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Summary

l. Summary

Human pulmonary mucus represents a tenacious barrier for pulmonary drug
administration. The design of an efficient inhalation therapy demands a detailed
understanding of the mucus layer and well characterized mucus models for the
investigation of the behavior of therapeutics in mucus. The developed strategies used to
circumvent the mucus barrier should be evaluated in terms of efficacy and safety.

The application of various microscopy techniques provided new insights revealing a
non-porous, heterogenous and composite structure of mucus. Calu-3 in vitro mucus was
characterized regarding mucins as macromolecules, small metabolites, biophysical
properties and compared to human pulmonary ex vivo mucus providing valuable input in
terms of the interpretation of data obtained using these models. Calu-3 in vitro mucus was
employed for the investigation of the impact of mucus modulation, as a mucus penetration
enhancing strategy on the protective function of mucus. Cytotoxicity assessment of the
impact of probing model particles revealed that modulation led to a reduced protective
function of mucus emphasizing the importance of safety assessment of therapy protocols

involving mucus modulation.



Kurzzusammenfassung

Il. Kurzzusammenfassung

Der menschliche pulmonale Mukus stellt eine Barriere fir die Verabreichung von
Medikamenten in die Lunge dar. Die Entwicklung einer effizienten Inhalationstherapie
erfordert ein detailliertes Verstandnis der Mukusschicht und gut charakterisierte
Mukusmodelle zur Untersuchung des Verhaltens von Therapeutika im Mukus. Die
entwickelten Strategien zur Umgehung der Mukusbarriere sollten im Hinblick auf ihre
Wirksamkeit und Sicherheit bewertet werden.

Die Mukus-Struktur wurde mittels verschiedener Mikroskopietechniken untersucht. Die
Ergebnisse zeigten eine nicht pordse, heterogene Komposit-Struktur des Mukus. Calu-3
in vitro Mukus wurde in Bezug auf Muzine als Makromolekile, kleine Metabolite und
biophysikalische Eigenschaften charakterisiert und mit menschlichem pulmonalem ex vivo
Mukus verglichen. Diese Untersuchung lieferte wertvolle Erkenntnisse fir die
Interpretation der mit diesen Modellen gewonnenen Daten. Calu-3 in vitro Mukus wurde
verwendet, um den Einfluss der Mukusmodulation als Strategie zur Verbesserung der
Mukuspenetration auf die Schutzfunktion des Mukus zu untersuchen. Die
Zytotoxizitatsanalyse der Auswirkung von Modellpartikeln ergab, dass die Modulation zu
einer verringerten Schutzfunktion des Mukus fiihrte. Diese Ergebnisse betonen die
Bedeutung von Sicherheitsuntersuchungen bei der Entwicklung der Therapieprotokolle, die

eine Modulation des Mukus umfassen.
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Introduction

1. Introduction

This chapter has already been published in German in the following article:

E. Meziu.; A. Kraegeloh.; M. Schneider; Mukus und Mukusmodelle: eine Ubersicht.

Pharmakon, Volume 10, Number 1, January 2022, pp. 53-58(6)

1.1. Physicochemical properties of pulmonary mucus barrier

Mucus consists of water (95% w/w), mucin glycoproteins (2-5% w/v), non-mucin proteins,
lipids, DNA, cells, and cellular debris [1,2]. The primary structural constituent of mucus are
mucins (0.5-20 MDa), that consist of a protein backbone with proline, threonine and serine
(PTS) repeated domains and oligosaccharide side chains [3]. Mucin glycoprotein terminals
have non-glycosylated cysteine rich domains, which have a key role in mucin
polymerization, and give mucus its viscoelastic traits (Figure 1.1) [4]. Among 21 human
airway mucins, MUC5B and MUCS5AC are the major gel-forming mucins [5].

Mucins interact physically and chemically with each other and other mucus constituents to
create a three-dimensional polymer entanglement with microscopic domains filled with
low viscosity fluid [6]. It has been assumed that these low viscosity domains might serve as
a transport pathway for molecules and particles [7-9]. Therefore, their characterization
regarding frequency and size scale has extensively been performed. At this point scanning
electron microscopy and tracking of the movement of tracer particles by video microscopy
are the primarily utilized techniques [8,10-12]. Electron microscopy studies (that involve
sample preparation steps like freezing and dehydration) have shown a porous architecture
of mucus. However, in its hydrated state (analyzed by super-resolution stimulated emission
depletion microscopy), mucus rather showed a compact structure characterized by voids
filled with other mucus constituents, as well as few of non-labeled voids [13]. At the
macroscale level (macrorheology), mucus shows a non-Newtonian (shear thinning
viscosity) behavior, while at the nanoscale level considering the abovementioned low

viscosity domains (microrheology) it can behave as a low viscosity fluid [10,14]. Mucins



Introduction

confer mucus its flow (viscosity, measured by loss modulus G”) and deformation (elasticity,
measured by storage modulus G) properties. At physiologically relevant shear/stress
levels, mucus shows an elastic dominant behavior G™> G” (~ 2000 times more viscous than
water) [6,15].

Given its high interaction potential (interaction barrier), unique architecture, viscoelastic
properties (size exclusion barrier), and dynamic nature (mucociliary clearance) mucus
hydrogel plays an important barrier role by restricting molecule diffusion and providing

strong interaction with inhaled objects [16,17].

O AT .

MUCSAC
- 0 e . -
MUC5B
D domain PTS domain B domain
MUC 11p-15-type domain Unique sequence C domain
- Cys-rich domain Tandem repeat CK domain

Figure 1.1: lllustration of the mucin MUC5AC and mucin MUC5B glycoproteins. PTS
indicates proline/threonine/serine. The figure has been reproduced with permission from

[18].
1.2. Altered physicochemical characteristics of mucus in diseases

Physicochemical properties of mucus are altered in mucin-associated diseases. For
example, in cystic fibrosis (CF), defected cystic fibrosis transmembrane conductance
regulator (CFTR) causes an impaired secretion of chloride ions and consequently the

hyperabsorption of sodium ions. Dysregulated salt transport leads to hyperabsorption of
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water, dehydration of mucus layer, and an increase of mucus viscosity (Figure 1.2).

2 60 pm/s Opm/s

ASL 4 layer

S S <
v |

Figure 1.2: Illustration of salt and water transport and structure of air surface liquid (ASL)
in A) healthy and B) cystic fibrosis airway epithelium. In healthy epithelium CFTR (red circle)
ensures the adequate hydration of ASL. The ASL is made up of the mucus layer and the
so-called periciliary layer. In cystic fibrosis disease, water homeostasis is disturbed because
the defective CFTR no longer adequately transports the Cl-ions. This results in an increased
Na* uptake by ENaC (green circle). The dehydrated ASL, with a lower total volume than in
the healthy state, leads to an impaired and reduced mucociliary clearance, which is

reflected in the decreased clearance rates. The figure has been adapted from [19].

All these cause a thick and tenacious CF mucus, that impairs mucociliary clearance and
leads to chronic bacterial infections. In contrast to healthy mucus (predominated by
gel-forming mucins), in CF sputum, bacterial infections cause an inflammatory cell necrosis

related predominance of the polymeric DNA and F-actin (Figure 1.3) [9,20,21].



Introduction

Mucin Mucin, DNA

A Normal mucus B CF sputum

Figure 1.3: Confocal laser scanning (CLSM) images of normal mucus (A), and cystic fibrosis
sputum (B). Mucin was stained with UEA lectin conjugated Texas red phalloidin (red) and
DNA was stained with YOYO-I (green). In normal mucus linear mucin polymers are seen,
while CF sputum reveals less mucin polymers and long linear bundles of DNA. The size of

the figures is 200 x 200 um. The figure has been adapted with permission from [22].
1.3. Mucus models to evaluate the efficacy and safety of nanotherapeutics

Healthy and diseased mucus represent a challenging hurdle for transmucosal drug carriers.
Thus, the investigation of the role of mucus on drug carrier diffusion through mucus is
crucial for a successful drug delivery development. Therefore, various in vitro, ex vivo, and
in vivo models have been developed. The ultimate aim of all these models is to recapitulate
human mucus [23].

Isolated ex vivo mucus can be collected by tissues of various sites and origins (gastric pig
mucus [24], human cervical mucus [25], human and horse tracheal mucus [26,27]) by using
different protocols. For example, human tracheal mucus is collected by using endotracheal
tube (ETT) method [12,13,28,29]. The distal part of the endotracheal tubes of patients
undergoing surgery (general anesthesia) are cut and centrifuged to obtain small amounts
of tracheal mucus [29]. In contrast to highly complex in vivo systems, where it is difficult to

distinguish between the impact of mucus and other constituents of the system, isolated
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tracheal mucus allows for a more precise evaluation of the exclusive role of mucus on drug
delivery. Limited accessibility, and inter-individual variability are some of the drawbacks of
this model [30]. A recent study has reported that due to dehydration occurring during
intubation, ETT mucus is a model more relevant for muco-obstructive lung diseases rather
than for healthy mucus [26]. Due to its high microbial susceptibility, another concern
regarding this model is the impact of storage conditions (typically -20 °C or -80 °C) on the
physicochemical properties of mucus [28,31]. The data regarding this point are
controversial. For example, while Duncan et al., (2016) showed a significant increase of
nanoparticle diffusion in previously frozen samples [7], other studies have reported that
freezing does not have an influence on the viscoelastic properties of mucus as well as drug
diffusion [32,33].

Induced normal sputum is another isolated mucus model. For collecting these samples
volunteers are exposed to hypertonic saline solution (3%, 4%, 5% until able to produce
sputum) [34]. An advantage of this model is that samples are not prone to dehydration
during collection. However, due to its complicated collection procedures, these samples
are not easily accessible and need trained personnel and medical supervision.

Purified mucins derived from porcine stomach or bovine submaxillary gland are
reconstituted to prepare artificial mucus surrogates [24,30,35]. Such mucins are typically
reconstituted in mediums, which mimic mucus regarding biochemical composition [35].
Contrary to the complex undefined and highly variable composition of in vivo models or
human originated mucus samples, simple reconstituted purified mucin solutions allow a
clearer evaluation of the mucin nanoparticle interactions. However, the pitfall of this
models is that these mucins do not form disulfide bonds creating the typical mucus
structure with elastic dominant properties. These models lead to an overestimation of the
efficacy of drug carriers for mucus penetration [36]. The addition of cross-linking agents
has been used as a strategy to overcome this limitation [35,37,38]. Frisch et al., (2021) has
recently reported the suitability of such a mucus surrogate for the investigation of
antibiotic permeation and efficacy [39].

For an improved physiological relevance, systems like mucus producing cell culture models
have also been established. It has been reported that the rheological properties of mucus
differ with the proximity to the epithelium, varying from an elastic behavior near to the cell

layer to a more viscous behavior at the distant mucus layers [40]. Given this, mucus
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incorporating cell culture models represent a physiologically more relevant model as
compared to isolated mucus models that consider mucus as an isotropic system [23]. In
addition, cell culture models allow the evaluation of the impact of drugs and drug carriers
on the monolayer integrity as well as mucus secretion [23]. The limitation of these models
is the challenge to discriminate between the impact of mucus and other constituents of the
system. Although this can be overcome by culturing the cells in different conditions that
allow or not mucus secretion [30].

Various primary and immortalized cell types have been employed to investigate mucus
nanoparticle interactions. Primary human bronchial epithelium (HBE) cells secrete mucus,
possess cilia, and display ciliary motion, which makes this cell source a preferred model for
human native mucosa [41]. An advantage of this model is that as they are harvested from
humans and the disease phenotype can be incorporated by patient selection [42]. The
limited accessibility, high interindividual variability, low reproducibility, and relatively
higher costs of culturing are some of the difficulties of dealing with this model [30].

The Calu-3 cell line is a mixture of secretory and ciliated cells originating from submucosal
adenocarcinoma [43]. Calu-3 cells show different properties dependent on whether they

are cultured submersed in fluid or at an air-liquid interface (Figure 1.4).

B S e S T S e e
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Figure 1.4: Cells cultured at the liquid-covered culture (LCC) (A) and cells cultured at the

air-interfaced culture (AIC) (B). The figure has been adapted from [44].

Cultured at AIC conditions Calu-3 cells mimic at a large extent the native human mucosa.
They form a tight monolayer, express tight junctions like occludin, E-cadherin, ZO-1 and
secrete a confluent mucus layer, containing major gel-forming mucins like MUC5AC and

MUCSB. Furthermore, Calu-3 cells express CFTR [45,46]. The above-mentioned properties
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make Calu-3 cell line a quite relevant model for human pulmonary mucosa. The long
culturing time required for a confluent mucus layer is a limitation of this model. 16HBE140
is another cell line model that differentiates to form a tight monolayer at air-interface
conditions but does not secrete pulmonary mucins MUC5AC or MUC2 [23,47]. Co-cultures
of Caco-2 cell line with mucus secreting cell line HT29-MTX, represent an in vitro mucus
model for the gastric tract [23,48]. Easier accessibility, better reproducibility, and relative
lower culturing costs are some of the advantages of those mucus producing cell lines [30].
Embryonic chicken trachea is another in vitro model that, allows the investigation of barrier
properties of mucus considering its dynamic properties. This model enables the evaluation
of the efficacy of aerosol medicines involving the dynamic properties of mucus in a system
with functional mucociliary clearance [49].

The use of simpler systems like isolated and in vitro mucus models has largely improved
the fundamental knowledge about the barrier properties of mucus. However, given the
complex mucus composition, site dependent thickness, as well as its dynamic nature, the
investigation of the interactions of drug and drug carriers with the mucus layer lining the
real tissue offers the most realistic endpoint information regarding their diffusion efficiency
[23]. For the studies using this mucus model, typically the drugs and particles are locally or
systemically applied and tissues of interest are extracted [50]. This allows the investigation
of the site-specific mucus penetration. The accessibility of samples of human origin is
limited and often collectable during complicated procedures like surgeries etc. Therefore,
mostly animal (e.g., murine) originating samples are utilized. The high interindividual
variability and subsequent low reproducibility is a drawback of this mucus model [23].
The models that recapitulate healthy mucus allow the understating of the basic principles
of the healthy human mucus. However, for the investigation of mucus alterations in
diseases like CF as well as for the evaluation of the efficacy and safety of aerosol medicines
(e.g., CFTR potentiator, antibiotics, etc.) is essential to use mucus models that mimic the
in vivo pathophysiological conditions. CF sputum is an isolated CF relevant mucus model,
which is collected during spontaneous expectoration of CF patients [34,51,52]. Artificial
sputum medium, which shows a high similarity to CF patient sputum regarding composition
has also been used as a CF model [51,53]. Upon the addition of a crosslinking polymer, the
rheological properties were improved meeting the ones of healthy airway mucus [38]. The

adjustment of the rheological properties of this model to human CF sputum would be of
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interest for a more reliable use of this material as CF mucus model. Another CF relevant
model is CFBE410- cell line, which is homozygous for the AF508-CFTR mutation. However,
a shortfall of this cell line is that it does not produce mucus. Murgia et al., (2017) overcame
this limitation by complementing the cell line with exogenous mucus [54]. Nevertheless,
the application of mucus over the cell line remains a challenging step of this technique, as
it commonly results in a thicker mucus layer than the physiological situation. In addition,
considering complementing of the cell line with CF sputum would further improve this

model.
1.4. Methods to investigate the interaction of mucus with nanotherapeutics

The contact of mucus/ mucins with nanoparticle-based drug delivery systems can cause an
alteration of physicochemical properties of nanoparticles like size and zeta potential. For
example, it was shown that in mucus, positively charged nanoparticles revealed an increase
of the particle size and a decrease of the zeta potential [55]. This was explained by probable
adsorption of negatively charged mucins to nanoparticles. On the other hand, the
retainment of charge and size of drug carriers can be interpreted as absence of mucus
nanoparticle interactions [56].

Drug and particle interactions with mucus can also be investigated by evaluating the
permeation of drugs through mucus. In such analysis drugs applied from a donor
compartment diffuse through mucus lining a semipermeable membrane into an acceptor
compartment. The rate of transport can be evaluated by measuring the amount of drug in
the acceptor compartment. This concept has been utilized for the development of various
systems like Ussing chamber [57-60], Side by Side [61,62], Transwell-based permeation
assay [36,59,63]. The semipermeable membrane used in this system can besides mucus
also play a barrier role leading to an overestimation of the barrier properties of mucus [15].
Furthermore, in such experiments the applied mucus layer is commonly thicker than the
physiological situation, leading to long transport times through mucus and subsequently
long experimental times.

Based on the relation between the diffusion coefficient and depth of diffusion another
technique called silicone tube has been developed. Therefore, mucus is filled in silicone
tubes and material of interest was applied in these tubes. Tubes were horizontally rotated

in an incubator and finally sections of frozen tubes were analyzed regarding nanoparticle
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diffusion [64]. The inclusion of steps like freezing is a drawback of this technique, as this
might compromise the results [7].

Based on fluorescence signals, 3D time lapse is another technique that can be utilized for
the investigation of the diffusion of drugs and drug carriers in mucus [56,65]. Z-stack images
of stained mucus samples are recorded in defined time lapses after the application of
particles. The total fluorescence signal (of diffusing practices) was detected in the
reconstructed images and can be analyzed using image processing software (such as
Image J). Based on this information the diffusion efficiency of drug delivery systems has
been evaluated. This technique is also of interest especially for in vitro models, as it
provides information about the directed transport of particles toward the layer of interest
(epithelium).

Fluorescence recovery after photobleaching has also been employed for the investigation
of the diffusion through mucus [12,66]. In this technique, the fluorescent material of
interest is applied on the mucus sample. At a region of interest, images are carried out to
define the baseline intensity (100%). Subsequently, this region is bleached leading to a
decrease of fluorescent intensity (0%). After bleaching, time series are recorded at the
same region. During this step, the fluorescent intensity increases as fresh fluorescent
molecules enter the region. The fluorescence that increases from 0% to a saturation point
is called fluorescence recovery. The percentage of fluorescence recovery delivers
information about the percentage of mobile particles. In addition, values like diffusion
coefficient can be determined based on the fluorescence recovery curve [15].

