL:PTMC blends providing flexible, elastomeric, and biodegradable networks suit-
able for Tissue Engineering applications [31]. A study exploring the PTMC blended
with PCL in different ratios suggested tuning the mechanical flexibility and degra-
dation properties of the scaffold, providing a balanced combination of mechani-
cal strength and fibre uniformity, although this blend also affects the degradation
rate of the scaffold based on molecular weight [32]. For example, a higher PTMC
concentration may lead to lower tensile strength but tends to yield softer, more
elastic fibres that may support dynamic tissue conditions. In contrast, a greater
concentration of PCL improves mechanical stiffness and durability, which could
be beneficial for tissues that sustain loads [32]. Despite its potential, the long-term
stability of pure PTMC remains an area of ongoing research. Although degradation
rates prove challenging in the applicability of these polymers in scaffold-based
tissue models, careful blending considerations might impact mechanical properties,
tensile strength, flexibility, fibre morphology, and porosity. Thus providing novel
synthetic polymer blends highly suited for applications requiring ECM-mimicking
membranes in Tissue Engineering.
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Table 1.1 below summarises the key characteristics of PCL and PTMC in the context
of scaffold development for lung models.

Table 1.1: Qualitative comparison between PCL and PTMC synthetic polymers based on
their mechanical properties [6, 33, 34]

Property

PCL

PTMC

Mechanical Strength

Good: high tensile strength
and flexibility

Lower : limited load-bearing
application

Processing / Fabrica-
tion

Easy: electrospinning, sol-
vent casting, etc

Difficult: due to low melting
temperature and high flexi-
bility

Biodegradibility &

Degrades slowly in vivo; long-

Degraded more rapidly,

degradation rate term support for tissue regen- | suited for drug release-like
eration application. But may | applications in vivo
hinder its application, requir-
ing rapid tissue integration or
replacement
Hydrophobicity Hydrophobic: surface mod- | Similar to PCL

ifications (specialized coat-
ings) necessary for improved
biocompatibility

Limited elasticity: unsuitable
for dynamic tissue engineer-
ing applications, but flexible

Elasticity & Flexibility Highly flexible and good elas-

ticity

Polyamide scaffolds:

Application of electrospun polyamide scaffolds in lung Tissue Engineering has been
a subject of ongoing research. PA scaffolds are known to be able to replicate key
aspects of the extracellular matrix, such as a high surface area to volume ratio, tun-
able porosity, and significant mechanical strengths. In one of the research studies,
polyamide-6 was demonstrated as a promising candidate for mimicking the ECM of
specific tissues [35]. In the study done by Zhuravleva et al. (2019), PA6 was employed
to replicate oesophagal ECM properties and showed that PA6 was able to support
mesenchymal stromal cell proliferation, along with mechanical stability. This shows
that using PA6 can enable tuning the architecture and mechanical properties of
polyamide scaffolds, making them interesting subjects to be used for replicating
various tissue environments [36].

Scaffold generated using PA also showed formations of porous structures that al-
low for essential functions like nutrient and oxygen diffusion, waste removal, and
vascularization[37]. However, these scaffolds have limitations when it comes to
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allowing cell infiltration across multiple layers of the scaffold. Hence, additional
modifications like altering fibre diameters, introducing pore formers, or blending
with other suitable biocompatible polymer variants may prove helpful for inves-
tigating scaffold permeability and improving their application in complex tissue
models [38]. Furthermore, PA has also shown mechanical robustness in one of the
application studies for tissues like the oesophagus [35]. This is especially beneficial
for tissues that are subjected to mechanical stress, such as human airway tissues.

In a recent study done by Weigel et al., polyamide nanofibers showed versatility for
their use across multiple tissue types like skin, bone, and lung [36]. Here, fully syn-
thetic 3D PA scaffolds were designed in order to replace animal-derived materials for
stromal tissues, specifically in multilayered skin regeneration. The fibrous structure
of PA scaffolds provided the perfect conditions for skin cells to attach and form
layers. According to them, this synthetic method provided an added advantage by
preventing immunological reactions linked to scaffolds generated from animals and
also may be able to address ethical issues regarding animal-derived materials [36].
The challenge persists in creating a 3D scaffold with high porosity, and mechanical
stability is crucial [39]. In the above-mentioned study, polyamide scaffolds used
to replicate the ECM for in vitro co-culture systems demonstrated their ability to
support the growth of multiple cell types, like fibroblasts and endothelial cells [36].
Lung Tissue Engineering requires scaffolds with specific features, like flexibility,
tensile strength, region-specific elasticity, fine-tuned porosity, and compatibility
with the dynamic nature of lung expansion and contraction. Polyamide scaffolds’
with their strong tensile strength might also be useful for building reliable alveolar
epithelium models needing a strong barrier but with the necessary flexibility and
elasticity modulus. But the limitations, like the difficulties of managing pore size
and scaffold degradation, also need to be addressed, particularly when trying to
represent more intricate tissues like the lung.

Decellularized native ECM hydrogels do provide a biomimetic environment, yet
it is often difficult to source standardised methods, along with the limitations
regarding tunable stiffness and thickness. Synthetic materials like PCL, PTMC, and
PA offer customisable mechanical properties, but they sometimes fail to replicate
the necessary biological cues alone. Achieving the correct ECM thickness and
elasticity remains a key challenge, as these properties are essential for creating
functional, reproducible models that reflect human lung behaviour [1]. While
electrospun polymer-based scaffolds like pure PCL and PTMC offer substantial ad-
vantages in terms of mechanical strength and structural stability, challenges related
to biodegradability and cell attachment must be addressed for their optimal use in
lung models. Ongoing research into polymer blending and surface modifications
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continues to improve the flexibility and biocompatibility of PA scaffolds, making
them increasingly viable for developing advanced 3D in vitrolung models [35, 36, 38]

Significance of optimized surface coatings

The second vital characteristic driving the cell-material interaction is surface pro-
tein adsorption, which is driven by the wettability of the surface of the particular
biomaterial [13]. Surface characteristics such as hydrophilicity, protein adsorption,
and roughness are also critical in determining cell behaviour. Properties such as
hydrophilicity or hydrophobicity of scaffold membranes influence the wettability,
which in turn modulates the protein adsorption on the membrane surface. Since
protein adsorption is one of the primary cues for cellular adhesion, it will in turn
impact cell attachment, proliferation, differentiation, and finally survival [13, 40].
For example, studies using polycaprolactone (PCL) and PLGA-based scaffolds have
shown that varying stiffness can affect mesenchymal stem cell (MSC) differentia-
tion, leading to optimised tissue regeneration [14]. Various studies have suggested
hydrophilic surfaces absorbing water-soluble proteins may support a favourable
environment for cell proliferation [41]. Proteins have a higher affinity to adsorb
more strongly to hydrophobic surfaces than to hydrophilic surfaces, whereas hy-
drophobic surfaces lead to protein unfolding, potentially causing cellular stress [13,
40].

The above findings hence suggest that by optimising scaffold coatings effectively
with essential proteins, one can enable significant improvements in the maturation
of co-cultures, yielding more physiologically relevant in vitro models for studying
tissue function and disease processes. This may also in turn help in improving cell
co-culture systems, particularly in promoting tissue maturation in 3D models like
the alveolar co-culture of endothelial and epithelial cells. Different coating materials,
such as gelatin, VEGF-165, fibronectin, collagen I, and bovine serum albumin (BSA),
offer unique advantages. This includes enhancing cell-scaffold interactions and
promoting cell adhesion, proliferation, and differentiation. For instance, gelatin
coatings can increase hydrophilicity and support cellular attachment; collagen I
provide structural support critical for cellular proliferation. VEGF-165 promotes
angiogenesis, improving endothelial cell function, especially in vascularised tissues,
making it a vital component in co-culture models requiring vascularization [29].
These coatings not only mimic essential components of the ECM but also provide
biological cues that guide cell behaviour. The mechanical properties of the scaffold,
such as stiffness and surface roughness, significantly influence cell attachment and
function.
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Therefore, the use of these coating solutions in 3D scaffolds is not only crucial
for enhancing cell survival but also for promoting functional tissue development,
especially in complex systems such as the alveolar environment.

1.2.2 Cellular components

Selecting the right cellular components is one of the above-mentioned crucial
aspects while developing 3D in vitro airway models, particularly when simulating
region-specific tissues, which possess challenges with their constant regeneration
as well as region-specific functional distinction.

Human airway models employing human stem cells and also iPSCs have been widely
researched. But also demonstrated limitations, especially in achieving reproducible
and biomimetic models. Nevertheless, human iPSCs have shown potential for di-
rected differentiation into airway basal cells in modelling airway diseases, or for
instance, iPSC-derived airway organoids, showing feasibility for genetic disease
modelling, etc. [42, 43]. Organoids, derived from stem cells, present a promising
alternative due to their ability to self-organise into structures that mimic the ar-
chitecture of lung tissue. These systems offer better physiological relevance but
can be limited by issues related to scalability and batch-to-batch consistency [15].
Furthermore, combining organoids with precision-engineered niches and advanced
scaffold materials like electrospun nanofibers has been shown to improve tissue
formation and cellular differentiation, providing more reliable models for studying
airway biology [14, 29].

In vitro airway models, using iPSC-derived alveolar epithelial cells, are indeed ad-
vantageous for patient-specific therapies. However, limitations such as the difficulty
of large-scale production and functional differentiation persist. iPSCs have also
shown promising differentiation into alveolar epithelial type 2 (AT2) cells, which
repopulated lung extracellular matrix scaffolds [44]. Upon further characterisation,
these iPSC-derived cells displayed markers characteristic of mature lung epithelial
cells. But faced limitations towards their applicability for clinical use [44]. Despite
many advancements, iPSC-derived models still face challenges in efficiency and
reproducibility and require further investigations [45-47]. Moreover, iPSC models
can be affected by donor differences, genetic stability, and experimental variability,
which can confound reproducible disease modelling [46, 47].

Immortalised or genetically modified cell lines are commonly used to build in vitro
tissue models due to their reproducibility and ease of culture. They often lack the
complexity necessary to fully replicate human tissue functions. For instance, widely
used Calu-3 and A549 lung epithelial cell lines for models of upper and lower airways
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do provide valuable insights into respiratory barrier function and drug permeability.
Calu-3 cells, which are able to simulate bronchial epithelial barriers, demonstrate
robust barrier properties but may tend to overexpress tight junction proteins [48].
Calu-3 cells also provide a polarised epithelial structure and mucin production,
which makes them suitable candidates for studying respiratory infections, e.g.,
influenza [49, 50]. Whereas, A549 cells, representing alveolar cells, exhibit higher
permeability and lack of sufficient tight junction formation, making them unsuitable
for certain permeability studies compared to primary human epithelial cells [51].

However, advanced co-culture models developed were frequently limited to the
upper-airway region, combining Calu-3 cells, or the lower airway region, combining
A549 cells. But when combined with other cell types, such as macrophages or
dendritic cells, they do promise to offer realism in lung studies [52]. For more
sophisticated and crucial airway regions, such as alveolar tissues, the use of such
cell lines may not fully replicate the integrity of alveolar barriers [52]. In contrast, the
probable best option would be to explore primary cells from human lung biopsies
that are able to retain tighter epithelial integrity and a more accurate response
to environmental agents than either cell line alone. The inclusion of co-cultures
involving epithelial, endothelial, and fibroblast cells has been shown to improve the
biological relevance of these models [52]. For instance, lung fibroblasts from human
biopsies play a critical role in enhancing the differentiation and functionality of
co-cultured epithelial and endothelial cells, leading to more physiologically accurate
tissue models. Again, the challenges for long-term culture condition optimisations
still need to be addressed with the primary cells, as seen with primary alveolar
epithelial cells (hAEpCs) [12, 52].
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1.2.3 Rheological and physical properties of mucus / pulmonary surfac-
tant

Mucus present as a layering lubricant lining the respiratory tract is a critical func-
tional aspect, playing an essential role in protecting the respiratory tract and influ-
encing viral transmission[49, 53]. This makes it one of the necessary components for
characterising advanced 3D airway models. Mucus acts as a physical barrier against
foreign particles by trapping pathogens and particulate matter and facilitating their
clearance [54, 55]. Many studies have underscored the importance of the rheological
characterisation of mucus for understanding its physiology, disease pathology, and
development of drug delivery systems for mucosal surfaces [55].

In the lower airways, particularly in the alveolar regions, thin surfactant lining has
many crucial functions in addition to maintaining airway hygiene. It is responsible
for stabilising the air-exposed interface to prevent alveolar collapse during respira-
tory mechanics by forming interfacial films at the air-water interface and modulating
its physical properties, for example, surface tension [56]. It is central to the forma-
tion of thin films in the alveoli, which are responsible for aerosol generation, a key
process in the spread of airborne viruses. Production and characterisation of syn-
thetic pulmonary surfactants or mucus mimetics have been discussed recently [57].
Application of such systems as mucus mimetics to mimic the aerosol generation
process is crucial to attaining a balance of surface elastic behaviour and surface vis-
cous behaviour [58]. To accurately model the thin film rupture to study the aerosol
generation in conjunction with in vitro tissue systems, it is hence a challenge to
replicate the varying physical properties of mucus, such as viscosity and surface
tension, which differ across regions of the airway [59]. Rheological as well as bio-
chemical characterisation of the mucus formed using advanced co-culture airway
tissue models is the first step necessary to move towards more sophisticated tissue
modelling approaches. This would advance our understanding of the interaction
between inhaled droplets or aerosols that may contain viral particles and the lung’s
thin liquid lining after an aerosol lands on its surface, as well as aerosol generation
(58].

Mucus extraction and characterisation limitations:

Nowadays, artificial and synthetic mucus models are being explored using polymer-
based techniques [57]. Complex mucins make up the important components
present in the respiratory mucus, along with the presence of other glycoproteins.
Mucin structure plays a crucial role in mucus’s mechanical and biochemical proper-
ties, which are essential for its diverse physiological roles. Many research studies
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still argue over the possibility of synthetic surfactant’s ability to completely replicate
the properties of natural mucus [60]. Synthetic surfactants or mucus, for instance,
Human Lactobacillus Biosurfactants or simplified phospholipid mixtures, etc., have
demonstrated promising results in terms of rheological properties and drug delivery
but often fall short in mimicking adhesive properties and complex protein interac-
tions [61, 62]. In contrast, applying sophisticated biomimetic tissue models, with
their ability to generate functional mucus with necessary mucins, may not only
help better recapitulate the in vivo microenvironment but also open the platform,
allowing for the more accurate understanding of cell interactions within tissues and
organs[63-65]. To attain reproducible and standardisable data against human tissue
models, it is necessary here to explore efficient methodologies for mucus extraction
and characterization. A range of techniques has been employed to study its rheo-
logical properties like viscosity, elasticity, and surface tension, which are critical for
understanding how mucus behaves under physiological conditions, especially with
its protective functions in the airway and its role in pathogen encapsulation and
aerosol formation.

A generalised approach for mucus extraction from in vitro tissue models includes
apical PBS washes in air-liquid interface (ALI) cultures, ensuring minimal con-
tamination and maintaining sample integrity for subsequent analysis. However,
forthcoming limitations to this process can include incomplete mucin removal or
the alteration of mucus properties during collection. Hence, making it necessary for
standardised protocols essential for reliable data.

Physical and rheological characterization

Mucus is categorised as a non-newtonian fluid at the macroscale, while it can be re-
garded as a low-viscosity fluid at the nanoscale [55]. The importance of understand-
ing mucus physiology concerning disease pathology or in drug delivery systems
cannot be neglected [55]. In the research work done by Jory et. al. (2022), they have
finally reinstated the possibility of characterising rheological properties of mucus
derived from human bronchial epithelial ALI cultures [66]. This pointed to the dual
solid-fluid nature of mucus, found in their rheological analysis using a rheometer
with a cone/plate geometry [66]. This provides a nice basis for macro-rheological
characterisation of mucus samples generated from in vitro tissue models. Cone-
and-plate viscometers and particle tracking microrheology are commonly used
to analyse the bulk viscosity and microviscosity, respectively [66]. These methods
reveal how mucus viscosity changes with shear forces, which is crucial for under-
standing mucus behaviour during respiratory processes, showing its complex flow
behaviour through the entire respiratory tract [67, 68].
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Another essential property of mucus or pulmonary surfactant is its surface tension,
which becomes crucial to maintain, for example, in order to avoid alveolar collapse.
Surface tension impacts the stability of mucus films and their role in aerosol for-
mation. The surface tension of the mucus/pulmonary surfactant is known to be
dependent on various factors such as mucus hydration, mucin concentration, and
surfactant presence, directly influencing how thin films of mucus form and rupture.
The surface tension of pulmonary surfactant is additionally affected by the presence
or absence of proteins such as SFTP-C or SFTP-B [69, 70]. In contrast to the available
detailed physical characterisation of mucus models like hydrogels or mucus mimet-
ics, the characterisation of mucus samples generated from advanced co-culture
tissue models may provide a better understanding of the mucus behaviour.

Protein characterization

Characterising mucus substantially, especially from in vitro models aimed to repli-
cate lung environments, is one crucial step towards understanding various pathways,
including lung diseases, and in turn, developing effective treatments.

For instance, models of engineered synthetic mucus demonstrated the importance
of replicating the viscoelastic properties of native mucus collected from asthma
patients[71]. The study also showed how altered mucin composition can impact
mucus transport and its ability to act as a barrier against pathogens like the influenza
virus [71]. The growing research community is now focusing on creating biomimetic
models as well as building systematic characterisation methods to generate human-
relevant data that can then be applied for drug testing and disease modelling robust
situations like those of SARS-CoV-2 pandemic situations.

Mucins form the principal components found in mucus or pulmonary surfactants
that are also known to modulate the mucus’s physical as well as rheological proper-
ties [69, 70]. This makes it critical to quantify and characterise the mucin compo-
nents found in the mucus samples along with the in vitro tissue models. Standard
protein analysis techniques like SDS-PAGE gel electrophoresis and Western blotting,
which separate proteins based on molecular weight, may challenge to characterise
these mucins, which are heavily glycosylated and possess a large molecular weight.
Primary mucins found in human respiratory mucus, Muc5AC and Muc5B, with
their large size and viscosity, made it difficult to achieve sharp separation due to
their high molecular weight in SDS-PAGE [72]. In western blot analysis, it is very
likely to achieve incomplete transfer of mucins, hence reducing detection efficiency
[73]. Many other limitations, including smearing and poor resolution iSDS-PAGE,
especially for heavily glycosylated mucins like MUC7, or poor antibody binding in



1.2. OVERVIEW OF CURRENT MODELS AND THEIR LIMITATIONS 19

cases of excessive glycan presence, may also cause inaccurate quantification [74,
75], hence underscoring the need for refined characterisation approaches.

The scientific literature lacks comprehensive methods for characterising mucus,
particularly when it comes to differentiating between mucus-produced in vitro and
native samples. Generating biosimilar mucus is of crucial importance in studies
of drug permeations as well as viral interaction formations, but such mucin solu-
tions often fail to capture the complex biochemistry and nanostructure of native
mucus [76]. Advanced methods, such as combining rheology with particle tracking
microrheology, may provide insights into the heterogeneity of mucus [55, 66, 77].

Mucus mimicking hydrogel models demonstrate significant advancements by mim-
icking the protective and dynamic properties of natural mucus, especially in viral
trapping and cell protection [57]. These hydrogels promise to create a scalable, an-
ionic barrier that captures pathogens, enhancing their application in tissue models.
However, in dynamic environments like lungs, further investigation is necessary
on the long-term stability and mechanical optimisation of this hydrogel. Hence,
refining biochemical and rheological properties remains a challenge for accurate in
vitro simulations.

Despite advancements in the characterisation methodologies, mucus characteri-
sation from both in vifro and native samples is far from perfect. As pointed out in
various studies, careful control of experimental conditions is necessary to achieve
reproducible rheological data, particularly regarding temperature, humidity, and
evaporation during testing of cystic fibrosis sputum samples [66, 78].

Furthermore, mucus characterisation performed from in vitro tissue-derived mucus
samples still may face donor-data variability, in addition to the choice of scaffold and
cellular materials used in these models developed by Jory et. al. [66]. The models
developed using scaffolds like nucleopore transwell membranes and biopsy-derived
cellular components lacking complex co-culture may face challenges to closely
mimic in vivo tissue architecture [66], making further optimisations necessary. Scaf-
fold material characteristics like hydrophilicity and mechanical stiffness are known
to influence cell-cell and cell-matrix interactions, which may further modulate
mucus constitution as well as formation [13]. Characterisation data generated for
mucus properties from these optimised models may help for advanced modelling of
mucus flow characteristics using computational fluid dynamics (CFD) simulations.
Using CFD may also help to understand the thin film formation, rupture, transport,
and behaviour of aerosols within the respiratory system, offering deeper insights
into how viruses like SARS-CoV-2 propagate in the airways [4].
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In conclusion, developing effective 3D in vitro models of the airway with an abil-
ity to replicate functional outputs like mucus and surfactant production requires
crucial scrutiny with the choice of cellular materials, scaffold materials with their
physical and mechanical properties, and standardisable and reproducible methods
integration for both mucus as well as tissue models. One singular model construct
is deemed insufficient for diverse regions of the human respiratory system, mak-
ing it necessary for these models to represent the unique cellular and functional
characteristics of different airway regions, from the upper airway to the deep lung
alveoli, which may finally help provide accurate insights into respiratory disease
mechanisms, viral transmission, and potential therapeutic interventions.
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1.3 Objectives of Thesis

The overall aim of this thesis is the establishment of new, standardised, and repro-
ducible methods for advanced in vitro airway models, in particular deep lung tissue
equivalents, by exploring scaffold varieties from synthetic, polymer-based electro-
spinning techniques. Such optimised in vitro models were built with a broader
aim in order to study virus infection on human tissue models and the influence
of mucus tangible properties on aerosol generation and virus encapsulation and
transport. One of the main tasks was focused on the optimisation of co-culture
models of the deep lung alveoli tissue with the aim to enable, in the near future,
such models to study aerosol generation and virus encapsulation. These models try
to overcome shortcomings of the existing systems through the effective recapitu-
lation of morphological and functional heterogeneity of the lung, considering the
dependency on the properties of ECM/scaffold-co-cultured cellular biomaterials.
3D in vitro models should be developed for all regions, including the deep lung alve-
oli; the complex and heterogeneous structure of the lung requires region-specific
modelling if one is to understand its response to infections, drug delivery, and tissue
regeneration. For example, while the upper airway functions mainly as a barrier to
prevent the inhalation of pathogens, the deep alveoli perform gas exchange and,
therefore, remain highly vulnerable to viral infections like SARS-CoV-2. It is only by
accurately modelling such region-specific differences that a detailed study of such
varied responses can be done, and they further effective simulation of drug delivery.

In this study, the objective was to analyse the following research questions:

* Why are advanced in vitro models crucial for studying human airway biology?

* Why is it necessary to develop 3D in vitro model of different airway regions
(including deep lung alveolar)?

* Which biological components or functions (barrier, etc.) are important for
which study: infection, drug application, regeneration?

* How can we characterise the function of the models: characterisation of scaf-
folds and mechanical properties; characterisation of tissue models using stain-
ings and other assays?

* Why is it important to evaluate the influence of co-culture of different primary
cells and the scaffold properties on the function of different airway models?
To investigate that cellular co-culture of primary/stem cells or cell lines has a
higher influence on the function of the airway tissue models alongside applied
scaffolds.
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Advance in vitro region-specific models that can generate human-specific data
are increasingly becoming significant research topics. This is with an aim for not
only studying the human airway but also in infection studies or aerosol-mediated
drug efficacy assessments, etc. Here, barrier formation and mucus production are
two of the fundamental biological components, critical to research. For example,
in infection studies, a strong epithelial barrier serves as a robust defence against
pathogen invasion, whereas mucus production is central to viral transmission stud-
ies due to its impact on aerosol generation and viral particle encapsulation. Essential
extracellular matrix (ECM) properties, such as thickness, tensile strength, and poros-
ity, significantly affect both infection studies and tissue regeneration models by
influencing cell behaviour and tissue stability.

The characterisation of scaffolds is crucial for assessing the functionality and re-
liability of these models. Mechanical properties of the scaffold, such as stiffness
and elasticity, directly affect cellular differentiation and tissue development. Tis-
sue characterisation methods, such as cell-specific staining and mucus production
(alcian blue staining), as well as functional assays (e.g., apparent permeability via
FITC-dextran assay), are used to assess barrier integrity and the tissue’s ability to
perform in vivo functions, such as pathogen prevention.

Secondly, evaluating the impact of co-cultures of primary cells, such as epithelial,
endothelial, and fibroblast cells, is essential, as co-cultures closely mimic the na-
tive lung environment. Co-culture systems support complex cellular interactions,
facilitating accurate tissue maturation and function. Recent studies suggest that
combining co-cultures with biomimetic scaffold properties enhances physiolog-
ical relevance, allowing for a more accurate representation of airway biological
processes.

