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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 pm. Mucus appeared to restrict
penetration of 500 nm carboxyl-modified polystyrene particles to the upper 5-10 pm of the layer. Furthermore, a
mucus modulation protocol using aerosolized N-acetylcysteine (NAC) was developed. This treatment enhanced
the penetration of 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 poly-
styrene nanoparticles, respectively. Cytotoxicity was only induced by the amine-modified particles in combi-
nation 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.

1. Introduction xenobiotics by adhesive and steric filtering followed by mucociliary

clearance (Button et al., 2012). Besides its protective function, mucus

Human pulmonary mucus is a viscoelastic hydrogel with a complex
composition and molecular structure that humidifies, lubricates and
protects the underlying airway epithelium (Bansil and Turner, 2018).
The primary structural building blocks of mucus are mucin glycopro-
teins 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 hydro-
phobic, hydrophilic, and electrostatic or specific interactions (Gamazo
et al., 2015). Given these structural and chemical properties, mucus
traps and removes harmful entities like microbes, pollutants and

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 modula-
tion (by pretreating mucus with a mucus modulating agent) and syn-
ergistic combination of both approaches (Chater et al., 2018).

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
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between mucus components (Nordgéard and Draget, 2018). Mucolytic
agents, of which N-acetylcysteine (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 (Lababidi et al., 2020; Suk et al., 2011b). The
ease of use is one advantage of this technique compared to the chal-
lenging large-scale production of surface-modified drug carriers (Chater
et al., 2018). 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, envi-
ronmental and anthropogenic fine dust, engineered nanomaterials,
advanced materials, and microplastics (Carlson et al., 2018; Vethaak
and Legler, 2021; Wu et al., 2018; Xia et al., 2022). Loss of the protective
function of mucus and increased vulnerability of the underlying
epithelium toward inhalable, potentially hazardous materials is one
major concern regarding this strategy (Murgia et al., 2018). Although
mucus is considered an efficient barrier against such foreign entities,
there is evidence suggesting that for example engineered nanomaterials
possess mucus penetrating properties (Jachak et al., 2012). Once the
mucus barrier is overcome, these nanoparticles might reach and damage
the underlying epithelium (Wang et al., 2011). This risk potentially in-
creases after modulation of mucus, emphasizing the importance to
evaluate whether, after modulation, mucus retains its protective func-
tion against abiotic particles. The impact of mucus modulation on un-
intended 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 (Nafee et al., 2018;
Sonntag et al., 2022). 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.

2. Materials and methods
2.1. Particles and particle characterization

Amine-modified polystyrene nanoparticles (NHy-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 Labora-
tories, 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 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 KCI. Three independent mea-
surements were performed (Table 1).

2.2. Cell culture

Calu-3 (HTB-55™) epithelial cells (Fogh et al., 1977) were obtained
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Table 1
Physicochemical properties of particles used in this study.
PS-NPs Labeling Hydrodynamic Zeta Experiments
diameter [nm] potential
[mV]

500 nm dragon green 452 + 99 -57 CLSM
COOH- experiments
PS-Ps

50 nm fluorescent 42+ 9 47 LDH assay
NH,-PS-  blue
NPs

100 nm fluorescent 70 £ 16 45 LDH assay
NH,-PS- orange
NPs

50 nm - 45+ 10 —48 LDH assay
COOH-

PS-NPs

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% COs, and pH 7.4). Minimal essential
medium (MEM) (Gibco Invitrogen, Grand Island, USA) was supple-
mented with 10% fetal bovine serum (FBS) (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. Af-
terwards, 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 c¢m? surface area and 0.4 pm pore size) (Greiner Bio-One GmbH,
Frickenhausen, Germany). The plates initially contained 1500 pl me-
dium 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 interface culture (AIC) condi-
tions for up to 21 days in order to promote cell differentiation (Haghi
et al., 2014). The medium in the basolateral compartment was replaced
every other day.

2.3. Transepithelial electrical resistance

The formation of a confluent and tight monolayer was monitored by
evaluation of Transepithelial Electrical Resistance (TEER) values by
using STX-2 electrodes connected to an EVOM™ Epithelial Voltohm-
meter (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 empty transwell in-
serts from the measured values of the samples. TEER values of >300 Q
cm? were considered to indicate the formation of tight cell barriers
(Juntke et al., 2021; Nafee et al., 2018).