Multiple particle tracking is a widely used technique, which is employed for the
investigation of the diffusion of fluorescently labeled particles (Figure 1.5) [6,11,38].
Therefore, microscopy videos are recorded and subsequently analyzed by using self-made
or commercial image analysis algorithms. The X and Y displacement of each particle as a
function of time is tracked and translated into individual particle trajectories. Based on
these trajectories the mean square displacement of each particle and the ensemble mean
square displacement (<MSD>) of multiple particles tracked simultaneously can be obtained
[67]. Using the <MSD>, the diffusion coefficient (D) of particles can be calculated. MPT
analysis can also be used to probe rheological properties and heterogeneity of the medium

of interest.
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Figure 1.5: The particle movement in X-Y plane is recorded via microscopy videos and
reconstructed into individual particle trajectories (A). The displacement of particles can be
expressed as MSD = [(Xat)?> +(Yat)?] (at n = 1-30) (B). The figure has been reprinted with

permission from [67].
1.5. Concluding remarks

Mucus layer challenges the applied drug delivery systems by impending their transport
through mucus to the underlying epithelia. In CF disease conditions, this challenge of
crossing mucus and releasing cargo in the target cells is far more enhanced, due to factors
like increased mucus viscosity, impaired clearance, and microbial colonization. Therefore,
understanding of the principal properties of mucus, its healthy and diseased conditions as
well as a realistic and non-biased evaluation of the interaction of drug carriers with relevant
mucus models is essential for an efficient drug delivery development. Several mucus
models and analytical techniques have been developed for a realistic evaluation of the fate
of drug carriers, once applied on the mucus layer. The selection of the right technique and
mucus model is essential for these studies. The ideal mucus model and analytical technique
should resemble the human physiology, disease state, and drug application to the greatest
extent possible. However, also other parameters like reproductivity, ease of use, as well as
costs need to be considered. In this context, it should be found a compromise between
advantages and disadvantages of models and techniques of interest, or it should be
considered the option of extending the knowledge regarding drug carrier efficacy by

employing various mucus models and techniques.
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2.

Aim of this work

Human pulmonary mucus efficiently protects the underlying airway epithelium from

pathogens and xenobiotics. However, it also challenges the transport of beneficial

therapeutics. Understanding of the mucus layer and the availability of well characterized

mucus models are essential for the development and assessment of trojan horse drug

delivery systems able to overcome the mucus barrier.

The overall aim of this work was to improve the understanding of pulmonary mucus as a

barrier for drug delivery. Therefore, the following objectives are stated:

To elucidate the structure of human pulmonary mucus in its native hydrated state
by employing various microscopy techniques (Chapter 3). The structure of mucus
has been primarily investigated via conventional electron microscopy. It has been
hypothesized that vacuum operating conditions and sample preparation steps
required for this technique might alternate the structure of mucus. Therefore,
super-resolution microscopy has been employed in order to allow the visualization
of mucus in its hydrated state.

To characterize and evaluate the usefulness of in vitro mucus layer produced from
Calu-3 cells and compare it to human pulmonary mucus (Chapter 4). Therefore,
both mucus models were evaluated in terms of mucins, macrorheology, particle
transport, and metabolomic profile.

To assess the impact of mucus modulation as a mucus overcoming strategy on the
barrier/ protective function of mucus by using Calu-3 in vitro mucus (Chapter 5).
Modulation of mucus allows an enhanced mucus penetration. However, it is not
clear if the modulation of the mucus layer might have an influence on the protective
potential of mucus. Therefore, the cytotoxicity of Calu-3 cells was assessed upon
exposing of the samples to aerosolized N-acetylcysteine (mucus modulator) and

model polystyrene particles.
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3. Visualization of the structure of native human pulmonary mucus

This chapter has already been published in the following research paper:

E. Meziu, M. Koch, J. Fleddermann, K. Schwarzkopf, M. Schneider, A. Kraegeloh.;
Visualization of the structure of native human pulmonary mucus. Int. J. Pharm. 597 (2021)

120238.
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Abstract:

Human respiratory mucus lining the airway epithelium forms a challenging barrier to
inhalation therapeutics. Therefore, structural elucidation of hydrated mucus is essential for
an efficient drug delivery development. The structure of mucus has been primarily
investigated by conventional electron microscopy techniques, which operate under
vacuum conditions and require sample preparation steps that might alter the structure of
mucus. In this study we investigated the impact of dehydration on mucus and analyzed the
structure of mucus in its hydrated state. Cryo-scanning electron microscopy (Cryo-SEM)
analysis of mucus showed, that during the process of sublimation, non-porous structure of
mucus is transformed into a porous network. Similarly, images acquired by environmental
scanning electron microscopy (ESEM), revealed a non-porous structure of hydrated mucus,
while further observation of the structure of mucus at decreasing pressure demonstrated
the strong influence of dehydration on mucus structure. We could successfully visualize the
structural organization of the major gel-forming mucin MUCSB in its hydrated state by
employing stimulated emission depletion (STED) microscopy, which allowed resolving the
nano-scale patterns of mucin macromolecules within the essentially pore-free mucus
structure. The general structural organization of mucus components was addressed by
confocal laser scanning microscopy (CLSM), which revealed the heterogeneous and
composite structure of mucus. These results provide a novel view on the native structure

of mucus and will affect drug delivery development.

3.1. Introduction

Human respiratory mucus is a viscoelastic biological hydrogel lining the conduction zone of
the respiratory tract that hydrates, lubricates, and protects the underlying epithelia
[1,6,16,68]. In the healthy state, mucus consists primarily of water (~95% w/w) and
incorporates several other substances like mucins (~0.2-5.0% w/v), non-mucin proteins,
lipids, DNA, salts, cells, and cell debris [14]. Highly glycosylated mucin glycoproteins
entangle to create the gel structure of mucus, which represents a challenging barrier for
transmucosal drug delivery systems administered via the pulmonary route [14,15,69]. The
mucus layer diminishes the nanoparticle penetration behavior due to its high interaction

potential (interaction filtering) and steric obstruction (size filtering) [16]. Inhaled
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nanoparticles that get entrapped in the pulmonary mucus gel are excreted within few hours
by mucociliary clearance [10,70]. Therefore, the transport of nanoparticles through the
mucus layer within the time frame determined by mucus turnover and mucociliary
clearance is challenging [15].

Strategies for the development of drug delivery systems that overcome the mucus barrier
have been guided by the information about the structure and chemical properties of mucus
[71]. It has been shown that, adjusting the size and surface chemistry of nanoparticles to
the structural and biochemical properties of mucus leads to an improvement of the
nanoparticle transport through mucus [12,72]. In this context understanding of the
architecture of the mucus barrier is essential for the optimization of the delivery
nanoparticles through the mucus barrier and development of efficient pulmonary drug
carrier systems. For example, Schuster et al., (2017) reported a long-distance diffusion of
pegylated nanoparticles over a length of 10 micrometers, which was explained by the
presence of interconnected porous microdomains [73]. This information regarding the
structure of mucus can be used to interpret the efficiency and conclude on required doses
of the applied drug delivery systems.

Tracking of the movement of dispersed nanoparticles in mucus has been employed to
probe the structure of mucus. Particle tracking led to assumptions about the structure of
mucus, which ultimately should be cross checked by visualization techniques. Particle
tracking studies have shown an increase in the nanoparticle mobility with the decrease of
the particle size and have reported a cut-off size of 500 nm for nanoparticle transport
through mucus [12,74]. The structure of respiratory mucus has been also investigated by
scanning electron microscopy (SEM) studies, which have described mucus as a
heterogeneous porous network [11,31,32]. However, it has already been acknowledged,
that imaging of mucus by applying electron microscopy might result in structural alterations
of mucus structure, due to dehydration procedures and vacuum operating conditions
required for this technique [11,12,15,69]. Another study that used electron microscopy to
analyze respiratory mucus described that different dehydration procedures resulted in
different mesh sizes of mucus network, highlighting the impact of dehydration on the
visualized mucus structure [15]. Atomic force [75] and Raman confocal microscopy [31]
analysis have also revealed a porous structure of air-dried and freeze-dried mucus

respectively. Confocal laser scanning microscopy (CLSM) analysis of respiratory mucus from
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healthy patients indicated a filamentous architecture of mucus [76]. Duncan et al., (2016)
have reported a negative fluorescence staining method for mucus visualization by applying
fluorescent dextran to stain the fluid phase of mucus [7]. By using this technique, they
reported the strong patient to patient structural differences of mucus. In addition,
cryo-scanning electron microscopy (cryo-SEM) analysis has been applied for the
visualization of the structure of respiratory mucus. This technique is regarded to allow for
high resolution visualization as well as preservation of the native state of the specimen due
to cryo-fixation (transition of liquid water into amorphous ice, which shows the most
similarity to liquid water) [8,15,70]. However, even this technique might introduce
artefacts, due to inefficient cryo-fixation because of insufficient cooling rates and sample
thickness, which lead to unwanted formation of ice crystals and consequently structural
damage and erroneous images [77]. We hypothesize that the process of sample
preparation as well as dehydration might have altered the structure of mucus, as a result
deviating from its hydrated state. Therefore, in this study we investigated the impact of
plunge freezing and dehydration on mucus structure visualized by microscopy. In a first
step, the structure of mucus was observed in situ during the process of sublimation of ice.
We observed that the porous structure of mucus is created as a function of freezing as well
as sublimation, indicating that the native structure of mucus is altered during sample
preparation and SEM imaging. To extend the picture beyond the state of the art, we aimed
for structural elucidation of mucus in its hydrated state. Hence, the structure of mucus was
investigated by applying environmental scanning electron microscopy (ESEM), as a
technique, which allows the visualization of hydrated specimens. Beside of electron
microscopy, confocal laser scanning and stimulated emission depletion (STED) microscopy,
providing a resolution closing the gap between optical and electron microscopy, have been
employed for visualization of gel-forming MUC5B mucin using immunostaining procedures.
Finally, the structural organization of several mucus constituents in their native state has

been investigated by light microscopy.

3.2. Materials and methods

3.2.1. Mucus sample collection

Samples of human respiratory mucus were collected using the endotracheal tube method
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[29]. The distal part of tracheal tubes of patients, who required intubation for surgery was
cut and placed in a falcon tube. Subsequently these samples were centrifuged at 10.000 g
for 10 min at 4 °C. After centrifugation, mucus was collected in an Eppendorf tube using a
positive displacement pipette. Collected samples were primarily fresh collected and stored
at 4 °C for > 24 h and maximum 1 week until use or stored at -80 °C and thawed overnight
at 4 °C before analysis. An investigation of the impact of freezing on the structure of mucus
showed no strong influence of freezing on our main observations (Supplementary
information, Figure S3.6). The sample containers were sealed to avoid dehydration and
were stored at low temperature to reduce/avoid dehydration and the activity of proteolytic
enzymes potentially changing mucus structure [7]. Mucus samples with visible blood
contamination were discarded. In total 16 mucus samples from independent patients were
used in this study. The mean age of the patients involved in the study was 65.22 + 15.51
years, male: female ratio was 5:3. Patients were non-smokers and had no pulmonary

disease.

3.2.2. Immunostaining

Mucus samples (30 pl) were placed in an Eppendorf tube, fixed for 30 min using 4% (v/v)
paraformaldehyde (Electron microscopy science, UK) and blocked with 5% (w/v) bovine
serum albumin (Carl Roth, Germany) for 30 min. Due to its high affinity for
N-acetyl-B-D-glucosaminyl residues, wheat germ agglutinin was used to stain these
residues within mucins and whole cells. Samples were treated with (10 ug/ml) wheat germ
agglutinin (WGA) Alexa Fluor 488 (Life Technologies, USA) for 30 min at room temperature
(RT). In addition, mucin MUC5B was stained applying (2 pg/ml) mouse anti-MUC5B
antibody as primary antibody (Thermo Fischer Scientific, Germany) for 3 hours at RT and
(2 pg/ml) goat anti-mouse antibody as secondary antibody (Atto 647N) (Sigma-Aldrich,
Germany) for 12 hours at 4 °C. DNA was stained with (2 pg/ml) Hoechst 33342 (Invitrogen,
Life Technologies, USA) for 1 hour at RT. After each staining step, samples were washed
with 30 pl Dulbecco’s phosphate buffered saline, except before Hoechst staining (30 pl
MilliQ water). Finally, samples were embedded in Mowiol/(1,4-Diazabicyclo(2,2,2)octan)
(DABCO) (Sigma-Aldrich, Germany).
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3.2.3. Freeze-drying of mucus

In order to investigate the influence of sample preparation on mucus structure,
freeze-dried mucus was prepared. Native mucus (500 ul) was freeze-dried in an ESEM,
starting at a temperature of 276 K and a pressure of 800 Pa. In order to achieve a controlled
freeze-drying, both temperature and pressure were continuously decreased to 243 K and
100 Pa. The freeze-dried mucus was investigated by CLSM and SEM. Immunostaining of
mucus was performed prior to freeze-drying. SEM imaging of freeze-dried mucus was
performed inside an ESEM operating at low vacuum mode (100 Pa), applying an
accelerating voltage of 10 keV and a Large Field Detector. To evaluate the images, a pore
size analysis was performed by using Image J (National Institute of Health, Version: 1.45a;
http://rsbweb.nih.gov/ij/). The data regarding pore size distribution are revealed in a

histogram with a bin width of 0-2 um.

3.2.4. Cryo-scanning electron microscopy (Cryo-SEM)

Mucus samples were placed on circular 8 mm steel-plates and cryo-fixed in liquid ethane
at -165 °C using a Gatan Cryoplunge-3 to allow for formation of amorphous ice and limit
the formation of crystalline ice. The frozen samples were then transferred under liquid
nitrogen to a pre-cooled brass block, serving as cryo-SEM holder. The temperature of this
passive cooling holder has been described to keep the temperature of the sample
below -120 °C within 60 min [78]. Imaging was performed using a FEI Quanta 400 FEG ESEM
in high-vacuum mode using an Everhart-Thornley detector and acceleration voltages of
3 keV. After transfer of the cryo-SEM sample holder into the SEM chamber, images were

taken while sample temperature was between -196 °C and -120 °C [79].

3.2.5. Environmental scanning electron microscopy (ESEM)

ESEM has been applied in order to investigate the structure of hydrated mucus in a
saturated water vapor containing atmosphere. Mucus samples were placed on an
aluminum holder and transferred onto a Peltier cooling stage at 276 K inside a FEI Quanta
400 FEG ESEM. Initially, water vapor was introduced into the ESEM chamber several times
in order to prevent sample dehydration. Images were taken at a water vapor pressure of
800 Pa and a temperature of 276 K at 10 keV accelerating voltage using a gaseous

secondary analytical detector. According to the pressure-temperature phase diagram of
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water, under these conditions water is in its liquid state close to the phase boundary
between liquid and gaseous water. Thus, these temperature and pressure conditions allow
visualization of mucus in its fully hydrated state [80,81]. Subsequently, mucus samples
were dehydrated by decreasing the water vapor pressure continuously to 100 Pa at 276 K.
Below 750 Pa, water evaporates, therefore, under these conditions, dehydration of the

samples occurs.

3.2.6. Confocal laser scanning microscopy (CLSM)

Mucus samples were analyzed using the TCS-SP5 STED setup (Leica Microsystems,
Germany) equipped with oil immersion objectives 63X/1.4 and 100X/1.4 (HCX PL APO,
Leica, Germany). Alexa 488 labeled WGA and Atto 647N labeled anti-mouse antibody were
excited by using an argon laser (488 nm) and a HeNe laser (633 nm), respectively.
Hoechst 33342 was excited using a pulsed MaiTai Ti:Sa laser (Spectra-Physics, USA) at
750 nm (pulse width <80 fs) for two-photon excitation. The fluorescence signals of
Alexa 488 and Hoechst 33342 were detected using Photo Multiplier Detectors, whereas the
signal of Atto 647N was detected using an Avalanche Photo Diode (APD) module. The
quality of images was improved by adjusting the brightness, sharpness and contrast by

using the image processing software Imagel.

3.2.7. Stimulated emission depletion microscopy (STED)

For STED microscopy Atto 647N was excited using a pulsed diode laser (635 nm)
(PicoQuant, Germany) and depleted using a pulsed Ti:Sa laser (780 nm). The signal of
Atto 647N was detected using an APD (Perkin-Elmer SPCM-AQRH). As an indicator for the
lateral resolution in STED mode, dark red (660/680) 0.04 um carboxylate modified
FluoSpheres™ (Invitrogen, Life Technologies, USA) were imaged. The beads were diluted in
water (0.0005% solids) and dried on glass cover slips prior to embedding in Mowiol/DABCO
and STED imaging. Intensity profiles of the fluorescence signals were measured using 20
signals in order to determine the full width at half maximum of the experimental point
spread function (PSF) in the focal plane. The experimental PSF was determined to be
87 £ 23 nm in STED mode. The resolution of confocal microscopy was reported as 277 nm

[82].
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3.3. Results and discussion

3.3.1. Theimpact of sample preparation on the structure of mucus

Cryo-SEM analysis has been employed for the investigation of respiratory mucus in order
to minimize the structural alteration of the mucus structure [8,15,27]. However, in these
studies the structure of mucus is regarded as preserved after plunge-freezing of the sample,
during further sample processing, and imaging under vacuum conditions. An evaluation of
the quality of cryo-fixation by analysis of mucus after plunge-freezing and subsequent
sublimation of ice is still missing. Therefore, in the present study we performed in situ
sublimation to observe its impact on the visualized mucus structure (Figure 3.1 A-C).