Finally, persistent challenge in infection or viral transmission/interaction studies
with airway in vitro models involves optimising methodologies for physiological
mucus generation, extraction, and characterization. Physical and rheological prop-
erties of mucus largely influence the mucosal lining’s function. Understanding
mucus’s role in respiratory defence mechanisms and viral transmission is essential
for developing realistic in vitro lung models. Such models simulate these properties
over time, enhancing their ability to replicate in vivo behaviour and generating
valuable data for respiratory disease research. Among our objectives was to investi-
gate dependencies on properties like surface tension and viscoelasticity that affect
thin film formation and aerosol generation in deep lung alveoli and to optimise
methodologies for effective mucus extraction. Protein quantification and mucin
characterisation are also vital steps in characterising mucus, specifically identifying
Muc5B and Muc5AC mucins present in lung tissue.



1.3. OBJECTIVES OF THESIS 23

1.3.1 Thesis Approach

The aim of this study is to create and optimise functional in vitro lung models that
mimic the structural and functional differences in the human respiratory system.
To do this, we focused on selecting and optimising scaffold materials, considering
different key factors. The scaffold materials were carefully selected and optimised
based on their physical properties (stiffness, thickness) and their ability to support
cell attachment and differentiation. In this study, both biologically derived and
synthetic scaffolds were evaluated for their suitability across different regions of the
lung, from the upper airway to the deep lung alveoli, such as stiffness, cell attach-
ment, and scaffold thickness. These properties were chosen to ensure the scaffolds
could replicate the basement membrane and provide a suitable environment for
cell differentiation and tissue formation, particularly for upper and lower airway
models.

Selection of appropriate scaffold materials

In this research, we explored two main categories of scaffold types:
Small Intestinal Submucosa (SIS-muc):

A biologically derived scaffold was chosen for upper airway models due to its natural
ECM-like properties. Its decellularized structure mimics the ECM found in tracheo-
bronchial tissues, providing a supportive environment for epithelial and fibroblast
co-cultures.

PET (Polyethylene Terephthalate) Membranes (Thincerts®):

Widely used in Tissue Engineering, PET membranes are known for their stiff struc-
ture, controlled pore size, and widespread use in supporting co-cultures on both
sides of the membrane. PET (0.4 um pore size)was used as a standard comparison
due to its established role in lung models, particularly in studies requiring barrier
formation and permeability assessment. PET’s thin structure (22 um) allowed for
optimal cell-to-cell interaction, making it a benchmark for scaffold performance.

Synthetic polymers (PCL, PTMC and PA):

Novel fibre-based scaffolds were fabricated through electrospinning, incorporating
three different primary polymers: Poly(e-caprolactone) (PCL), poly-trimethylene
carbonate (PTMC), and polyamide [14, 29, 36, 79]. These biomaterials were chosen
for their established biocompatibility and mechanical properties. We hypothesise
that combining these two polymers could provide a versatile platform for creating
thin, flexible scaffolds tailored to different regions of the respiratory tract, effectively
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addressing the specific mechanical and biological requirements of Lung Tissue
Engineering.

PCL and PTMC were electrospun to form scaffolds with tunable mechanical proper-
ties, biodegradability, and flexibility. These materials, upon fine-tuning, may help
to develop thin, porous scaffolds for deep lung alveoli models, where a delicate
balance between stability and degradation is necessary. Blending PCL and PTMC
in different ratios (70:30 and 50:50) allowed for the creation of scaffolds that could
mimic the ultra-thin basement membrane required for alveolar co-culture systems.
Similarly, electrospun polyamide scaffolds, as generously discussed for their robust
mechanical strength, flexibility, and ability to provide a large surface area for cellular
attachment and tissue growth, were also selected for tissue model development for
the alveolar airway region.

The PA polymer-based membrane was also obtained using the electrospinning
process. Proven application of PA scaffolds for in vitro alveolar tissue models as
well as the synthetic, flexible, and porous properties of PA make it a viable choice to
replicate the structure of lung tissues. Hence this was used for creating a scaffold that
may enable respiratory cell adherence, growth, and oxygen exchange. We believe
that the PA scaffold’s biocompatibility and ability to support organised, layered cell
structures are particularly useful for modelling alveolar tissue, providing a controlled
framework for studying respiratory diseases and drug responses.

Protein-based coating solution optimization

To further optimise cell attachment and functionality, various coating solutions
(e.g., human plasma fibronectin, collagen 1, gelatin, VEGF-165) were applied to the
scaffolds. These solutions enhanced cell adherence and differentiation, especially
in synthetic scaffolds, by mimicking the biochemical environment of the ECM. The
performance of these materials was compared with PET membranes to assess their
ability to support tissue models.

Selection of cellular materials

Furthermore, lung location-specific cell types were utilised, including cell lines such
as Calu3 and A549, which are popularly used in in vitro lung test systems widely
to build upper lung area in vitro models for tracheobronchial regions. Given the
requirement of the thickness of the ECM for tissues from the upper lung area, SIS-
muc as well as PET were tested for suitable scaffold material for building functional
co-culture in vitro models as explained in the methods section. Given the various
limiting factors posed by the use of cell lines, primary human cells were employed to
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design lower lung tissue models. One of the challenges is to model deep lung alveoli
tissue models. The influence of endothelial cells and smooth muscle cells in Tissue
Engineering in particular for vascularised tissues is significantly highlighted in
various studies [80]. Their potential to form functional vascular networks cannot be
neglected; moreover, may enhance the cell-cell communication with neighbouring
niche components for survival and integration of the engineered tissue models. Our
approach for developing a 3D model for human lung alveoli culture conditions was
modulated to establish a co-culture between primary human alveolar epithelial
cells (huAELVi) obtained from Inscreenex and primary endothelial cells, as well as
the influence of primary lung fibroblasts in a triple culture set up to observe the
influence of fibroblast remodelling of the ECM.

Model characterisation

Model characterisation in this study included analysing electrospun membranes
made from blends of PCL:PTMC (in ratios of 50:50 and 70:30) as well as PA scaffolds.
Scanning Electron Microscopy (SEM) was employed to evaluate the scaffold struc-
ture, focusing on fibre diameter, alignment, and surface morphology, all of which
directly influence scaffold porosity and cell interaction. SEM imaging provided
insights into how these structural characteristics impact cell attachment, migration,
and nutrient exchange, critical for replicating the extracellular matrix (ECM) and
supporting tissue-specific growth [36].

Mechanical characterization through tensile strength and Young’s modulus tests
on these cell-free electrospun membranes identified crucial properties that must
be optimized to align scaffold mechanics with the complex, heterogeneous ECM of
native lung tissue. Matching the mechanical properties of the scaffold to those of
the native ECM helps to ensure compatibility and functionality under physiological
conditions, a key factor for dynamic tissues like the lung.

Functional assays, including the FITC-dextran permeability assay, assessed the
barrier integrity of the tissue models. This assay measures the diffusion rate of
FITC-labelled dextran across the membrane, indicating how effectively the scaffold
supports barrier functions, such as selective transport and tight junction formation.
These insights are essential for modelling the barrier properties of respiratory and
other epithelial tissues in vitro.

Mucus extraction and characterization

A range of methodologies were explored for efficient mucus extraction from the
tissue models and their characterisation for rheological viscoelasticity properties as
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well as surface tension of the mucus. The methodologies explored in this study for
mucus extraction and characterisation were carefully optimised to analyse its physi-
cal and biochemical properties. For assessing surface tension, a force tensiometer
was used at multiple time points across the lifespan of the tissue model. This ap-
proach allows evaluating changes in surface tension over time, offering insights into
how mucus properties evolve within the model.

Rheological properties, specifically viscoelasticity, were analysed using a rheometer.
The rheometry parameters were optimised to capture mucus viscosity and elasticity
accurately, essential for understanding the mechanical resilience of mucus produced
by the tissue model. These measurements help relate the functional properties of in
vitro mucus to physiological mucus, which is vital for creating realistic respiratory
models.

Methods for protein quantification and characterisation were employed to evaluate
mucus composition. Protein content in the mucus samples was initially measured
using the Coomassie Bradford (BCA) assay, which quantifies total protein levels.
SDS-PAGE gel electrophoresis was then used for the effective separation of proteins,
followed by Western blotting to detect specific mucins, Muc5AC and Muc5B. We
performed this analysis to precisely identify and quantify key mucins, essential
components of respiratory mucus, further validating the physiological relevance of
the tissue model.

These methodologies collectively ensure a comprehensive understanding of the
biochemical and physical properties of mucus produced by the in vitro models,
thereby reinforcing the model’s applicability for respiratory studies.



Materials and Methods

The materials utilised throughout this research are systematically summarized in
the tables presented in the following sections. Each table provides a comprehen-
sive list of all components integral to the experimental workflow. Categorically
arranged tables include information on specific cell lines, essential mediums and
supplements. This is followed by the list for biological and chemical substances, and
enzyme and substrate solutions. Used reference biomaterials materials are listed
separately. The section for analytical biological components includes the list of all
antibodies used, including the kit specifications as well as detailed compositions
for the reagents employed in analytical detection methods. Finally, a detailed list of
lab equipment, devices, software and consumables is specified along with neces-
sary specifications. The methods section that follows is designed to facilitate the
traceability and reproducibility of all procedures developed and analyses conducted
within this study. Each method has been carefully described to allow for consistent
application and verification by other researchers in the field.

2.1 Materials

2.1.1 Cell culture materials
Cellular materials

The following table 2.1 lists the primary cells and cell lines along with their detailed
descriptions including specification, ethical vote consent (wWherever necessary),
provider or manufacturer information, and specific handling conditions to ensure
precise replication.

27
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Table 2.1: Tissue & cellular materials
. . Manufacturer .
Product Specification | Provider City / Country
Primary human Local ethics committee of the University clinic Wuerzbur Wuerzburg,
dermal fibroblasts ~ University of Wuerzburg (182/10) versity zburg Germany
human Endothelial Local ethics committee of the Uni ity clinic Wi b Wuerzburg,
cells University of Wuerzburg (182/10) niversity clinic Wuerzburg Germany
human Airway (INS-CI-1015) InScreenex GmbH Braunschweig,
epithelial cells resembling the alveolar type 1 cell type creene ’ Germany
. Lung resections from
human Lung Lung resections . . . Magdeburg,
biopsy fibroblasts  obtained under Ethical vote 163/17 UI_n.V ersity Hospltal Magdeburg, . Germany
utilized for inhouse fibroblast isolation
American Type Culture Collection (ATCC),
. . . Wuerzburg,
Calu-3 Human adenocarcinoma cell line Manassas, VA, USA obtained
. . .. Germany
from University clinic Wuerzburg
A549 Human adenocarcinoma DSMZ, EGFR wild-type, KRAS mutated, Wauerzburg,

cell line AT2 like obtained from University clinic Wuerzburg Germany

Cells and tissue culture mediums

This section details the cell and tissue culture media, along with specific compo-
sitions, provider details and catalogue numbers critical for maintaining cellular
environments and experimental consistency (table 2.2).

Table 2.2: Cells and tissue culture mediums

Medium Specification Application Rt U RT T Y AT e
number City, Country
4500 mg/L glucose
DMEM . . Merck;
(high glucose) () L-Glutamin pFb medium D5796 Darmstadt, Germany
(+) Sodium bicarbonate ’
L-Glutamin Thermo Fisher Scientific;
MEM Glutamax (+)Earle’s Salts Calu-3 medium 11095080 Schwerte, Germany ’
(-) HEPES ’
Endothelial cell according to hEC and LbFb cell C-22120 Promocell;
growth medium MV  provider’s website culture nedium Heidelberg, Germany
huAEC according to huAEC cell INS-ME-1013 Inscreenex;
growth medium provider’s website culture medium Braunschweig, Germany
RPMI1640 (+) L-Glutamin Stop medium 21875034 Thermo Fisher Scientific;
Schwerte, Germany
. (+) L-Glutamin
DMEM Nutrient (+) Sodium bicarbonate A549 medium D8062 Merck;

mixture F-12 Ham Darmstadt, Germany

(-) HEPES
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Supplements for mediums

The following table 2.3 outlines the supplementary components incorporated into

cell and tissue culture media. Each supplement is detailed with its specific concen-

tration and purpose within the medium to ensure optimal cellular conditions and

experimental consistency.

Table 2.3: Cell and tissue culture supplements

Manufacturer / Provider;

Supplement End concentration Application Product number Bty @y
Endothelial . 30 ml for Endothelial cells Promocell;
supplement mix for . . C-39225 .

. 500 ml medium culture medium Heidelberg, Germany
growth medium MV
Fetal Bovine Sera 10% growth supplement SUPERIOR stabil® Bio &Sell ;
(FBS) ? for Calu-3, A549, pFb FBS.S 0615 Feucht, Germany
30 ml for human Airway Epithelial Inscreenex;

huAEC supplement
mix

500 ml medium

INS-ME-1013BS

cell culture medium

Braunschweig, Germany

DimethylSulfoxide
(DMSO)

10%

D2650

Freezing medium

A994.2

Merck;
Darmstadt, Germany

Carl Roth;
Karlsruhe, Germany

2.1.2 Biological and chemical substances

This table provides an overview of the biological and chemical reagents employed in
the experiments, including their concentrations, suppliers, and catalogue numbers
essential for maintaining consistency in experimental results.

Table 2.4: Biological and Chemical substances

. . Product Manufacturer;
Substance name Specification )
number City, Country
Merck;
Acrylamid 500 A3553
crylamide & Darmstadt, Germany
Merck;
Alcian Blue 8GX A357 ere
Darmstadt, Germany
Ammonium persulfate 95 A3678 Merck;
(APS) & Darmstadt, Germany
Merck;
Bovine serum albumin 50g A2153 ere
Darmstadt, Germany
B henol bl
rorr%op enol blue Merck:
solution 500 ml 318744 Darmstadt. German
(0.04% wt in H,O) ’ y
Ch line DAB DCS di tics;
romoline 100 ml PC136R100 iagnostics

substrate buffer

Hamburg, Germany
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Table 2.4: Biological and Chemical substances

. . Product Manufacturer;
Substance name Specification )
number City, Country
Coomassie Brilliant 25g 115444 Merck;
blue G 250 C.1. 42655 ' Darmstadt, Germany
DMSO 50ml D2438 Merck;
(Dimethyl sulfoxide) Darmstadt, Germany
ROTI®
. . Carl Roth;
Histokitt (Entellan) 500 ml 6638.2
Karlsruhe, Germany
ready-to-use
Eosin B M 624.09 0306.3 Carl Roth;
(C.I. 45400) g/mol ’ Karlsruhe, Germany
FITC-dextran 50 mg/ml 46944 Merck;
(1:250) avg.MW 4000 Darmstadt, Germany
Fluoromount-G, 00495952 Thermo fisher scientific;
with DAPI 139612 ’ Waltham, Massachusetts,
(Invitrogen) USA
1 Roth;
Gelatin 2% 646.1 Carl Rot
Karlsruhe, Germany
1 i Th. ;
Glycerin 2039.1 G'eyer
(Chemsolute) Renningen, Germany
Merck;
Glycerol 100 ml G5516
Darmstadt, Germany
Glycine 250 50046 Merck;

4 & Darmstadt, Germany
Grease pencil Daido, Japan
Hamalaun solution T865.2 Carl Roth;
from Mayers ’ Karlsruhe, Germany
H li Merck;

ematoxylin 51275-1 erc
acc to Mayer Darmstadt, Germany
huAE I ;

uA. C ' INS-SU-1018 nscreenex'
coating solution Braunscheig, Germany
Thermo fisher scientific;
Human plasma
. . 5mg 33016-015 Waltham, Massachusetts,
fibronectin (Gibco)
USA
Paul WB GmBh,;
Hydrogen Peroxide 800768-07 a . eyvers Lm
Berlin, Germany
Isopropanol UCHEM, OvGU;
prop Magdeburg, Germany
N,N’-methyl Merck;
y Iy M7279 ere
bisacrylamide Darmstadt, Germany
Nuclear fast red -
Carl Roth;
Aluminium-sulphate N069.2 art o

solution 0.1 %

Karlsruhe, Germany
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Table 2.4: Biological and Chemical substances

. . Product Manufacturer;
Substance name Specification )
number City, Country
PanR Applichem;
Paraformaldehyde 4% 256462 antieat Appichem
Darmstadt, Germany
Th. G ;
Ponceau S solution 33427.01 ‘eyer
Renningen, Germany
Penicillin-Streptomycin P0781 Merck;
P y Darmstadt, Germany
Abcam, ;
Phalloidin 488 conjugate ab176753 "’
Jug Cambridge, UK
Phosphate bufffered without Ca++ / X0515 BioWest/ Th. Geyer;
Saline (PBS-) Mg ++(10X) Nuaille, France
antifade
Roti-Mount mounting Carl Roth, ;
. HP20,1
FluorCare DAPI medium Karlsruhe, Germany
with DAPI
Sodium dodecyl Merck;
1000 L3771
sulfate (SDS) & Darmstadt, Germany
. Thermo fisher scientific;
Sodium Pyruvate
. 100 ml 11360039 Waltham, Massachusetts,
(Gibco)
USA
Tet thyl
etrame y . Merck;
ethylenediamine 100 ml T9281 Darmstadt. German
(TEMED) ’ y
Thiazolyl Bl Merck;
1azolyibiue 1000 mg M2128 ere
Tetrazolium Bromide Darmstadt, Germany
Tissue-Tek 4583 Sakura,
0.C.T Compound Finetek USA, ;
Roche;
Tris (b 1070896001 ’
s (base) Basal, Switzerland
Milli -Si ;
Tris-Base 500 g 648310 rHpore-sigma
Darmstadt, Germany
Tris-HydroChloride Millipore-Sigma;
1000 648317
(Tris-HCI) & Darmstadt, Germany
Thermo fisher scientific;
Trypan Blue 15250-061 Waltham, Massachusetts,
USA
Merck;
Trypsin 1% 59429C ’
P ° Darmstadt, Germany
Thermo fisher scientific;
Trypsin-EDTA 0.05 % 25300054 Waltham, Massachusetts,
USA
Carl Roth;
Tween 20 250¢g 9127.1

Karlsruhe, Germany
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Table 2.4: Biological and Chemical substances

. . Product Manufacturer;
Substance name Specification )
number City, Country
VEGEF-1 h ;
G . 65 H7-1038 C ro.rnotek GmbH;
(Proteintech) Munich, Germany
Xylenes 214736 Merck;
Y Darmstadt, Germany
10X TBS 10X 1706435 BioRad;
(Tris buffered saline) Munich, Germany
2-mercaptoethanol Merck;
25ml M3148
(B-Mercaptoethanol) Darmstadt, Germany
UCHEM, OvGU;
Ethanol 96% v
Magdeburg, Germany
Alcian Bl Carl Roth;
cian Blue 10g 3082.1 arl Ro
8GS (C.I. 74240) Karlsruhe, Germany
Accutase® in DPBS BioLegend:
cell detachment w/o Ca2+, 426201 . & o
. California, USA
solution Mg2+

Enzyme and substrate solutions

The table 2.5 below provides a comprehensive list of enzyme and substrate solutions
utilized in cell culture preparation and maintenance. This includes details on
freezing medium composition, essential for cell preservation, as well as the specific
concentration of trypsin used for cell dissociation.

Table 2.5: Enzyme & substrate solutions

Enzyme / substrate Composition Application
20% DMSO in FBS
Freezing medium (end concentration to  Freezing cells
10% DMSO adjusted)
huAEC coating solution (1 ml per T75 flask) huAEC flask pre-coating
Human Plasma Fibronectin 5 ug/ml optimized coating solution
Penicillin-Streptomycin 1% Antibiotic biopsy incubation
Sodium Pyruvate (1X) 1% Calu-3 medium
Stop Medium 20% FBS in stop reaction of trypsinization
RPMI1640
Trypsin-EDTA 0.03% Cell passaging / trypsinization

VEGF-165 0.5ng/ml hEC medium
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2.1.3 Reference biomaterials for synthetic scaffold

The following table summarizes the reference biomaterials employed in scaffold con-
struction and related applications. This includes details on scaffolds and polymers
purchased specifically for the fabrication of electrospun membranes. Additionally,
the table lists commercially available membrane inserts and biologically derived
scaffold materials that were also incorporated in this study for their compatibility
with Tissue Engineering applications. Each biomaterial entry includes supplier
information and material specifications. Relevant preparation or processing notes
are followed in the methods section 2.2 to ensure consistency in scaffold production
and experimental use [36, 39].

Table 2.6: Reference biomaterials for synthetic scaffold

Product Manufacturer/ Provider;

Biomaterials Specification by (Bt Qo
Poly-e-caprolactone Merck;

(PCL) electrospun (14%) 440744 Darmstadt, Germany
Poly-tri-methylene electrospun (at 14% polymer) 900293 Merck;

carbonate (PTMC) in mixture with PCL Darmstadt, Germany
Polyamide Carl Roth;

(PA) electrospun (12%) 9620.2 Karlsruhe, Germany
(Polyethyleneterapthalate 12-well; 665641 Greiner;

(PET) thincert® pore diameter 0.4 um Frickenhausen, Germany

2.1.4 Analytical biological components
Antibody list

The table below provides a detailed overview of the antibodies utilised in this study,
encompassing both primary and secondary antibodies, as well as controls. Each
entry includes critical information such as antibody concentration or dilution used,
specific clone identifiers, and catalogue or order details, along with the provider’s
information. Additionally, antibodies conjugated with fluorophores for fluorescence-
based assays are highlighted, specifying the application method (e.g., IHC, IE WB)
in which each antibody was applied.



Table 2.7: Primary and secondary antibodies

Manufacturer/ Provider;

Antibody Specification Fluorophor  Application Dilution Product number B (P
. secondary antibody, F0257, Merck;
Anti- I FITH IF 1:50
nti-mouse IgG host: goat; stock: Img/ml ¢ SLCF3963 Darmstadt, Germany
. . secondary antibody, Merck;
Anti-rabbit IgG (H+L) host: goat; stock: 2mg/ml TRITC IF 5 ug/ml SAB4600084 Darmstadt, Germany
rabbit-polyclonal; X IF: 1:100 Merck;
CD155 / PVR thout IF / THC C106450
A549 nucleoplasm withou THC: 1:500 Darmstadt, Germany
. clone: 3F8E2 . IF: 1:50 Chromotek GmbH;
CD31 (Proteintech) endothelial cell marker without IF /THC IHC:1:100 66065-2-Ig Munich, Germany
. rabbit-polyclonal . IF: 1:100 Merck;
E-Cadh . . . . thout IF / THC SAB4503751
adherin epithelial cells / adherent junctions withou THC: 1:500 Darmstadt, Germany
negative control .
. to host fi Merck;
1gG Mouse against primary antibodies without IHC ac.c 0 1os .sper:} ¢ 18765 ere
; primary antibodies Darmstadt, Germany
with host mouse
negative control .
. to host fi Merck;
IgG Rabbit against primary antibodies without IHC ac.c 0108 .speC} ¢ 18140 ere
. ; primary antibodies Darmstadt, Germany
with host rabbit
Pan-Cytokeratin clone: C-11; . IF: 1:100 Thermo fisher scientific;
h IF / TH MA5-12231
(Invitrogen) Epithelial cytoskeleton without /HC THC: 1:300 > 3 Waltham, Massachusetts, USA

. . clone: V9; . IF: 1:100 .

Vimentin fibroblasts without IF / IHC THC: 1:500 V2258 Merck; Darmstadt, Germany
clone: ZO1-1A12 IF: 1:100 Thermo fisher scientific;
Z0O-1 (Invi ith IF / IH -91 ’

O-1 (Invitrogen) Epithelial cells / tight junctions without /THC THC: 1:500 33-9100 Waltham, Massachusetts, USA
PageRuler™ Plus . Thermo fisher scientific;
Prestained Protein Ladder 10t0 250 kDa without 26619 Waltham, Massachusetts, USA

IHC (P) 1-2 ug/mL; s
clone 45M1; monoclonal; MA512178; Thermo fisher scientific;
Muc5AC (Invit ! ’ ithout WB / IF ICC/IF 2-3 ug/mL; ! ’
ue (Invitrogen) 0.2 mg/ml; host mouse withou 1:2000 pHeim XC3544999A Waltham, Massachusetts, USA
. clone 5B19-2E; monoclonal; . (ICC/IF) 2 ug/mL, 37-7400; Thermo fisher scientific;
Muc5B (Invit: thout WB /IF
ucSB (Invitrogen) 0.5 mg/ml; host mouse withou WB 1:2000 WI336448 Waltham, Massachusetts, USA
h ite
AEC2 NIN2 nterminal l‘gset;agt;lr’:ltl’ without THC / TF THC 1:1000 GTX101395, 44006  Genetex; California, USA
WB 1:2,000;
lyclonal; . A Th fish ientific;
SFTPC (Invitrogen) polyciona without WB/ IF IHC (P) 1:200; PA5-102493 ermo fisher scientiiie
host rabbit; 1mg/ml Waltham, Massachusetts, USA
ICC/IF 1:500
Goat anti-Mouse host goat; WB 1:10000 to ..
. > Th fish tific;
secondary antibody (1:1 diluted HRP WB 1:5000 31430 ermo fisher scientiiic
. . . . Waltham, Massachusetts, USA
(Invitrogen) prior with glycerol) (8 pl in 20ml TBST)

¢
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Goat anti-rabbit
secondary antibody

host goat;
(1:1 diluted
prior with glycerol)

HRP

WB 1:10000 to
1:5000
(8 ulin 20ml TBST)

31460

Thermo fisher scientific;
Waltham, Massachusetts, USA

¢
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Analytical kits

The following table includes all reagents and components used in the analytical de-
tection methods, with concentrations, suppliers, and preparation notes for optimal
assay reproducibility.