At the beginning of the sublimation process, a non-porous but granular structure of mucus
could be observed (Figure 3.1 A). During the process of sublimation, the structure of mucus
was altered, and walls of the up-coming pores became clearly visible (Figure 3.1 B).
Remarkably, we could observe, that the process of sublimation caused the structural
alteration of compact mucus into a porous scaffold (Figure 3.1 C) similar to previous shown

cryo-SEM data [8].

Decreasing Pressure

Figure 3.1: Pore formation during EM imaging of plunge-frozen mucus. A series of cryo-SEM
images of the same region of plunge-frozen mucus is shown: A) sample imaged 7 min after
the start of vacuum initialization, B) beginning pore formation imaged 7 1/2 min after the
start of vacuum initialization, and C) porous structure of mucus formed as a result of
ongoing sublimation, imaged 10 1/2 min after vacuum initialization. Images are

representative of two independent patients. Mucus was freshly collected and refrigerated.
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During the progression of sublimation, the pores changed in form and size, and the porosity
of mucus increases (Supplementary information, Video S3.1). We assume that the network
structure of mucus is obtained by formation of ice crystals during plunge freezing followed
by the sublimation of ice under high vacuum conditions. The granular structure of the
frozen bulk mucus indicates an insufficient freezing velocity to avoid ice crystal formation.
Different cooling rates within the sample (several mm thick), might be the reason for ice
crystal formation even during plunge-freezing [83]. In comparison, cryo-TEM investigations
of thin mucus samples (several um thick) showed no ice crystal formation using the same
experimental setup for sample preparation (Supplementary information, Figure S3.3). The
phase separation occurring within thick mucus samples then causes formation of a dry
polymer phase after sublimation of the ice, remaining as a porous network. Our
observation regarding the impact of freezing and sublimation on the formation of a porous
network correlates fairly well with findings of lvan'kova et al., (2016) for a single component
system, who also observed the formation of a chitosan sponge during in situ sublimation
of chitosan solution in a cryo-chamber [84].

To follow this process in more detail and avoid ice formation, we analyzed the structure of
mucus by using ESEM, as a technique which allows high resolution visualization of hydrated
samples. The surface of hydrated mucus visualized by ESEM was found to be smooth and

continuous at the applied magnification (Figure 3.2).

Figure 3.2: ESEM image showing the even surface structure of mucus in its hydrated state.
Image is representative of two independent patients. Mucus was freshly collected and

refrigerated.

This ESEM micrograph of hydrated mucus confirms our hypothesis that hydrated mucus is
a biological hydrogel, without pores in the hydrated state. Together, these data indicate

that the porous structure of mucus observed in cryo-SEM is an artefact of the process of
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inefficient cryo-fixation followed by dehydration. This emphasizes the importance of the
application of imaging techniques that are independent from handling of samples in frozen

state or under vacuum.

3.3.2. The structure of mucus revealed by STED microscopy

As described above, the dehydration process was found to alter the structure of mucus.
Thus, we sought to apply fluorescence microscopy to enable the imaging of mucus in its
hydrated state, without vacuum and low temperature requirements. Cryo-SEM data have
reported a network structure of mucus with a pore size varying from 100 nm to several
micrometers [8]. Therefore, in addition to conventional CLSM, STED microscopy as a
sub-diffraction resolution imaging technique (Supplementary information, Figure S3.4) was
chosen to gain insight into the native structure of mucus.

To preserve the structure of mucus and avoid structural alterations that might occur during
subsequent staining steps we fixed the samples with 4% paraformaldehyde (PFA) [85],
which has been described to preserve the structure of mucus. An in situ investigation of
the impact of the fixation procedure on the structure of mucus by using CLSM indicated
that a strong influence of these sample preparation steps can be excluded (Supplementary
information, Figure S3.1). We further observed that dilution (which occurs during the
process of staining) of the fixed samples, showed no strong impact on the structure of
mucus (Supplementary information, Figure S3.2).

CLSM and STED images of mucus (Figure 3.3 A and B) depict the heterogeneous structure
of mucus characterized by large voids (non-labeled areas) of ~ 10-20 um in diameter. As
the samples were stained using only anti-MUC5B antibody, the non-labeled areas might be
filled with non-stained mucus constituents, which are not visible in these images. We
additionally co-stained for MUC5AC and qualitatively observed a partial colocalization of
both mucins (Supplementary Information Figure S3.7). MUC5B primarily secreted from
submucosal glands and MUC5AC secreted from the goblet cells associate with each other
once secreted and move up the airway [86]. Given this it would be expectable that collected
samples, which undergo a mechanical treatment during the process of collection would
show a colocalization of both mucins. Esther et al., (2019) similarly reported that MUC5AC
and MUC5B were found intermixed in cystic fibrosis (CF) and non-CF samples. Therefore,

only MUC5B was used for further visualization.
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The magnified views of the marked regions (Figure 3.3 C-D) reveal a granular and
non-porous structure of mucus. This finding was supported by super-resolution STED
imaging. As can be seen in the enlarged sections, (Figure 3.3 E and F) mucin agglomerates
(patches) could be resolved to reveal separated MUC5B positive spots. As illustrated in
Figure 3.3 G, the spotted structure of mucus might be due to binding of the anti-MUC5B
antibody to the N-termini of MUC5B monomers. Mucin monomers (400-500 nm) possess
cysteine-rich N- and C-termini, which are involved in formation of disulfide bridges and the
polymerization of MUC5B [87]. The anti-MUC5B antibody used for staining binds to the
N-termini of MUC5B creating antigen-antibody complexes. Therefore, dependent on the
distance between several N-termini, either separate N-termini (monomers) or assemblies
of the N-termini (multimers) of the entangled MUCS5B could be responsible for the spotted
pattern of mucus image. As described in Figure 3.3 G, STED imaging reveals substructures
(monomers or multimers) of mucin macromolecules (agglomerates), which could not be
resolved in the CLSM image.

To our knowledge, this is the first time that hydrated human pulmonary mucus was
investigated using super-resolution microscopy revealing substructures of the
macromolecule MUCSB. It is noteworthy, that by using conventional confocal imaging as
well as STED imaging using hydrated mucus samples, a porous structure of hydrated mucus
as seen in cryo-SEM (Figure 3.3 B, D, F) could not be observed. These data are also in
accordance with ESEM images of hydrated mucus. Therefore, it can be concluded that in
order to study the structure of mucus, a biological hydrogel, it is necessary to keep the
samples in a hydrated state. In addition, due to the dimension of the macromolecular

building blocks, super-resolution imaging is essential to study mucus structure in detail.
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Figure 3.3: Hydrated mucus exhibits a mainly compact and granular structure. A) and B) are
overview CLSM and STED images of the same region of mucus, respectively. Closer views
of the marked regions C) and D) show the compact and granular structure of mucus. Further
enlargements show mucin agglomerates E) that are resolved into distinct spots (mucin
multimers) by STED microscopy F). G) is an illustration of mucus STED microscopy, which
allows resolving of MUC5B multimers. This illustration is realized based on a current model
of the polymeric structure of MUC5B [87], possible structure of antigen antibody
complexes and results of CLSM and STED imaging. Antibody complexes (red triangles) bind
to the N-termini (green circles) of entangled MUC5B (polymeric structure of MUCSB is
adopted from Janssen et al., (2016) [87]). We assume that the spotted pattern of mucus
images stands for the N-termini assemblies of MUC5B multimers. Large and small red
circles indicate excitation PSF and effective PSF respectively and illustrate the improved
resolution realized by STED microscopy. Images are representative of four patients. Mucus

was freshly collected and refrigerated.

3.3.3. Freeze-drying induces pore formation in mucus

In contrast to cryo-electron microscopy after sublimation of ice, fluorescence microscopy
revealed a compact structure of hydrated mucus. This was assumed to be due to different
sample preparation methods required for these techniques. To substantiate the
discrepancies between electron and fluorescence microscopy, we compared CLSM images
of native hydrated mucus with CLSM and SEM images of freeze-dried mucus.

The CLSM images of hydrated mucus (Figure 3.4 A and D) reveal a non-porous granular
structure of mucus characterized by some non-labeled areas of 10-20 um in size. In
contrast, CLSM and SEM images of previously freeze-dried mucus show a clearly porous
structure of mucus (Figure 3.4 B, E, and C, F). These data indicate that sample preparation
methods and imaging techniques including freezing and dehydration have a substantial
impact on the structure of mucus. In situ freeze-drying of mucus similarly showed
formation of pores during the process of freeze-drying (Supplementary information,

Video S3.2).
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A

Figure 3.4: The impact of freeze-drying on mucus structure. A) and D) CLSM images of
hydrated mucus. B) and E) CLSM images of freeze-dried mucus. C) and F) SEM images of
freeze-dried mucus. Mucus was stained with primary anti-MUC5B antibody and secondary
anti-mouse Atto 647N antibody. For CLSM imaging of freeze-dried mucus, staining was
performed prior to freeze-drying. The images shown are from freshly collected and
refrigerated mucus. These are representative images of 3 individual patients for native
mucus and 3 individual patients for freeze-dried mucus. For a better comparability,
identical patients have been used for CLSM and ESEM imaging of freeze-dried mucus.
Therefore, in this figure images A, D, are of 1 patient, while images B, E and C, F are of

another patient.

This impact was further confirmed by a quantitative analysis of the number and size of
pores in mucus using SEM micrographs and confocal images (Figure 3.5). Native mucus
evaluated by CLSM exhibited only a small number of pores as indicated by the pore size
distribution histogram. In comparison, CLSM and SEM images of freeze-dried mucus
showed a much higher number of pores. In addition, SEM images of freeze-dried mucus
showed a larger number of pores as compared to CLSM images of freeze-dried mucus. This
might be due to differences in resolution, contrast, and background noise.

For the evaluation of mucus porosity from the micrographs, the pore area fraction

(percentage of the area covered by the pores out of the total analyzed area) was considered
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to correspond to the pore volume fraction (porosity). The porosity of hydrated mucus
imaged by CLSM was smaller (4.0 + 1.6%) than the porosity of freeze-dried mucus imaged
by CLSM and SEM (23.1 + 4.3% and 33.0 + 2.4%) respectively.

The CLSM images of hydrated mucus showed a mean pore size of 2.9 um. The CLSM and
SEM images of freeze-dried mucus revealed a mean pore size of 3.6 um and 0.5 um
respectively. We found larger values of the average mesh spacing with respect to previously
reported electron microscopy data (100 and 200 nm for cervicovaginal mucus [66,88] and
intestinal mucus [89] respectively). A possible explanation for this discrepancy might be the
application of different sample preparation methods. Murgia et al., (2018) reported the
impact of the dehydration method on the mesh spacing of mucus, where freeze-dried
mucus showed a larger mesh size as compared to cryo- and glutaraldehyde fixed mucus
[15]. Hence, the larger mean pore size of mucus in this study might be due to the
application of freeze-drying for sample dehydration. Nevertheless, pore size distribution is
a more adequate parameter rather than the average mesh spacing for evaluation of mucus
structure [15].

These data show that the discrepancies between electron and fluorescence microscopy are
mostly due to sample preparation differences and the porous structure of mucus might be

a result from the preparation process of freezing/ freeze-drying.
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Figure 3.5: Histogram of the pore size distribution in native and freeze-dried mucus. Mucus
samples were analyzed by CLSM and SEM. Histogram is prepared by analysis of three
images for each technique (obtained by one representative native and one representative
freeze-dried mucus sample). The few values larger than 20 um are not presented in the

histogram. Mucus was freshly collected and refrigerated.

3.3.4. A model of mucus based on fluorescence microscopy analysis

Mucus is a complex material, composed of multiple components [1,90], whereas the
information gathered from CLSM images is based only on the labeled substances. In this
context, labeling and imaging of a large fraction of the present material is essential for a
realistic and comprehensive view of a complex and heterogeneous material like mucus, as
non-labeled areas might falsely be interpreted as pores. Therefore, in this study the
structural organization of human pulmonary mucus stained for multiple constituents was
investigated by CLSM.

One of the two major gel-forming mucins MUC5B [91] was labeled with
anti-MUC5B-Atto647N antibody; other mucin constituents and cell membranes were
labeled with WGA-Alexa Fluor 488 as reported [51] and DNA was labeled with
Hoechst 33342.

The overview image of mucus (Figure 3.6 A) illustrates its heterogeneous structure. At

higher magnification (Figure 3.6 B) mucin strand is revealed, characterized by wispy
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filamentary (WGA channel) and network-like regions (anti-MUC5B channel). It can be
observed that WGA and anti-MUC5B antibody staining were colocated in some regions.
This is due to binding of WGA to the MUC5B molecules. Ostedgaard et al., (2017) have also
reported a colocalization between WGA and anti-MUC5B [86]. This might be due to the
affinity of WGA-Alexa Fluor 488 to N-acetylneuraminic acid (sialic acid; SA) and
N-acetylglucosamine (GIcNAc) residues of mucin glycoproteins [18]. However, in most of
the analyzed regions, anti-MUC5B antibodies and WGA exhibited different staining
patterns (Figure 3.6 B-D). Additionally, Figure 3.6 C reveals the presence of cells within
mucus. Cell membrane and cell nucleus can be identified from WGA-Alexa Fluor 488 and
Hoechst 33342 channels respectively. Interestingly, nuclei of different sizes could be
observed in this image, which could be due to different types of cellular material present
in mucus. Figure 3.6 D illustrates that in some cases non-labeled areas of
WGA -Alexa Fluor 488 were filled with MUC5B. Additionally, irregular fragmented DNA can
be observed in the Hoechst 33342 channel of this image. This implies the presence of
degrading cells and cellular debris in mucus. Previous studies have also reported the
presence of DNA [92] and floating cells [40] in ex vivo mucus, which might be related to cell
shed or are of bacterial origin [92]. Overall, mucus appears as rather compact material not
exhibiting a regular pattern of pores. In addition, its structure resembles a composite made
up of various regions that are preferentially stained by different marker molecules

(Figure 3.6).
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Figure 3.6: Multiple labeling and CLSM analysis reveal the composite structure of mucus.
Repetitive structural features of mucus were observed by CLSM: A) overview image of
mucus depicting differential arrangement of different mucus constituents, B) mucus region
revealing the filamentary structure of mucus, C) cells of different sizes within mucus, and
D) degraded cell nuclei and cell debris within mucus. Mucus was stained with
anti-MUC5B-Atto 647N antibody (red), WGA-Alexa Fluor 488 (green) and Hoechst 33342
(blue). These are representative images of 3 individual patients. The images shown are from

freshly collected and refrigerated mucus.

It must be noted, that despite the high heterogeneity of mucus samples from different

patients but also within one sample, some representative structural motifs could be
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observed. Based on CLSM images and z-stack analysis of mucus (Supplementary
information, Figure S3.5) a schematic illustration of mucus composite is depicted in

Figure 3.7.

E WGA stained mucin

Anti-MUCS5B stained mucin

®  Cell nuclei

Q Cell membrane

“@ Non-labelled areas

Figure 3.7: Schematic illustration of mucus depicting repetitive structural motifs observed

using CLSM imaging. The illustration has been prepared by using lllustrator Photoshop.

Based on these data the structure of mucus can be described as a heterogeneous and
compact material characterized by voids filled with other materials like cells, fluid, other
non-mucin proteins as well as few of non-labeled voids.

We assume that mucin polymers/strands entangle with each other dynamically due to
several interaction mechanisms creating some spaces between them [93]. However, we
conclude that these spaces are not as regularly arranged and are not in the size-range as
has been shown before [8,11,32]. This is supported by the confocal and STED images,
indicating the presence of highly interacting polymer molecules visible as granules instead
of regular water-filled pore regions. We assume that mucus is a dynamic hydrogel with a
heterogenous structure with filamentary regions as well as network like regions. We
observe pore like structures which in some cases were filled with other material, but also
some less non-labeled areas/ pores. However, our observations regarding the structure of
mucus in its hydrated state are far away from the previous electron microscopy network
images. This discrepancy could be explained with the dynamic structure of mucus [11] that
remains preserved in its hydrated state.

Previous studies have reported a size-dependent transport of particles and reported that

particles <200 nm could penetrate mucus [11,12,94]. This was related to the porous
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structure of mucus and mesh size of mucus network. However, our findings are not
consistent with this network model of mucus, as in this study we observed that in its
hydrated state mucus does not possess a visualizable porous structure. On the other hand,
Lai et al., (2007) reported a rapid transport of 500 nm muco-inert PEGylated nanoparticles,
which does not correlate with the mesh size described in the electron microscopy studies
10-200 nm [72]. This study describes that such particles would diffuse through low viscosity
channels of mucus. A similar finding was reported by Schuster et al., (2017), who showed a
long-distance diffusion (ten or more micrometers) for nanoparticles < 200 nm, which was
explained by interconnected domains [73]. In our CLSM images we similarly observe a
composite-like structure of mucus characterized by voids filled with other materials as well
as non-labeled voids, which might be filled with fluid, non-mucin constituents or other

mucus constituents, and could serve as shortcut pathways promoting particles transport.

3.4. Conclusion

In the present study we demonstrate the influence of freezing, drying and freeze-drying on
the structure of mucus and reveal the structural organization of hydrated mucus.

We found that despite cryo-fixation, the process of sublimation applied during Cryo-SEM
analysis altered the structure of mucus and led to the formation of a porous structure.
Whereas, in its hydrated state, mucus analyzed by ESEM showed a compact structure. STED
microscopy allowed super-resolution visualization of MUC5B multimers, while CLSM
analysis revealed the composite structure of mucus. Remarkably, in contrast to the
conventional electron microscopy data, which described mucus as a porous network,
visualization techniques, that do not require any dehydration step revealed rather a
compact structure of mucus.

This study improves the understanding of the structure of hydrated mucus and introduces
STED microscopy as a novel technique for investigation of mucus as well as mucus

nanoparticle interactions.
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3.5. Supplementary information

Supplementary Movie 3.1. Image sequence showing the impact of sublimation on the
structure of native mucus. These images reveal the structural alteration of compact mucus
into a porous network as a function of sublimation. A structural alteration of the formed
pores and increase of porosity during the progression of the process of sublimation can be
observed.

https://ars.els-cdn.com/content/image/1-s2.0-S0378517321000429-mmc2.mp4

Supplementary Movie 3.2. Image sequence showing the impact of freeze-drying on the
structure of native mucus. These images reveal the structural alteration of compact mucus
into a porous network as a function of solidification, precipitation, and sublimation of ice
during time dependent temperature and pressure decrease. The formation of pores after
precipitation and sublimation of ice under high vacuum conditions can be observed.

https://ars.els-cdn.com/content/image/1-s2.0-S0378517321000429-mmc3.mp4

Before fixation After fixation Colocalization

Supplementary Figure S3.1: Impact of the staining protocol on the structure of mucus
regarding fixation. CLSM images of fresh mucus stained by WGA-Atto 647N before (red)

and after (green) fixation by addition of 30 ul 4% PFA (same image section).
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Before dilution After dilution Colocalization

Supplementary Figure S3.2: Impact of the staining protocol on the structure of mucus

regarding dilution. CLSM images of fresh mucus stained by WGA-Atto 647N before (red)

and after (green) dilution by addition of 200 pl PBS (same image section).

Supplementary Figure S3.3: Cryo-TEM micrographs of a thin layer of human pulmonary

mucus. Samples were placed on a TEM grid and plunged into liquid ethane with a Gatan
CP3 cryo-plunger (Gatan Inc., Pleasanton, CA, USA). Subsequently specimens were
transferred to a Gatan 914 cryo-TEM holder (Gatan Inc., Pleasanton, CA, USA) and imaged.
These micrographs show that preparation of thin mucus samples (several um thick) allows
imaging of mucus without ice crystals formation and confirm furthermore the non-porous

structure of mucus.
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Supplementary Figure S3.4: STED microscopy reveals structural details (< 100 nm) of fresh
pulmonary mucus. Samples were stained with primary anti-MUC5B antibody and
secondary anti-mouse Atto 647N antibody. A) and B) show CLSM and STED images of the
same region of mucus sample respectively. C) and D) represent enlargements of the
marked regions in A and B respectively. E) Normalized intensity profiles along the dotted

lines in C and D.

Supplementary Figure S3.5: Z-stack image of the composite structure of mucus. Samples
were stained with anti-MUC5B-Atto 647N antibody (red), WGA-Alexa Fluor 488 (green) and
Hoechst 33342 (blue).
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Previously Frozen Mucus

Fresh Mucus

Cryo-SEM

ESEM

Supplementary Figure S3.6: Freezing showed no strong influence on the visualization of
mucus performed by cryo-SEM and ESEM. A), B) non-porous structure of previously frozen
(-80 °C) and freshly collected and refrigerated (4 °C) mucus visualized prior to sublimation
by cryo-SEM. C), D) compact structure of previously frozen (-80 °C) and freshly collected
and refrigerated (4 °C) mucus of an identical clinical sample analyzed in its hydrated state

by ESEM.

MUC5AC MUC5B Merge

Supplementary Figure S3.7: CLSM images of mucus stained with anti-MUC5B-Atto 647N
antibody (red), anti-MUC5AC-Fluor 488 (green).
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4, Properties of Calu-3 in vitro mucus compared to ex vivo mucus

E. Meziu, S. K. Manier, S. Hemmer, A. Kraegeloh, M. Schneider planned this work. E.M.
performed cell culture, mucus collection, light microscopy imaging, quantification of
mucins, macrorheology, and 3D time lapse experiments. S.K.M., and S.H. carried out

metabolomic analysis. E.M., S.K.M., A.K, M.S., contributed to data analysis.

4.1. Introduction

Human pulmonary mucus is a biological hydrogel, that hydrates, lubricates, and protects
the underlying airway epithelium with a thickness varying from 2-5 to 10-30 um at the
bronchial and tracheal level respectively [95]. Mucus is produced from the submucosal
glands and secretory goblet cells [1]. It is composed of water (95% w/v), mucin
glycoproteins (2-5% w/v), non-mucin proteins, lipids, DNA, and salts [1,6]. Due to their
unique molecular structure, mucins show intra- and intermolecular interactions granting
mucus its viscoelastic and barrier properties [96]. Given its barrier properties, the mucus
layer challenges the transport of drug carriers. For the investigation of mucus properties as
well as for the development of efficient mucus penetrating drug delivery systems
physiologically relevant mucus models are essential [23].

Ex vivo mucus gained by using the endotracheal tube (ETT) method from patients
undergoing surgery under general anesthesia has been widely used in the development of
drug delivery systems [29]. Some factors like interindividual variability, limited access,
dehydration during intubation, as well as storage of samples in a frozen state due to high
microbial susceptibility are the drawbacks of this mucus model [26,28,30,31]. The process
of the collection of mucus involves several steps (e.g., scratching of the endotracheal tube
through trachea, centrifugation, and pipetting) that might compromise the properties of
mucus. While this isolated type of mucus model allows the evaluation of the exclusive
interaction of mucus with foreign entities, the cellular response is missing in this system.
Furthermore, mucus producing Calu-3 cells cultured at air-interface conditions (AIC)
represent an alternative model to close this gap. Calu-3 cells are widely used in various
research fields and have been extensively investigated in terms of properties like tight
junction formation, ion channel mechanism, and protein expression [97]. However, there

is little information regarding the properties of mucus produced from these cells.
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In this study, we investigated mucus produced by Calu-3 cell line as an in vitro mucus model,
which allowed the evaluation of the mucus and cell layer interactions with applied
materials. In vitro mucus produced from Calu-3 cells has been investigated in terms of
mucins, macrorheology properties, mobility of carboxylated polystyrene particles
(COOH-PS-Ps) through mucus, and metabolomic characteristics which were then compared
to ETT ex vivo mucus. Such head-to-head comparison data should allow a better

understanding regarding the applicability of Calu-3 in vitro mucus as a mucus model.

4.2. Materials and methods

4.2.1. Cell culture

Calu-3 (HTB-55™) epithelial cells were obtained from American Type Culture Collection
(Rockville, MD, USA) and were used up to a passage number of 15. They were cultivated
using minimum essential medium (Gibco Invitrogen, USA) supplemented with 10% fetal
bovine serum (PAN-Biotech GmbH, Germany), 1% amino acids (Life Technologies, USA),
and 1% sodium pyruvate (Life Technologies, USA). Calu-3 cells were incubated at 5% CO,,
37 °C. Sub-cultivation was performed at a confluence of 80-90%. After reaching confluency,
growth medium was removed, and cells were washed with pre-warmed Dulbecco’s
phosphate buffered saline (DPBS) (Sigma-Aldrich, Germany). Subsequently, cells were
trypsinized by adding pre-warmed 0.05% trypsin (containing 0.02% EDTA) (PAN Biotech,
Germany) and were incubated for 20 min. Cells were seeded in a 12-well Transwell® plate
(Greiner Bio-One GmbH, Germany) with a pore size of 0.4 um and an insert diameter of
1.12 cm? at a density of 10° cells/cm?. For the first 24 h, cells were grown in liquid-covered
culture (LCC) containing 1 ml medium in the basolateral compartment and 500 pl medium
in the apical compartment. After 24 h, cells were differentiated at AIC conditions for

21 days.

4.2.2. Mucus sample collection

In vitro mucus: Calu-3 cells were grown for 21 days under AIC conditions. The mucus formed
in the apical compartment was loosened to enable pipetting and collected by addition of
50 upl of DPBS in the apical compartment of the transwell filters. Added DPBS was

withdrawn after 30 min incubation at 37 °C. Mucus samples were then harvested using a
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positive displacement pipette.

Ex vivo mucus: Samples of human respiratory mucus were collected using the ETT method
as previously reported [29]. Briefly, the distal part of the tracheal tubes of patients
undergoing intubation during a surgery was cut and centrifugated in a falcon tube.

Subsequently, mucus was collected with a positive displacement pipette.

4.2.3. Visualization of mucins

Preparation of the cell samples: Samples were fixed for 30 min using 4% (v/v)
paraformaldehyde (Electron microscopy science, Hatfield, UK) and permeabilized with
0.2% Triton-X 100 solution (Carl Roth, Karlsruhe, Germany) for 30 min. Afterwards, samples
were blocked with 5% (w/v) bovine serum albumin (Carl Roth, Karlsruhe, Germany)
for 30 min.

Fluorescence staining of the samples: Staining of the samples was performed as previously
reported [13,98]. For MUC5B staining, samples were incubated with 2 pg/ml mouse
anti-MUC5B primary antibody (Thermo Fisher Scientific, Rockford, USA) for 1 h at room
temperature (RT) and 10 pg/ml Atto 647N conjugated anti-mouse secondary antibody
(Sigma Aldrich, Siegen, Germany) for 1 h at RT. For MUC5AC staining, samples were stained
using 2 ug/ml rabbit anti-MUCS5AC primary antibody (antibodies-online GmbH, Aachen,
Germany) for 1 h at RT and 10 pg/ml Alexa Fluor 488 conjugated anti-rabbit secondary
antibody (Sigma Aldrich, Steinheim Germany) for 1 h at 4 °C. Between each step, the
samples were washed three times with DPBS.

Imaging of the samples: Samples were visualized using a TCS-SP5 STED setup (Leica
Microsystems, Mannheim, Germany). The fluorescent dyes Alexa 488 and Atto 647N were

excited using an argon laser (A = 488 nm) and a HeNe laser (A = 633 nm) respectively.

4.2.4. Quantification of mucins

Quantification of the mucin content of the samples is performed as described by
M. Kilcoyne et al., (2011) using the Periodic Acid-Schiff (PAS) assay [99]. 25 ul of collected
mucus was mixed with 120 ul of freshly prepared solution of 0.06% periodic acid (Carl Roth,
Karlsruhe, Germany) in 7% acetic acid (Carl Roth, Karlsruhe, Germany) and incubated at
37 °Cfor 1.5 hin a plastic sealed microplate. The prepared mixture was cooled down to RT.

Subsequently, 100 ul of Schiff’s reagent (Carl Roth, Karlsruhe, Germany) was added. The
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prepared mixture was shaken for 5 min and incubated for 40 min at RT. The absorbance

was read at 550 nm using a Spectramax microplate reader (Molecular Devices, CA, USA).

4.2.5. Macrorheology measurements

Macrorheology measurements were performed using a DHRIIl Rheometer (TA Instruments,
New Castle, DE, USA) with parallel plate geometry (diameter 12 mm). A volume of 30 ul
mucus was used for the measurements. Silicon oil was applied to the edges to avoid sample
dehydration. Measurements were carried out at 25 °C in triplicates. Loss modulus (G") and
storage modulus (G') were measured, using frequency sweep measurements at an angular

frequency of (w) 1-5 rad/s and a shear strain of (y) = 1%.

4.2.6. Particle penetration analysis

Staining of the samples: Mucus samples were stained with wheat germ
agglutinin-tetramethyl Rhodamine (WGA-Rhod) (Vector Laboratories Inc., Newark, CA,
USA). Calu-3 in vitro mucus samples were stained with 100 pg/ml WGA-Rhod for 2 h at
37 °C as previously described [98]. Samples were stained from the basolateral
compartment. Ex vivo mucus samples were stained with 100 pg/ml WGA-Rhod for 1 h at
RT.

Exposure of samples to particles: Samples were exposed to particles as previously reported
[98]. Diameter and zeta potential of particles were measured using Zetasizer NanoZSP
instrument (Malvern Instruments, Worcestershire, UK) (Table 4.1). 200 pl of 100 nm
(10 pg/ml), 200 nm (50 pg/ml), and 500 nm (1 mg/ml) dragon green-labeled COOH-PS-Ps
(Bangs Laboratories, Fisher Scientific, USA) were applied to the samples using the Vitrocell®
Cloud 6 system (VITROCELL Systems GmbH, Waldkirch, Germany). Subsequently, samples

were incubated for 3 h at 37 °C.

Table 4.1: Physicochemical properties of particles used in this study.

PS-NPs Labeling Hydrodynamic diameter [nm] Zeta potential [mV]
100 nm COOH-PS-NPs dragon green 96 £19 nm -49
200 nm COOH-PS-NPs dragon green 183 £ 44 nm -51
500 nm COOH-PS-Ps dragon green 452 £99 nm -57
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Confocal laser scanning microscopy: The same microscopy setup as described in 4.2.3 was
used. The fluorescent dyes Dragon Green and Rhodamine were excited using an argon laser
(A=488 nm) and a DPSS laser (A =561 nm), respectively. For the analysis of particle
penetration, z-stacks (step size 1 um) of the samples were acquired.

Image processing: Due to their low concentration, for the evaluation of the penetration of
100 and 200 nm carboxyl-modified polystyrene nanoparticles (COOH-PS-NPs) the number
or particles (N) in the obtained z-stacks could be estimated as described by
Labouta et al. 2011 [100]. The sum of the pixels (2 Pixel) of the detected particles was
determined for each z-stack. Using the area of one pixel (A pixel) and the single
diffraction-limited area of the particles (A particle), the number of particles was calculated

according to the equation below:

_ X Pixel + A pixel
~ Aparticle

For the evaluation of the penetration of 500 nm COOH-PS-Ps, the raw fluorescence
intensity of the particle signals in the acquired z-stacks was quantified using Image J

software, version 1.53e, as previously reported [98].

4.2.7. Metabolite analysis

Sample preparation: To reduce the viscosity and enable an easier handling in terms of
pipetting, mucus samples (16 in vitro and 37 ex vivo) were mixed with 10% NAC
(1:1 dilution). Samples were then prepared as described by Hemmer et al., (2021) [101]. In
brief, 200 ul of a methanol ethanol mixture (1:1, v/v) was added to 50 pl mucus. Samples
were then vortexed and centrifuged. 150 pl of the supernatant was dried and then
reconstituted in 50 pl of a mixture of acetonitrile and methanol (70:30, v/v).

LC-HRMS/MS apparatus: Analysis was performed as previously described by
Manier et al., (2020) [102]. Briefly, a Dionex UltiMate 3000 RS pump coupled to a
TF Q-Exactive Plus system (Thermo Fisher Scientific, Dreieich, Germany) was used.
Reversed-phase chromatography was performed on a TF Accucore Phenyl-Hexyl column
(100 mm x 2.1 mm, 2.6 um) (Thermo Fisher Scientific, Dreieich, Germany). Normal phase
chromatography was performed on a Nucleodur hydrophilic interaction liquid
chromatography (HILIC) column (125 x 3 mm, 3 um) (Macherey—Nagel, Diiren, Germany).

The scan range was m/z 50-750; polarity, negative or positive; spectrum data type,
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centroid. TF X calibur software version 3.0.63 was used.

Data processing: Processing of the data was performed as previously described by
Manier et al., (2020) [102]. For the statistical analysis of the data obtained from in vitro and
ex vivo mucus samples, a Welch t-test in combination with a fold change evaluation was
applied. The differences between the models were visualized by using the volcano plots,
which reveal the results of the t-test (p-values) and fold change for the metabolites of both
models. The assumed significance level a was corrected using the Bonferroni correction to
minimize the false positive results that might occur by multiple t-tests (a of 0.001 divided
by the number of features recorded in total). Each point in the volcano plot represents a
metabolite and is characterized by its m/z and retention time. For example, “M452T472"
means: Recorded at m/z =452 and retention time 472 s. Principal component analysis
(PCA) was used to reduce the data set from 53 (samples) x 3000 (features) to 53 x 1 by using
PC1 (linear combination of original variables representing the most variation in the data)
and PC2 (linear combination of original variables representing the second most variation in
the data). Linear discriminant analysis (LDA) was used for the categorization of the data in
groups. The accuracy of the distribution of the data in clusters was calculated using the
Cohen’s k value, which is a statistical measure of interrater reliability and accuracy.
Differently from simple percent agreement calculations, Cohen’s k takes into consideration
also the possibility of the agreement occurring by chance. Cohen’s k value was evaluated

as reported by Landis and Koch [103].

4.3. Results

4.3.1. Visualization of mucins of in vitro and ex vivo mucus

Mucus is composed of water, mucin glycoproteins, non-mucin proteins, lipids, DNA, salts,
cells, and cell debris [1]. Mucin glycoproteins, particularly MUC5AC and MUC5B (major
gel-forming mucins in airways) are responsible for the essential properties of mucus like
rheology, protection, and clearance [18,21,41]. Therefore, in this study we investigated the
presence of MUC5AC and MUCSB in vitro and ex vivo mucus models.

CLSM images show the presence of MUC5B and MUCS5AC in in vitro mucus (extracellular
mucus layer of Calu-3 cells) and ex vivo mucus (Figure 4.1 A-F), which is in accordance with

previous reports [13,98]. Ex vivo mucus shows a high degree of colocalization of MUC5B
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and MUCS5AC (Figure 4.1 A-C), whereas in in vitro mucus, MUC5B and MUC5AC were
predominant in different regions and showed less signal colocalization (Figure 4.1 D-F).
The tracheal segments of pigs, which allowed the visualization of mucus lining the
epithelium without involving any mucus collection procedure revealed a distinct mucin
distribution for MUC5B and MUCS5AC [86]. The high degree of colocalization of MUC5B and
MUCS5AC in ex vivo mucus might be explained by the applied mucus collection procedure,
which involves steps like pulling out of the endotracheal tube during patient extubation,
and centrifugation of the cut endotracheal tube at 10.000 g for 10 min. In contrast to
ex vivo mucus, Calu-3 in vitro mucus is an undisturbed system. This might be the reason for
the distinct MUC5B and MUCS5AC patterns observed in Calu-3 samples.