Table 2.8: Analytical kits and components

Product Manufacturer/ Provider;

Product Composition Application ey @l Cain
HRP polymer LD520R050
Super Vision 2 Polymer DCS diagnostics;
IH PD IT
HRP kit enhancer LD510R050 ¢ 000K Hamburg, Germany
DAB Chromogen DCI35C006
DAB substrate PC136R100
buffer
Bradf i
Bradford Protein asr.::y(;zc;é)ggttem 950 ml Bradford 23200 Thermo fisher scientific,
assay Kit Albumin standard 10x 1 ml assay 23209 Rockford, USA
ECL Detec.t ton reagent L 25ml Western Thermo fisher scientific;
. peroxide solution . 32109
Western Blotting - Blotting Rockford USA
- Detection reagent 2,
substrate Kit

luminol enhancer 25ml
solution

Analytical Solutions and buffers

The following table details the various analytical solutions and buffers used through-
out this study, including essential washing and blocking buffers. Each solution is
specified with its composition and purpose, such as washing buffers used to remove
unbound reagents during staining or analytical procedures and blocking buffers
designed to prevent non-specific binding in assays. The table also includes prepara-
tion details and applications, ensuring reproducibility and consistent performance
in all analytical applications.

Table 2.9: Analytical solutions and buffer compositions for various applications

Solution Composition Application
cell culture/
1X PBS- 50 ml PBS- (10 450 ml dd H.
S m S- (10x) + m >0 HC/ IF
Antibody dilution buffer 1 % BSA + 0.05 % Tween 20 in 1x PBS- IF
(adherent cells)
Antibody dilution buffer 0.5 % BSA in 1x PBS- IHC
Blocking buffer 1 % BSA + 0.2 % Tween 20 in 1x PBS- IF
(adherent cells)
Blocking buffer 0.5 % BSA in 1x PBS- IHC

Blocking buffer 5% FBS + 1 % BSA in 1x PBS- IF (tissues)
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Table 2.9: Analytical solutions and buffer compositions for various applications

Solution

Composition

Application

Permeabilization buffer

0.5 % Tween 20 in 1x PBS-

IF
(adherent cells)

washing buffer 0.5 % Tween20 in 1x (PBS-) IHC/ IF
Tris HCL 2M pH:6.8 315.2gin1LddH,0 WB
Tris HCL 1.5M pH:8.8 236.4gin1LddH,0 WB
Tris HCL 0.5M pH:6.8 78.8gin1LddH,0 WB
3g Tris base +
Transfer buffer (1X) 14.4 g glycine + WB
200 ml methanol for 1 L ddH,O
24g Tris base +
88g NaCl in 900 ml ddH» O (for 1 L)
(Adjust pH to 7.6 with 12 N HCI (H1758).
TBS (10X) Adjust final volume to 1 L with Wb
Milli-Q® Water; Prepared TBS is stable
at 4 °C for 3 months.)
TBS (1X) 100 ml TBS(10X) in 900 ml dd H>,O WB
30 % Acrylamide 29.228 j}crylamld‘e+ WB
0.78 g bisacrylamide + 100 ml water
100 ml TBS(10X) +
1XTBST 1 ml TweenT® 20 WB
in 900 ml ddH> O
100 ml PBS minus(10X) +
IXPBST 1 ml TweenT® 20 in 900 ml dd H,O WB
. 30 g Tris base +144.0 g Glycine
10X Running buffer +10gSDSin 1 LddH,O WB
. 100 ml running buffer (10x)
1X Running buffer 1900 ml dd H, O WB
APS 10 % 1gfor 10 mlddH, 0O WB
APS 20 % 2g for 20ml ddH, O WB
SDS 10 % 1gfor 10 ml ddH, 0O WB
SDS 20 % 2g for 20ml ddH,O WB
10 % 2-mercaptoethanol 5ml for 50ml laemmli buffer WB
20 % 2-mercaptoethanol 10ml for 50ml laemmli buffer WB
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2.1.5 Equipments, Software and Consumables

The table below provides a comprehensive list of the equipment, software, and
consumable materials utilised in this research. This includes details on laboratory
instruments essential for experimental procedures, along with software tools used
for data acquisition, analysis, and visualization. Additionally, consumables such as
pipettes, culture plates, and tubes are listed to ensure complete documentation of
all materials required for reproducibility. For each item, specifications, model infor-
mation, and supplier details are provided, supporting consistency and traceability
in experimental setup and data processing.

Table 2.10: Equipments

Manufacturer/ Provider;

Equi t S ificati
quipmen pecification City, Country
SHP steriltechnik AG;
Autoclave LABAUTOKLAV 55-195 SreTtechn
Wolfratshausen, Germany
Thermo fisher scientific;
Cell culture CO2 incubator BBD 6220 ’
Waltham, Massachusetts, USA
Thermo fisher scientific;
Centrifi H Megafuge 4R ’
entiiiuge eracus Vegatuge Waltham, Massachusetts, USA
ChemiDOC XRS+ BioRAD; Munich, Germany
Cryomicrotome CM 1950 Leica; Wetzlar, Germany
EVOS light microscope XL Core, Thermo fisher scientific;
(Invitrogen) 4x, 10x, 20x, 40x Waltham, Massachusetts, USA
Fluorescence microscope Axio Observer Zeiss; Oberkochen, Germany
Kid entific,
Bubble pressure tensiometer BP100 FUSS SCICNUAC
Nuremberg, Germany
Force transducer 50N, Xforce HP Zwick roell; Ulm, Germany
Plate shak Fish ientific;
ate s ‘er SeeSawrocker SSL4 isher scientific
(Stuart, BioCore) Schwerte, Germany
Table t
able top . 5415C Eppendorf; Hamburg, Germany
eppendorf centrifuge
T]%CAN SPARK TE"CAN; .
microplate reader Minnedorf, Switzerland
Vortexer Lab dancer IKA; Staufen, Germany
Water bath Typ 1113, Fisher scientific;
(Gesellschaft fiir Labortechnik) 10600218A Schwerte, Germany
Kern & Sohn GmbH;
Weighting balance ADB er'n ohn &
Balingen, Germany
T -Blot
rans-blo Turbo TM BioRad; Munich, Germany
transfer system
Power Source 250V VWR; Dresden, Germany
E dorf centrifuge;
Thermomixer F1.5 ppendott centiiiuge

Hamburg, Germany
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Table 2.10: Equipments

Manufacturer/ Provider;

Equipment Specification
e P City, Country
pH measurement device pHenomenal (TM) VWR; Dresden, Germany
Pipette helper (boy) 9281090 VWR; Dresden, Germany
Table 2.11: Softwares
Software Version Use Manufacturer/ Provider;

City, Country

Surface tension measurement /

Kriiss scientific;

Advance kriiss Vi1 static fore measurement Nuremberg, Germany
Image]J,
Fiji Image] V2.16 Image processing National Institutes of Health (NIH);
Bethesda, USA
ImageLab . BioRAD laboratories ;
BioRAD laboratories V6.1 Western blot / gel electrophoresis Munich, Germany
Data analysis Microsoft corporation;
MS Excel Office 365 11/ ST / Rheometry) Redmond, USA
.. . Origin Lab corporation;
Origin Pro 2019 Data analysis (FITC) Northampton, USA
Microplate reader TECAN;
SparkControl 3.2 software for SPARK Minnedorf, Switzerland
Table 2.12: Lab consumables
Product Manufacturer/ Provider;
Material Specification . ’
number City, Country
6 well / 657160; Greiner Bio one,
Cell culture plates .
12 well 665180 Frickenhausen, Germany
Cell culture flasks T75 7696782 Th. Geyer
Parafilm 291-0557 VWR; Dresden, Germany
Microscope slides
P 25x75x1.0mm  631-0108 VWR; Dresden, Germany
SuperFrost (R) plus
Chamber slides 8 pwell 177402 Nunc Lab-tek
Glass, 150mm
Pasteur pipettes ' ’ Brand / Kimble; German
PP 230mm v
5000, 1000, Eppendorf;
Pipettes PP
200, 10ul Hamburg, Germany
Th. Geyer;
Centrifuge tubes 50ml 7696719 , v
Renningen, Germany
Th. Geyer;
Eppendorf spitzen 0.1-10pul 9409410 ) Y
Renningen, Germany
Fisher scientific;
Eppendorf spitzen 0.2 -200 ul 10248621
pp p H Schwerte, Germany
Serologisch pipettes 10ml 612-5541 VWR; Dresden, Germany
Serologisch pipettes  25ml VWRI612-5544_P VWR; Dresden, Germany
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Serologisch pipettes 50ml 612-5546 VWR; Dresden, Germany
Eppendorfspitzen  50-1000p/ 613-3505 VWR; Dresden, Germany
Coverslips 24 x50 Menzel glaser
Brand GmbH;
Pipette b Accujet P '
ipette bay cetyet o Wertheim, Germany
96 well Fish ientific;
Microwell plates e 10216341 1Sher selentiic
flat bottom Schwerte, Germany
96 well Corning;
Microwell plates we 353219 o.rnlng
black Kaiserlautern, Germany
Trans-Blot Midi format
1704157 BioRAD; Munich, G
Transfer Pack 0.2 um PVDF 10 unieh, Lermany
Trans-Blot Mini format
1704156 BioRAD; Munich, G
Transfer Pack 0.2 ym PVDF 10 Hiich, Lermany
Mini Prot
tni Frotean space 1.0 mm 1653311 BioRAD; Munich, Germany
plates
Mini Protean Comb
i troteat Lom 1.0 mm, 26 uI 1653360 BioRAD; Munich, Germany
15 well
TissueTek(R) Science Services,
25x20x5 4557
Cryomold (R) xomm Munich, Germany
S.up.erPAP pen N71310_N SCleI?CE Services;
liquid blocker Munich, Germany
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2.2 Methods

2.2.1 Scaffold materials
Biological Scaffold material

SIS-muc derived after the decellularization process of porcine jejunum segments,
thoroughly sterilised, is transferred under the biosafety cabinet sterile environment
[81, 82]. The tube-like segment is opened to expose the inner mucosal tissue laver.
Sterilised metal cylindrical cell culture inserts (meta cell crowns)—both the inner
insert and the outer part are used to mount the SIS-muc membrane in a step-by-step
process [49, 83].

To initiate the preparation of SISmuc scaffolds, we carefully removed the material
from its container with sterile tweezers and spread it onto a petri dish. Initially, the
SISmuc scaffold appears in a tubular structure that requires an opening. A scalpel
was used to make a longitudinal cut along the length of the tube. Tweezers were
then used to pull and flatten the scaffold, exposing the inner mucosal layer facing
upwards. Next, sterile cell crowns were prepared. The inner crown was placed over
the scaffold, and a square section was cut with a scalpel, leaving a margin of at least
1 mm around the crown. The inner crown was then inverted so that the wetted
surface faced upwards. Using tweezers, the cut scaffold was carefully lifted and
flipped over onto the crown, ensuring that the mucosal surface faced downwards
inside the crown. The scaffold was arranged to completely cover the crown’s surface
without leaving gaps. An outer cell crown was positioned over the inner crown using
tweezers, securing the scaffold tightly between the two crowns. These models were
carefully flipped and placed into the wells of a 12-well plate. Once the models were
placed in the plate, 1200 u! of the cell-specific medium was added to the basolateral
side of each well. Care was taken to remove any air bubbles formed during the
addition of the medium. Inside the insert, 500 u/ of the same medium was added,
and the plate was incubated for at least 2 h before cell seeding.
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Production and preparation of synthetic scaffolds

PCL, PTMC, and PA polymer materials were used to develop flat membrane-like
scaffolds using the electrospinning technique. The electrospinning procedure for
all the materials was kindly done by Tobias Weigel from Fraunhofer Translational
Centre for Regenerative Medicine, Fraunhofer ISC, Wuerzburg, Germany.

Production of PCL, PCL:PTMC in 70:30 and 50:50 mixture proportions:

Electrospinning is a widely known technology used to produce porous scaffolds.
PCL semicrystalline polyester polymer and PTMC, a flexible polymer, were dissolved
to form a polymer solution using HFP solution. Spinning solution was prepared
using 14 % (m/v) total polymer concentration (example: 1.4 g polymer + 10 ml
solvent). In addition to pure PCL (100:0), polymer solutions were also mixed in
50:50 and 70:30 PCL:PTMC ratios correlated to the mass. The spinning solution
was homogenised overnight under agitation at 4 °C and immediately electrospun
on the next day. Briefly, a rotating cylinder target was suspended in the centre of
the electrospinning setup while two syringe pumps filled with polymer solutions
were placed on either side. While the collector was rotated at a speed of 100 rpm,
increasing voltage in the range of 6.8 — 9.5 kV was applied to the capillary tube filled
with polymer solution held at the tip of the capillary. Initially, due to the applied
electric field, mutual charge repulsion is formed in the polymer solution, opposing
its surface tension, but increased voltage in the later stage induces jet formation
of the polymer solution when the electrical charge overcomes the solution surface
tension, hence evaporating the solvent completely. The solution feeding rate was
maintained at 1 ml/h, and polymer jets were deposited randomly into a fibre form
on the collector surface.

Production of PA scaffold membrane: Production of PA scaffold followed the same
procedure as described above, with some exceptions. Here, a 12% m/v polymer
solution was prepared using HFP solvent. Similar spinning parameters were used as
described above, with a feeding rate of 0.6 ml/h.

Preprocessing of membranes
PCL:PTMC 50:50 / PCL:PTMC 70:30:

Briefly, the membrane scaffolds obtained after the electrospinning and the UV
sterilisation process were handled under sterile conditions under the biosafety
cabinet. Similar to SIS-muc membrane cut procedure, the membranes were cut
into appropriate sizes for the metal cell crowns. These cut membranes were then
transferred each into a 6-well plate and immersed in sterile filtered 70% ethanol
overnight (3 ml / well). On the next day, the ethanol is discarded carefully without
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disturbing the membrane, and the plate is sealed using parafilm and sterilised under
UV for 2 h inside the biosafety cabinet. After the membranes were again washed
3 times with PBS- (3 ml per wash), an extra membrane sample was also tested for
bacterial growth using agar plates after 3 days of incubation with hEC medium. The
membrane cuts were then ready to be mounted on the metal cell crowns.

PA membranes:

PA electrospun membrane sheets were obtained in sterile conditions and packed
in aluminium foils. These were transferred under the sterile biosafety cabinet and
cut into appropriate dimensions suitable for metal cell crowns. The cut membrane
pieces were then transferred to a sterile cell culture bottle (250 ml) containing 150
ml of 1x sterile PBS-. These bottles were then autoclaved using standard autoclave
protocol for buffers (121°C). After sterilisation, the membranes transferred to 6-well
plates were extra UV sterilised before use for the establishment of in vitro models
using metal cell crowns.

Pre-coating solutions for membranes:

Initially, 2 % gelatin coating for endothelial cells (on basal side) and huAEC coating
for alveolar epithelial cells (apical side) was used. To enhance the cellular attach-
ment, further optimisations were made by adding human plasma fibronectin (5
pg/ml) and VEGF-165 protein (0.5 ng/ml) for endothelial cell coating solution (fur-
ther referred to as optimised coating solution).

Tensile test of scaffold membrane

A uniaxial tensile test was performed on the manufactured synthetic scaffold vari-
ants PCL:PTMC 70:30, PCL:PTMC 50:50, and PA. The specimens from the sterile
membranes were cut uniformly to a width of 3 cm. The measuring area was adjusted
to approximately 1.8mm?. All the tensile tests were carried out according to the
defined ASTM D638 standard. Briefly, crosshead speeds of 5 mm/min were set, and
a 50 N force transducer was used on a Zwick Roell Type XForce HP testing machine.
All scaffolds were measured at room temperature. The raw data generated was
utilised to plot a graph of strain vs. standard force. The initial linear region was then
used to calculate the slope and hence Young’s modulus.
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2.2.2 Isolation, cultivation and characterisation of cells
General cell culture conditions and protocols:

Standardised cell culture protocols were used for general 2D cultivation of all cells
and cell lines. 2D culture of all the cells and cell lines was maintained in a humidified
incubator at 5 % CO-, 37 °C, and 98 % humidity to provide a controlled environment
for optimal growth. Furthermore, mycoplasma testing was conducted quarterly
on all cell lines to prevent contamination and maintain the quality of the cultures.
All the cells and cell lines are handled under sterile conditions, and all general cell
culture steps as well as model development are performed inside a sterile biosafety
cabinet. Cell culture growth mediums and cell culture buffers are prewarmed in
the water bath before use, unless specifically specified for other methods. All cells
and cell lines were cultivated until 80% confluency, and the medium was exchanged
three times per week. Cells were cultivated until passage number 7 and utilised for
the establishment of in vitro models until maximum passage of 15 unless otherwise
stated. Cells/cell line was grown and maintained in continuous culture using a
standardised cell detachment protocol. Briefly, tissue culture flasks containing
adherent cells were washed 3 times with 1x concentrated PBS- buffer and incubated
with an appropriate amount of 0.025 % Trypsin-EDTA solution for 4 min. Cellular
detachment was controlled under the microscope, and the trypsinization reaction
was halted by the addition of a double volume of stop medium. This cell suspension
was collected in a centrifuge tube and centrifuged at 2500 rpm at 4 °C for 5 min.
The remainder cell culture supernatant is discarded, and the cell pellet is utilised
after thorough cell counting according to standardised protocol using a Neubauer
chamber and appropriate trypan blue dilutions.

Cell lines including Calu-3, A549, primary human endothelial cells (hEC), human
airway epithelial cell line (CI-huAEC), primary dermal fibroblasts (pFb), and pri-
mary lung biopsy-derived fibroblasts (LbFb) were cultivated in respective culture
mediums (as summarised in the table 2.13) under standard conditions (37 °C, 5 %
CO,).

Cell culture of human endothelial cells and human airway epithelial cells

Human primary endothelial cells (hEC) were cultured on 2 % gelatin-precoated
cell culture flasks in 2D culture in similar conditions as above in their respective
human endothelial medium prepared as directed in Table table2.13. Human airway
epithelial cell lines (CI-huAEC) resembling the alveolar type 1 cell type were obtained
from InScreenex GmbH, Braunschweig, Germany (INS-CI-1015). (Later on, the cells
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CI-huAEC were rebranded by InScreenex under the new name CI-huAELVi, hence, in
further instances, we will refer to them with "huAEC.") The cells were cultured in the
adherent cell culture flasks precoated with huAEC coating solution for a minimum of
2 h (to overnight in the incubator). huAEC were cultured in 2D until 80% confluency
using a manufacturer-supplied huAEC medium kit suitable for alveolar cells and
passaged as explained in the paragraph section above using standard cell passage
protocols. For respective cell media composition, please refer to table 2.13 below.
Both the cell types were used in the passage number from 4 to 14.

Table 2.13: Cells or cell line-specific culture medium composition

Cells / . . . "
cell line Specification Medium composition
human bronchial epithelial cell line MEM
. . . FBS:10%
Calu3 isolated from lung tissue derived from NaPvr : 1%
ai a 25-year-old,White, male patient yE= 17
with lung adenocarcinoma (Calu-3 medium)
. . DMEM / HAM F12
human lung adenocarcinoma cell line FBS : 10%
A549 with Type I TR
alveolar epithelium (ATTI) (A549 -medium)
DMEM (high glucose)
pFb Primary human dermal fibroblasts FBS: 10%
(pFb medium)
Endothelial growth
medium MV : 470ml
hEC Human primary endothelial cells Endothelial supplement : 30ml
mix MV
(manufacturer’s protocol)
(hEC medium)
huAEC medium : 470ml
huAEC | Human alveolar epithelial cells EIUIQEC supplement : 30ml
(manufacturer’s protocol)
(huAEC medium)
Human Lung biopsy .
LbEb derived fibroblasts hEC medium
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Isolation of pulmonary fibroblasts from human lung biopsy:

Lung biopsies were obtained from patients undergoing lung resections at University
Hospital Magdeburg after they signed informed consent [ethical vote 163/17]. Fi-
broblasts were isolated according to the established standardised protocols. Briefly,
the lung biopsies were carefully cut and washed thoroughly with PBS- supplemented
with penicillin and streptomycin in 1 % concentration. Minced biopsy pieces were
then incubated with 1 % trypsin for 2 h at RT and centrifuged, and the cell pellet
obtained was suspended in a cell culture flask while the supernatant was centrifuged
and cultured in new flasks. Obtained fibroblasts were kept in cultivation until pas-
sage 5 to 8 and characterised as vimentin-positive fibroblasts before use in the in
vitro models.

Table 2.1 specifies the details of the cells or cell lines utilised in this study, along with
the medium composition used for 2D cultivation (refer table 2.13). All the media
were prepared under sterile conditions in a biosafety cabinet.

Immune fluorescence staining of cells/cell lines

Cells were tested for cellular integrity using cell-specific marker using immune-cyto-
fluorescence staining for adherent cells according to the standardised protocols.
Cell specific markers included, Calu-3 — ZO-1; A549 — CD155; huAEC - E-cadherin;
hEC - CD31) in their respective dilutions as provided by manufacturer protocols
along with respective negative IgG controls as described in the table 2.7.

Adherent cells were grown in a cell culture flask until reaching 90 - 95% confluency.
Cell trypsinization and counting were performed according to standard operating
procedures (SOPs) to detach and quantify the cells. 8 u-well chamber slides were
unpacked within a sterile biosafety cabinet, and 1 -5 x 10* cells (depending on cell-
specific doubling rates) were seeded per well, with 250 u! of cell-specific medium
added to each chamber. The chamber slide was covered and incubated at 37 °C in
a 5% CO, atmosphere for at least 3 h or overnight to allow cell attachment. Cells
were cultured until they reached 50 - 60% confluency, with medium changes every
second day.

For staining, the cell culture medium was aspirated, and the cells were washed with
200 ul PBS- per well, ensuring that the well surface was not directly touched. Cells
were fixed with 200 u! of 4% formaldehyde per well for 10 min at room temperature
(RT), followed by three PBS- washes. This was followed by the permeabilization step
by adding 200 u! of permeabilization buffer to each well and incubating for 10 min
at RT. The permeabilization buffer was aspirated, and the cells were washed again
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with PBS- three times. Cells were blocked by adding 200 ! of blocking buffer per
well, incubating for 30 min at RT, and then aspirating the blocking buffer. Primary
antibodies as listed above were diluted in antibody dilution buffer and added to the
wells (150 p! per well). Incubation occurred either for 2 h at RT or overnight at 4
°C. Following this, cells were washed with blocking buffer, and secondary antibody
conjugates were prepared and added to the wells in the dark for 2 h at RT. After
secondary antibody incubation, cells were washed twice with blocking buffer and
stained with an antifade mounting medium containing DAPI. The slides were stored
at 4°C in the dark until imaging, though it is recommended to proceed with imaging
immediately to avoid degradation of signal quality over time.

2.2.3 Optimisation of region-specific airway models
SIS-muc based models

SIS-Muc Calu-3 with pFb co-culture:

Fibroblasts were cultured in 2D until 70 to 80 % confluency and then trypsinised
and were seeded 5 x 10* cells per crown onto the SIS-Muc. Medium was exchanged
every second day. On the 3rd day, Calu-3 cells were trypsinised and seeded on top
with the cell density of 1 x 10° per crown and cultured under immersed culture
conditions with 500 p!/ Calu-3 medium in the apical region and 1500 ul of 50 %
Calu-3 and 50 % fibroblasts medium in the basal region for 7 days. ALI culture was
started after 7 days of immersed co-culture by aspirating out the medium from
the apical region and making it exposed to air while the nutrient-rich medium
in optimised proportion was supplied via only the basal region (1:1 Calu-3 and
fibroblasts medium). The culture was carried out for a maximum of 4 weeks with
intermittent medium exchange every second day. Tissue models were embedded
in Tissue-Tek O.C.T Compound (Sakura, Finetek USA, Torrance Canada 4583) on
weeks 1, 2, 3, and 4 and stored in -80 °C. The experiments were repeated thrice.

Similarly, steps were again repeated to setup co-culture models of A549 with pFb.
These experiments were repeated thrice under the same conditions.

PET thincert® based models

For the co-culture of Calu-3 cells with fibroblasts (Calu3-pFb) and A549 cells with
fibroblasts (A549-pFb) on PET membrane, the following approach was established.
Like the process above, 5 x 10* fibroblasts were first seeded on the bottom side of
the insert by simply inverting the inserts and placing them inverted in a 6-well plate
and seeding with fibroblasts overnight in the incubator. Humid conditions were
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maintained by adding a culture medium to the well. Fibroblasts adhered to the
membrane overnight, and the inserts were transferred back into a 12-well plate
and were cultured in fibroblast medium both in the apical and basal regions for 2
days. On the 3rd day, 1 x 10° Calu-3 cells (1 x 10° A549 cells for A549-pFb co-culture
models) were seeded per insert from the top (in the apical region), and immersed
culture was carried out for 7 days. On the 7th day of co-culture, ALI was started
and continued until 4 weeks. Medium exchange was performed on every second
day using optimised co-culture medium only from the basal region; for Calu-3-pFb
culture: 50 % Calu-3 and 50 % fibroblasts medium; for A549-pFb co-culture: 50 %
A549 and 50 % fibroblasts medium. Again, models were fixed after weeks 1, 2, 3, and
4 in 4% paraformaldehyde for 10 min at RT, followed by paraffin embedding and cut
for further histochemical analysis.