Both mucus models reveal the presence of the major gel-forming mucins of human
pulmonary mucus MUCS5AC and MUCSB, which are responsible for essential properties of
mucus. The CLSM images might indicate a disturbed morphology of ex vivo mucus samples.
These data suggest that mucin morphology of human airway mucus is a property which
needs to be further investigated. Bronchoscopy samples might represent an alternative

mucus model for a more realistic elucidation of the mucin morphology of human airways.
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MUCS5AC MUCS5B

Ex vivo mucus

In vitro mucus

Figure 4.1: MUC5AC and MUCS5B in in vitro and ex vivo mucus. A-B) CLSM images reveal the
presence of both major gel-forming mucins MUC5AC and MUCS5B in ex vivo mucus samples.
C) Both mucins show a large mass of colocalization in the merged image of ex vivo mucus.
D-E) Calu-3 cells cultured under AIC conditions secrete both MUC5AC and MUC5B.
F) Differently from ex vivo mucus, in vitro mucus samples show less colocalization of

MUCS5AC and MUCS5B. Scale bar 10 um.

4.3.2. Quantification of mucins of in vitro and ex vivo mucus

Mucin glycoproteins confer mucus its mucociliary clearance and barrier functions [18].
Therefore, the information about the mucin concentration is noteworthy in terms of the
use of these mucus models.

Mucin concentration in in vitro mucus was lower (4.58%) than that of ex vivo mucus (6.75%)
(Figure 4.2). Previous studies have reported a mucin concentration of 2-5% of human
airway mucus [6]. The mucin concentration observed in the ex vivo mucus is slightly out of
the physiological range of healthy mucus. This might be explained by evaporative water
loss that can occur during the process of patient intubation [26]. The process of mucus
harvesting, which includes DPBS addition to the apical compartment of Calu-3 transwells,

might also influence the mucin concentration of in vitro mucus.
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Mucin concentration is a pertinent parameter regarding the barrier properties of mucus
[18]. Therefore, further barrier relevant parameters like rheological behavior for both

mucus models were investigated.
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Figure 4.2: Mucin concentration in in vitro and ex vivo mucus quantified via PAS assay. Data
shown are mean values + SE for n=9 technical replicates from 3 samples. Statistical
significance was calculated with One Way ANOVA followed by the Bonferroni test and

indicated by asterisks: **, p < 0.01.

4.3.3. Macrorheology of in vitro and ex vivo mucus

Rheological behavior of mucus is essential for the barrier function of mucus and thus for
mucus nanoparticle interaction studies [68,104]. Therefore, rheological measurements
were performed to determine whether in vitro and ex vivo mucus exhibit similar rheological
behavior.

Both mucus models showed an elastic dominant behavior with storage modulus G’ in
excess over loss modulus G” (Figure 4.3), which is a typical rheological property for
crosslinked polymers [105,106]. The rheology profiles indicate a viscoelastic hydrogel
behavior for both in vitro and ex vivo mucus models, which is in accordance with previous
rheological characterizations of ex vivo mucus [38]. The macrorheological properties of
Calu-3 mucus have, as far as we know, previously not been reported. The loss and storage
modulus values of in vitro mucus were lower than those of ex vivo mucus. Considering the

impact of mucin concentration on the rheology properties of mucus, this difference
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correlates well with the mucin concentration values reported above. It should be noted,
that similar to mucin concentration, the macrorheology of mucus might also be influenced
by the dehydration of ex vivo mucus during the process of patient intubation [26] or by the
possible dilution of in vitro mucus during the process of harvesting. Furthermore, mucus is
a highly heterogenous material which has been described to exhibit viscoelastic gel
properties at the macroscale level and low viscosity fluid properties at the microscale level
[6]. Therefore, the investigation of the transport of particles through in vitro and ex vivo
mucus is important in order to assess the impact of the observed differences (mucin
concentration and loss and storage moduli values) on the barrier properties of mucus.

To this end, these data provide evidence that in vitro mucus harvested from Calu-3 cells
exhibits viscoelastic hydrogel properties but overall with lower loss and storage moduli

values than the ex vivo mucus model.

®m  Invitro Loss Modulus G”
10? ] A In vitro Storage Modulus G’
®— Ex vivo Loss Modulus G”
—&— Ex vivo Storage Modulus G’

10" - AAA'A‘ A-A A AAAAAAAAAAAL

g ® g pEipsnigsens

loss (G") and storage Moduli (G') (Pa)

AAAA A A Adaphadada,
0 AA ....

10°4 smn ="

u
- R
..IIPI

0 . T L T ey LAY T |
0 1 2 3 4 5

Angular frequency (rad/s)

Figure 4.3: Rheological properties of in vitro and ex vivo mucus. Loss (G") and storage
moduli (G’) for in vitro and ex vivo mucus, 25 °C. The results show the mean for n=9

technical replicates from 3 samples.

4.3.4. Particle penetration through in vitro and ex vivo mucus

Understanding the rate and extent of particle transport through mucus is of fundamental
interest for the validity and selection of the mucus model, as well as for the data

interpretation for mucus studies in the field of drug delivery. Therefore, the penetration of
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100, 200, and 500 nm COOH-PS-Ps through in vitro and ex vivo mucus was investigated.
The diffusion of particles in in vitro and ex vivo mucus was analyzed using CLSM imaging.
After 3h incubation time, z -stacks (step size 1 um) were acquired starting from the top of
the mucus layer down to deeper layers (25 um). The presence of particles in different
depths (individual optical layers) of mucus was quantified by estimating the number of
particles for the 100 and 200 nm COOH-PS-NPs and by measuring the fluorescence intensity
of the particle signals for the 500 nm COOH-PS-Ps. For this analysis, it was crucial to ensure
that the measurements were performed within the mucus layer. WGA-Rhod staining
allowed a morphological differentiation between the cell and mucus layer [98]. In order to
avoid mucus dilution, staining was performed from the basolateral compartment.

100 and 200 nm COOH-PS-NPs showed a similar penetration for both mucus models with
a decreasing number of particles starting from the top layer to the down layers of mucus
(Figure 4.4 A, B). Fluorescence intensity of the 500 nm COOH-PS-Ps signals was highest at
the uppermost layer of the sample and decreased with the increasing distance from the
top of the sample (Figure 4.5). Particles were detected at 5 um and 10 um, while to the
depth of 15 um only a negligible particle penetration was observed (Supplementary
information Figure S4.1). Both in vitro and ex vivo mucus showed a strong exclusion of
500 nm COOH-PS-Ps, which is in complement with previous reports [12,38,98]. A similar
transport profile of 500 nm COOH-PS-Ps through mucus layers was observed for in vitro
and ex vivo mucus.

These data accentuate the barrier capacity of invitro mucus which reveals barrier
properties similar to that of ex vivo mucus. In contrast to mucin concentration and rheology
data which exhibited differences between both mucus models, particle penetration
analysis showed a similar particle transport profile for in vitro and ex vivo mucus. This might
indicate that this scale of rheological differences does not influence the barrier properties
of in vitro and ex vivo mucus. Another point which might also explain this discrepancy is
that for mucin concentration and rheology experiments in vitro mucus was harvested from
Calu-3 cells, while particle penetration analysis was performed on undisturbed mucus lining
Calu-3 cells. These data demonstrate the barrier properties of in vitro mucus, indicating the

suitability of this model for mucus penetration studies.
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Figure 4.4: Quantitative analysis of the penetration of A) 100 nm and B) 200 nm
COOH-PS-NPs through in vitro and ex vivo mucus. Data shown are mean values + SE for

n = 3 sample areas from 3 samples.
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Figure 4.5: Quantitative analysis of the penetration of 500 nm COOH-PS-Ps through in vitro

and ex vivo mucus. Data shown are mean values * SE for n = 3 sample areas from 3 samples.

4.3.5. Metabolomic analysis of in vitro and ex vivo mucus

Metabolomics involves profiling of metabolites (cell metabolism products) within a
biological matrix. Metabolomic studies are classified as untargeted (measurement of all
metabolites) and targeted (measurement of previously characterized metabolites) [107].
Human pulmonary mucus might contain metabolites of various origin, e.g., metabolites
secreted or excreted by the underlying epithelia, molecules derived from mucin
degradation due to the presence of proteolytic enzymes, or from bacteria present in mucus
[33,108-110]. It might also contain other small molecules originating from sample
preparation steps (e.g., mucin fragmentation due to centrifugation steps).

Mucus has been characterized mostly in terms of composition, structural organization,
rheology, and barrier properties. However, few studies have investigated metabolic
patterns of mucus. Metabolome analyses provide information about the metabolic
pathways, the etiopathology, and thus the casual therapy of diseases (e.g., chronic
obstructive pulmonary disease and cystic fibrosis) [108,109]. In addition, metabolome
analyses provide indirect information about the composition of mucus. In this context
investigation of metabolites in mucus as a biological matrix is essential in terms of sample
characterization and comparison. Therefore, in this study we applied untargeted

metabolomic analysis to explore the differences in the metabolomic profiles of Calu-3

48



Properties of Calu-3 in vitro mucus compared to ex vivo mucus

in vitro and ETT ex vivo mucus.

This study focuses on the detection of small molecules in mucus using a narrow scan range
of m/z of 50-750. Considering this fact, this study provides information about small
molecule metabolites and indirect information about the composition of mucus. The
normal- and reversed-phase HPLC has been employed for the detection of the polar and
non-polar compounds respectively. Depending on physicochemical properties, compounds
have been detected using positive and negative ionization modes [111].

The analytical differences between the two models were visualized using Volcano plot
(Figure 4.6). Volcano plot of samples measured using a Phenyl-Hexyl column - positive
mode (Figure 4.6) shows that the amount of the significant features (red points) was large.
At the same time, it can be seen from the fold change (x-axis) that most of the features
showed a lower signal in the in vitro group. Similar results could be observed for the
measurements using HILIC - positive mode, Phenyl-Hexyl column - negative mode and
HILIC - negative mode (Supplementary information Figure S4.2).

The obtained data were evaluated using PCA followed by LDA (Figure 4.7). The score plot
of samples measured using Phenyl-Hexyl column - positive mode shows clearly separated
clusters indicating that the in vitro mucus group is separated from the ex vivo mucus group
(Figure 4.7). In vitro samples clustered at the right part and ex vivo samples clustered at the
left part of the graph. These data present the differences between in vitro and ex vivo
mucus in terms of their metabolomic profile. The quality control samples (a mixture of all
the 16 in vitro and 37 ex vivo extracts) are classified in the ex vivo samples. This was
expectable as the ex vivo samples were dominant in the mixture of quality control samples
as compared to the in vitro ones. According to the calculated Cohen’s k value the
distribution on the cluster was 90% correct, which is almost perfect according to Landis and
Koch (1977) [103]. Similar results could be observed also for the measurements using
HILIC - positive mode, Phenyl-Hexyl column - negative mode and HILIC - negative mode
(Supplementary information Figure S4.3).

The graph of the loadings of PC-LDA (Figure 4.8) reveals which features were responsible
for the split of the clusters in the Figure 4.7. The most important 8 features are annotated.
The graphs of the loadings of the measurements using HILIC - positive mode,
Phenyl-Hexyl column negative mode and HILIC - negative mode are presented in the

Supplementary information Figure S4.4.
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From the features, which were selected as responsible for the split of the clusters only 9
could be identified (Table 4.2). This rather poor rate of identification represents the
drawback of the untargeted metabolomics, as reference spectra do not exist for all
endogenous substances. Peptide fragments were found to be highly significant in terms of
the difference between in vitro and ex vivo mucus models. The detected peptide sequences
(Pro-Pro-Pro and Pro-Leu) are part of the major gel-forming mucins MUC5AC and MUCS5B.
These peptide fragments might be created during the processing of the samples (especially
during vortexing). The higher amount of peptide sequences in ex vivo mucus might be due
to a more intensive sample preparation procedure (including a centrifugation step at
10.000 g for 10 min) during the collection of ex vivo mucus in comparison to that of in vitro
mucus and/or due to a higher mucin content in ex vivo mucus. Furthermore, it can clearly
be seen that there is a pronounced difference in the composition of the lipids with a higher
amount of lipids in the ex vivo samples. Mucus lipids include cholesterol, fatty acids,
phospholipids [68]. From the features that could be identified, a strong difference was
observed for fatty acids, N-acyl ethanolamines (fatty amides), phosphaditylethanolamines
(phospholipids). This dissimilarity could be due to the lower metabolic activity of Calu-3
cells. Another reason for this difference might be the presence of surfactant with a lipid
content of 90% in ex vivo mucus, which is lacking in Calu-3 cells [112,113].

Collectively, the data presented in this study show the existence of significant differences
between the metabolomic profiles of Calu-3 in vitro mucus and ex vivo mucus. These data
also point to the differences in the composition (in terms of lipid and mucin content) of
both mucus models (Table 4.2), which is of relevance regarding the use of the models. To
the best of our knowledge, this is the first time that the metabolomic profiles of Calu-3

in vitro mucus and ETT ex vivo mucus have been analyzed and compared.
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-log10(p-Value)

Figure 4.6: Volcano plot showing the statistical untargeted metabolomics comparison between in vitro and ex vivo mucus. The y-axis
corresponds to the -log 10 of t-test statistical p-value and x-axis corresponds to the log2 fold change (ex vivo mucus/ in vitro mucus). Each
point in the figure is characterized by its m/z and retention time. The values with a fold change < 0.1 and > 10 and a Bonferroni corrected

p-value < 0.001 were classified as significant and highlighted in red. Data shown are obtained from n tot = 53 samples; n ex vivo mucus = 37,
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PCs used: 5, Accuracy: 95%, Kk = 90%
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Figure 4.7: Scores of principal component linear discriminant analysis (PC-LDA) for in vitro and ex vivo mucus. The number of principal

components used, the prediction accuracy, and Cohen’s k is given. Phenyl-Hexyl column and positive mode was used.
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PCs used: 5, Accuracy: 95%, K = 90%
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Figure 4.8: Loadings of principal component - linear discriminant analysis (PC-LDA) for in vitro and ex vivo mucus. The most important features
are annotated. The number of principal components used, the prediction accuracy, and Cohen’s k is given. Phenyl-Hexyl column and positive

mode was used.
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Table 4.2: Classification and fold change of the features that could be identified with

parallel reaction monitoring.

Fold Change

Compound Class (ex vivo / in vitro)

9-Oxo-10E,12Z-

octadecadienoic acid ety #eld a.014
petadecaiontic s Fatty Acid 16.741
LPA 0-19:5 Lipid 60
PE(0:0/16:1(92)) Phosphaditylethanolamine 368
NAE 26:7 N-acyl ethanolamines 7.290
PE(P-16:0/16:1(92)) Phosphaditylethanolamine 441
Pro-Pro-Pro-X Peptide 20.986
Pro-Leu-X Peptide 5.708
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4.4. Conclusion

The selection of the ideal mucus model often comprises a thorough assessment of
advantages and disadvantages of the mucus models in question. Therefore, the availability
of characterization data of mucus models is essential. Calu-3 cells have been widely used
in mucus research. However little information is available regarding the properties of the
mucus layer produced by Calu-3 cells. We investigated Calu-3 in vitro mucus and compared
it to the human pulmonary ETT ex vivo mucus, a well-known standard mucus model,
despite various drawbacks.

In vitro mucus showed a morphologically less disturbed model. Mucin concentration was
lower for in vitro mucus. Similar to ex vivo mucus in vitro mucus showed a viscoelastic
hydrogel behavior, with however lower loss and storage moduli values. Despite the
differences regarding the mucin concentration and storage and loss values, the barrier
properties of invitro mucus were similar to that of ex vivo mucus. In terms of the
metabolomic profile, invitro mucus differed significantly from ex vivo mucus. The
non-targeted metabolomic data demonstrated that most of the features showed a lower
signal for in vitro mucus. Considering the features that could be identified, it could be
observed that the difference between both models was in particular pronounced for the
mucin and lipid content. These differences might be related to higher mucin concentration,
intensive sample preparation resulting in the mucin fragmentation, and the presence of
surfactant in ex vivo mucus.

The data provided in this study indicate that, Calu-3 in vitro mucus represents a valuable
mucus model in particular for studies taking into consideration the evaluation of endpoints
like mucus morphology or mucus particle penetration. Considering the lower metabolite
values and the absence of surfactant, Calu-3 mucus might be a simpler mucus model with
a lower metabolic activity. The findings provided here provide valuable information for the
use of the Calu-3 cell line as a platform to perform preliminary metabolomic studies.

This study improves the knowledge about Calu-3 in vitro mucus and suggests that the
properties of Calu-3 invitro mucus need to be taken into consideration for the right

interpretation of the data obtained using this model.
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4.5. Supplementary information

Top of the sample S Um 15 pm 20 ym 25 ym

Supplementary Figure S4.1: CLSM images of 500 nm COOH-PS-Ps at different levels of in vitro and ex vivo mucus, starting from the top to the

o

In vitro mucus

Ex vivo mucus

25 um depth of the sample. Scale bar 50 um.
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Supplementary Figure S4.2: Volcano plot showing the statistical untargeted metabolomics
comparison between in vitro and ex vivo mucus. The y-axis corresponds to
the -log 10 of t-test statistical p-value and x-axis corresponds to the log2 fold change
(ex vivo mucus/ in vitro mucus). Each point in the figure is characterized by its m/z and
retention time. The values with a fold change < 0.1 and > 10 and a Bonferroni corrected
p-value < 0.001 were classified as significant and highlighted in red. Data shown are
obtained from ntot =53 samples; n ex vivo mucus =37, nin vitro mucus = 16. A) HILIC
column and positive mode B) Phenyl-Hexyl column and negative mode C) HILIC column and

negative mode.
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Supplementary Figure S4.3: Scores of principal component - linear discriminant analysis
(PC-LDA) for in vitro and ex vivo mucus. The number of principal components used, the
prediction accuracy, and Cohen’s k is given for each graph. A) HILIC column and positive

mode B) Phenyl-Hexyl column and negative mode C) HILIC column and negative mode.
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Supplementary Figure S4.4: Loadings of principal component - linear discriminant analysis
(PC-LDA) for in vitro and ex vivo mucus. The most important features are annotated. The
number of principal components used, the prediction accuracy, and Cohen’s k is given for
each graph. A) HILIC column and positive mode B) Phenyl-Hexyl column and negative mode

C) HILIC column and negative mode.
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5. Impact of mucus modulation by N-acetylcysteine on nanoparticle toxicity

This chapter has already been published in the following research paper:

E. Meziu, K. Shehu, M. Koch, M. Schneider, A. Kraegeloh.; Impact of mucus modulation by

N-acetylcysteine on nanoparticle toxicity. Int. J. Pharm: X 6 (2023) 100212.
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Abstract:

Human respiratory mucus is a biological hydrogel that forms a protective barrier for the
underlying epithelium. Modulation of the mucus layer has been employed as a strategy to
enhance transmucosal drug carrier transport. However, a drawback of this strategy is a
potential reduction of the mucus barrier properties, in particular in situations with an
increased exposure to particles. In this study, we investigated the impact of mucus
modulation on its protective role. In vitro mucus was produced by Calu-3 cells, cultivated
at the air-liquid interface for 21 days and used for further testing as formed on top of the
cells. Analysis of confocal 3D imaging data revealed that after 21 days Calu-3 cells secrete
a mucus layer with a thickness of 24 £+ 6 um. Mucus appeared to restrict penetration of
500 nm carboxyl-modified polystyrene particles to the upper 5—-10 um of the layer.
Furthermore, a mucus modulation protocol using aerosolized N-acetylcysteine (NAC) was
developed. This treatment enhanced the penetration of 500 nm particles through the
mucus down to deeper layers by means of the mucolytic action of NAC. These findings were
supported by cytotoxicity data, indicating that intact mucus protects the underlying
epithelium from particle-induced effects on membrane integrity. The impact of NAC
treatment on the protective properties of mucus was probed by using 50 and 100 nm
amine-modified and 50 nm carboxyl-modified polystyrene nanoparticles, respectively.
Cytotoxicity was only induced by the amine-modified particles in combination with NAC
treatment, implying a reduced protective function of modulated mucus. Overall, our data
emphasize the importance of integrating an assessment of the protective function of mucus

into the development of therapy approaches involving mucus modulation.

5.1. Introduction

Human pulmonary mucus is a viscoelastic hydrogel with a complex composition and
molecular structure that humidifies, lubricates, and protects the underlying airway
epithelium [68]. The primary structural building blocks of mucus are mucin glycoproteins
that consist of a protein backbone and oligosaccharide side chains. Mucin terminals contain
non-glycosylated cysteine rich domains, which are responsible for disulfide bond
formation, and allow the formation of a three-dimensional covalently linked hydrogel. The

various regions of mucin molecules show unique properties and interact through
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hydrophobic, hydrophilic, and electrostatic or specific interactions [96]. Given these
structural and chemical properties, mucus traps and removes harmful entities like
microbes, pollutants and xenobiotics by adhesive and steric filtering followed by
mucociliary clearance [41]. Besides its protective function, mucus represents a selective
barrier for transmucosal drug carriers, which need to overcome the mucus layer in order
to yield a therapeutic effect. Strategies employed to enhance mucus penetration of drug
carriers can broadly be summarized as drug carrier modifications, mucus modulation (by
pretreating mucus with a mucus modulating agent), and synergistic combination of both
approaches [114].

The strategy of mucus modulation is especially relevant in diseases related to
hyperconcentrated mucus (e.g., cystic fibrosis, chronic obstructive pulmonary disease).
Modulation of mucus can be achieved by various approaches. Main strategies aim at either
increasing mucus hydration, breaking covalent interactions between mucins or other
mucus macromolecules, and reducing non-covalent interactions between mucus
components [115]. Mucolytic agents, of which NAC is a well-known example, also serve as
penetration enhancer for transmucosal drug carriers. Such treatment involves pre- or
co-treatment of mucus with the mucolytic agent applied via inhalation prior- or
simultaneously to the application of the relevant drug carrier [28,116]. The ease of use is
one advantage of this technique compared to the challenging large-scale production of
surface-modified drug carriers [114]. While mucus modulation facilitates penetration of
drug carriers, it simultaneously compromises its protective function against other
inhalable, potentially hazardous materials, including biological particulate matter and
abiotic particles, such as cigarette smoke, environmental and anthropogenic fine dust,
engineered nanomaterials, advanced materials, and microplastics [117-120]. Loss of the
protective function of mucus and increased vulnerability of the underlying epithelium
towards inhalable, potentially hazardous materials is one major concern regarding this
strategy [15]. Although mucus is considered an efficient barrier against such foreign
entities, there is evidence suggesting that for example engineered nanomaterials possess
mucus penetrating properties [121]. Once the mucus barrier is overcome, these
nanoparticles might reach and damage the underlying epithelium [122]. This risk
potentially increases after modulation of mucus, emphasizing the importance to evaluate

whether, after modulation, mucus retains its protective function against abiotic particles.
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The impact of mucus modulation on unintended penetration and subsequent effects of
abiotic particles remains poorly investigated.

In this study, the barrier capacity of modulated mucus was probed using model polystyrene
nanoparticles. In vitro mucus was obtained by cultivating Calu-3 cells at the air-liquid
interface [51,123]. In the first part, the basic properties of the employed Calu-3 mucus
model were monitored regarding integrity of the cellular barrier, cell morphology, mucin
production, and mucus layer formation. Secondly, an efficient mucus modulation protocol,
comprising pre-treatment of mucus with nebulized N-acetylcysteine, was developed.
Finally, the protective role of mucus upon modulation was evaluated by microscopy
analysis of particle penetration into the mucus and by determining cytotoxicity, induced by

polystyrene model nanoparticles.

5.2. Materials and Methods

5.2.1. Particles and particle characterization

Amine-modified polystyrene nanoparticles (NH2-PS-NPs) (50 and 100 nm diameter),
carboxyl-modified polystyrene nanoparticles (COOH-PS-NPs) (50 nm diameter) obtained
from Sigma Aldrich (Steinheim, Germany) and 500 nm (diameter) dragon green-conjugated
carboxyl-modified polystyrene particles (COOH-PS-Ps) (Bangs Laboratories, Fisher
Scientific, USA) were used for probing the barrier and protective properties of mucus. The
average hydrodynamic diameter of the particles was evaluated at 25 °C by dynamic light
scattering using a Zetasizer NanoZSP instrument (Malvern Instruments, Worcestershire,
UK) (Table 5.1). Samples were diluted 1:1000 in Dulbecco’s phosphate buffered saline
(DPBS). A HeNe laser (A =633 nm) was used to irradiate samples and the fluctuating
intensity of the scattered light was detected at a backscattering angle of 173°.
Measurements were performed in triplicates. The zeta potential of the particles was
determined using a Zetasizer NanoZSP instrument (Malvern Instruments, Worcestershire,
UK). Samples were diluted 1:9 in 10 mM KCl. Three independent measurements were

performed (Table 5.1).
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Table 5.1: Physicochemical properties of particles used in this study.

PS-NPs Labeling Hydrodynamic diameter [nm] Zeta potential [mV] Experiments
500 nm COOH-PS-Ps dragon green 452 +/- 99 nm -57 CLSM Experiments
50 nm NH,-PS-NPs fluorescent blue 42 +/- 9 nm 47 LDH assay
100 nm NH,-PS-NPs fluorescent orange 70 +/- 16 nm 45 LDH assay
50 nm COOH-PS-NPs - 45 +/- 10 nm -48 LDH assay

5.2.2. Cell culture

Calu-3 (HTB-55™) epithelial cells [124] were obtained from the American Type Culture
Collection (ATCC; Rockville, MD, USA) and used as mucus-producing cell model. Cells were
maintained in a humidified incubator (37 °C, 5% CO;, and pH 7.4). Minimal essential
medium (Gibco Invitrogen, Grand Island, USA) was supplemented with 10% fetal bovine
serum (PAN-Biotech GmbH, Aidenbach, Germany), 1% sodium pyruvate (Life Technologies,
Grand Island, USA), 1% non-essential amino acids (Life Technologies, Grand Island, USA),
and 50 U/ml Penicillin and 50 pg/ml Streptomycin (Gibco Invitrogen, Grand Island, USA).
Calu-3 cells were sub-cultivated when they attained a confluence of around 70% by firstly
washing them with a pre-warmed DPBS (Sigma-Aldrich, Steinheim, Germany) solution.
Afterwards, they were trypsinized for 20 min with a 0.05% trypsin solution containing
0.02% EDTA (PAN Biotech, Aidenbach, Germany).

For mucus production, cells at passage numbers up to 15 were seeded at a density of
10° cells/ml in transwell plates with membrane inserts (1.12 cm? surface area and 0.4 um
pore size) (Greiner Bio-One GmbH, Frickenhausen, Germany). The plates initially contained
1500 pl medium in the basolateral compartment and 500 pl medium in the apical
compartment. Cells were allowed to adhere to the apical transwell membrane covered with
medium for 24 h. After removal of the apical medium, the cells were cultivated at
air-interfaced culture (AIC) conditions for up to 21 days in order to promote cell

differentiation [125]. The basolateral medium was replaced every other day.

5.2.3. Transepithelial electrical resistance (TEER)

The formation of a confluent and tight monolayer was monitored by evaluation of TEER
values by using STX-2 electrodes connected to an EVOM™ Epithelial Voltohmmeter (WPI,
Sarasota, USA). During assessment of TEER values, 500 pl pre-warmed medium was added

to the apical compartment. TEER values were calculated by subtracting the blank values of
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empty transwell inserts from the measured values of the samples. TEER values

of 2300 Q cm? were considered to indicate the formation of tight cell barriers [51,126].

5.2.4. Scanning electron microscopy (SEM)

For visualization of the Calu-3 cell surface, mucus was removed by washing the apical
compartment with phosphate-buffered saline (PBS). Samples were then fixed with a 2%
glutaraldehyde solution for 30 min and dehydrated by incubation in a graded ethanol series
(30% — 96%, 10 min at each concentration). Subsequently, samples were immersed twice
in absolute ethanol for 30 min, in hexamethyldisilazane (HMDS) (Carl Roth, Karlsruhe,
Germany) / ethanol (1/1, v/v) for 15 min and pure HMDS (twice) for 15 min. Cells were
air-dried overnight to allow for evaporation of the organosilicon compound. The filter
supporting the Calu-3 cells was separated from the transwell insert. Samples were then
placed on aluminum stubs using double-sided carbon tape. Imaging was carried out using
FEI (Hillsboro, Oregon, United States) Quanta 400 FEG in low vacuum mode (100 Pa) using
a large field detector and acceleration voltages of 5 kV and 10 kV at a working distance of

7.5-13.0 mm.

5.2.5. Sample preparation for confocal microscopy

Staining of the cellular mucus model: Cell samples were fixed using freshly prepared
4% (v/v) paraformaldehyde (Electron microscopy science, Hatfield, UK) and permeabilized
with 0.2% Triton-X 100 solution (Carl Roth, Karlsruhe, Germany). Paraformaldehyde as a
crosslinking fixative has been used, as it has been described before to successfully preserve
mucus structure [13,76,85]. Subsequently, samples were blocked with 5% (w/v) bovine
serum albumin (Carl Roth, Karlsruhe, Germany). Fluorescence staining for cell junctions,
actin, and mucins was performed as follows:

For staining of occludin, after addition of 10 pg/ml mouse anti-occludin primary antibody
(Santa Cruz Biotechnology Inc., CA. USA), samples were incubated overnight at 4 °C.
10 pug/ml Atto 647N conjugated anti-mouse secondary antibody (Sigma Aldrich, Steinheim,
Germany) was added and incubated for 90 min at room temperature (RT).

Zonula occludens-1 (ZO-1) was stained with 0.625 ng/ml rabbit anti-ZO-1 primary antibody
(Life Technologies, Rockville MD, USA) overnight at 4 °C and subsequently with 5 pg/ml

Alexa Fluor 488 conjugated anti-rabbit secondary antibody (Sigma Aldrich, Steinheim
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Germany) overnight at 4 °C.

For staining of E-cadherin, samples were incubated with 10 pg/ml mouse anti-E-cadherin
primary antibody (Santa Cruz Biotechnology Inc., CA, USA) overnight at 4 °C and 10 pg/ml
Atto 647N conjugated anti-mouse secondary antibody for 90 min at RT.

For actin staining, samples were incubated with 100 nM phalloidin Atto 647N (Atto-Tec,
Siegen, Germany) for 1 h at RT.

For MUCSB staining, samples were incubated with 2 pg/ml mouse anti-MUC5B primary
antibody (Thermo Fisher Scientific, Rockford, USA) for 1 h at RT and 10 pg/ml Atto 647N
conjugated anti-mouse secondary antibody (Sigma Aldrich, Siegen, Germany) for 1 h at RT.
MUCS5AC was stained using 2 pg/ml rabbit anti-MUC5AC primary antibody (antibodies-
online GmbH, Aachen, Germany) for 1 h at RT and 10 ug/ml Alexa Fluor 488 conjugated
anti-rabbit secondary antibody (Sigma Aldrich, Steinheim Germany) for 1 h at 4 °C as
described before [13]. Subsequently, stained samples were embedded in Mowiol 488 (Carl
Roth, Karlsruhe, Germany).

Staining of glycoproteins using wheat germ agglutinin: Staining of in vitro mucus was
performed prior to the evaluation of mucus thickness and for the investigation of particle
transport through Calu-3 mucus. The staining agent was applied at the basolateral
compartment to avoid mucus dilution. Calu-3 cells were stained with 100 pg/ml wheat
germ agglutinin-tetramethyl Rhodamine (WGA-Rhod) (Vector Laboratories Inc., CA, USA)
for 2 h at 37 °C. The treatment also results in staining of intracellular and membrane bound
glycoproteins. Nevertheless, the staining allowed for a morphological discrimination
between mucus and cell layer (Supplementary information, Figure S5.1). Prior to imaging,
the membranes including the attached Calu-3 cells were separated from the transwell

insert and placed on an Ibidi® imaging dish with a coverslip bottom.

5.2.6. Confocal laser scanning microscopy (CLSM)

Samples were examined with a TCS-SP5 STED setup (Leica Microsystems, Mannheim,
Germany), in confocal mode, using the oil immersion objectives 63X/1.4 and 100X/1.4
(HCX PL APQ). The fluorescent dyes Alexa 488 and Dragon Green were excited using the
488 nm laser line of an argon laser (A = 488 nm). Atto 647N and rhodamine were excited
using a HeNe laser (A=633 nm), and a DPSS laser (A=561nm) respectively. The

fluorescence signals were detected using a photomultiplier. For analysis of mucus thickness
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and particle penetration, z-stacks (step size 1 um) of the samples were recorded. To allow
for quantitation of the intensities between different images, the settings for image

acquisition were kept constant.

5.2.7. Image processing

For the quantification of particle transport across mucus, the raw fluorescence intensity of
the particle signals in the obtained z-stacks was quantitatively analyzed using Image J
software, version 1.53e. For analysis of mucus thickness, the recorded z-stacks were
reconstructed using Image J software and analyzed to determine the distance between the

outermost mucus layer and cell layer (mucus thickness).

5.2.8. Exposure of Calu-3 cells to aerosols using Vitrocell® Cloud 6

Calu-3 cells grown under AIC were exposed to NAC and/or polystyrene particles using the
Vitrocell® Cloud 6 system (VITROCELL Systems GmbH, Waldkirch, Germany). NAC, particles,
and NaCl were nebulized using an Aerogen Pro vibrating mesh nebulizer (Aerogen Ltd.
Galway, Ireland) (nominal average droplet size range 4 um). The nebulized doses were
monitored with the integrated quartz crystal microbalance [127].

To analyze particle penetration, cell samples were stained with WGA-Rhod as described in
section 5.2.5., prior to particle treatment. Subsequently, samples were exposed to 200 pl
of 500 nm dragon green-labeled COOH-PS-Ps at a particle concentration (solid content) of
10 mg/ml. Samples were incubated for 3 h at 37 °C prior to microscopy analysis.

For treatment of cell samples with NAC, a solution of 20% NAC (Pharmazell GmbH,
Barsbuttel, Germany) in 0.9% NaCl (Carl Roth GmbH, Karlsruhe, Germany) at pH 7.5 was
prepared [52]. The dose of NAC to be deposited during the experiments, was estimated by
considering the clinical dose (3—5 ml of 20% (w/v) NAC solution given 3—4 times/day), the
tracheobronchial surface area (2471 cm?) [121], and the deposition factor (percentage of
the applied dose that reaches the respiratory tract) (10%) [128,129]. Based on this
approach, 120 pg/cm? NAC was calculated to be deposited onto the tracheobronchial
surface per day during clinical use. In this study, the impact of NAC on particle penetration
was investigated using two doses: 20 pg/cm? NAC, approximating the lowest amount of
NAC delivered by a single administration and 120 pg/cm? NAC, approximating the

maximum cumulative daily dose of NAC during pulmonary administration. NAC treated
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samples were incubated for 30 min at 37 °C as suggested by Suk et al., (2011) [52] prior to
application of polystyrene particles. 0.9% NaCl was used as vehicle control and applied at
corresponding volumes.