Establishment of co-culture models with huAEC, fibroblasts, and endothelial cells

For the establishment of co-culture of hEC with huAEC, various optimisations were
carried out. Membranes were pre-coated using the respective coating solution
(refer fig. 2.1), overnight on the bottom side of the Thincert® to avoid seeping of
endothelial cells through the pores of the PET membrane in addition to the huAEC
coating on the top side of the membrane. Briefly, the membrane models (PET
thincerts® and metal crown-mounted synthetic membrane models) were inverted
and placed in a sterile 6-well cell culture plate, and 100 u!/ of the respective coating
solutions (according to the co-culture model type as listed in table 2.1 below) were
spread over the membrane surface. Following the overnight incubation, the inserts
were inverted back into position, transferred to 12 well plates, and coated with the
respective coating solution on the apical side (at least for 2 h in the incubator).

Following fig. 2.1 summarises the setup of different co-cultures based on synthetic
membrane variants, along with their timeline and cell seeding schemes, specific
mediums, and start point for ALI cultures.
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To establish a suitable co-culture medium for the co-culture of hEC with huAEC and
LbFB, pilot experiments were carried out on hEC and huAEC cell types cultured on
2D 12-well cell culture plates. Cell viability was assessed using a standard MTT assay
protocol according to lab-standardised SOP. Briefly, each cell type was cultured in
duplicates on a separate 12-well plate. Culture mediums were mixed in different
proportions namely: hEC:huAEC 1:1, 1:2, 2:1 respectively, supplemented with 0.5
ng/ml VEGF-165 and without VEGF-165. MTT assay was performed at different
time points of medium incubation, namely, after 3 days, 1 and 2 weeks of cellular
incubation separately for hEC and huAEC. Upon analysis, a 2:1 hEC:huAEC medium
mixture with 0.5 ng/ml of VEGF-165 was used in the co-cultures of hEC-huAEC-
LbFb.

PET co-culture models

PET membrane was used to co-culture huAEC (apical) on hECs (basal side) after
respective precoating of the membrane, as summarized in the table 2.1 above. The
pre-coated membrane models were inverted in a fresh 6-well plate and seeded with
1.5 x 10° cells (in 100 ul) per model. 1 ml of hEC medium is added in the well to
maintain the required humidity. The plate is closed tightly and placed in the incuba-
tor for 2 h. The models are inverted back into position and transferred to respective
12-well cell culture plates filled with 1200 u!/ of hEC medium supplemented with 0.5
ng/ml VEGF-165 in the well. On the next day, 500 u! of the fresh medium is added
inside the insert. On the third day, medium from the apical as well as basal region
is discarded and 2.5 x 10° huAEC cells are seeded in the apical side with 600 u! of
huAEC medium and 1200 u! of hEC medium in the basal region of these models.
On the immediate next day, the medium is refreshed using the optimised co-culture
medium of 2:1 proportion hEC (plus 0.5 ng/ml VEGF-165): huAEC medium, 1200
1l in the basal region, and 600 u! in the apical region. ALI culture was started on
the 7th day and these models were cultured until day 12. The models were then
embedded in Tissue-Tek OCT compound after days 7, 10 and 12 of ALI, and stored
at -80 °C, until further processing.

Similar models were constructed for co-culture of huAEC with LbFb (basal side),
where instead of hEC cells, 5 x 10* LbFb fibroblasts were seeded on the basal side
after basal coating of 2 % gelatin, on day 1. This was then followed by huAEC cell
seeding 2.5 x 10° cells per model on day 3. The co-culture was carried out using a
1:1 mixture of hEC and huAEC medium and ALI was started on day 7. Models were
maintained until day 12, with medium exchange performed on every second day.
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Mattek-based approach:

Mattek EpiAlveolar model approach was replicated, and co-culture of huAEC-LbFb-
hEC was established using PET membrane Thincert® as described in detail in the
table 2.1 above. Briefly, precoated with 2% gelatin solution on the basal side, and
huAEC coating on the apical side were first seeded with LbFb fibroblasts in the
apical region (5 x 10%cells / model) on day 1. The models were maintained in hEC
medium on both apical (600 pl) and basal sides (1200 pl). This was followed by
hEC cell seeding, 1.5 x 10° cells per model dissolved in 100 ! of hEC medium on
the basal side by inverting the inserts in a fresh 6-well plate. The plate was closed
carefully and incubated for at least 2 h in the incubator. The inserts were inverted
back into the right orientation and transferred to their respective wells in a 12-well
cell culture plate with 1200 u! (basal) of hEC medium (plus VEGF-165). On the next
day, 600 p! of the same medium was also added in the apical region of these models.
On day 7, the culture medium from the apical side was discarded carefully without
touching the membrane, and the basal region medium was refreshed with fresh hEC
medium (plus VEGF-165). huAEC cells were seeded, 2.5 x 10° cells per model, in
the apical region with 600 u/ of huAEC medium. On the next day, mediums from
both regions were replaced with an optimised co-culture medium consisting of a 1:1
mixture of hEC medium and huAEC medium supplemented with 0.5 ng/ml VEGF-
165 and maintained in an immersed culture. ALI culture was started on the 10th day
and cultured for 4 weeks. The models were then embedded in the Tissue-Tek OCT
compound after days 10, 12 of ALI, and stored at -80 °C, until further processing.

Electrospun synthetic membrane-based models

Complex co-cultures using hEC, huAEC and LbFb were setup using electrospun
membrane variants, namely on PCL:PTMC 50:50, 70:30, PA, and PCL membranes,
as described in the table 2.1 above. Briefly, the membrane cuts obtained after
sterilisation and preprocessing, as described in the section above, were mounted
as tightly as possible in the sterilised metal cell crowns. Parallel models for each
membrane were also prepared in separate 12-well plates for FITC assay negative
control models without cells.

Following a similar cell seeding timeline as described above, first hEC cells were
seeded on the basal side of the membranes mounted on the metal cell crowns by
inverting them in a separate sterile 6-well cell culture plate. After 2 h of hEC cell
seeding in the inverted position, the crowns are placed back in the correct orienta-
tion in the respective 12-well plate with 1200 ./ of hEC medium (plus VEGF-165) on
the basal side and medium in the apical region on the immediate next day. On the
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same day, fibroblasts isolated from lung biopsies were seeded into the wells (5 x 10*
cells/ well) in a separate 12-well plate, required later on for establishing the triple
culture (during the start of co-culture). This additional step was included in order
to investigate the influence of the presence of fibroblasts on the establishment of
co-culture of huAEC with hEC. On day 3, huAEC cells were seeded on the apical side
of the membrane with 600 u/ of huAEC medium in the apical region and refreshed
with the hEC medium in the basal region. Mediums in both apical (600 p/) and basal
region (1200 ul) were replaced with the optimised co-culture medium of 2:1 propor-
tion of hEC (plus VEGF-165):huAEC medium. Immersed co-culture was carried out
until day 7. ALI was started on day 7, and the models were also transferred to the
wells pre-seeded with LbFb fibroblasts for the rest of the culture timeline. For all
the co-culture models, the respective culture medium was exchanged three times
a week. The models were then embedded in the Tissue-Tek OCT compound after
days 7, 10, and 12 of ALI, and stored at -80 °C.

An alternative cell seeding approach was additionally explored to assess if there is
an influence of factors associated with huAEC on the migration of hEC inside the
membrane, especially for PA and PCL:PTMC 70:30 membrane variants. Here the
cell seeding scheme was altered such that huAEC cells (2 x 10°) were seeded first on
day 1 and cultured for 5 days solely, and on day 5 hEC cells (1.5 x 10°) were seeded
on the basal side by inverting the model. Such immersed culture was further carried
out with the same optimised co-culture medium for more than 3 days, followed by
ALI culture. Similar to the above, the co-culture models were transferred to wells
pre-seeded with LbFb fibroblasts on the start day of ALI and cultured for 12 days.
The models were then embedded in the Tissue-Tek OCT compound after days 7, 10,
and 12 of ALI and stored at -80 °C.

All experimental models were repeated thrice using exact same conditions and cell
seed numbers.
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2.2.4 Histological and functional characterisation
Tissue handling and sectioning

Tissue samples were either cryo-embedded or paraffin-embedded for histo-
logical analysis. For cryosectioning, tissue samples were embedded in Tissue-
Tekcryomolds, and frozen at -80 °C. The frozen tissue was sectioned into 10 um
slices using a Leica Kryostat CM1950 and mounted on glass slides. Paraffin em-
bedding was primarily used for PET models co-cultured with Calu3 and A549 cells.
After formalin fixation, samples were incubated at 60 °C for 1 h to melt the paraffin
and deparaffinized using two rounds of xylene (10 min each). Rehydration was
carried out through a series of ethanol solutions: 96 %, 70 %, and 50 % (three dips
each), followed by rehydration in distilled water. This was necessary for both frozen
and paraffin-embedded tissue, ensuring the sections were adequately prepared for
staining.

Hematoxylin and Eosin (HE) staining

Haematoxylin and eosin (HE) staining was used for general tissue morphology as-
sessment. The slides were first incubated in haematoxylin for 5 min, staining the
nuclei dark blue. After thorough rinsing under running water, the slides were differ-
entiated with a 1-second dip in acid alcohol and immediately washed in water. Eosin
was applied for 2 min to stain the cytoplasm pink. The slides were subsequently
dehydrated through a graded ethanol series (50 %, 70 %, and 96 %) and cleared using
two rounds of xylene for 5 min each. It is critical that after each staining step, the
slides were drained properly to avoid cross-contamination between the reagents.
Once the slides were clear of excess xylene, they were mounted using a permanent
mounting medium and left to dry for analysis under light microscopy (EVOS XLCore,
Invitrogen).

Alcian Blue (AB) staining

Alcian blue staining was performed to highlight acidic mucins in the tissue sections.
First, the slides were briefly wetted in dd H,O and then immersed in Alcian blue
solution for 30 min at room temperature. Alcian blue binds to negatively charged
sulfated proteoglycans. After staining, the slides were washed 2-3 times in fresh
water dd H, O to remove any excess dye. The slides were counterstained with nuclear
fast red for 5 min to stain the nuclei. Following a dd H,O wash, the slides were
dehydrated through a series of ethanol solutions (70 % and 96 %) and isopropanol,
with each step lasting between 2 - 5 min. Finally, the slides were cleared using two
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xylene baths, each for 5 min, and mounted with entellan. The slides were dried
overnight in a fume-hood and analysed using light microscopy.

Immunohistochemical staining

Immunohistochemical (IHC) analysis was conducted using the Super Vision 2 HRP
Kit. Following deparaffinization and rehydration, the slides were incubated in a
blocking buffer (0.5 % BSA in PBS) for 1 h at room temperature to block non-specific
antibody binding. The primary antibodies were applied to the tissue sections,
and negative controls were included by using mouse or rabbit IgG at the same
concentrations as the primary antibodies. After primary antibody incubation, the
slides were washed three times in PBS to remove any unbound antibodies. The
secondary HRP-conjugated antibodies were applied, and detection was performed
using DAB substrate, which develops a brown signal for antigen detection. It is
important to note that the DAB kit components, including yellow and red polymer
solutions, are light-sensitive, and these steps were conducted in low-light conditions
to prevent degradation of the reagents. Following DAB development, the slides were
counterstained with haematoxylin, dehydrated through the ethanol series, cleared
in xylene, and mounted for brightfield analysis under a light microscope.

Immunofluorescence staining

Immunofluorescence was performed for specific proteinlocalisationn within tissue
sections. The tissue was first fixed in 4 % paraformaldehyde for 10 min and washed
three times in PBS. Blocking was carried out with a5 % FBS and 1 % BSA solution
in PBS for 1 h. Primary antibodies were diluted in 0.5% BSA in PBS and incubated
with the sections overnight at 4 °C. The slides were washed three times in PBS
containing 0.5 % Tween-20 to remove unbound primary antibodies. Fluorescent-
labeled secondary antibodies were applied for 1 h at room temperature. Since
fluorescently labeled antibodies and DAPI (used for nuclear staining) are light-
sensitive, these steps were performed in the dark. After washing, the slides were
mounted using antifade DAPI mounting medium and imaged immediately using a
ZEISS Axio Observer fluorescence microscope. Immediate imaging was critical, as
prolonged storage could lead to a reduction in fluorescent signal intensity.

These comprehensive protocols ensure that tissue morphology, mucin composition,
and specific protein localisation can be accurately assessed, providing a detailed
understanding of the 3D tissue models used in this study.
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2.2.5 Permeability analysis- FITC dextran assay

Fluorescein isothiocyanate-dextran (FITC-dextran) permeability assay

FITC-dextran permeability assay was performed selectively for alveolar co-culture
models of hEC-huAEC-LbFB, established on both variants of PCL:PTMC at days 7,
10, 14, 21, 28, 32; PCL:PTMC 50:50 membrane-based models; for PA models at days 7,
10, 14, 21, 28 and for PET-based models at days 7, 10, 14 of ALI cultures. Additionally,
the same assays were also performed for Calu-3 - pFb and A549 - pFb co-culture
models on PET membrane on days 9, 11 and 14. Briefly, a sterile solution of 50 mg/ml
was prepared in dd H, O to form a stock solution according to the manufacturer’s
protocol. The Working solution was at a concentration of 1 mg/ml FITC-dextran
(avg. mol. wt. 4000, FITC:Glucose = 1:250) in the respective co-culture medium.
Membrane models were transferred to a new well plate, and 0.6 ml of FITC-dextran
working solution was added to the inserts on top of the membranes and 1.2 ml of
respective co-culture medium was added underneath. The plate was covered in foil
to be secured from light exposure and incubated in the incubator for 60 min (37 °C,
5% CO>, 98 % humidity). Afterwards, 300 !/ samples from the medium underneath
the models were platted in 96-well black, clear bottom plate in triplicate for analysis.
The membrane models with cells were then washed once with the medium and
transferred back to their respective wells with the fresh medium underneath. For
negative control, the pure co-culture medium was also plated alongside the samples
in triplicates, along with a concentration series of FITC-dextran solutions going from
1 mg/ml to 7.8215 ug/ml as reference. The fluorescence was measured in Tecan
SPARK microplate reader with respective software, with excitation and emission
wavelengths optimised at 482 / 525 nm. Each experiment was minimally repeated
twice for FITC-dextran assessments with additional controls of the membranes
without cells. The data were corrected for the fluorescence values of the pure
medium and a calibration curve was plotted using the standard concentration series
of FITC-dextran in co-culture medium, to translate the fluorescence intensity values
to FITC-dextran concentrations. Non-linear curve fitting was performed using
Origin-pro 2019 software to generate a standard curve and unknown FITC-dextran
concentrations were calculated by the software at 99 % confidence interval. The
apparent permeability was calculated using formula below.

aQ
dt

Papp:COA

dQ - accumulated FITC-dextran in mg in the acceptor compartment (i.e., the well)
dt - duration of the assay in seconds (3600 sec)
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Cy - initial concentration of FITC-dextran in the donor compartment (the insert) in
mglcm® (1 mgl/cm?®)
A - the surface area of the membrane, i.e., 1.12 cm? (for PET membranes)
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2.2.6 Protein and mucin content analysis of tissue-derived mucus
Mucus production and isolation

Tissue models using co-culture of Calu-3 and pFb were separately set up in parallel
for mucus extraction at the end of weeks 2, 3, and 4. Various methods were explored
to isolate mucus without disrupting the inner cellular layer on the scaffold.

Mucus isolation using Acetylcysteine (ACC) solution incubation:

The ACC tablet contained 600 mg of acetylcystein, which was dissolved in 20 ml
of 1x PBS-. In the pilot experiment, to access an appropriate time point for mucus
dissolution, 500 ul of this working solution was incubated over the tissue models
for varied time points of 5, 10, 20, 30, and 60 min. The mucus, hence dissolved, was
stored at -20 °C in clean reaction tubes until further use.

Mucus isolation using PBS- solution incubation:

PBS- solution in 1X concentration was warmed in a water bath to a temperature of
37 °C. In the pilot experiment to assess the appropriate volume of PBS- solution to
dissolve the thick mucus fibrous strands, varying volumes were analysed, and 400,
500, and 1000 u! were incubated for 20 min. To retain mucus void of extra water
content, after extraction of all the mucus from models in a 15 ml centrifuge tube, the
solution was centrifuged at 2500 rpm at 4 °C for 5 min, and the supernatant water
was collected separately for further analysis.

Protein content quantification using Bradford Assay

The Bradford assay using Coomassie Brilliant Blue G-250 was performed according
to the standardised SOP. Briefly, the dye binds to the proteins present in the sam-
ple. This photometric method quantifies the protein concentration in the sample
in proportion to the measured dye absorption. Protein concentrations in mucus
samples were determined using a modified Bradford Assay in a 96-well plate for-
mat. Bovine Serum Albumin (BSA) standards ranging from 3000 to 0 ug/ml were
prepared using [ACC] and PBS- as the diluent to match the conditions of the mucus
samples. Samples and standards (5 p/) were added to the wells, followed by 250 ul
of Bradford reagent. The plate was shaken for 30 seconds and incubated at room
temperature for 45 min. Absorbance was measured at 595 nm using a microplate
reader. Blank wells were prepared using the same dilution buffers as used in the
sample preparation.
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Westerblot analysis for mucin proteins Muc5AC and Muc5B

After protein quantification via Bradford assay, samples were subjected to SDS-PAGE.
Initial optimisation involved testing different gel concentrations: 4 - 7 %, 4 - 8 %,
and 4 - 5 % (1 mm thickness), with 4 - 5 % gel yielding optimal results. Laemmli
buffer (5x) was prepared using Tris-HCI (pH 6.8), SDS, glycerol, bromophenol blue,
and B-mercaptoethanol, added fresh before use. Gel electrophoresis was run at 85V
for 20 min followed by 105V for 1 h 20 min. Following SDS-PAGE, proteins were
transferred to PVDF membranes using the Trans-Blot Turbo system. Two settings
were optimised: 7 minutes for mixed molecular weights (5 - 150 kDa) and 10 minutes
for high molecular weights (>150 kDa). Membranes were blocked in 3% BSA/TBST
and incubated with primary antibodies: Muc5AC (mouse, 1:1000), Muc5B (mouse,
1:1000), and SFTPC (rabbit, 1:1000). After an additional blocking step, detection
was performed using HRP-conjugated secondary antibodies and ECL substrate.
The membranes were visualised using a Bio-Rad ChemiDoc system. Samples were
collected from ACC-incubated mucus proteins dissociated at various time points (5,
10, 20 min...60 min).
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2.2.7 Physical and rheological methods for mucus characterisation
Surface tension analysis

In order to measure the surface tension of the mucus produced from the tissue sam-
ples, in two different ways. One with the mucus samples extracted from the tissue
models and within intact tissue models with a mucus layer, in varying thickness
from week 2 to week 4. All measurements were performed using force tensiometer
(Kriiss, BP100 tensiometer). To adjust the humidity inside the instrument, a special
3D-printed circular vessel mould designed containing a specific salt solution to
increase the humidity was used and measured using a humidity sensor. The sample
holder was heated to a 37°C temperature. The measurement was performed with
the help of preset settings for Du Noiiy ring surface tension measurement method,
using software provided by the manufacturer, ADVANCE KRUSS, for the small ring
RI02 measurement probe. Samples measured include Airway tissue models (1 week
to 4 weeks), dd H, O, SDS 50 mM, SDS 20 mM, S1- Mucus ex. 400 ul PBS-, S2-Mucus
ex. 500 ul PBS- (17x samples), S3-Mucus ex. 1 ml PBS- (4 Wk 15x models), and
lung lavage. Briefly, the below modifications were done in the measurement presets
according to the designated measurement parameters.

Static Force Measurement:

To determine the appropriate lamella height for surface tension measurements,
static force measurements were initially performed using the small RI02 ring on the
Kriiss BP100 Bubble Pressure Tensiometer. In this procedure, the lamella height was
pre-stretched to 2 mm while the ring remained stable, and the base plate was slowly
moved away. The force exerted over the lamella was recorded until rupture. This
step provided insights into the optimal lamella height and other critical parameters
for subsequent surface tension measurements. The sample holder used had a 15
mm diameter with a PTFE bottom, and a sample volume of 200 ./ was consistently
maintained. Pre-wetting of the sample was performed for 5 seconds before each
measurement to ensure consistency.

Surface Tension Measurement:

After determining the optimal lamella height, surface tension measurements were
carried out using the Du Notiy ring method. For these measurements, the RI02 ring
was repetitively immersed in the mucus samples. The sample volume was main-
tained at 200 u/, and the same 15 mm diameter sample holder was used. During the
measurement process, the software plotted the force represented as the weight of
a mass measured in grams over time (seconds) until the lamella broke. Irregularly
high initial values were discarded and only stable, repetitive measurements were
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considered. The average surface tension (ST) for each sample was calculated from
multiple repetitions (at least three per model), with data analysed in MS Excel. Mea-
surements were performed for mucus isolated from tissue models at various time
points (weeks 1 to 4), as well as control samples such as dd H,O and SDS at 20 mM
and 50 mM.

For surface tension, a data plot of weight (g) vs. elapsed time (s) until the lamella
break was plotted by the software. Random high values lacking repetition at the
start of the measurement were not considered for taking an average of ST values for
the sample. ST values only for the repetitive periodic measurements are considered,
and average ST is calculated for each model and respective repetition, and ST was
measured automatically by the software. Each model variant was repeated at least
three times for measurements. Such ST data going for mucus isolated from week
1 to week 4 models were measured and calculations were made using MS Excel
software.

Viscosity measurement

Given the non-Newtonian nature of mucus, relative viscosity measurements were
performed using a stress-controlled rotational rheometer (MCR 301, Anton Paar).
Non-Newtonian fluids, like mucus, display variable viscosity depending on the
stress applied [84]. The mucus samples used in this experiment were extracted
with PBS at various volumes (1000 and 500 ul) from tissue models at weeks 3 and
4. The first set of measurements conducted was an amplitude sweep, designed
to evaluate the deformation (strain) percentage across a range of 0.1 % to 10 %.
This process was performed using circular plates of 50 mm in diameter [66, 84].
The experiments were conducted at two different temperatures, 25 °C and 36 °C,
to simulate conditions relevant to biological systems. The second set of measure-
ments was a frequency sweep, which examined the response of the samples over
an angular velocity range of 0.1 to 100 rad/s. Several parameters were analysed
during the rheological testing. In the oscillatory rheological measurements, the
storage modulus (G’) and loss modulus (G”) are measured. The storage modulus
(G) reflects the elastic, or solid-like, behaviour of the mucus, indicating its ability
to store energy when subjected to deformation [84]. The higher the G’ value, the
more the sample behaves like a solid. The loss modulus (G”), on the other hand,
represents the viscous, or liquid-like, behaviour of the sample, describing the energy
dissipated as heat during deformation [66, 84]. The viscosity of non-Newtonian
fluids can depend on shear rate or shear strain and can be time-dependent or stress-
dependent. Hence while studying the rheological behaviour of fluids in oscillatory
shear conditions (i.e., when subjected to a time-varying stress or strain), calculating
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the magnitude of complex viscosity can prove particularly relevant in the context of
viscoelastic fluids like mucus that have both viscous and elastic characteristics [84].
The complex viscosity (n*) as a function of shear rate was calculated as it combines
both elastic and viscous components, giving a comprehensive measurement of the
material’s overall resistance to deformation under oscillatory shear conditions [84].

e (G’(Pa) (Storage Modulus): elastic (solid-like) behaviour of the material

* G”(Pa) (Loss Modulus): viscous (liquid-like) behaviour of the material

Complex Viscosity n* (w):

For non-Newtonian fluids, particularly viscoelastic materials, the relationship be-
tween stress and strain is more complex [84]. When the fluid undergoes oscilla-
tory shear, its response can be decomposed into elastic and viscous components.
The complex viscosity is used to characterise the combined effect of these two

behaviours [84].
G* (w)

n* () =n'(w) +in"(w) =

where,
G*(w) =G (w) +iG"(w)

and i’ (w) known as effective shear or dynamic viscosity in Pa. s can be calculated
using:

Amplitude sweep measurements repeated for different angular frequencies (1, 5, 10,
50, 100 rad/s) were used to generate respective plots for G* (Pa) vs. strain amplitude
(%), G“(Pa) vs. strain amplitude (%), and plots for shear viscosity vs. strain amplitude
(%) using MS Excel software. After determining the optimal linear range, frequency
sweep was also repeated for different strain amplitudes (1, 2, 5, 10 %) and data plots
for G* (Pa), G“(Pa) and calculated dynamic viscosity were plotted.