For evaluation of particle induced cytotoxicity, Calu-3 cells were exposed to 25 pg/cm?,
50 pg/cm?, and 100 pg/cm? of NH2-PS-NPs with a diameter of 50 nm and 100 nm and
COOH-PS-NPs with a diameter of 50 nm, respectively. Cells were then incubated for 24 h at

37 °C prior to performing the cytotoxicity assay.
5.2.9. Membrane integrity assay

After exposure of Calu-3 cells to NPs as described in section 5.2.8, membrane integrity was
determined based on the activity of lactate dehydrogenase (LDH) in the cell culture
medium. The CytoTox-ONE Homogeneous Membrane Integrity Assay (Promega GmbH,
Walldorf, Germany) was used according to the manufacturer’s instructions. In brief, 100 pl
basolateral medium was removed, mixed with an equal volume of the assay reagent and
incubated for 10 min at RT in the dark. After adding 50 ul of stop solution, fluorescence was
recorded with a Tecan microplate reader (Tecan Trading AG, Mannedorf, Switzerland) at
an excitation wavelength of 560 nm and an emission wavelength of 590 nm. Background
fluorescence of cell-free medium was subtracted from the recorded values. Membrane

integrity was determined relative to a positive control (cells treated with 9% Triton X100).

5.3. Results and discussion

5.3.1 Calu-3 cells at the air-interface represent an adequate in vitro model for conducting

mucus research

Calu-3 cells, cultivated at the air-interface, are a highly useful cellular mucus model for the
investigation of delivery systems intended for pulmonary use [123]. Commercial availability
and tight junction formation are the advantages of the Calu-3 cell line as an in vitro model
[130]. In particular, mucus production when cultured at air-interface conditions, is an
important benefit of the use of Calu-3 cell line, compared to other commonly used airway
epithelium cells lines [44].

However, the mucin expression profile is another important mucus property. MUC5AC and

MUCS5B are the main mucins of airway mucus [123]. MUC5B has been described as
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predominant mucin [131] in the healthy and the diseased state. In comparison, Calu-3 cells
secrete MUCS5AC over MUC5B [132]. However, this cell line has been used for particle
penetration studies independent of a specific disease [51,123].

In vitro mucus, when used as formed on top of the cells, is beneficial as it cannot only be
used for penetration studies, but also allows for monitoring cellular responses.

However, the characterization of such models in terms of mucus and mucin concentration
is challenging, first of all due to formation of very low amounts of mucus especially after
short cultivation times. Furthermore, mucus volume and concentration might be altered
during mucus collection, especially, when washing steps are involved. Mucus concentration
is defined as dry to wet weight content (% solids content), while mucin concentration
describes the absolute mucin concentration [133—-135]. Relating in vitro mucus properties
to any specific physiological or pathological situation is limited by availability of quantitative
information regarding mucus concentration under these conditions.

In the frame of this study, in vitro mucus was produced by Calu-3 cells cultured at
air-interface conditions. Therefore, the properties of Calu-3 cells as an in vitro airway
epithelial model for conducting mucus research were assessed in terms of barrier
properties, morphology, and mucin production. The barrier properties of Calu-3 cells were
evaluated by measurement of the TEER values combined with microscopy detection of
protein structures characteristic for tight junctions. After 10 days, cells cultivated at
air-interface conditions exhibited TEER values > 300 Q cm? (Figure 5.1 A), confirming the
formation of an intact barrier [136]. Previous studies report inconsistent data regarding the
required culture conditions (submerse vs. AIC) and duration (varying between 5 up to 16
days) to achieve TEER values, which are regarded as representative [125,137,138]. This
emphasizes the importance of TEER value assessment. Barrier integrity of Calu-3 cells was
further assessed by staining and visualizing cellular junctions. CLSM images confirmed the
presence of occludin, ZO-1 and E-cadherin (Figure 5.1 B-D). These data are consistent with

previous studies, reporting on tight junction formation in Calu-3 cells [45,139].

72



Impact of mucus modulation by N-acetylcysteine on nanoparticle toxicity

A 700+
600 -
500 +
400 -

300 T

TEER (Q cm?)

200 -+

100

0 T T T T T T 1
3 7 10 14 18 21 24

Days after seeding

C

Figure 5.1: Development of barrier properties during cultivation of Calu-3 cells at the
air-liquid interface for up to 21 days. A) TEER values indicate the formation of a tight
monolayer (= 300 Q cm?2) starting from day 14. Data shown are mean values * SE for n = 27
from 3 independent experiments. B-D) Expression of occludin (green) E-cadherin (green)

and ZO-1 (green). Scale bar 10 um.

SEM images of Calu-3 cells maintained at AIC revealed a heterogeneous population of
apically located cellular protrusions (Figure 5.2 A-B). Such protrusions have been previously
described as cilia (motility structures, containing microtubules) or microvilli (supported by
actin) [45,140-142]. In this study, imaging of phalloidin labeled samples confirmed that the
protrusions are actin-associated and therefore can be regarded as microvilli

(Figure 5.2 C-D).
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Figure 5.2: Protrusions at the apical surface of Calu-3 cells exposed to AIC conditions.
A) SEM images show short protrusions in the middle of the cells and longer protrusions at
the cell edges. B) Enlarged image of the area denoted with the dashed box in A. C) CLSM
images of Calu-3 cells stained for actin with phalloidin Atto 647. D) Enlarged image of the

area denoted with the dashed box in C. Scale bar 10 um.

Furthermore, we investigated the mucin secreting activity of Calu-3 cells focusing on the
two major gel-forming mucins of conducting airways, MUC5AC and MUC5B. CLSM sections
recorded in the extracellular mucus layer covering Calu-3 cells revealed the presence of
both MUC5B and MUCSAC (Figure 5.3 A and B). The overlay (Figure 5.3 C) revealed that in
this layer, the mucins are not homogeneously distributed. Rather, regions predominantly
containing MUC5AC or MUCSB or regions containing a mixture of both mucins could be
differentiated.

CLSM sections through the cells revealed that the mucins MUC5AC and MUC5B are
intracellularly located within round shaped structures, indicating their presence inside of
membrane-bound vesicles (Figure 5.3 D and E) also called granules [18]. Again, the mucins

appear to be unevenly distributed within the vesicles (Figure 5.3 F).
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Figure 5.3: Calu-3 cells cultured under AIC conditions secrete the major gel-forming mucins
MUCS5AC and MUCSB. A-C) 2D sections taken above the cells demonstrate the secretion of
both MUC5AC and MUCS5B. D-E) 2D sections through the cells show the presence of
MUCS5AC and MUCS5B filled granules. Samples were stained with anti-MUC5AC-Alexa Fluor
488 (green) and anti-MUC5B-Atto 647N (magenta). Scale bar 10 um.

Several gene expression studies have reported the expression of both MUC5AC and MUC5B
in Calu-3 cells [143,144]. Sonntag et al., (2022) assessed mucus production in Calu-3 cells
by evaluating the level of MUCS5AC formation [123]. Analyses based on
immunofluorescence staining also confirmed the formation of MUC5AC and MUC5B by
Calu-3 cells [145]. However, the ultrastructure of intracellular MUC5B and MUC5AC
filled-granules and the resulting morphology of the mucus layer secreted by Calu-3 cells
have previously been poorly addressed. Previous immunohistochemical studies found
MUCSAC filled intracellular secretory granules residing at the apical side of Calu-3 cells,
grown at the air-interface [146,147]. In general, goblet cells are polarized. The nucleus and
organelles are reported to reside at the base of the cell, whereas the mucin-secreting
vesicles accumulate at the apical side [148].

Tight junction formation resulting in generation of physiological TEER values together with
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the secretion of the major gel-forming mucins confirmed the quality and adequacy of the

employed Calu-3 model for conducting this study.
5.3.2. N-acetylcysteine improves particle penetration

NAC has mucolytic, antioxidant (ROS scavenging), and anti-inflammatory properties [149].
Given these properties, nebulized NAC has been clinically used in acute and chronic
bronchopulmonary diseases that are associated with impaired mucus formation and
transport [150]. However, its use as a mucus modulator with the scope of improving the
diffusion of particulate based therapeutics [72] is yet a subject of ongoing research [114].
As a proof of concept, we investigated how pretreatment of mucus with nebulized NAC
influenced the penetration behavior of 500 nm model COOH-PS-Ps through in vitro mucus.
Particles larger than 200 nm have been described not to penetrate mucus [12]. Therefore,
the 500 nm particles were chosen here as a control, allowing to show the mucus
penetration enhancing effect of NAC. Pharmaceutical aspects such as high drug
encapsulation efficiency and modifiable drug release kinetics are other considerations that
in general foster the use of sub-micrometer to micrometer-sized particles in the field of
formulation development [72].

For bearing resemblance to the treatment situation, the exposure of Calu-3 cells to NAC
and PS-NPs was performed using the Vitrocell ® Cloud system. NAC solution was nebulized
and administered at doses of 20 pug/cm? + 10% and 120 pg/cm? + 10%. 3 h after particle
application, 2D images were recorded at different optical z-sections starting from the top
of the mucus layer of the samples (Figure 5.4) as illustrated in (Supplementary information
Figure S5.2). The presence of particles was quantified (Figure 5.5) based on fluorescence
intensity and using Image J software.

In untreated samples, the 500 nm particles were only detected in the upper mucus layers.
Signal intensity was highest at the top layer (0 um) and decreased with increasing distance
from the top. At distances of 15 um and more, particles were only detected occasionally,
even after 3 h of incubation (Figure 5.4). The impact of 0.9% NaCl, used as vehicle control
for NAC, on the penetration of particles appeared to be negligible. Samples pretreated with
NaCl did not exhibit particle penetration to more distant layers as compared to untreated
samples (Supplementary information, Figure S5.3). These results are in line with previous

studies that reported a strong obstruction of 500 nm COOH-PS-Ps to diffuse through mucus
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[12,38]. These data reveal that in its untreated state Calu-3 mucus shows considerable
barrier properties and represents a promising mucus model for the investigation of mucus
drug carrier interactions.

After pretreatment of the samples with 20 pg/cm? NAC, according to the quantitative
analysis (Figure 5.5), no significant increase in particle penetration as compared to the
untreated controls was detected. Under these conditions only a few more particle signals
were detected at distances of 10 um and 15 um (Figure 5.4). In contrast, pretreatment of
mucus with 120 ug/cm? NAC notably improved particle diffusion across mucus (Figure 5.5).
Here, particles were detected up to a depth of 20 um (Figure 5.4). In addition, the chain-like
pattern of particles observed after pretreatment with 120 pg/cm? NAC (Figure 5.4) might
indicate the presence of connections between the interstitial fluid-filled regions, accessible
to the particles, as already observed before [51]. The enhanced nanoparticle diffusivity
mediated by NAC can be attributed to an increase of these accessible fluid-filled areas, most
likely mediated by the mucolytic properties of NAC. The latter have been described to be
based on depolymerization of the mucin matrix by lysis of interconnecting disulfide bonds
[151]. Ehre et al. (2019) reported that NAC leads to decrease of the molecular weight of
mucins, however with a lower efficiency as compared to other novel mucolytics [152].

An increase of the mucus “mesh size” has also been suggested as an explanation for the
improvement of nanoparticle transport after NAC treatment, based on SEM imaging [52].
However, care should be taken with the interpretation of such observations, as dehydration
of samples for SEM imaging has been shown to cause structural alterations of mucus,
resulting in the formation of um-sized pores absent from the hydrated state [8,13,24].
Measurement of the osmolality of 20% NAC solution revealed that it is a hypertonic
solution with an osmolality equivalent to 4.5% NaCl (Supplementary information Table
S5.1). Application of 20% NAC solution therefore might also act as osmolyte, causing water
influx into the mucus layer and thereby facilitating nanoparticle transport. To differentiate
between the mucolytic and osmotic effect of NAC, Calu-3 cells, cultured for 21 days, were
pretreated with 4.5% NaCl and 20% NAC. Subsequently, the transport of 500 nm
COOH-PS-Ps in untreated, 4.5% NaCl treated, and 20% NAC treated samples was evaluated.
Treatment with 4.5% hypertonic NaCl solution did not lead to a significant increase of
nanoparticle transport compared to untreated controls (Supplementary information Figure

S5.4). This indicates that the mucolytic effect of 20% NAC is dominating over the osmotic
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or dilution effect. Given the established strong inverse proportionality of mucus
viscoelasticity and particle diffusivity, the decrease of complex mucus viscoelasticity [31]
via reduction of disulfide bonds by NAC, is most likely the key factor in the enhancement of
particle diffusivity [153,154].

The quantitative image analysis confirmed that pretreatment of mucus with a 120 pg/cm?
dose of NAC significantly increased the penetration of 500 nm COOH-PS-Ps. This behavior
was observable from a visualization depth of 2 5 um compared to untreated samples and
samples pretreated with only 20 pg/cm? NAC (Figure 5.5). NAC treatment did also increase
the penetration of 50 nm and 100 nm nanoparticles, as further described in section 5.3.5.
Different to our findings, Suk et al., (2011) reported that the treatment of cystic fibrosis
sputum with NAC at a concentration of 20 mM provided almost no improvement for
500 nm COOH-PS-Ps compared to untreated samples [52]. The reasons for this difference
may be the even higher viscoelasticity of cystic fibrosis mucus and the pathology-related
increased mucin concentration [155] of the used samples, as the NAC induced nanoparticle
transportimprovement is reported to be inversely correlated to mucin concentration [116].
Taken together, these data provide evidence that the NAC treatment protocol, proposed
in this study, can substantially enhance the permeability of mucus and improve
nanoparticle transport, indicating a reduced protective effect during such a treatment

phase.
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Figure 5.4: NAC treatment improves particle penetration into mucus. 2D CLSM images of 500 nm COOH-PS-Ps (white) at different
depths of the mucus: 0 um represents the top of the sample, 25 um represents the bottom layer. Mucus was untreated (top row)
or treated with 20 pg/cm? NAC (middle) and 120 pug/cm? NAC (bottom row), respectively. Particles and NAC were applied to the top

of the sample. Scale bar 50 um.
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Figure 5.5: Quantitative analysis of 500 nm particle penetration after NAC treatment based
on confocal imaging. Data shown are mean values + SE for n =9 sample areas from 3
independent experiments. Statistical significance was calculated with One Way ANOVA

followed by the Bonferroni test and indicated by asterisks: ***, p < 0.001.

5.3.3. Time dependent formation of in vitro mucus

It has been reported that Calu-3 cells cultivated at air-interface conditions show a
time-dependent mucus secretion [125]. In the frame of this study, the time-dependent
secretion of mucus and build-up of a mucus layer was investigated. Considering the
protective function of mucus, the thickness of a complete mucus layer equals the distance
that delivery systems as well as potentially hazardous materials must travel to reach the
underlying cells. Therefore, the thickness of the mucus layer was assessed by CLSM, after
Calu-3 cells were cultivated at air-interface conditions for 5 days (Calu-3 5-d) and 21 days
(Calu-3 21-d).

In order to avoid removal of loosely bound mucus mediated by washing steps, mucus was
stained via application of labeled WGA to the basolateral compartment of the transwell
filters. The membranes including the attached Calu-3 cells were separated from the
transwell insert and placed on an Ibidi® imaging chamber for analysis (Figure 5.6 A).
Morphological differences were used as a discrimination tool between the cells and the

mucus layer (Figure 5.6 B). In contrast to previous studies, describing mucus as an even
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layer [156], it was observed that the thickness of mucus was not uniform throughout the
samples.

However, after 21 days, Calu-3 cells produced a confluent mucus layer (Supplementary
information, Figure S5.5). Overall, the data indicated a significant increase of the mucus
thickness over time (from 5 to 21 days). Calu-3 5d produced a mucus layer of 8.7 £ 4.5 um,

while Calu-3 21d produced a 2.8-fold thicker mucus layer of 24.1 + 5.8 (Figure 5.6 C).
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Figure 5.6: Thickness of in vitro mucus produced by Calu-3 cells increased with culturing
time. A) lllustration of the applied CLSM imaging setup. B) Orthogonal view (xz) of mucus
covering the epithelium reveals the morphological discrimination between the epithelium
below the dashed line and mucus layer on top of the dashed line. Z-stacks of 2D images
were analyzed using Image J to determine mucus thickness (distance between the top layer
of mucus and the cell membrane). Mucus thickness was measured at five random spots
(white lines) in each sample. Solid white lines represent mucus thickness at arbitrarily
chosen locations. Note that the image in B) is rotated 180° as compared to A). C) Average
thickness of in vitro mucus evaluated after cultivation of Calu-3 cells for 5 and 21 days. Data
shown represent mean values £+ SE for n=45 measurements from 3 independent
experiments. Statistical significance is calculated with One Way ANOVA followed by the

Bonferroni test and indicated by asterisks: ***, p < 0.001.

In comparison, Sonntag et al., (2022) reported formation of an approximately 20 um thick
mucus layer by Calu-3 cells after 14 days, however no data was reported for longer
cultivation times [123]. The mucus thickness determined in this study after 21 days

correlated well with the thickness of human tracheal mucus (10 — 30 um) corresponding to
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the airway generation 0 [157,158]. For the subsequent assessment of the protective
properties of mucus, Calu-3 cells were used after 5d and 21d of cultivation. For this
assessment, a model exhibiting a confluent cell layer and exhibiting barrier properties,
while completely lacking a mucus cover would have been the ideal negative control. After
5 days, the cell layer already was confluent (Supplementary information, Figure S5.6),
whereas TEER values indicated incomplete barrier formation (Figure 5.1). However, as the
cells were already covered by mucus after 5 days (Supplementary information, Figure S5.7),
the 5d model was chosen to mimic the protective function of a thin mucus layer on top of

confluent cells.

5.3.4. Protective role of in vitro mucus

To evaluate the protective function of mucus, Calu-3 cells were exposed to three types of
model polystyrene nanoparticles. 50 nm and 100 nm NH;-PS-NPs and 50 nm COOH-PS-NPs
were applied at varying doses (25, 50 and 100 pg/cm?). Polystyrene nanoparticles have
been intensively used as model particles in the field of drug delivery [159], but also for
nanotoxicity studies [160]. Due to the growing interest in the effects of nano- and
microplastics and the potential formation of polystyrene particles due to plastic
fragmentation, PS-NPs have also been used in terms of environmental/occupational
exposure to these materials [161].

For the assessment of nanoparticle induced cytotoxicity, the LDH based membrane
integrity assay was performed. For the assay, the nanoparticles were applied via
nebulization to the apical compartment and the medium samples were taken from the
basal compartment. Due to limited translocation of the particles across the transwell
membranes, as shown by Dekali et al. (2014) [162], using an acellular translocation assay,
significant (optical) interference of the particles with the assay readout can be neglected.
Using this assay, cytotoxicity values of < 20%, correlating with a low release of LDH, are
considered non-toxic [163].

50 nm NH2-PS-NPs applied at a dose of 25 pg/cm? induced no toxicity in Calu-3 5d and
Calu-3 21d samples (Figure 5.7 A). At higher doses 50 and 100 pg/cm?50 nm NH>-PS-NPs
induced a dose-dependent cytotoxicity in both Calu-3 5d and 21d samples. 50 nm
NH»-PS-NPs induced in Calu-3 5d samples a significantly higher cytotoxicity than in
Calu-3 21d.
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100 nm NH2-PS-NPs probed in Calu-3 5-d induced no cytotoxicity at a dose of 25 pg/cm?
and a dose dependent cytotoxicity at doses of 50 and 100 pg/cm? (Figure 5.7 B). In samples
with a thicker mucus layer Calu-3 21-d 100 nm NH-PS-NPs induced no toxicity for all
applied concentrations. As in the literature described [164], the cytotoxicity induced by
50 nm NH;-PS-NPs was observed to be higher than that of larger 100 nm NH2-PS-NPs
(Figure 5.7 A-B).

50 nm COOH-PS-NPs induced cytotoxicity only when applied at doses of 50 and 100 pg/cm?
in Calu-3 5-d samples (Figure 5.7 C). As previously reported [165] the negatively charged
50 nm COOH-PS-NPs induced a lower cytotoxicity than positively charged 50 nm
NH2-PS-NPs (Figure 5.7 B-C).

The nanoparticle induced cytotoxicity was found to be dose dependent for all three
nanoparticle types used and both models, Calu-3 cells cultured for 5 and 21 days
(Figure 5.7 A-C). However, at the lowest dose used, 25 pg/cm?, the nanoparticles did not
induce cytotoxicity. These findings confirm previous results, reporting that the toxicity of
nanoparticles increases with increasing concentration [166].

Furthermore, the nanoparticle induced cytotoxicity was more pronounced in case of the
Calu-3 5- d samples as compared to the Calu-3 21-d samples (Figure 5.7 A-C).

These data indicated that Calu-3 5-d are more vulnerable to nanoparticle-induced
cytotoxicity as compared to Calu-3 21-d.

Given the mucus thickness difference between Calu-3 5-d and 21-d, the lower
nanoparticle-induced toxicity values observed in Calu-3 21-d are most likely attributed to
the thick mucus layer and underline the protective function of mucus.

These results indicate that Calu-3 cells cultured at air-interface conditions for 21 days
secrete a mucus layer of a thickness comparable to the human tracheal mucus that protects
the underlying cells and can successfully be employed for the investigation of the impact

of NAC on the protective role of mucus.
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Figure 5.7: The protective function of mucus is determined by the thickness of the mucus
layer. Samples were exposed to nebulized particles A) 50 nm NH;-PS-NPs, B) 100 nm
NH2-PS-NPs and C) 50 nm COOH-PS-NPs at three different doses 25, 50, and 100 pg/cm?.
Data shown are mean values + SE for n =27 technical replicates from 3 independent
experiments. Statistical significance is calculated with one-way ANOVA followed by the

Bonferroni test and indicated by asterisks: *, p < 0.05; **, p < 0.01; ***, p < 0.001.
5.3.5. N-acetylcysteine modulation of mucus increases nanoparticle-induced cytotoxicity

A considerable concern about the increase of mucus permeability via NAC treatment is the
vulnerability of the underlying epithelium toward inhalable xenobiotics. In this study, we
address this question by probing the impact of NAC treatment on the protective role of
mucus using nebulized model PS-NPs. Initial experiments were performed, in order to
exclude that NAC itself induced cytotoxicity (Supplementary information, Figure S5.8).
50 nm NH-PS-NPs applied at a dose of 25 pg/cm? did not induce cytotoxicity, independent
from any pretreatment with NAC. At higher doses (50 and 100 pg/cm?) 50 nm NH2-PS-NPs
induced cytotoxicity in both NAC treated and untreated samples. Furthermore, the
cytotoxic effect of the 50 nm NH;-PS-NPs particles was more pronounced after NAC
treatment (Figure 5.8 A). 100 nm NH3-PS-NPs induced no toxicity in absence of NAC,
independent on the applied dose. After NAC treatment, the 100 nm NH,-PS-NPs induced
toxicity, which was observed to increase with the applied dose (Figure 5.8 B). In
comparison, 50 nm COOH-PS-NPs induced only slight effects, even when applied after NAC
treatment at a dose of 100 pg/cm? (Figure 5.8 C).

Consistent with the existing literature, it was observed that exposure of cells to particles of
smaller diameter and of positive charge caused a more pronounced cytotoxicity [167].
Most importantly, NAC-treatment increased the cytotoxicity induced by all particle types
as compared to untreated samples (Figure 5.8 A-C). In particular, NAC treatment led to an

increase in the cytotoxicity of 50 nm and 100 nm NH3-PS-NPs (Figure 5.8 A, B).
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Figure 5.8: Pretreatment with NAC decreases the protective function of mucus. Treated
samples were exposed to nebulized NAC (120 pg/cm?). Both treated and untreated samples
were subsequently exposed to nebulized particles A) 50nm  NH2-PS-NPs,
B) 100 nm NH2-PS-NPs and C) 50 nm COOH-PS-NPs at three different doses 25, 50, and
100 pg/cm?. Data shown are mean values + SE for n =27 technical replicates from 3
independent experiments. Statistical significance is calculated with one-way ANOVA
followed by the Bonferroni test and indicated by asterisks: *, p < 0.05; **, p <0.01; ***,
p <0.001.

NAC is a well-known antioxidant and shows its antioxidant effect via various mechanisms.
It plays a role as a cysteine and thereby glutathione precursor (a well-known direct
antioxidant and a substrate of several antioxidant enzymes), acts as a direct antioxidant,
and is assumed to be involved in thiol-disulfide interchange reactions, involved in
restoration of thiol pools [152,168]. Having this in mind, NAC is expected to attenuate
stressor induced oxidative stress due to its antioxidative properties. As polystyrene
nanoparticle induced toxicity might be mediated by oxidative stress [169], NAC is expected
to rather mitigate any nanoparticle induced toxicity. Given the nanoparticle penetration
enhancing property of NAC, the increased cytotoxicity values observed after NAC
treatment might rather be attributed to an elevated exposure of cells to an increased
number of particles. Enhanced nanoparticle induced cytotoxicity observed for the
NAC-treated samples suggests that NAC compromises the mucus barrier integrity and its
protective function.

Therefore, the impact of NAC treatment on the penetration of nanoparticles was analyzed
as described for the 500 nm particles. After 3 h, 100 nm NH;-PS-NPs did not evenly
distribute in the mucus. The fluorescence signals were predominately detected in the top
layers. NAC treatment appeared to increase the presence of 100 nm NH,-PS-NPs particles,
even at deeper mucus layers (Supplementary Figure S5.9). In comparison, 50 nm
COOH-PS-NPs, even without previous NAC treatment, seemed to distribute more evenly
across the mucus and also to penetrate to deeper mucus layers. NAC treatment appeared
to enhance the penetration of these particles into deeper mucus layers (Supplementary
Figure S5.10).

The observed results are in good agreement with Takatsuka et al. (2006), addressing the

impact of NAC treatment as a strategy to improve mucus penetration [170]. The authors
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reported that treatment of rats with NAC led to an increased absorption of calcitonin,
which was associated with mucosal and microvilli damage. However, it is to be noted that
the mentioned study focuses on the intraintestinal application of NAC.

The use of mucus modulating agents like NAC to improve drug uptake by decreasing mucus
barrier properties can be of advantage as it allows the application of simpler formulations.
The improvement of mucus penetration in this scenario is achieved by the mucus
modulating agent, applied prior to the use of the drug carrier. Such formulations can be
realized by use of less complex and cheaper manufacturing processes [115], also resulting
in lower costs for the development stage.

The data presented in this study emphasize that the application of mucus modulating
strategies should be considered with caution, in particular if unintended exposure to
particles is expected. In this context, a compromise should be made between the dose
necessary to ensure the efficient delivery of the intended agent and the dose allowing for

unintended penetration of environmental particles.

5.4. Conclusion

This study focuses on the impact of mucus modulation on the protective role of mucus
taking into consideration the potential environmental/occupational exposure.
Differentiated Calu-3 cells as an in vitro mucus source have been characterized and a mucus
modulation protocol involving the NAC nebulization that successfully enhanced NP
transport through mucus has been developed. We demonstrated that Calu-3 cells provide
a mucus layer of a thickness comparable to the human tracheal mucus, which protects the
underlying cells and can successfully be employed for investigation of the protective role
of mucus. We found that modulation of in vitro mucus via NAC significantly increased
particle penetration and nanoparticle-induced cytotoxicity, indicating a reduced barrier
capacity of modulated mucus.

Our results suggest that assessment of the impact of mucus modulation on the protective
role of mucus is essential for a successful development of therapy protocols involving

mucus modulation as a strategy for enhancing drug carrier penetration through mucus.
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5.5. Supplementary information

Supplementary Figure S5.1: Basolateral staining of Calu-3 mucus with WGA-Rhod allows

the morphological discrimination between A) extracellular mucus covering B) the cell layer.
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Supplementary Figure S5.2: lllustration that shows how imaging (using an inverted
microscope) of particle penetration through the mucus layers was performed. Images were
taken at different optical z-sections (every 5 um) starting from the top of the mucus layer

deeper to the underlying cell layer.
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Supplementary Figure S5.3: Quantitative analysis of 500 nm particle penetration in

untreated and 0.9% NaCl (used as a vehicle control for NAC) treated samples based on

confocal imaging. Data shown are mean values +SE for n=9 sample areas from 3

independent experiments.
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Supplementary Figure S5.4: Quantitative analysis of 500 nm particle penetration after
treatment with 20% NAC and 4.5% NaCl based on confocal imaging. Data shown are mean
values * SE for n = 9 sample areas from 3 independent experiments. Statistical significance
was calculated with One Way ANOVA followed by the Bonferroni test and indicated by

asterisks: **, p <0.01; ***, p < 0.001; n.s. non-significant.

91



Impact of mucus modulation by N-acetylcysteine on nanoparticle toxicity

Supplementary Figure S5.5: Calu-3 cells form a confluent mucus layer. Light microscopy
image of Calu-3 cells cultured for 21 days under air-interface conditions and stained with

1% Alcian blue.

Supplementary Figure S5.6: Calu-3 cells form a confluent cell layer. Light microscopy image

of Calu-3 cells cultured for 5 days under air-interface conditions.
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Supplementary Figure S5.7: Z-projections of Calu-3 mucus on A) day 21 and B) day 5,
stained with WGA-Rhod. As the thickness of mucus was not uniform throughout the
sample, providing areas with higher/lower mucus thickness, z-projections are shown
(Image J). Images A and B are composite images that show a Maximum Intensity z-stacking.
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Supplementary Figure S5.8: NAC applied at a dose of 120 ug/cm? does not induce

cytotoxicity (cytotoxicity < 20%). Prior to treatment, Calu-3 cells were cultured for 21 days

under air-interface conditions.
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Supplementary Figure S5.9: Quantitative analysis of 100 nm particle penetration after
treatment with 20% NAC based on confocal imaging. 100 nm NH-PS-NPs (see Table 5.1)
were used. Data shown are mean values + SE for n = 9 sample areas from 3 independent
experiments. Statistical significance was calculated with One Way ANOVA followed by the

Bonferroni test and indicated by asterisks: **, p < 0.01; ***, p < 0.001; n.s. non-significant.
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Supplementary Figure S5.10: Quantitative analysis of 50 nm COOH-PS-NPs penetration
based on confocal imaging. Penetration was analyzed after treatment with 20% NAC and
compared to untreated samples. Data shown are mean values + SE for n = 6 sample areas
from two independent experiments. Statistical significance was calculated with One Way
ANOVA followed by the Bonferroni test and indicated by asterisks: *, p < 0.05; **, p < 0.01;
n.s. non-significant. FluoSpheres (Invitrogen, Oregon, USA) were used for this analysis. The
hydrodynamic diameter of the particles was 53 + 9.5 nm. For DLS measurements, the

particles were diluted in MilliQ water.

Supplementary Table S5.1: Osmolality of solutions used to treat Calu-3 mucus (day 21). The
osmolality of these solutions was measured using the Osmomat 030 equipment (Gonotec

GmbH, Bensheim, Germany). MQ- Milli Q.

Samples (% w/v) Osmolality (osmol/kg)
Pure MQ water | 0.000
NaCl 0.9% in MQ water 0.300
NaCl 4.5% in MQ water , 1.447
20% NAC in 0.9% NacCl 1.459
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6. Conclusion and outlook

The presented work investigated the structure of mucus, focused on the characterization
of in vitro and ex vivo mucus models, and assessed the influence of mucus modulation as a

mucus overcoming strategy on the barrier properties of mucus.

e This work aimed at the elucidation of the structure of native hydrated mucus. To
the best of our knowledge, we could show for the first time that, in contrast to
previous electron microscopy studies reporting a porous structure of mucus, in its
hydrated state, mucus shows a rather non-porous compact structure. This was
demonstrated using ESEM and high-resolution STED microscopy. In situ sublimation
revealed that dehydration is responsible for the observed porous structure of
mucus in electron microscopy. STED microscopy elucidated the nano-scale patterns
of MUC5B as a major gel-forming mucin responsible for the gel properties of mucus.
The CLSM data showed the heterogenous and composite structure of mucus. This
work expands the knowledge about the structure of mucus and introduces STED

microscopy as a tool for mucus nanoparticle research.

Calu-3 in vitro mucus was characterized and compared to ETT ex vivo mucus.
Features like mucin organization, concentration, rheology, mucus barrier, and
metabolomic profile were assessed. The CLSM investigation of the structural
organization of mucins showed that in vitro mucus is a less disturbed system than
ex vivo mucus. In vitro mucus showed lower mucin concentration than ex vivo
mucus. Macrorheology data demonstrated that in vitro mucus exhibits viscoelastic
hydrogel properties with lower storage and loss moduli values than ex vivo mucus.
Both mucus models showed similar barrier properties. Non-targeted metabolomic
profiling of in vitro and ex vivo mucus showed that both mucus models differ from
each other with significantly lower signal of the features (metabolites) for in vitro
mucus, in particular for mucin and lipid content. The validation data provided in this
work will help in the interpretation of experimental readouts obtained using Calu-3

in vitro mucus.

Calu-3 in vitro mucus was used for the assessment of the impact of mucus

modulation on the barrier function of mucus. Cultured under air-interface
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conditions Calu-3 cells produced a physiologically relevant thick mucus layer, which
was able to hinder the penetration of 500 nm COOH-PS-Ps particles. A mucus
modulation protocol based on the aerosolized NAC, which allowed a significant
enhancement of mucus penetration of 500 nm COOH-PS-Ps was developed. The
protective function of mucus was probed by assessing the influence of 50 and
100 nm amine-modified and 50 nm carboxyl-modified polystyrene nanoparticles on
the membrane integrity of Calu-3 cells. Intact Calu-3 in vitro mucus layer showed an
effective protection for the underlying cells, which was reduced upon NAC
treatment. We suggest that the assessment of the remaining mucus protection
should be part of the development process for therapies involving modulation of

the mucus layer.

e As a future perspective, the employment of dual color STED microscopy for the
visualization of both gel-forming mucins MUC5AC and MUC5B would be of interest.
This would provide valuable information regarding the intracellular distribution of
these mucins and their morphology in the extracellular mucus, which is essential
for understanding of the pathophysiology of mucin secretion related diseases. In
addition, dual color STED microscopy could be employed for the simultaneous
visualization of mucus and microparticles (composed of nanoparticles with a
sub-diffraction limit size). The investigation of the disintegration of microparticles
into nanoparticles in mucus and their cellular internalization would provide valuable
information in the understanding of nanoparticle interactions with mucosal

barriers.

Calu-3 in vitro mucus is validated here by comparing it to ex vivo mucus, which is a
commonly used mucus model, despite some reported shortcomings related to the
collection procedure of this mucus model. Therefore, other mucus models which
might encounter less alteration during the collection procedure like bronchoscopy
samples or induced sputum should be taken into consideration for further
investigation. Since the availability is the major problem regarding bronchoscopy
and induced sputum samples, they might not be feasible for high-throughput
experiments, however, they would provide valuable information regarding the

human pulmonary mucus.
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Inhalation therapy protocols comprising mucus modulation should involve an
adjustment between the applied dose of mucus modulator and the protective
function of mucus. In this context, the down titration of the NAC dose used in the
mucus modulation protocol presented in this work would be of interest for the
determination of the minimal required dose for a sufficient improvement of
nanoparticle penetration. Furthermore, the investigation of the impact of mucus
modaulation on in vitro mucus models, that mimic mucus pathological conditions
would be of interest in terms of translation of the data to the diseased mucus
situations. Therefore, e.g., an in vitro model using CFBE410- cells complemented

with CF sputum might be developed.

This thesis provides novel insights into the structure of native mucus, guides the application
of the mucus models characterized here in the mucus nanoparticle interaction studies, and

advances the knowledge about the safety aspect of the approach of mucus modulation.
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