In the next step, the loss angle delta was calculated using frequency sweep data for
storage and loss modulus using the formula:

1!
0= arctan(a)

Initially, tangent 6 was calculated using the ratio of G” to G’ at each frequency
value for different strain amplitudes. To calculate the loss angle 8, arc-tangent was
calculated from the tangent 6 values. These ¢ values in radians were then converted
to degrees and plotted against the shear rate (frequency).
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2.2.8 Statistics

All the respective models were repeated thrice for FITC-dextran measurements
and mucus thickness measurements. FITC-dextran was averaged over the three
repetitions with 4 technical replicates. Non-linear curve fit analysis was performed
on FITC data to obtain the standard curve and the unknown concentrations using
OriginPro 2019. Mucus thickness was determined using Image] Fiji. For this, three
alcian blue staining images were selected randomly for each model, and the thick-
nesses were then averaged over. Representative images are shown in the results.
Membranes without cells were tested for Young’s modulus twice under the same
conditions, and the average value as well as the standard deviation were obtained
using MS Excel. Statistical calculations for all the rheological measurements for the
mucus samples were performed using MS Excel, and the graphs were plotted using
OriginPro 2019 software. The frequencies/shear rate, G’ and G” scales are depicted
in logarithmic scales, while strain amplitudes are kept in linear scale.



Results

3.1 Materials employed as scaffolds

To design a biomimetic ECM, the influence of the scaffold composition on the
cellular function and the specific cell types was explored. Therefore, in the first
step, different biological and synthetic materials were manufactured into plane
scaffolds and characterised. These included the widely known biological scaffold
small intestinal submucosa with mucosa (SIS-Muc), commercially available artificial
scaffolds, 2D membrane scaffolds using PET as well as fibrous scaffolds made of
PCL and PTMC.

SIS-Muc:

The decellularization procedure and characterisation of a porcine jejunum segment
using sodium deoxycholate and perfusion of an intact vessel network within the
intestinal wall were published [81]. characterisation revealed that the scaffold with
a thickness of 0.2 +0.01 mm was comprised of approximately 5 % elastin and 92 %
cross-linked collagen fibres.

3.1.1 Analysis of synthetic polymer-based scaffold membranes

Pure PTMC polymer was challenging to prepare as solutions for the electrospinning
settings and hence was mixed in two different proportions with stabilising PCL
polymer. PCL polymer at a 14 % concentration was also electrospun into thin
membrane sheets and showed a distinctive porous structure as shown in fig. 3.1.
Given the brittleness, high Youngs’s modulus, and less flexible behaviour of the
PCL membrane fibre, as a result, electrospun pure PCL (14 % (m/v) total polymer
concentration) membrane was seen degrading while in co-culture with epithelial
cells and endothelial cells leaving it unsuitable in its pure form. Hence, when
mixed with PTMC polymer, after electrospinning, PCL:PTMC 70:30 mix membranes
appeared to have irregular fibrous structures with variable porous formations, as

63
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seen in fig. 3.1. PCL:PTMC 50:50 was seen having homogenous fibrous strands and
dense fibrous networks when compared to that of the previous membrane mix as
depicted in fig. 3.1.

Fig. 3.1 (G-H) show SEM images taken for PA polymer membrane synthesised using
a similar electrospinning method (12 % polymer concentration). The polymer fibres
appear to have almost the same thickness and diameter. the fibre arrangement
can be seen as randomised, providing non-uniform pore structures and sizes. The
fibre diameter and thickness appear uniform and homogeneous when compared
with PCL:PTMC 70:30 membrane (fig. 3.1 (E-F)). Compared to PCL:PTMC 50:50
membrane (fig. 3.1 (C-D)), PAG membrane polymer fibres appear to have nicely
curved structures, whereas for PCL:PTMC 50:50 they are with almost straight fibre
structures overlaying randomly. Noticeably, PA membrane structures, as shown in
fig. 3.1 (H), have comparatively minute porous formations than in PCL:PTMC 50:50
(fig. 3.1 (D)) and PCL:PTMC 70:30 (fig. 3.1 (F)).
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Figure 3.1: SEM images of the polymeric scaffold structures; pure PCL (A,B), PCL:PTMC
50:50 (C,D), PCL:PTMC 70:30 (E,F), PA (G,H) [6].

Figures depict differences observed in the porous structures generated through randomised fibre
alignment as well as variations seen in the fibre structure. (A, C, E, G) are the magnified images of
the respective electrospun polymer membranes in the (B, D, E H) [6].
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3.1.2 Mechanical properties: Tensile strength and Modulus of Elasticity

The measurements for assessing the mechanical properties of three membrane
types—PA, PCL:PTMC 50:50, and PCL:PTMC 70:30—were repeated twice using two
different sample pieces cut from the provided membrane sheet cut out from two
diagonally opposite corners. The measurement area was kept consistent, having
a consistent width of 3 cm and length of 4 cm. These measurements were used
to calculate parameters such as Young’s modulus of elastic and tensile strength.
This data helps to further discuss the membranes’ potential suitability for tissue
modelling applications. Tensile strength values (o) were also measured for each
membrane by the preset software from the force transducer equipment, reflecting
the membrane’s resistance to breaking under tension. Finally, the average tensile
strength values were calculated from each measurement session.

PA membrane:

Average Young’s modulus of elasticity was calculated to be 0.6667 MPa in the first
measurement with a standard deviation of 0.0308 indicating low variability in the
measurements. In the second measurement, the average Young’'s modulus de-
creased to 0.5095 MPa. The measured tensile strength values were 3.228 MPa and
3.187 MPa for the 15/ and 2"¢ samples, respectively. Overall, Young’s modulus of
elasticity for the PA membrane was averaged to be 0.5881 MPa with a minimum
standard deviation of 0.0786, showing minimal variability within this test. PA mem-
brane samples exhibited an average tensile strength of 3.2075 MPa, with a standard
deviation of 0.0205.

PCL:PTMC 50:50:

In the same conditions for measurement 1, PCL:PTMC 50:50 membrane showed
the average Young’s modulus at 0.1794 MPa, with a standard deviation of 0.00995,
showing relatively consistent readings. In measurement 2, the average Young’s
modulus for the PCL:PTMC 50:50 membrane was slightly lower at 0.1695 MPa, and
the standard deviation was only 0.0067 suggesting even greater consistency within
this test series. The measured tensile strength values were 0.145 MPa and 0.5000
MPa for the 15/ and 2" samples, respectively. Overall, Young’s modulus of elasticity
for PCL:PTMC 50:50 membrane was averaged to be at 0.174475 MPa, with a standard
deviation calculated of only 0.0049. PCL:PTMC 50:50 membrane samples exhibited
an average tensile strength of 0.3225 MPa, with a higher standard deviation of 0.1775.

PCL:PTMC 70:30:

PCL:PTMC 70:30 membrane, a blend with a higher proportion of PCL (70 %) and
a lower proportion of PTMC (30 %), displayed a broader range of Young’s modu-
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lus values across the two measurement samples. Under the same measurement
conditions as the previous membrane measurements, here the average Young’s
modulus was calculated to be 0.1371 MPa, with a standard deviation of 0.00285,
indicating low variability. In measurement 2, however, the Young’s modulus for the
PCL:PTMC 70:30 membrane dropped to an average of 0.04495 MPa, while having a
very low standard deviation of 0.00015, showing a high level of consistency within
this test session. Observable hollow pores were seen before measurements in the
cut membrane sample during the second measurement, suggesting variability pro-
duced during the electro-spinning process. This led to unexpected breakage near
the hollow points during the measurement run, hence questioning the reliability
of measurement 2 values. The measured tensile strength value was 0.153 MPa and
0.183 MPa for the 15/ and 2" samples respectively. Overall, Young’s modulus of
elasticity for PCL:PTMC 70:30 membrane was averaged to be at 0.09105 MPa, with a
standard deviation calculated of only 0.0461. PCL:PTMC 70:30 membrane samples
exhibited an average tensile strength of 0.183 MPa, with noticeably no standard
deviation.

The tables below summarise the key values obtained for each membrane vari-
ant analysed for mechanical properties, namely modulus of elasticity and tensile
strength. The highlighted yellow values correspond to unexpected variations, which
may lead to errors in further analysis of the membrane properties.

Table 3.1: Calculated Young’s modulus of elasticity and tensile strength for each synthetic
electrospun membrane variant

Membrane Measurement 1 | Measurement 2 | Young’s modulus | Standard deviation
(std. dev) MPa | (std. dev) MPa (Average) MPa (MPa)

PA 0.6667 (0.0308) | 0.5095 (0.0332) 0.5881 0.0786
PCL:PTMC 50:50 | 0.1794 (0.0099) | 0.1695 (0.0067) 0.1745 0.0049
PCL:PTMC 70:30 | 0.1371 (0.0028) | 0.0449 (0.0001) 0.0910 0.0461

Membrane Measurement 1 | Measurement 2 | Tensile strength | Standard deviation
(std. dev) MPa | (std. dev) MPa | (Average) MPa MPa)

PA 3.228 3.187 3.2075 0.0205
PCL:PTMC 50:50 0.145 0.500 0.3225 0.1775
PCL:PTMC 70:30 0.153 0.183 0.183 0
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3.2 Invitro airway tissue models

The human airway system depicts heterogeneity and can be roughly divided into
upper, lower, and alveolar regions. The regions exhibit distinct architectural, cellular,
and functional properties, driven by both their cellular composition and basement
membrane characteristics. As shown in fig. 1.1, these regional variations include
differences in epithelial cell types, histological structures, and basement membrane
thickness, which is critical for functions ranging from mucus production to gas
exchange. To assess the impact of scaffold material on tissue development and
cellular behaviour, various co-cultures were established, each representing distinct
lung regions. These model configurations, including cell types and scaffold specifics,
are summarised in table 3.2 below.

Table 3.2: Overview of biological and polymeric scaffolds for culturing different lung tissue
locations. Upper lung location comprised of trachea/bronchi (conducting airways) and
lower lung location consisting of terminal bronchioles and Alveolar locations (gas exchange
area) [6]

Scaffold material Lung. In vivo thickness Co-culture cell composition
location (reqd.) (um)
SIS-Muc Upper ~50 - 100 Calu-3 + fibroblasts
Upper ~50 - 100 Calu-3 + fibroblasts
PET Lower ~10-50 A549 + fibroblasts
Alveolar | ~10-0.2 huAEC + fibroblasts (lung biopsy)
Alveolar | ~10-0.2 huAEC + endothelial cells
PCL ~10-0.2
PCL:PTMC (70:30) ~10-0.2 huAEC +
Alveolar hEC +
PCL:PTMC (50:50) ~10-0.2 fibroblasts (lung biopsy)
PA ~10-0.2 & D1opsy.

For the upper airway model, SIS-Muc scaffolds were seeded with Calu-3 epithelial
cells and co-cultured with primary human fibroblasts to develop an epithelium typi-
cal of the trachea and bronchi. PET membrane Thincerts® were used to construct
models of both upper and lower airway structures using Calu-3 and A549 cells with fi-
broblasts, respectively. To capture the unique features of alveolar tissue, electrospun
synthetic polymer-based scaffolds PCL:PTMC (50:50 and 70:30 ratios) as well as PA
were used to model the alveolar basement membrane, along with co-cultures of
human alveolar epithelial cells (huAECs) and human endothelial cells (hECs). LbFb
fibroblasts were also incorporated to support the epithelial-endothelial interface.

The following sections will describe the in-depth investigation of scaffold influence
on tissue-specific cell behaviour and organisation across different in vitro tissue
models.
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3.3 Characterisation of in vitro tissue models

Upper airway region

3D in vitro tissue models for the upper airway (trachea and upper bronchial region)
were modelled using thicker biological scaffold material SIS-Muc with a co-culture
of Calu-3 and pFb. Alcian blue staining illustrated the mucus formation over time,
starting from 1 week to 4 weeks after ALI culture initiation (fig. 3.2 (A-D)). After
1-week culture, epithelial cells formed a monolayer over the SIS-Muc while the
fibroblasts started to migrate into the scaffold (fig. 3.2 (A)). Simultaneously, a very
thin layer of mucus of approximately 30 +£5 um was present, covering the epithelial
monolayer (fig. 3.2 (A)). Similar observations were found after 2- and 3-weeks ALI
culture (fig. 3.2 (B, C)). It was observed that the mucus stained in blue gradually
increased to approximately 80 +5 um. After 4 weeks of ALI cultures, epithelial cells
were forming multiple layers (2 - 3 layered) (fig. 3.2 (D)), while an approximately 505
+5 um thick layer of mucus (N=3) was present.

Lower airway region

To compare cellular behaviour concerning the thickness of the scaffold and progres-
sion of mucus production, similar models were optimised using PET Thincerts® 22
+3 pum. Culture conditions were set similarly to those described above for models
using SIS-Muc, with fibroblasts in the bottom part of the Thincert® membrane in
contact with the co-culture medium and epithelial Calu-3 cells on the apical part,
which was exposed to air. Fibroblasts adherent on the bottom side of the Thincerts®
formed a confluent monolayer (fig. 3.2 E - ). At the end of the second week, a mono-
layered epithelial layer of Calu-3 cells was observed (fig. 3.2 (F)). Similar progressive
mucus formation was observed from week 1 to week 4 using alcian blue staining
(fig. 3.2 (E-H)). The mucus layer thickness increased from approximately 41 +5 um
at week 2 to 128 +5 um at week 4.
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Figure 3.2: 3D airway models using Calu-3 cells and human primary fibroblasts cultivated
over 4 weeks in vitro on SIS-Muc scaffold (A- D) and PET Thincerts® membranes (E-]) [6].

Alcian blue staining shows acidic components in the mucus-stained blue and an increasing mucus
layer thickness as the ALI cultures progress from 1 week to 4 weeks. Cellular structures are stained
in red, while the rest of the scaffold is discoloured.
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Furthermore, a co-culture model of A549 cells and pFb on SIS-Muc revealed
marginal staining of acidic structures (blue) at the end of 4 weeks (fig. 3.3 (A))
compared to the Calu-3 cell model (fig. 3.3 (C)). A549-pFb co-cultures on SIS-Muc,
also showed cellular multilayering (more than 4 layers). Similarly, co-culture of A549
- pFb on PET membrane Thincerts®, used to mimic lower airways, was established
and stained with alcian blue staining for 3, and 4 week models. Interestingly, by
weeks 3 and 4, A549 cells were forming multiple layers (3-4 layers), while no mucus
formation was verifiable in the alcian blue staining (fig. 3.3 (B)).

SIS-Muc PET

Calu3-pFb
[

200 pm
50 um
—

Figure 3.3: Distinct multi-layering patterns and mucus formation in co-cultured A549 and
Calu3 tissue models on different scaffolds are shown by alcian blue staining [6].

(A, B) A549 cells co-cultured on SIS-Muc and PET membrane, respectively, after 4 weeks presenting
marginal blue staining but strong red staining. In contrast (C, D) Calu-3 cells co-cultured on
SIS-Muc and PET, respectively, after 4 weeks. Blue indicates acidic mucus formations, while cellular
structures are stained in red.

Tissue sections from A549 co-culture models on PET membrane were stained for
Z0-1 tight junction protein. As shown in the fig. 3.4 (B), in IHC staining, no distinct
positive signal was present. This was also confirmed in IF staining against ZO-1
When stained for tight junction protein ZO-1 expression using TRITC conjugate
secondary antibody (refer table 3.3), was also absent, but cells appeared multilayered
as stained positively by DAPI-stained blue nuclei.
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Figure 3.4: Lower airway models on PET membrane: coculture of A549-pFb: showing
multilayering [6].

(A) HE staining showing multilayering of A549 epithelium. (B) IHC staining against ZO-1 showed
no tight junction positive signals. (C) IF staining shows negatively stained ZO-1 (red) against the
A549 epithelium layer along with the nucleus stained positively in DAPI (blue).

Table 3.3: Differences in mucus formation, cellular multi-layering, and ZO-1 expression in
the airway models using standard cell lines for upper and lower respiratory tract [6].

Scaffold material Epithelial cell line Mucus formation Cell-multilayer ZO-} exI.)ressi'on
co-cultures (3 layers) for tight junction
SIS-Muc Calu3-pFb +++ ++ ++
SIS-Muc A549-pFb + +++ (>3 layers) -
PET Calu3-pFb ++ + ++
PET A549-pFb - +++ (>3 layers) -

(+++ :strongly present; ++ :present; + :weakly present; — :totally absent)

Table 3.3 summarises observations for PET and SIS-muc based Calu-3-pFb and
A549-pFb co-cultures concerning mucus formation, cell multilayering, and ZO-1
expression. In comparing PET and SIS-Muc scaffolds with Calu-3 and A549 cell co-
cultures, distinct differences were observed in mucus production, cellular layering,
and ZO-1 expression. Calu-3 cells on SIS-Muc showed strong mucus formation,
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moderate cellular multilayering (3 layers), and ZO-1 expression, indicative of tight
junctions. On PET, Calu-3 cells demonstrated moderate mucus formation and
Z0-1 expression but limited layering. In contrast, A549 cells on both SIS-Muc and
PET exhibited extensive multilayering with over three cell layers. However, mucus
production was weak with SIS-Muc and absent on PET, and no ZO-1 expression was
detected in either A549 model.

3.4 Alveolar airway models

3.4.1 Alveolar 3D tissue models on PET membrane

The second concern, establishing cell-cell interactions crucial for epithelial-
endothelial communication as well as the air-blood barrier, can be mitigated
by decreasing the basement membrane thickness.

In the first attempt, following the Mattek Epi-Alveolar™ model approach, models
were constructed using triple culture of huAEC-LbFB (apical) and hEC (basal) sides.
It was found that endothelial cells were no longer seen attached in monolayer
confluency. Pan-cytokeratin, a marker for epithelial cells, and E-cadherin, a marker
for adherence junctions and epithelial phenotypes of cells, were used to characterise
these models using IF staining.

Our models showed pan-cytokeratin-positive epithelial cells in tightly aligned layers
along with positive E-cadherin. These layers were observed to form multiple layers
sandwiching fibroblasts stained positive for vimentin, as evident in the fig. 3.5.
Detailed findings are then summarised in fig. 3.13. Hence, such a model may be
unsuitable for long-term culture up to 3 weeks, while profound control over the
monolayer formation of epithelial cells and endothelial cells is difficult and crucial.
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Figure 3.5: Mattek EPIAlveolar™ based models on PET membrane coculture of huAEC-
LbFb-hEC: showing multilayering, as well as cellular crosstalk between epithelial as well as
fibroblasts and no endothelial cell layer, be found on the basal side of the membrane [6].

(A) Pan-cytokeratin positively stained (green) huAEC with little to no ZO-1 (red) positive signals. (B)
Pan-cytokeratin positively stained (green) huAEC with DAPI (blue) stained nucleus. (C)
E-cadherin-positively stained (red) huAEC mixed with vimentin-positive (green) fibroblasts and
nucleus stained in DAPI (blue).
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3.4.2 PCL, PTMC membrane-based in vitro tissue models

A scaffold of approximately 0.2 um between the alveolar epithelium and endothelial
layer is required that can facilitate gas exchange as seen in alveolar tissue structure.
To achieve this, PCL and PTMC polymers were electrospun in two proportions.
These membranes were then used to establish alveolar 3D in vitro tissue models.

Influence of inclusion of native fibroblasts and optimised coating

Initially, co-culture models based on PCL:PTMC electrospun membrane mixtures
were established using huAEC coating solution for the apical side of the scaffold and
2 % gelatin coating on the basal side for hEC cells. HE staining revealed randomised
cellular layers for co-culture of huAEC with hEC without the inclusion of lung biopsy-
derived fibroblasts in the culture setup as shown in fig. 3.6 below. In the case of both
membrane variants, the alignment of the endothelial and epithelial cell layers could
not be seen.

Similar models were then established using an optimised coating solution consisting
of essential proteins of human plasma protein, VEGF-165 factor. Additionally, the
same co-culture model was exposed to pre-seeded lung biopsy-derived human
fibroblasts (5 x 104 cells/ well) cultured in the well compartment at least for 7 days.
HE staining was performed to assess cellular alignment and attachment for the
co-culture models. As evident from the fig. 3.6 (C) above, the epithelial layer and
endothelial layer appeared stacked and separated over each other. The epithelial
cell layer appeared singularly layered, and the endothelial cells lined the bottom of
the membrane.

Immune-histological staining were performed on the triple culture models hEC-
huAEC-LbFb on PCI:PTMC 70:30 against CD31 endothelial cell markers for models
fixed at days 7, 9, and 12. This was used to characterise endothelial cell distribution
in triple-culture models on PCL:PTMC 70:30 scaffolds. In fig. 3.7 (A-C), a distinct
huAEC layer is visible on the apical side, while CD31-positive hECs are seen on the
basal side at day 7, with progressive migration into the scaffold by day 12. Figure
D shows a negative control using mouse IgG against CD31, confirming specificity.
This characterisation highlights the spatial arrangement and gradual integration of
endothelial cells over the experimental period.
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Figure 3.6: Comparison between cellular attachment behaviour for PCL:PTMC 50:50
and PCL:PTMC 70:30 membrane models. (A-D) PCL:PTMC 70:30-based models. (E-])
PCL:PTMC 50:50-based models [6].
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Immune-histology staining for PCL:PTMC 70:30 triple culture models hEC-huAEC-LbFb against CD31
(endothelial cell marker)

Day 9 Day 7

Day 12

Negative control

Figure 3.7: Immunehistochemical tissue characterisation against CD31 endothelial cell
marker for triple culture models on PCL:PTMC 70:30 [6].

(A - C) huAEC layering on the apical side is seen clearly; CD31-positive hECs are seen on the basal
side of the membrane at day 7 and gradually migrating inside until day 12 (D) negative control for
host mouse (IgG mouse) against CD31.
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For co-culture models established using PCL:PTMC 50:50 membrane, IHC staining
was repeated for CD31 marker as well as E-cadherin to stain epithelial huAEC cells.
At day 10 of the ALI culture, models showed monolayered epithelium with the
epithelial cells forming a closed contact line on the apical side, as shown in fig. 3.8
(A). Although triple-culture models with PCL:PTMC 50:50 depict some blue-stained
layer on top of the epithelial layer from day 10 to day 12, the epithelial layer appeared
to be multi-layered by day 12 (fig. 3.8 (B)). Fig. 3.8 (C, D) shows immunofluorescence
staining, done at day 12 against endothelial marker CD31 (green) and E-cadherin
(red) as an epithelial marker as well as a cell-cell adhesion protein. hECs seeded on
the basal side of the scaffold were found directly below the apically seeded huAECs
layer, specifically on day 12, as seen in fig. 3.8(C).

«
Alcian Blue

Figure 3.8: Characterisation of triple cultured tissue models (huAEC-hEC-LbFb) on
PCL:PTMC 50:50 [6]

(A) Positive CD31 staining against hEC aligned below CD31-negative huAEC. (B) Alcian blue
staining for models on PCL:PTMC 50:50 showing distinctive blue staining on top of multilayered
epithelial layer at end of day 12, while endothelial cells were migrating inside (A,B,C).(C,D) IF
staining, showing green stained CD31-positive hECs, blue DAPI-stained nucleus, and red
E-cadherin-positive huAEC layers on top of PCL:PTMC 50:50.

Furthermore, tissue characterisation was performed by staining the sections against
pan-cytokeratin as well as ZO-1 tight junction markers for both membranes,
PCL:PTMC 70:30 and 50:50. In the PCL:PTMC 50:50 scaffolds, ZO-1 staining reveals
tight junction formation between epithelial cells, as evident from fig. 3.9, while
pan-cytokeratin expression highlights a confluent huAEC layer with green fluores-
cence on the apical side, with nuclei counterstained in blue (DAP]) (fig. 3.9 (C)).
Similarly, ZO-1 staining on PCL:PTMC 70:30 (fig. 3.9 (D, E)) indicates consistent
tight junctions, and the huAEC layer aligned atop the scaffold by day 12 shows
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clear pan-cytokeratin positivity (fig. 3.9 (F)), illustrating well-organised epithelial
structures in these triple-culture models.
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Figure 3.9: ZO-1 and Pan-Cytokeratin Staining in huAEC-LbFb-hEC Co-Cultures on
PCL:PTMC 70:30 and PCL:PTMC 50:50 scaffolds [6].

IHC analysis of ZO-1 (A, B, D, E) shows the presence of tight junctions in huAEC-LbFb-hEC models
on both 50:50 and 70:30 membrane variants. IF analysis of Pan-cytokeratin (green) and
DAPI-stained nuclei (blue) confirms huAEC layer formation (C, F).
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3.4.3 PA membrane-based in vitro models

PA electrospun membrane models with the co-culture of hEC and huAEC with LbFB
were similarly set up using an optimised coating solution. Two types of cell seeding
approaches were considered while establishing the co-culture models.

PA based co-culture models (Day 10)

A SEQ-A. CD31 (apical) B Seq.A (apical)

(basal)

100 pm

Figure 3.10: Migration behaviour of endothelial cells in PA membrane co-culture models,
analysed via CD31 staining, reveals differential migration under two cell seeding sequences.

(A, C) show IHC staining; (B, D) show IF staining. In Sequence A (hEC-huAEC-LbFb), endothelial
cells (CD31-positive) remain on the basal side as shown by IHC (A) and fluorescence (B). In
Sequence B (huAEC-hEC-LbFb), endothelial cells migrate further inside the membrane, visible via
CD31 staining in IHC (C) and IF (D).

Cell seeding scheme (similar to the models described above for PCL and PTMC
membrane variants) of first hEC seeding on the basal side then followed by huAEC
and LbFB in the wells (during ALI co-culture) is denoted as sequence A. Whereas,
sequence B is the altered cell seeding scheme as described in the methods section.
Briefly, in sequence B, huAEC cells are first seeded on the apical precoated side of
the membrane and then followed by hEC and LbFB (during the start of ALI); for
details of exact days please refer to the methods section, fig. 2.1.
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CD31 staining was performed on tissue models at day 10 of ALI culture for both
sequence A and sequence B. In Sequence A models (fig. 3.10 (A) and (B)), CD31-
positive staining for endothelial cells was seen localised on the basal side of the
membrane, as confirmed by IHC, which displayed CD31 in a brown stain. The
same was confirmed in IF staining, where CD31-positive cells appeared in green
fluorescence due to the conjugated secondary antibody. In Sequence B models,
however, CD31-positive signals were observed localised directly beneath the apical
epithelial layer (fig. 3.10 (C) and (D)). Negative control sections showed no positive
signal for CD31, confirming the specificity of the staining.
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3.4.4 Analysis of apparent permeability for electrospun membrane-
based tissue models

Analysis of change in apparent permeability for models based on PCL:PTMC mem-
brane variants:

In examining the apparent permeability (Papp) across the different membranes,
distinct trends emerge, especially when comparing the cell seeding sequences (A
and B) across the PCL:PTMC 70:30 and PCL:PTMC 50:50 membrane compositions.

For the PCL:PTMC 70:30 membrane with cell seeding sequence A, the initial Papp
at Day 7 is 8.20448 x 10~°cm/s . At Day 10 Papp decreased to 4.93891 x 10°cm/s
and to 4.22204 x 10"°cm/s by Day 14. It slightly increased again on day 21 to
5.3442 x 10~°cm/ s, eventually reaching 5.6389 x 10~ cm/s by Day 28 and 5.60942 x
10~°cm/s on Day 32. In contrast, the PCL:PTMC 70:30 membrane with cell seeding
sequence B follows a slightly different trend. Here, the Papp is 6.10039 x 10 >cm/s
at Day 7, decreasing to 4.83177 x 10"°cm/s by Day 10. By Day 14, the Papp rises
t0 5.99092 x 10~°cm/s. On Days 21 and 28, the Papp is 5.75839 x 10°cm/s and
4.16746 x 10~°cm/ s, respectively, with another increase to 5.93724 x 10™°cm/s on
Day 32, hence showing the fluctuating trend.

For the PCL:PTMC 50:50 membrane with cell seeding sequence A, the initial perme-
ability at Day 7 is 7.41145 x 10~°cm/s. A sharp decrease is observed by Day 10, with
a Papp of 4.28332 x 10°cm/s. The Papp continues to drop to 3.51918 x 10 >cm/s
by Day 14. However, this value increases on Day 21 to 5.11444 x 10~°cm/s, fol-
lowed by a decrease 2.00641 x 10°cm/s on Day 28, and a further reduction to
1.66316 x 10~°cm/s by Day 32.
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Figure 3.11: Comparison of apparent permeability for electrospun PCL, PTMC membrane-
based in vitro tissue models
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Analysis of change in apparent permeability for models based on PA membrane
variants:

The PA membrane shows different permeability dynamics over time. At Day 7,
the Papp for sequence A is 6.70257 x 10~°cm/ s, while for sequence B, it is slightly
lower at 5.55561 x 10~° cm/s. However, by Day 10, the Papp decreases to 2.87622 x
10~°cm/s for sequence A and slightly increases to 3.4123 x 10~>cm/ s for sequence
B. Interestingly, by Day 14, the permeability for cell seeding sequences A and B
both Papp rose slightly to 4.75137 x 10> cm/ s, and 5.03732 x 10~ cm/ s, respectively,
depicting fluctuation.
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Figure 3.12: Comparison of apparent permeability for electrospun PA membrane and
PET-based in vitro tissue models
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On Day 21, Papp was seen stabilised for both the sequences, with Papp values of
5.06963 x 10~°cm/ s for sequence A and 5.16558 x 10~°cm/ sfor sequence B. However,
by Day 28, sequence A shows a drastic drop to 7.75793 x 10~%cm/ s, while sequence
B remains relatively high at 4.58835 x 10~°cm/s.

For the PET membrane, Papp at day 7 was measured to 6.45 x 10~%cm/s for cell
seeding sequence A, compared to 2.55 x 10~%cm/ s for sequence B. On Day 10, the
Papp for sequence A showed an increase to 7.54 x 10 cm/s. Given the negligible
concentration of FITC, the Papp value was not calculated according to the non-
linear curve analysis done by software analysis. Hence no values are listed for Day
10 or subsequent days for cell seeding sequence B, so it’s unclear if this trend would
continue under that condition.

The following figure summarises in a table format all the key findings for synthetic
scaffold-based models used to establish co-culture of huAEC with hECs and LbFb.
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3.5 Characterisation of mucus

3.5.1 Visco-elastic behaviour analysis

All measurements were performed using a rheometer with a rotating 50 mm disc.
After pipetting approximately 5 - 6 ml of mucus samples, they were carefully sand-
wiched between two discs, such that no air bubbles were formed in between and a
continuous liquid layer could be seen around the rim. Given the non-homogeneity
of mucus samples, initially, the samples were homogenised using 2 min of disc
rotation at a frequency of 1 rad / sec, such that the particles are homogeneously
separated all over the surface area of measurement. Measurements performed at
two different temperature settings of room temperature (25 °C) and 37 °C did not
show any measurable difference in the obtained values.

Amplitude sweep analysis:

The first step of amplitude sweep analysis, performed for extracting the linear region,
was additionally performed for different values of angular frequencies: 1, 5, 10, 50,
and 100 rad/sec. Storage modulus G’ and loss modulus G” measured were plotted
as a function of strain amplitudes going from 0.1 to 10 % strain. Graph 3.14 (A, B)
shows plots for storage modulus (G’) and loss modulus (G”) for different angular
frequencies.

In the case of storage modulus G’ shown in graph 3.14 (A), for lower frequencies
1 and 5 rad/sec, it showed an initially sharp decrease. At lower strain amplitudes
(0.0954 % - 0.63 %), G’ is higher at lower frequencies (1 rad/s), whereas at high Strain
(0.994 % - 9.97 %): G’ decreases gradually as strain increases across all frequencies.
However, as strain increases, the values tend to converge, particularly for 1 rad/s, 5
rad/s, and 10 rad/s, while 100 rad/s decreases sharply. In conclusion, it was seen
that for small strains below 1 % strain the storage modulus was large, thus very
elastic and for high strains it becomes a linear elastic material. After 1 %, appearing
linear for angular frequencies of 1, 5, 10 rad/sec. From the plot, it can be said that
from 2 % and higher strain, the material has almost a constant G’ modulus or may
be behaving like a linear elastic material.
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Loss modulus was plotted in graph 3.14 (B), measured against strain amplitude
sweep for different angular frequencies. Across all frequencies in general, G” de-
creased with an increase in the strain amplitude values, until a certain point. At
lower strains, G” is generally lower than G, especially at low frequencies, reinforcing
that the material behaves more elastically. Whereas at high strain values, G” be-
comes comparable to or even higher than G’ at certain frequencies (e.g., 100 rad/s),
indicating a shift towards more viscous behaviour as the material is subjected to
larger deformations. G” decreases as strain increases, but the rate of decrease varies
by frequency. The higher frequency curves (50 rad/s and 100 rad/s) drop more
gradually, stabilising at a higher G” value beyond 3 % strain. In contrast, the lower
frequencies (1 rad/s and 5 rad/s) initially decrease rapidly, then stabilise at a lower
G” value as strain increases.

Frequency sweep analysis:

In the second step of frequency sweep analysis, ideally performed after finding
the linear viscoelastic region, it was performed additionally for a range of strain
amplitudes of 1, 2, 5, and 10 %, for a frequency sweep from 0.1 to 100 rad/sec. Graph
3.15 (A, B) shows a plot for storage modulus (G’) and loss modulus (G”) for different
strain amplitudes.

In the graph plot 3.15 (A), G’ values are generally higher for lower strains. As strain
amplitude is varied from 1 % to 10 %, G’ tends to decrease across all frequency
ranges, being relatively stable. At higher frequencies more than 10 rad/s, there is a
very slight increase in G’ value for lower strain amplitudes 1 and 2 %. However, at
higher strain levels of 5 and 10 %, G’ values tend to decrease and stay relatively low.

Graph plot 3.15 (B) shows loss modulus G” as functions of frequency and strain
amplitude. Similar to G’, G” also shows higher values for lower strain amplitudes,
particularly at 1 and 2 %. But with an increase in frequency, G” values also increase in
general. At higher frequencies, G” increases initially for all strain levels, particularly
for the 1 and 2 % strain amplitudes, but then shows less variation with frequency at
lower frequencies for less than 1 rad/s.



90

3.5. CHARACTERISATION OF MUCUS

" D pue 0 10]s10[d B1ep % 0T ‘G ‘¢ ‘T sopmijdure urens JUISIP 1e syuswaInseawr doams Aouanbar] (g ‘v)

‘poylowt

-Sdd 717 00S 9y 3ursn sPam ¥ Je spepout q4d - ¢-ne) onwi-S[S x 2 Woij pajoenxa sjdures snonu 10§ sisAfeue doams Aduanbaig :G1°¢ o131

(,-s) Aousnbaiy

%¢c e ulens

201 0l o0l 01
1 L 1 L —\|OF
A A
A
A A a4 v
A v—Vv Vv v
A v v v PY L
. “ o : :° - " "
u
a4 =
v &/° o0l
4
%0l je ulels 4
%S je uleqs v
, . L 0L
L]

%]\ e ulens

(,-s) Aousnbaiy

20} 0l o0l -0l
L L | 1 NlO—\
|_‘|O_‘
. G
X / Aa A A A A A4 \I)G
. ,,,,l - A . A A A A o o 99¢
4-«“«-?-mm-,«.. 2
P |OO_\
< |_\O_\



3.5. CHARACTERISATION OF MUCUS 91

Loss angle (6) was calculated from frequency sweep data for G’ and G”. These §
values in radians were then converted to degrees and plotted against shear rate
(frequency) as shown in graph 3.16 (A).

Graph 3.16 (A) depicts the calculated loss angle calculated across shear rates for the
different strain amplitudes (1, 2, 5, and 10 %). Here the y-axis denoted the loss angle
in degrees going from 0° to 90°. For the lowest strain amplitude and low shear rates
of 1 %, the loss angle remained fluctuating between 35° and 45°. As the shear rate
increases, the loss angle starts to increase significantly, reaching around 60°. For the
highest strain amplitude of 10 %, the loss angle remains around 30° and 35°, lower
than that for 1 % strain.

Above graph 3.16 (B) plots calculated dynamic viscosity ' (in Pa s) on the y-axis
against shear rate (in s~ on the x-axis for various strain amplitudes (1, 2, 5, and
10 %). Viscosity and shear rate are presented on logarithmic scales. These values
will help to understand the behaviour of mucus for its shear thinning or strain-
dependent changes in viscosity value. The graph shows a consistent reduction in
viscosity with increasing shear rate across all strain amplitudes, with a noticeable
gap between different strain levels. At higher strain amplitudes of 5 and 10 %,
calculated 7’ is consistently lower than observed at lower strains. At low strains of
1 %, viscosity starts relatively high at low shear rates but decreases more gradually
than at higher strains of 10 %.
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3.5.2 Surface tension analysis for extracted mucus samples

Surface tension (ST) measurements of mucus samples were conducted using a
tensiometer (Kriiss), focusing on addressing challenges posed by gradual sample
drying during testing. To maintain consistent humidity, a custom-designed, 3D-
printed flat cylindrical vessel was used, containing a salt solution to achieve 100 %
humidity. This setup was necessary as mucus drying impacts the accuracy of ST
readings over time.

Two distinct procedures were applied based on the sample source and preparation.
For mucus samples measured at weekly intervals directly on the in vitro tissue
models (the models mounted on metal inserts two metal cylinders that secure the
tissue in place, for air-liquid interface (ALI) cultures) as explained in the fig. 3.17 (D).
Mucus gets generated on the apical side of these cultures, and then the entire mount
was placed directly in the PTFE sample holder for ST assessment. The D. Noiiy
ring method was employed, with measurements performed by using a small ring
electrode and a prewetting time of 5 seconds. This involved cyclic up-and-down
motion of the ring through the sample to create a thin film, allowing repetitive
measurements until achieving a low standard deviation. The software calculated
ST values based on stabilised measurements, capturing the average ST values once
variability diminished.

For other measurements, including lung lavage samples from pre-surgical tracheal
cleaning, mucus was extracted from the tissue models using phosphate-buffered
saline (PBS) before measurement. These extracted samples were spread on a PTFE
holder with a 15 mm diameter, and a similar cyclic measurement method was
applied as explained in fig. 3.17 (A - C). Initial static force measurements were also
performed on these samples to determine lamella height and force exerted by the
film, refining the ST measurement parameters for each sample.
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Indirect measurement method

Small ring
measurement
probe

Tissue model mounted Direct measurement
securely in the metal insert

i method

Flat bottom cylindrical vessel —
for humidity control salt
solution

Figure 3.17: Surface tension measurement method using Force tensiometer.

(A- C) shows the indirect measurement setup with mucus samples of 200 u! placed on the PTFE
holder. Measurements for ST are done using a small ring with Notiy ring method in repetition
cycles. (D) shows the setup for direct measurement using mounted in vitro airway tissue models
with expressed mucus. (E) shows the setup used for measuring the controlled humidity using a
transducer placed inside the measurement unit.

Fig. 3.18 shows the steps involved in analysing ST values for each measurement.
The software-calculated data exhibiting consistent, repetitive cycles (highlighted
in the red square in fig. 3.18 (A) was used to determine the average ST value. For
statistical reasons, only six values from these repetitive cycles were selected to
calculate the average of surface tension values each from week 1 to 4 as shown in
the fig. 3.18 (B). This result was then compared to both the automatically calculated
ST values provided by the software and the average derived from the entire dataset
of consistent, repetitive cycles. The final summary of ST values based on repetitive
measurement cycles versus software-calculated values illustrates this pattern fig.
3.18 (B).
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Table shown in fig. 3.18 (B) shows ST values from in vitro mucus samples measured
at different weekly intervals. The surface tension measured for mucus samples
from the in vitro models at weekly intervals of weeks 1, 2, 3, and 4 showed some
fluctuation in their average ST values (fig. 3.19 (A)). For the optimised calculation
method considering only repetition cycles as highlighted in fig. 3.18 (A), values of
ST fluctuated in a decreasing manner, going from 35 to 30 mN/m. Whereas the
software calculated ST values suggested an increase in the ST from week 1 to week 4
mucus models.

EI Data (Weight vs Elapsed time)

Model 1: Repetition 3 (1 week) 01092023
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Figure 3.18: ST value analysis strategy represents data selection of only repeated cyclic

measurements.
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(A) Shows the data plot for the measured force exerted by the mucus on the ring vs. time, where

only the highlighted repetition values are generated for surface tension is then considered for the
further average calculation of the surface tension. (B) Graphical representation of changes in the ST

values for mucus extracted from models stopped at week 1 of ALI, to 4 weeks ALI
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Lung Lavage and PBS-extracted Mucus Samples: The tables below summarise the
collected data, detailing ST values, standard deviations, and lamella heights across
various sample types. Average ST values were generally lower than directly measured
samples, with lung lavage values stabilising around 44.05-44.11 mN/m and similar
lamella heights.

This data supports the effectiveness of using repeated cyclic measurements to
enhance reliability in ST readings, particularly in distinguishing values from in vitro
and in vivo (lung lavage) sources.

Indirect measurement on extracted mucus

Surface tension: Indirect measurement on extracted mucus

sample Pre.wetting . Holder ST mN/m Sta?d?rd lamilla height
time (s) diameter (mm) deviation (mm)
S1 5 15 50,38705 0,104785 1,714
s1 5 15 50,892871 0,08518 1,611
S2 5 15 41,255411 0,09375 1,26
S2 5 15 42,496406 0,060852 1,458
S3 5 15 47,763771 0,094421 1,51
S3 5 15 44,990293 0,107614 1,575
S3 5 15 45,033535 0,094882 1,442
lung lavage 5 15 44,111367 0,137536 1,612
lung lavage 5 15 44,051508 0,085084 1,672
S1- Mucus ex. 400ul PBS- $3- Mucus ex. 1ml PBS- (4Wk 15x models)
$2- Mucus ex. 500ul PBS- (17x samples) Lung lavage — obtained from pre-surgery tracheal cleaning

Figure 3.19: Measured surface tension values using indirect method for mucus samples
and lung lavage

Comparison of ST values from mucus extracted from 4 week tissue models but using different
extraction strategies of varying volumes of PBS- as well as lung lavage sample obtained from
patient from University Hospital Magdeburg with consent in preoperative process
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Abstract

In our review, we want to summarize the current status of the development of
airway models and their application in biomedical research. We start with the
very well characterized models composed of cell lines and end with the use of
organoids. An important aspect is the function of the mucus as a component
of the barrier, especially for infection research. Finally, we will explain the
need for a nondestructive characterization of the barrier models using TEER
measurements and live cell imaging. Here, organ-on-a-chip technology offers
a great opportunity for the culture of complex airway models.
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Abstract

Different studies suggest an impact of biofilms on carcinogenic lesion forma-
tion in varying human tissues. However, the mechanisms of cancer formation
are difficult to examine in vivo as well as in vitro. Cell culture approaches, in
most cases, are unable to keep a bacterial steady state without any overgrowth.
In our approach, we aimed to develop an immunocompetent 3D tissue model
which can mitigate bacterial outgrowth. We established a three-dimensional
(3D) co-culture of human primary fibroblasts with pre-differentiated THP-1-
derived macrophages on an SIS-muc scaffold which was derived by decellular-
isation of a porcine intestine. After establishment, we exposed the tissue mod-
els to define the biofilms of the Pseudomonas spec. and Staphylococcus spec.
cultivated on implant mesh material. After 3 days of incubation, the cell cul-
ture medium in models with M0 and M2 pre-differentiated macrophages pre-
sented a noticeable turbidity, while models with M1 macrophages presented
no noticeable bacterial growth. These results were validated by optical density
measurements and a streak test. Immunohistology and immunofluorescent
staining of the tissue presented a positive impact of the M1 macrophages on
the structural integrity of the tissue model. Furthermore, multiplex ELISA
highlighted the increased release of inflammatory cytokines for all the three
model types, suggesting the immunocompetence of the developed model.
Overall, in this proof-of-principle study, we were able to mitigate bacterial
overgrowth and prepared a first step for the development of more complex
3D tissue models to understand the impact of biofilms on carcinogenic lesion
formation.
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Discussion

Various systems have been researched and developed with the focus on 3D in vitro
microenvironment with the aim to replace in vivo animal models, which lack rele-
vant similarity and data compared to human biology [43, 85, 86]. Tissue-engineered
systems have advanced, going from conventional 2D cell-based systems organoid
culture to the more complex lab-on-chip / organ-on-chip methods. Among other
3D organ-specific biomimetic in vitro test systems, the human respiratory system
is crucial to be modelled in 3D given its dynamic tissue architecture and cell type
differentiation as one progresses from the upper airway region towards the minute
alveolar regions [15, 19].

The development of tissue models is vital in various applications, including tumour
study, bacterial infections, or viral mediation studies. An illustrative example is
the investigation of how the viral super spread of SARS-CoV-2 via minute alveoli
acts in context with the formation of aerosol-packed viral particles that transport
the viral load. Understanding these processes is essential for uncovering how the
virus spreads extensively [19]. In order to model lung area-specific 3D in vitro tissue
models, this study delved deeper into crucial characteristics of airway area-specific
ECM scaffolds and selection of cellular components, along with their functional
characterisation for upper, lower, and alveolar airways.

Many studies have stressed the importance of three major components in Tissue En-
gineering namely, precisely engineered synthesis/selection of appropriate scaffold
biomaterial niche and tissue-specific cellular components, along with the opti-
misation of the microenvironment for proper cellular differentiation and tissue
growth [14, 79, 80]. Fabricating native ECM-like scaffolds is deemed necessary for
enhancing cellular attachment, promoting cell growth and differentiation of primary
human cells, and fostering physiological cell behaviour [87].
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5.1 3D in vitro airway tissue models

Given the heterogeneity of airway epithelium with region-specific distinct spe-
cialised cells provides difficulties in in vitro modelling systems. The differentiation
and pseudostratification of epithelium is influenced by the basal 3D microenviron-
ment forming the extracellular matrix. This complex microenvironment required
to provide tissue- or region-specific proteins embedded in collagenous polymer
formations for cellular adhesion plays a vital role in ECM cell receptor signalling.
Additionally, it must also include essential tissue-specific airway area-specific cell
types, including sub-epithelial fibroblasts, endothelial cells, immune cells, and and
smooth muscle cells, essential for cell-cell communication [12].

2D gold standard ALI models exhibit limitations firstly regarding lack of cell-cell
interactions of epithelium with non-epithelial cell subtypes [88] and secondly re-
garding the ECM scaffold like universally used PET or PC membranes with higher
Young’s modulus compared to native in vivo tissue counterpart. 2D planar microflu-
idic models also provide the possibility for developing air-lift-based co-cultures,
however lack the essential biomechanical ECM resemblance to native tissue beyond
additional collagen coatings of these stiff polymer membrane surfaces only aiding
in cellular attachment [89-92]. In conclusion, the current design lack a biomechani-
cal ECM environment may limit cell attachment and alter cell-matrix interaction
(cellular behaviour).

A representative model should support well-differentiated human airway models
at ALI and incorporate a 3D microenvironment with essential physiological cell-
cell, ECM-cell, and biomechanical interactions. Among other crucial membrane
properties like the presence of surface adhesion proteins, porosity, the tenability of
pore densities, thickness, and elastic moduli (organ / native tissue-specific), in this
study, we specifically underline the relevance of membrane mechanical properties
like thickness, stiffness, and flexibility of the ECM that vary as the airway deepens,
along with the cellular architecture and differentiation. It is known that (summarised
in fig. 1), throughout the human respiratory tract, the ECM thickness is reduced
from the upper airways to the deep lung alveoli. Hence, ECM thickness modification
may be crucial to account for distinct structural and functional characteristics
across different airway regions while developing region-specific airway models. It
is approximated that the ECM is thicker with a thickness of approx. (50 — 100 um)
[5, 92, 93] in the upper airway region while it’s reduced in thickness (10 - 50 um) [5,
94] in the lower airway region, and ultra-thin (0.2 to 10 um) [5, 95] in the alveolar
airway. We accordingly selected different categories of scaffold material membranes
for three main airway locations: upper/lower and alveolar.
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5.1.1 Upper airway region:

In a recent study, a novel approach was published where native-lung-ECM-
solubilised collagen hydrogel was used to develop airway tissue models, which does
provide well-differentiated ALI epithelium and maintain barrier function [19].

In addition to the limitations, such as donor variability in ECM composition, lack of
basolateral liquid flow and apical airflow, the thinness of the formed hydrogel ECM
needs further optimisation. Our experimental models with the biologically derived
SIS-Muc scaffold (200 um thickness), are presented to be highly appropriate for
modelling the upper airway region. Many applications of SIS-Muc include engineer-
ing liver-like tissue (BioCaM) using the advantage of the presence of capillarized
matrix provided by SIS-Muc [81]. Having a collagen—elastin network provided the
architecture for endothelial cells seeding to form capillary-like structures. Many
applications like BioVaM, etc. followed [96].

Our SIS-Muc based models of co-culture of Calu-3 and primary human fibroblasts
were able to produce increasing functional mucus over the period of 4 weeks, de-
picting successful cellular differentiation. The tissue models also developed tissue
resistance with the presence of tight junctions. In addition, fibroblasts actively
migrated into the scaffold fibres, which was only possible in the case of SIS-Muc
scaffold and not possible in synthetic scaffold variants like PET. The Calu-3 cells
initially formed a monolayer and gradually multilayered until 4 weeks of ALI while
developing differentiated epithelium layers. Similarly, when cultured on a 33 um
thinner PET membrane, it also reproduced similar results with respect to function-
ally increasing mucus formation and tight junction expression.

SIS-Muc is equipped with the necessary mucosal architecture along with the fibrous
network made of collagen and elastin fibres which make up the majority of the
physiological ECM [81]. We believe that in our case, SIS-Muc shows exceptional
behaviour when modelling upper airway systems using Calu-3 cell line along with
fibroblasts in co-culture. SIS-muc provides biologically orientated ECM structures
and a thickness in the range of 200 um, which aligns with the requirements for
the upper human airway, as demonstrated in fig. 1.1 (A). The characteristic multi-
layered epithelium (3—4 layers) in the upper airway, shown in fig. 1.1 (A), matches
our findings of 2-3 epithelial layers, as summarised in Table 6. Additionally, the
mucus layer in our model increased from 30 +5 um after 1 week to 505 +5 um by 4
weeks in ALI culture, mimicking the typical mucus thickness observed in the upper
airway (30 — 100 um) [97], making this a desired outcome for airway tissue models
alongside the formation of ZO-1 positive tight junctions.
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While PET scaffold models showed tight junction formation (ZO-1) and mucus ex-
pression fig. 3.13, they lacked the prominent epithelial multilayering and adequate
mucus thickness found in SIS-muc models, which is crucial for mimicking both up-
per airway mucus properties and lower airway requirements, where mucus typically
thins out to 10-30 um in bronchioles [98].

5.1.2 Lower Airway region:

The lower airway region depicts a thinner ECM and, in concert with a thin mucus
lining, is required to have greater flexibility and responsiveness to changes in airflow
and ventilation demands. However, ECM thickness here is not required to be as thin
as in alveoli to provide structural support for dynamic changes in airway diameter
and resistance during breathing (refer fig. 1.1 (B)). Fibroblasts are not as abundantly
present in the ECM as in the tracheal ECM but also play a role in airway tone and
regulation [99, 100]. Scarce occurrence of the goblet epithelial cell types contributes
towards a thinner mucus layer on top of the epithelium lining, while occurrences of
club cells increase as one descends to the respiratory bronchiole.

In our experiments, thinner ECM, thinner mucus layer, and single-layered epithe-
lium were crucial aspects we considered while developing a tissue model represent-
ing the lower airway [101-103]. We proposed to use commercially available PET
membrane thincerts® given their thinness of approximately 33 um. They have a
characteristically stiff structure with controlled pore size and are available in differ-
ent pore densities [29]. Porous membranes and pore size ensure exchange between
the compartments but seem not to have a major influence on specific cellular func-
tions. Moreover, PET thincerts® are also known to allow extensive co-cultivation
of cells on both sides of the membrane, allowing direct cell-cell interactions. PET
membrane also proved suitable for modelling the upper airway as well as lower
bronchiolar structures of the lung, given the comparative lower thickness of approx.
10 um.

Lower respiratory tract models are widely established using the A549 cell line co-
cultured with fibroblasts. A549 cells, resembling alveolar type Il pneumocytes, show
enhanced cell-cell and cell-matrix interactions when co-cultured with fibroblasts,
though they exhibit different characteristics compared to Calu-3 bronchial epithelial
cells [104-107]. When cultured on a hydrogel-based matrix or collagenous biological
scaffold-like SIS-Muc, the models were able to express comparable tight junction
proteins to that of Calu-3 [49, 108], but when 2D cultured on plastic surfaces, there
was a significant reduction in tight junction proteins, indicating reduced epithelial
barrier integrity compared to Calu-3 cells [104, 107]. Our models on PET membrane
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with Calu-3 cells (although derived from bronchial epithelium) were used to set
up co-culture with fibroblasts (on the basal side) and revealed similar results as
seen with SIS-Muc as a scaffold. A noticeable decreased mucus layer of 41 + 5 um
at 1 week of ALI to 128 + 5 um after 4 weeks of ALI was observed. Although PET
provides the desired thin ECM for the lower airway (33 um) within the range of 10
- 60 um, the mucus thickness is still not ideal as required for lower airway tissue
models (10 - 30 um in bronchioles [98]). The results from FITC dextran assay showed
a dramatic reduction in the apparent permeability of these models right after 11
days underscoring the formation of a tight junction barrier. Co-culture of A549 and
primary fibroblasts showed multilayered epithelium ( > 3 layers, as summarised
in fig. 3.13) formation at week 3 both in the case of SIS-Muc as well as PET-based
models. The measured apparent permeability was approximately 8.85 x 10°cm/s
at day 9 of ALI culture, revealing its failure to form an intact, tight junction barrier. It
is essential to have multilayering of the epithelial layer in bronchi and bronchioles
to maintain a proper barrier function and facilitate mucociliary clearance. For
instance, models of human bronchial epithelial cells cultured in 3D environments
demonstrate that a pseudostratified layer with multiple cell types is necessary for
mimicking in vivo function [109].

For a valid model for the lower airway, as shown in fig. 1 (B), typically, in the
bronchioles, fewer layers are present compared to the trachea and larger bronchi,
but a minimum of 2-3 layers is required to replicate the mucosal structure and
ensure epithelial integrity [110]. Hence, despite the widespread use of co-culture
of the A549 epithelial cell line with primary human fibroblasts, in our studies, a
co-culture on PET membrane was unfortunately unable to form tight junctions
(negative ZO-1) and hence no barrier formation was achieved. Better culture control
is also necessary to achieve the desired 2 — 3 max multilayered epithelium.

The described standardised models were able to produce a differentiated epithelium
layer and presented distinct functional mucus formation. In addition, cancer cell
lines like Calu-3 and A549 maintain consistent properties across passages, present-
ing the advantage of experimental reproducibility and consistency. However, they
may lack the ability to produce realistic biomimetic lung tissue models.

5.1.3 Deep lung alveolar region:

Alveolar epithelium shares an ultra-thin basement membrane (approx. 0.2 - 0.62
pm) with the endothelial cell layer from the surrounding blood capillaries via the
septum, which is crucial for the air-blood barrier [7]. The previously thicker ECM
is remodelled by fibroblasts to form a thin fibrous network through which blood
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capillaries pass. Hence, to develop a 3D alveolar tissue model, we focused on two
main aspects: synthesis of ultrathin basement membrane, having the possibility for
lower Young’s modulus of elasticity in the range of kPa, and secondly, optimisations
for the establishment of co-culture of endothelial cells with alveolar epithelial cells
[101, 102, 111, 112].

Commercially available Epi-AlveolarTM models from Mattek GmbH depicted co-
culture alveolar primary epithelial cells and endothelial cells, with the inclusion of
fibroblasts on the PET membrane. Here, epithelial cells were grown on top of the
fibroblast layer, and the endothelial cells were seeded on the basal side in contact
with the medium. The possible drawback of such cellular layers can be unavoidable
multi-layering of fibroblasts and the epithelial cell layer, as well as higher elastic
modulus of the PET membrane (fig. 3.5). Given the high elastic modulus of PET in
the range of 2 - 3 GPa, which is more or less similar to that of cancellous bone tissue,
it is much higher than required for modelling lung tissue [92, 113]. Meanwhile, the
pores can become a disadvantage when co-cultured with endothelial cells because
endothelial cells can also find ways to migrate through the pores to the other side of
the membrane, increasing unwanted cell-cell crosstalk. Hence, it may not be able to
specifically mimic physiological conditions as in alveoli.

For alveolar models, it is not only crucial to set up a co-culture system to have
epithelial and endothelial crosstalk but also includes the fibroblasts. Our models
with electrospun membranes were able to demonstrate direct co-culture of endothe-
lial cells (on the basal side membrane) and epithelial cells (apical), along with the
influence of native lung fibroblasts on the cellular alignment (fig. 3.6, comparing
(B) & (C), (G) & (H)). The porous membranes not only provided the advantage of
aligned endothelial migration and direct contact with the epithelial layer but also
the added advantage of relatively lower Young’s modulus of 0.0911 MPa (PCL:PTMC
70:30) and 0.1795 MPa (PCL:PTMC 50:50) than to that of flat-PET.

Upcoming in vitro models also stress the advantage of building stem cell-based
organoid cultures using induced pluripotent stem cells (iPSCs), which can serve as
better human lung models than cancer cell lines [114]. However, these organoids
have limitations, such as the absence of certain epithelial phenotypes. Additional
inclusion of macrophages or fibroblasts along with co-culture of iPSC-derived lung
cell models is crucial for differentiation, but this also increases the timeline for at-
taining the required differentiation into alveolar-specific lung cell types [115, 116]. It
is known that both proximal and distal airway components play a role in viral infec-
tivity and the host immune response. Previous models lacked diverse cell types and
did not incorporate both proximal and distal airway epithelia in a single construct
[114]. Novel 3D organoids created using adult lung stem cells were compared to
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models using primary human airway epithelial cells and induced pluripotent stem
cells (hiPSCs) in one of the research studies. These organoids expressed various
lung cell markers and demonstrated multicellularity. The same models were also
cultured either submerged or with an air-liquid interface (ALI) and assessed for
SARS-CoV-2 infection and gene expression. The submerged models showed a weak
barrier, while the ALI models formed a more effective epithelial barrier but showed
decreased alveolar signatures. However, the models have limitations, such as the
undefined composition of the culture media, questioning the reproducibility and
standardisation measures, and the absence of immune cells and other components.

Influence of optimised coating solutions in in-vitro tissue models

Besides cell-cell interactions, the impact of the niche on cellular behaviour is con-
sidered important while designing precision-engineered tissue systems. The novel
precision-engineered niche approach addressed strategic manipulation of the niche
elements to modulate specific stem cell outcomes, whether for maintaining stem-
ness or promoting lineage-specific differentiation, is a promising approach [14].
We formulated a coating solution, including the essential ECM proteins such as
fibronectin, VEGF-165, and collagen in gelatin. With modulated concentrations, we
observed enhanced cellular attachment and co-culture formations over the mem-
brane models. These components enhance stem cell signalling, self-renewal, and
differentiation while providing structural support and biochemical cues crucial for
cellular maintenance [15]. Additionally, mechanical forces and physical properties
of the niche further influence stem cell behaviour [14]. This approach has been effec-
tively used in humanised, vascularised 3D bone marrow niches, which support the
expansion of haematopoietic stem and progenitor cells (HSPCs) by mimicking the in
vivo environment [117, 118]. However, challenges remain, including the complexity,
cost, and potential immune responses, which may limit clinical applications [21].
Different in vitro alternatives expanded towards the 3D co-culture systems can now
provide improved possibilities of mimicking the cell-cell as well as cell-extracellular
matrix interactions using the generation of co-cultures and microphysiological mod-
els built on biological as well as polymeric porous platforms [86]. We have explored
a range of niches matched to specific airway regions based on the requirements of
the ECM and selected cellular components for developing co-culture tissue systems.
We studied different mechanical properties and employed coating strategies for
the implementation of synthetic PET membranes for developing the co-culture
of endothelial and epithelial cells. Gelatin coating for endothelial cells and spe-
cialised huAEC coating for epithelial cells can prove useful in this context to help
establish the co-culture models, but the thickness, stiffness, and higher modulus



5.1. 3D IN VITRO AIRWAY TISSUE MODELS 107

of elasticity (in the GPa range) remain of concern. PET membrane pore size of 0.4
um was observed to be optimal for endothelial cell culture to avoid migration of
endothelial cells through the pores towards the apical side of the culture consisting
of the epithelial layer.

A recent study demonstrated the development of an in vitro airway epithelial-
endothelial cell culture model using a scaffold synthesised out of flexible porous
PTMC membrane based on Calu-3 airway epithelial cells and lung microvascular
endothelial cells [29]. PCL and PTMC polymeric materials have recently gained
interest given their tunability and control over mechanical properties depending on
the molecular weight modulations. Both polymers are known to be non-cytotoxic
and provide excellent cell adhesion properties. Especially PTMC is known to be
able to adsorb specific cell culture components to enhance cell adhesion. PTMC
is known to be highly biodegradable and does not produce any toxic substance,
whereas PCL has low biodegradability, and given the moderate stiffness character-
istics, it has been applied in skin as well as bone Tissue Engineering applications.
PTMC-based structures are known to have good mechanical properties, including
relatively low elastic moduli than PET, lower water uptake, and maintaining the
structure’s integrity even when wet against PCL membranes, which are highly hy-
drophilic in nature. Electrospinning such polymer solutions delivers freedom to
adjust these properties for fabricating membranes using two different proportions
of the mixture from PCL and PTMC namely 70:30 and 50:50. PCL:PTMC 50:50 was
seen to have more homogenous fibrous strands and dense fibrous networks when
compared to that of the 70:30 mix. Given the highly hydrophilic nature of pure
PCL membrane, unstable fibre architecture, and compromised suitability towards
various histochemical analysis steps (xylol solubility), it was seen as unsuitable for
the establishment of the co-culture; hence, data are not shown. Coatings of the
membrane with the mixture of VEGF-165 at 0.5 ng/ml + human plasma fibronectin
protein + collagen 1 + BSA in 2 % gelatin revealed better cellular adhesion to the
membrane. The co-culture medium, when optimised to a 2:1 concentration of
hEC to huAEC medium with VEGF-165 0.5 ng/ml, was optimised for enhanced cell
growth in ALI conditions.

Influence of native fibroblasts on co-culture

The noticeable effect of the presence of fibroblasts in the wells with co-culture mod-
els was evident (fig. 3.6 (C), (H)) with a uniform epithelial lining over the top of a
finely based membrane-like structure separating the endothelial cells, as shown in
the immunofluorescence staining against CD31 marker for endothelial cells (fig. 3.9
(O), (F)). The models without the fibroblast did not appear aligned (fig. 3.6 (A), (B),
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(G)). With PCL:PTMC 50:50, the epithelial layer appeared more intact and showed
the presence of the thinnest blue-stained mucosal lining on top in alcian blue stain-
ing results at the end of day 12 (fig. 3.8 (B)). A valid alveolar tissue model (similar to
fig. 1.1 (C)) requires monolayers of both epithelial with endothelial layers connected
through ultra-thin membrane. In order to achieve this, to avoid multilayering, we
ended the co-culture after day 12 to achieve an epithelium monolayer; however,
further optimisation needs to be taken as the cell seeding density can be taken into
account. Additionally, specifically at day 12, it suggested a possibility of endothelial
cells migrating through the membrane from the basal sides towards making contact
with the epithelial cell layer. This may reinstate the vital presence of fibroblasts
in the co-culture of endothelial and epithelial cells. Hence, we believe that the
scaffold membrane mix of 50:50 PCL:PTMC was found to be suitable for generating
a (triple) co-culture model of alveolar epithelium and endothelium, and the scaf-
fold thickness can also be further thinned to make it more biomimetic to that of
native alveoli. The choice of huAEC cells appears to be superior over the commonly
available commercial cell lines as well as cells derived from biopsies, which are also
difficult to culture for longer culture durations. Alveolar airway huAEC cells also
provided the advantage of their dynamic polarisation towards AT1 phenotype when
exposed to the micro-environmental stimuli and hence were selected for developing
these models. Moreover, fibroblasts positively affecting the cellular polarisation of
epithelial and endothelial cells were derived and cultured from native human lung
biopsies, which may be one reason for their influence of polarisation among the
role of providing necessary stimulations for ECM remodelling.

Influence of optimised co-culturing strategies

Complex co-cultures while generating in vitro lung models have been researched
extensively. For instance, the development of an alveoli-capillary barrier using lung
epithelial cell lines in co-culture with human pulmonary microvascular endothelial
cells has shown promising results in the formation of a tight epithelial barrier and
reduced permeability in alveolar tissue models [119, 120]. Or more complex triple co-
culture of human alveolar epithelium, endothelium, and macrophages was shown
to establish a significant biological barrier [120]. Models developed using a new
human alveolar epithelial cell line (hAELVi—human Alveolar Epithelial Lentivirus
immortalised) (derived from human primary alveolar epithelial cells) with type
I-like characteristics expressed functional tight junctions to replicate the air-blood
barrier accurately [112]. In contrast to traditional cell lines, this model was able
to not only show selective permeability with intercellular barrier function, but the
cell line could be kept in culture over several days, up to passage 75, in addition
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to liquid-liquid as well as air-liquid conditions. Thus making them a promising
candidate to mimic the functional properties of the human alveolar epithelium more
reliably, considering reproducibility while offering a valuable tool for lung research
[112]. Further investigation using co-culturing of huAEC with endothelial as well
as native lung biopsy-derived fibroblasts thus may help gain a newer perspective
when used in conjunction with selective scaffold materials. Co-culturing sequences
may also significantly impact barrier formation and permeability in in vitro tissue
models, particularly in complex, multi-cellular constructs like alveolar tissues [119].
In this study, two cell seeding sequences were explored to assess their influence on
apparent permeability (Papp). Cell seeding sequence A is where, hECs were seeded
first on the basal side, followed by huAECs on the apical side. Cell seeding sequence
B was with huAECs seeded first on the apical side, followed by hECs on the basal
side.

The effects of each cell seeding sequence across different synthetic scaffold materials
showed changes in apparent permeability measured over time along the co-cultured
models. The following paragraphs summarise Papp changes observed in each
membrane variant under these seeding strategies in order to understand their
suitability for establishing effective in vitro alveolar tissue models.

PCL:PTMC 70:30 combination, showed a higher Papp for cell seeding sequence A at
8.20 x 10™>cm/s, compared to 6.10 x 10~°cm/s for sequence B on Day 7, suggesting
that sequence B provides a stronger early barrier. By Day 10, both sequences show
reductions in permeability, reaching 4.94 x 10~°cm/s and 4.83 x 10~°cm/ s for se-
quences A and B, respectively, which likely indicates tight junction formation and
enhanced barrier function as cells settle on the scaffold. Observed early reduction
in Papp may point towards the high flexibility and elasticity offered by both PCL
and PTMC. The generated mixtures with high PCL content did promote initial cell
attachment and spreading, with a reduction in Papp suggesting barrier formation
through dynamic cell-matrix interactions [29]. Fluctuations in Papp after Day 14,
particularly with sequence A, suggest ongoing cell remodelling processes, reflecting
adaptability to the substrate’s mechanical properties and permeability over time, as
documented in studies on electrospun PCL scaffolds [121].

On day 7, the Papp for sequence A for the PCL:PTMC 50:50 membrane models
was 7.41 x 10~°cm/s; and reduced to 4.28 x 10~°cm/s by day 10, comparable to the
Papp for PCL:PTMC 70:30 membrane models with sequence B. Thus promoting
the balanced blend membrane with its flexibility and enhanced cellular adhesion
properties with regards to increased PTMC content, enhancing barrier function. By
Day 28, Papp dropped significantly to 2.01 x 10~°cm/s, which may also indicate the
formation of a stable and mature barrier until 28 days, consistent with findings on
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PCLs and PTMC's effectiveness in enhancing cell attachment and barrier properties
[109] [29].

PA membrane-based co-culture models showed lower Papp of about 5.56x 10> cm/ s
with cell seeding sequence B, compared to sequence A of 6.70 x 10°cm/s at day
7. In comparison to the above PCL:PTMC 70:30 it may suggest that PA was able
to generate a better early barrier effect. By Day 10, sequence A models showed
a significant decrease in Papp to 2.88 x 10~°cm/s, demonstrating strong barrier
formation as cells mature and establish junctions. PA is known to show hydrophilic
properties to promote cell adhesion in response to cell-matrix interactions [121].
With the observed measurable reduction in Papp value by day 10 of culture in
comparison to PCL, PTMC membrane variants may make it better suited for long-
term cultures.

Formerly, research studies based on in vitro models on PET membranes are known
to promote tighter cell junctions and strong barrier formations. In our observation,
the co-cultured PET membrane models with huAEC and hECs did show initial Papp
values of 6.45 x 10~ 8cm/s (sequence A) and 2.55 x 1078cm/s (sequence B) at day 7.
Noticeably, sequence B with reduced Papp indicated tighter cell organisation and
initial barrier formation. However, by day 10, Papp increased slightly for sequence
A. This variability can be justified by PET’s hydrophobic nature, which may impact
cell adhesion and junction stability. PET’s high initial permeability without cells
(5.79 x 10~°cm/s) shows that adding cells greatly improves its barrier function.
This aligns with PET’s known properties, which are generally resistant and support
cellular layers well under the right conditions [122].



5.1. 3D IN VITRO AIRWAY TISSUE MODELS 111

5.1.4 Interpretation of scaffold mechanical properties

Analysing the tensile strength and Young’s modulus of these membranes shows how
each material meets the mechanical needs of in vitro alveolar tissue models.

PET, with its high modulus of elasticity typically around 2-4 GPa in studies, offers
strong structural support due to its rigidity, but this may reduce flexibility and limit
its use in dynamic models like alveolar tissues. The material’s resistance and high
barrier function, however, make it an excellent candidate for models focused on
maintaining a stable, impermeable barrier, particularly in shorter-term or static
cultures where elasticity is less critical [122].

The PCL:PTMC 70:30 membrane, with its even lower average Young’s modulus
(0.0910 MPa) and tensile strength (0.183 MPa), provides a more elastic scaffold but
may lack the strength necessary to maintain structural stability over long-term cul-
tures. The hollow pores observed in this variant suggest possible inconsistencies in
electrospinning, which might affect its uniformity. These features imply it may work
well for short-term applications or models requiring high elasticity, but its structural
strength might be inadequate for long-term use [29]. The PCL:PTMC 50:50 mem-
brane offers a more balanced option, with a lower Young’s modulus of about 0.1745
MPa, giving it added flexibility from PTMC. This flexibility could help it mimic the
expansion and contraction of alveolar regions. Its tensile strength is 0.3225 MPa,
which is lower than PA but may still support cell attachment and barrier formation,
as shown by its stable Papp over time. This membrane’s mechanical adaptability
combined with favourable permeability trends makes it particularly suitable for alve-
olar tissue modelling, where dynamic stretching is needed for physiologic accuracy
[109].

The PA membrane shows a high average tensile strength of 3.2075 MPa and an aver-
age Young's modulus of 0.5881 MPa, indicating considerable stiffness and resistance
to tension. Such mechanical properties suggest that PA could provide a stable and
supportive scaffold, though its rigidity may limit its flexibility in replicating the
complex mechanical dynamics of alveolar tissues, which typically require more
flexibility [121].
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5.2 Standardisation challenges with mucus characterisation
methodologies

5.2.1 Protein quantification and mucin content analysis

Extracting and measuring large mucin proteins like Muc5AC and Muc5B is difficult
due to their size and complex properties. In our experiments, traditional SDS-
PAGE gel electrophoresis didn’t successfully separate these high-molecular-weight
proteins. When stained with Coomassie blue, no distinct bands for Muc5AC or
Muc5B were visible, even when using a protein ladder range of 15-250 kDa and
gel concentrations of 4-7 % and 4-8 %. This outcome matches the known limits of
SDS-PAGE for enormous proteins, which often exceed their weight capacity.

To address this issue, we used incubation with ACC (acetylcysteine) solution across
multiple incubation times (M0 through M6, corresponding to 0-60 minutes of treat-
ment). Although ACC effectively solubilises mucins by reducing disulphide bonds,
protein quantification via Bradford assay showed variability in protein concentra-
tion. Even repeated gel electrophoresis runs continued to show limited success in
resolving these mucins. Bands were either faint or absent. In initial western blot
analysis stained for Muc5AC in selected samples (M0, M2, and M4), the mucins
positive for Muc5AC appeared as high-intensity bands clustered near the top of the
gel, indicating incomplete migration due to their large molecular size. The ACC
treatment, while partially effective, could not sufficiently lower the molecular weight
or allow complete electrophoretic migration of these mucins. Similar problems were
also depicted in some research studies, where large mucins like Muc5AC and Muc5B,
exhibiting complex glycosylation patterns and extensive polymerisation, tend to
impede migration even when reduced and denatured [67].

Our results show the need for better methods to reliably measure and separate large
mucins in airway mucus studies. Using gels with lower cross-linking or switching to
agarose gels may improve separation. Other methods, like microfluidic or capillary
electrophoresis, may also help by providing clearer results and potentially providing
better resolution and quantification reliability [67, 123].
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5.2.2 Physical characterisation methods
Surface tension analysis challenges

In our experiments for surface tension (ST) the values measured across various
mucus samples stabilised over time through repetitive cyclic measurements. This
underlines the importance of dynamic testing for mucus characterisation. The
observed stabilisation trend was found to be consistent with prior studies high-
lighting that initial ST values of mucus samples can vary significantly due to factors
like humidity, evaporation, and mucin interactions, which tend to stabilise as the
measurement environment equilibrates [67].

In our observation, the mucus directly measured on in vitro models presented
slightly higher average ST values compared to mucus samples extracted with PBS
and lung lavage samples. Previous studies also suggest that ex vivo or hydrated
mucus samples may exhibit reduced surface tension due to the altered rheological
and hydration conditions introduced by extraction fluids [123]. We believe that
higher surface tension in intact mucus layers may play a critical role in maintaining
the airway surface liquid (ASL) structure, which is a key factor for effective barrier
properties and clearance of foreign particles [124].

Interestingly, our data show that ST values across weekly intervals (directly measured
on the model) tend to stabilise, suggesting that repetitive movement cycles reduce
variability in measurements by balancing surface tension forces. The consistent ST
values likely show a stable mucus layer structure at ALI interface, which is essential
for simulating realistic airway conditions [124]. Similar results have been seen in
studies on how surface tension affects mucus transport and stability, where steady
values improve the predictability of mucus behaviour under airflow conditions
[125].

Our comparison between software-calculated values and selected cycle averages
suggests that custom measurement protocols are preferable for establishing accu-
rate ST values in biofluids. While the software provided initial estimations, manually
selected stable values proved more reliable for depicting true mucus surface tension
properties, as previously recommended for precise surface and interfacial tension
measurements in complex fluids [126].

In summary, our results show that cyclic testing is important for getting stable ST
measurements in mucus samples, especially when comparing direct in vitro mucus
with extracted and lavage samples. These findings point to the need for specific
surface tension protocols to accurately describe mucus properties, which helps in
developing airway models and designing respiratory treatments.
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Viscoelasticity analysis

Storage G’ and loss modulus G” behaviour of mucus sample at varying frequencies:

In the first step of amplitude sweep analysis, G’ showed a sharp decrease at lower
frequencies of 1 and 5 rad/s as strain amplitude increased to 0.63 %. At higher
strains from 0.994 % to 9.97 %, G’ decrease was not very profound for frequencies 1
to 10 rad/s. Here, as strain increases, G’ values tend to converge. From the observed
trend in G/, it was clear that the mucus exhibited a strong elastic response at strains
below 1 %, where the material resisted deformation, suggesting the presence of yield
stress. This solid-like behaviour was especially evident at low frequencies, where
the internal structure providing elasticity likely breaks down more quickly under
strain, leading to a strain-softening effect. After 1 % strain, the material transitioned
to a more linear viscoelastic response, showing typical behaviour for a viscoelastic
material. This transition is consistent with the expected strain-softening behaviour
at low frequencies, where the material’s elasticity decreases as strain increases

Loss modulus G” also showed a decrease with increasing strain amplitude and then
stabilised at a certain point for all frequencies. At lower strains until 1 % ampli-
tude, G” values are generally lower than G, especially at low frequencies, indicating
more elastic behaviour at small deformations. As strain amplitude increases, G”
approaches or exceeds G’, particularly at 100 rad/s, indicating a shift toward more
viscous behaviour. The rate of G” reduction with strain amplitude was seen varying
by frequency. Higher frequencies (50 rad/s and 100 rad/s) show a gradual decline
in G”, stabilising at higher G” values beyond 3 % strain. Whereas for lower frequen-
cies (1, 5 and 10 rad/s) G” exhibits a sharper initial decrease, followed by almost
stables around 4 % strain but at lower values compared to higher frequencies 50
and 100 rad/s. This suggests that the material’s viscous response depends strongly
on frequency, with a shift toward higher viscosity under rapid oscillatory motion at
higher strains, which may be important for applications requiring controlled energy
dissipation across different frequencies.

Storage G’ and loss modulus G” behaviour of mucus sample at varying strain ampli-
tudes:

In the second step of frequency sweep analysis, G’ remained generally higher for
lower strain amplitudes, with a decrease in G’ as strain amplitude increases from 1 to
10 %. This indicates a reduction in the material’s elasticity at higher strains. G’ values
remain relatively stable across different frequencies, suggesting a plateau in the
material’s elastic response. G’ did show some slight increase at higher frequencies
(>10 s, especially for lower strain amplitudes (1 and 2 %), but stayed mostly
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constant for low frequencies (< 1s~1Y). In conclusion, mucus showed stable elastic
properties in this range.

G” values were also initially higher for lower strain amplitudes with increasing fre-
quency. This may indicate more energy dissipation at higher frequencies. At higher
frequencies, G” increases across all strain levels. A more pronounced increase in
G” was seen for strain amplitudes of 1 and 2 %, suggesting a higher energy dissi-
pation (viscous behaviour). However, since viscosity in oscillatory shear is given
by G”(w)/w, the increasing G” at higher frequencies does not necessarily mean an
increase in viscosity. Instead, it suggests shear-thinning behaviour, as viscosity de-
creases with increasing frequency. Whereas at low frequencies, G” remains relatively
stable, with high values for low strain amplitudes (1 and 2 %) and measurably lower
values for 5 and 10 % strain. This trend suggests that at lower strain amplitudes,
the system exhibits greater energy dissipation, but as strain amplitude increases, G”
decreases, suggesting reduced viscous dissipation at higher strains.

In general, at lower strain amplitudes, both G’ and G” are higher, with G’ dominating
slightly. This may primarily indicate an elastic response with some viscous dissipa-
tion. As strain amplitude increased, both the G’ (elastic) and G” (viscous) moduli
decreased over the frequency range. The decrease in both moduli with increasing
strain amplitude suggests a softening behaviour, consistent with shear thinning.
Overall, the mucus showed a frequency-dependent response. At higher strains,
it becomes less elastic and shows reduced viscosity (as inferred from G"(w)/w),
particularly at higher frequencies, reflecting its shear-thinning behaviour.

Viscoelastic Response of Mucus Depicting "Shear-Thinning" Behaviour:

Further calculation of the loss angle §, provides the understanding of the elastic
(storage) and viscous (loss) behaviour of mucus samples extracted from in vitro
tissue models. It shows the lag between the applied stress and the resulting strain.
To summarise, § of 0° represents a purely elastic response, and 6 = 90° indicates a
purely viscous response.

For 1 % strain amplitude, the loss angle fluctuated between 35° and 45° at lower
shear rates, showing the material behaves viscoelastically at small strains. The
6 value showed a noticeable increase with the increase in shear rate from 10 s~}
and reached around 60° at 1 % strain, shifting towards more viscous behaviour.
Comparing 10 and 1 % strain amplitude, the loss angle remained generally lower
for 10 % strain, between 20° and 35°, up to a shear rate of 10 s~!. Beyond this, it §
begins to rise to 70° at high shear rates, but this increase is less noticeable than at
1 % strain. At low strain, mucus was highly viscoelastic and behaved like a more
viscous fluid at higher shear rates. Whereas at high strain, mucus tries to retain its
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elasticity, even at increased shear rates. In conclusion, it can be said that higher
strain amplitudes result in more elastic behaviour, likely due to structural alignment
or strain-hardening effects that stabilise the material.

From the same frequency sweep data, dynamic viscosity (loss) was calculated for
different strain amplitudes. This helps to gain insight into flow behaviour as well as
how mucus tries to resist deformation under shear stress at different frequencies. By
analysing such a viscosity trend change with frequency, it is possible to understand
how mucus behaves more like a solid or a liquid under different conditions. This
can also be correlated to the behaviour of mucus under different physiological or
mechanical conditions, such as in the respiratory or digestive systems, where it
needs to be both elastic (to trap particles) and viscous (to flow smoothly).

In general, dynamic viscosity showed a decreasing trend with increasing shear rate,
analogous to a shear-thinning behaviour. This trend is observed across all strain
amplitudes (1, 2, 5, and 10 %), with viscosity decreasing in a power-law manner as
the shear rate increased. Interestingly, at a shear rate of 100 s~!, measured dynamic
viscosity for each % strain amplitude closed in. Hence, at high shear rates, the strain
amplitude may have very little effect on the viscosity. This is typical for materials
with both elastic and viscous characteristics, where higher shear rates disrupt the
material’s internal structure, leading to similar flow behaviour regardless of strain
amplitude. Mucus, as a non-newtonian fluid, did show shear-thinning behaviour
that may be caused by the alignment of structural components or breakdown of
interactions under shear.

In conclusion, at low shear rates, mucus showed more solid-like behaviour with high
viscosity but a moderate viscoelastic balance, especially at low strain. A decrease
in the shear viscosity at high shear rates shows that mucus tries to transition to a
more flowable state. The loss angle increases at 1 % strain, showing more viscous
behaviour, while at 10 % strain, the loss angle remains lower, indicating that the
material retains more elasticity. Higher strain amplitudes (10 %) result in lower
0, suggesting a more elastic and less dissipative response, likely due to structural
rearrangements or increased interparticle interactions. These findings highlight
how the mucus responds to varying shear and strain conditions, exhibiting shear-
thinning behaviour and a shift from elastic to viscous behaviour with increasing
shear rate.



Conclusion

Generating 3D in vitro tissue models of human airway and especially deep lung
tissue equivalents is crucial to studying aerosol generation as a pre-requisite for
virus encapsulation. The region-specific and functional tissue constructs need to
mimic the inherent heterogeneity and mechanical properties of the respiratory
tract. The lung’s complex structure and mix of cells make it challenging to create
models that accurately represent different parts of the airways and their ability to
regenerate.

In airway models, the heterogeneous and regenerative nature of the human airway
system complicates stem cell source identification, necessitating critical improve-
ments in source identification and stem cell expansion to reduce variability in in
vitro outcomes [127-129]. 3D co-culture tissue models using niches selected based
on essential properties of the airway region can help replicate cell-cell and cell-ECM
interactions [130]. A critical compromise should be attained in the fabrication of
region-specific niches and cellular components when developing airway models.

The use of adult stem cells in generating 3D lung organoids marks a significant
advancement in Tissue Engineering, especially for modelling respiratory diseases
like COVID-19. Organoids do provide reproducible results concerning disease re-
sponse compared to preclinical animal models. However critical reviews of such
adult stem cell-derived models have found them to often rely on undefined media
compositions and lack non-epithelial components like immune and endothelial
cells, which are essential for comprehensive disease modelling and therapeutic
testing [131].

A universal 3D in vitro model cannot meet all the diverse requirements needed to
replicate the entire human lung airway system. Therefore, distinct tissue models are
essential for different regions of the human airway, specifically the upper airway,
lower airway, and deep lung alveoli.
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A key outcome of this work is the successful application of optimised co-culture
strategies using electrospun polymeric membranes, designed to closely approximate
the native extracellular matrix (ECM) and promote functional cellular organisation.

Key characteristics required for biomimetic and region-specific ECM modelling were
considered, including thinness and the ability to form functional mucus. Nearly
all models from the upper airway to deep lung alveoli demonstrated functional
mucus/surfactant production, with observed thickening of the mucus layer after
four weeks of culture. In addition to the available scaffold options like biologi-
cally derived SIS-Muc and commercially available PET, this study introduced novel
electrospun membrane variants. For the first time, flexible porous membranes
using PTMC and PCL polymer mixtures, namely PCL:PTMC 70:30 and 50:50 and
PA, fabricated via electrospinning technology, were employed to create co-cultures
of primary human endothelial cells with human airway alveolar epithelial cells.
Both PCL:PTMC mixtures-based membrane models as well as PA showed promising
results, displaying important characteristics such as CD31-positive endothelial cells
aligning with E-cadherin-positive epithelial cells.

This work also highlights the importance of fibroblast inclusion in co-culture, as
native lung-derived fibroblasts contribute to mechanical alignment and structural
organisation within the tissue models. By enabling the formation of layered cell
arrangements and ECM remodelling, fibroblasts enhance tissue maturation, bring-
ing these models closer to mimicking the architecture and function of native lung
tissues.

Additionally, the influence of optimised cell seeding sequences on apparent per-
meability demonstrated how cellular arrangement affects barrier function, with
the huAEC first sequence promoting better early barrier formation across several
membrane types. These insights emphasise that tailored scaffold properties and
seeding configurations are critical for creating stable, functional barriers that can
replicate alveolar behaviour.
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6.1 Suitability for in vitro Alveolar Tissue Models Based on
Mechanical Properties and Apparent Permeability

Evaluating both mechanical properties and apparent permeability (Papp) trends for
each membrane variant provides insights into their suitability for in vitro alveolar
tissue models. Considering each membrane’s ability to support stable tissue forma-
tion and effective barrier function based on Young’s modulus, tensile strength, and
permeability changes over time with specific cell seeding sequences, we arrived at
the following conclusions.

Various studies have suggested that commercially available PET membranes, with
their notably high modulus of elasticity (2-4 GPa), provide strong structural support
but limited flexibility. However, this could limit their application in dynamic tissue
models like alveolar tissue. We replicated our models with the co-culture of hEC-
huAEC with LbFb under the same conditions with optimised coating solutions and
medium mixtures on PET membrane. The initial Papp for sequence B was found
to be significantly lower to 2.55 x 10~%cm/s compared to sequence A, reflecting
stronger early barrier formation. In our conclusion, we believe that PET’s high
structural rigidity effectively supports impermeable barriers, but its low flexibility
may restrict its applicability in models requiring dynamic motion. PET’s high barrier
function and resistance make it a strong candidate for applications emphasising
barrier stability over mechanical flexibility [122].

PA Membrane: The PA membrane showed an average Young’s modulus of 0.5880
MPa and tensile strength of 3.2075 MPa. In our analysis with both cell seeding
sequences of co-culture of hECs and huAECS, the membrane offered a stable and
robust structure and improved handling. Additionally, it supported the migration of
hECS in the case of sequence B of cell seeding. The initial Papp values were lower in
cell seeding sequence B, where huAECs were seeded first on the apical side, followed
by endothelial cells hECs on the basal side. This configuration facilitated early tight
junction formation, as reflected by the low Papp at Day 7 (5.56 x 10~°cm/s) and
further reductions over time. By Day 10, sequence A achieves a stable and even lower
Papp (2.88 x 10 °cm/s), indicating that PA’s hydrophilic surface promotes consistent
cell adhesion and barrier formation as cells mature. These stable permeability trends
and PA’s supportive mechanical profile make it suitable for applications requiring
robust, long-term barrier integrity in alveolar models [121].

PCL:PTMC 50:50 membrane samples measured an average Young’s modulus of
0.1745 MPa and tensile strength of 0.3225 MPa. This suggests that the membrane
offers greater flexibility, which is advantageous for modelling alveolar tissue me-
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chanics where dynamic expansion and contraction are vital. With the sequence A
cell seeding approach, Papp trends show a marked reduction from 7.41 x 10™°cm/ s
Day 7 to 4.28 x 10"°cm/s by day 10, indicating robust barrier formation likely fa-
cilitated by PCL and PTMC'’s cell-supportive properties. By Day 28, Papp further
reduced to 2.01 x 10~°cm/s, confirming that the membrane can sustain a stable
barrier over time as tight junctions develop. For long-term, flexible alveolar models,
scaffolds need similar attributes with flexibility as well as necessary tensile strength
as provided by this membrane variant.[29, 109].

PCL:PTMC 70:30 membrane variant showed a lower Young’s modulus (0.0910 MPa)
and tensile strength (0.183 MPa), providing high elasticity but potentially reduced
durability under stress. Noticeable differences were observed in samples of this
membrane variant, with pronounced hollow areas in later sections of the membrane
contributing to variability in the measured values for tensile strength and Young’s
modulus. Hence further modifications are necessary in the production process
and post-processing steps for this particular mixture with a high proportion of PCL
electrospun membrane. The reliability of the mechanical property measurements
for this membrane variant remains inconclusive. Furthermore, the initial Papp in
sequence B was lower (6.10 x 10~°cm/s) than in sequence A. This may indicate that
seeding huAECs first supports early tight junction formation. However, after Day
14, high variations were also seen with sequence A models. This may indicate that
the 70:30 blend may struggle to maintain a stable barrier over prolonged culture
periods. The higher elasticity and fluctuating permeability may limit its suitability
for applications requiring long-term barrier stability, though it could work well in
short-term, elasticity-prioritised models [29].

In conclusion, PET, with its rigidity and high Young’s modulus, does provide a high
barrier function. Hence, it could work best for barrier-centric, static tissue models.
However, the same qualities limit its suitability for use in demanding human alveolar
tissue models requiring intentional flexibility for ECM along with the required tensile
strength and thinness. Hence, it may also not be suitable while transferring the
in vitro tissue to dynamic bioreactor systems with the provision of mechanical
stimulation such as breathing mechanics.

The PCL:PTMC mixture membranes, specifically the 50:50 membrane with cell seed-
ing sequence A, emerge as the most balanced choice for alveolar models requiring
sustained flexibility and barrier integrity. Although PCL:PTMC 70:30 does provide
similar advantages as the 50:50 variant but possesses the limitation of reduced
durability on account of increased PCL content. Further optimisation in relation
to the electrospun strategy is required to manipulate the mechanical performance
of the 70:30 variant. Finally, the last electrospun membrane tested, PA, did provide
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stable permeability in the overall co-culture setup, and its high tensile strength suits
applications needing robust, long-term barriers, while the 70:30 blend may be more
suitable for short-term, elasticity-focused models.
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6.2 Challenges to mucus physical characterization methods

Characterising mucus is challenging. One difficulty is quantifying and identifying
important mucin proteins like Muc5AC and Muc5B. Standard SDS-PAGE methods
had trouble migrating these mucins, even after adding ACC treatment. In western
blot staining for Muc5AC, incomplete migration and protein buildup at the gel entry
were observed. Hence there is the need for optimised methodologies capable of
accommodating the distinct biochemical properties of mucins.

Also, the characterisation of mucus surface tension in airway models requires a
controlled and repetitive measurement approach. The influence of environmental
conditions, particularly given the variability caused by sample drying and prepa-
ration methods, are possible limitations. This work also provides a reliable ST
measurement methodology that is applicable for in vitro airway models, which is
essential for the development of therapeutic interventions targeting mucus-related
respiratory conditions.

Our rheological analysis of mucus using amplitude and frequency sweeps for a range
of strain amplitude as well as a range of frequencies, in contrast to other studies,
did provide a deeper understanding of the mucus’s behaviour. In our experiments,
the mucus sample showed a frequency-dependent viscoelastic response, moving
from elastic to viscous behaviour as strain and frequency increased. At low strain
amplitudes, mucus behaved more elastically, with higher storage modulus (G’) and
lower loss modulus (G”), suggesting that it behaves more like a solid. As strain
amplitude increased, both G’ and G” decreased, showing the mucus becoming more
viscous and less elastic. This trend is noticeable at higher frequencies, where mucus
shows a shift towards more viscous behaviour, with energy dissipation increasing as
strain amplitude and frequency rise.

Loss angle 6 calculations showed that at low strains (1 %), mucus was able to main-
tain a more balanced viscoelastic character. At higher strains (10 %), it became
more elastic, even at increased shear rates. This can be because of structural rear-
rangements of the heavy mucins or strain-hardening effects stabilizing the mucus
at higher strains.

In terms of shear viscosity, the mucus displays typical shear-thinning behaviour,
where viscosity decreases with increasing shear rate. This behaviour is observed
across different strain amplitudes and indicates that the material becomes more
flowable and less resistant to shear stress at higher frequencies and shear rates. The
curves generated for shear viscosities also depicted a diminishing effect of strain
amplitude on viscosity under rapid shear conditions. This combination of properties
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makes mucus an adaptable material, capable of both trapping particles and flowing
smoothly under varying physiological conditions. Understanding these behaviours
is crucial for applications that involve mucus, as it helps predict its performance in
biological and mechanical systems where it must respond to changing forces and
flow dynamics.



Future work

Building on the advancements made in developing 3D in vitro lung models, future
work should focus on the following points:

1. Exploration of alternative fabrication methods (e.g., bioprinting, for increased
control over ECM-like structures

2. Adjustment of polymer ratios (e.g., varying PCL ratios) to tailor degradation
rates, considering how increased PTMC content could affect mechanical sta-
bility.

3. Investigation of fibre orientation and porosity, particularly the effects of PCL
fibre alignment on cell behaviour and scaffold properties, with randomised
fibres potentially offering better ECM mimicry.

4. Development of 3D curved structures to replicate the morphology of alveolar
sacs, which could be incorporated into dynamic models to simulate airflow.

5. Incorporation of breathing mechanics in a bioreactor setup to simulate respi-
ratory motion, affecting cell interaction, ECM behaviour, and integration of
immune cells (e.g., THP-1-derived macrophages).

6. Real-time, label-free imaging (e.g., multi-photon microscopy) to monitor cell
behaviour and tissue development within the bioreactor.

7. Application to disease modelling and drug testing, using enhanced, region-
specific lung models for applications like COVID-19, COPD, and asthma re-
search.

Electrospinning provided a practical and bioactive method for making scaffolds in
this study. However, newer technologies like bioprinting offer more control over
scaffold design. These newer methods could improve our ability to mimic complex
ECM structures. But bioprinting may also increase fabrication time and cost. Future
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research should look into using these new technologies, possibly together, to create
better membranes that more closely match the features of native lung tissue. These
membranes should mimic the structure, thickness, and pathways for cell migra-
tion. This could help overcome current challenges like inconsistent pore sizes and
structural differences.

Another avenue for future exploration is optimising polymer blending ratios to tune
scaffold degradation rates for specific experimental time frames. Adjusting PCL
and PTMC ratios, for example, could tailor the scaffold’s mechanical properties and
lifespan to match the requirements of short- or long-term studies. Higher PTMC
ratios, while potentially improving degradation rates, may compromise mechanical
integrity; thus, they need additional investigation to carefully balance polymer
content to maintain membrane durability without compromising model stability
during cell culture. Such refinements could create scaffolds that align with diverse
study needs, from rapid testing to extended in vitro experiments.

The effects of fibre alignment on scaffold performance cannot be neglected, par-
ticularly with high PCL content. Highly aligned fibres can influence cellular ori-
entation and mechanical anisotropy, potentially affecting both cell behaviour and
barrier properties in tissue models. Randomised fibre arrangements, as in our
membrane variants, may prove to be more advantageous for simulating the natural,
non-directional structure of lung ECM, while controlled pore size and fibre distribu-
tion might better facilitate cell adhesion, nutrient diffusion, and waste removal.

The current scaffold models are layered, which provides large areas for interaction.
However, they do not have the 3D curvature and depth found in alveolar sacs. In the
future, making scaffolds with curved or dome shapes could make them more like
alveolar structures. This would increase the accuracy of lung models. Adding these
3D shapes to bioreactor systems could allow studies on airflow and mechanical
stretching. These factors are important for mimicking the breathing process. Future
studies should incorporate these 3D models into bioreactor systems that support
airflow dynamics and simulate lung tissue stretching. This could help recreate the
air-blood interface, improving cell-to-cell and cell-to-ECM interactions. Testing
these models with controlled airflow and humidity could give valuable informa-
tion about how respiratory movement affects barrier function, cell differentiation,
and immune cell behaviour. For example, adding THP-1-derived macrophages to
the bioreactor medium would allow immune response studies in more realistic
conditions.

Another promising area for research is the use of label-free imaging techniques, like
multi-photon microscopy. This technique lets researchers observe tissue develop-
ment without needing to apply labels. It can track how cells behave and how the
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ECM forms over time. Future studies using label-free, real-time imaging in conjunc-
tion with bioreactor systems would allow continuous tracking of tissue growth, cell
arrangement, and their response to mechanical changes. This noninvasive imag-
ing would also simplify monitoring tissue development and allow for adjustments
during experiments.

Advanced models hold significant potential for understanding respiratory condi-
tions like COVID-19, COPD, and asthma. The next crucial step for improvising these
model constructs can be focused on including immune cells and blood vessels. This
will make them more suitable for drug testing and treatment development.



Supplementary figures

Supplementary Figure 1:

PA based co-culture models (Day 10)
IHC

3] Seq.B  Negative Control IgG Mouse
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100 pm

Supplementary Figure 7.1: PA based 3D in vitro co-culture models of hEC-huAEC-LbFb,
showing negative control staining for IHC and IF done against CD31 endothelial marker.
Negative control staining was performed using primary antibody specific host serum, here
IgG mouse in the same concentration of primary antibody CD31. No positive signals were

present in case of both THC (brown) and IF (green fluorescence conjugated) stainings as
seen in figure A and B respc..
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Supplementary Figure 2:

Week 3 Week 4

Average 1 STDev 1 Average 1 STDev 1 Average 1 STDev 1 Average 1 STDev 1

Supplementary Figure 7.2: Data selection and analysis after multiple ST measurements
for mucus samples from in vitro tissue models at weeks 1, 2, 3 and 4. Table highlights the
selected data values measured for Surface tension. Only the values corresponding to the
repetitive cycles measurements are selected as depicted in fig. 3.18 (A)
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Hm Micrometer

2D Two Dimensional

3D Three Dimensional

ALI Air Liftt Culture

APS Ammonium Persulfate

BM Basement Membrane

cm/s Centimeter Per Seconds

0 Loss angle / phase shift
DAB 3,3’ - Diaminobenzidin
DAPI 4’ ,6- Diamidin - 2 - Phenlindol

DMEM Dulbecco’S Modified Eagle Medium
DMSO Dimethyl Sulfoxide

ECM Extracellularmatrix

EZM Extrazelluldre Matrix
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FITC Fluorescein Isothiocyanate

FITC Fluoresceinisothiocyanat

FN Fibronectin

Gpa Gigapascals

G’ Elastic Modulus

G” Loss Modulus

G* (w) Complex Modulus

Yo Strain amplitudes

h Hours

hEC Human Primary Endothelial Cells
HFP (1,1,1,3,3,3-Hexafluor-2-Propanol)
HPSCs Hematopoetic Stem Cells

HRP Horseradish Peroxidase

huAEC Human Airway Epithelial Cells

IF Immunofluorescence

IHC Immune-Histo-Chemistry
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iPSCs Induced Pluripotent Stem Cells

kPa Kilopascals

LbFb Primary Lung Biopsy Derived Human Fibroblasts
MEM Modifies Eagle’S Medium

Mpa Megapascals

NaPyr Sodium Pyruvate

nm Nanometer

n Dynamic viscosity

n* () Complex Viscosity

PA Polyamide

Papp Apparent Permeability

PCL Poly-(e-Caprolactone)

PET Poly-Ethylene-Teraphthalate

pFb Primary Human Dermal Fibroblasts

PS Pencillin-Streptomycin

PTMC Poly(Trimethylene Carbonate

RPMI Rosswell Park Memorial Institute

RT Room Temperature

SDS Sodium Dodecyl Sulfate

SIS-Muc  Small Intestinal Submucosa With Mucosa
ST Surface Tension

TBS Tris-Buffered Saline

TBST Tris-Buffered Saline With Tween20
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VEGF165 Vascular Endothelial Growth Factor-165

70-1

Zona-Occludins-1
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