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
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placed on aluminum stubs using double-sided carbon tape. Imaging was
carried out using FEI (Hilsboro, Oregon, United States) Quanta 400 FEG
in low vacuum mode (100 Pa) using a large field detector (LFD) and
acceleration voltages of 5 kV and 10 kV at a working distance of
7.5-13.0 mm.

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 sci-
ence, 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 (Meziu et al., 2021; Hasegawa et al., 2017;
Esther et al., 2019). 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 pg/ml Atto 647 N conju-
gated anti-mouse secondary antibody (Sigma Aldrich, Steinheim, Ger-
many) 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) over-
night at 4 °C and subsequently with 5 pg/ml Alexa Fluor 488 conjugated
anti-rabbit secondary antibody (Sigma Aldrich, Steinheim 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 647 N conjugated
anti-mouse secondary antibody for 90 min at RT.

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

For MUCS5B staining, samples were incubated with 2 pg/ml mouse
anti-MUCS5B primary antibody (Thermo Fisher Scientific, Rockford,
USA) for 1 h at RT and 10 pg/ml Atto 647 N conjugated anti-mouse
secondary antibody (Sigma Aldrich, Siegen, Germany) for 1 h at RT.
MUC5AC was stained using 2 pg/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 as described before
(Meziu et al., 2021). 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, Fig. S1). 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.

2.6. Confocal laser scanning microscopy (CLSM)

Samples were examined with a TCS-SP5 STED setup (Leica Micro-
systems, Mannheim, Germany), in confocal mode, using the oil im-
mersion objectives 63x/1.4 and 100x/1.4 (HCX PL APO). The
fluorescent dyes Alexa 488 and Dragon Green were excited using the
488 nm laser line of an argon laser (A = 488 nm). Atto 647 N and
rhodamine were excited using a HeNe laser (A = 633 nm), and a DPSS
laser (A = 561 nm) respectively. The fluorescence signals were detected
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using a photomultiplier. For analysis of mucus thickness and particle
penetration, z stacks (step size 1 pm) of the samples were recorded. To
allow for quantitation of the intensities between different images, the
settings for image acquisition were kept constant.

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).

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 poly-
styrene 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 pm). The
nebulized doses were monitored with the integrated quartz crystal mi-
crobalance (Ding et al., 2020).

To analyze particle penetration, cell samples were stained with
WGA-Rhod as described in Section 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, Barsbiittel, Germany) in 0.9% NaCl (Carl Roth
GmbH, Karlsruhe, Germany) at pH 7.5 was prepared. (Suk et al., 2011a).
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 cmz)
(Jachak et al., 2012), and the deposition factor (percentage of the
applied dose that reaches the respiratory tract) (10%) (Carvalho et al.,
2011; Tseng et al., 2022). 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 pene-
tration was investigated using two doses: 20 pg/cm2 NAC, approxi-
mating 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 samples
were incubated for 30 min at 37 °C as suggested by (Suk et al., 2011a)
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 NH,-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.

2.9. Membrane integrity assay

After exposure of Calu-3 cells to NPs as described in Section 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 pl 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
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the recorded values. Membrane integrity was determined relative to a
positive control (cells treated with 9% Triton X100).

3. Results and discussion

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 (Sonntag et al., 2022). Commercial availability and
tight junction formation are the advantages of the Calu-3 cell line as an
in vitro model (Braakhuis et al., 2023). 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 cell lines (Ghanem et al., 2021).

However, the mucin expression profile is another important mucus
property. MUC5AC and MUCSB are the main mucins of airway mucus
(Sonntag et al., 2022). MUC5B has been described as predominant
mucin (Song et al., 2022) in the healthy and the diseased state. In
comparison, Calu-3 cells secrete MUC5AC over MUC5B (Berger et al.,
1999). However, this cell line has been used for particle penetration
studies independent of a specific disease (Nafee et al., 2018; Sonntag
et al., 2022).

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), mucin concentration describes the absolute
mucin concentration (Henderson et al., 2014; Hill et al., 2014; Boucher,
2019). Relating in vitro mucus properties to any specific physiological or
pathological situation is limited by availability of quantitative infor-
mation 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 pro-
duction. The barrier properties of Calu-3 cells were evaluated by mea-
surement 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?
(Fig. 1 A), confirming the formation of an intact barrier (Mura et al.,
2011). 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 repre-
sentative (Grainger et al., 2006; Haghi et al, 2014; Sten-
tebjerg-Andersen et al., 2011). 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 (Fig. 1 B—D). These data
are consistent with previous studies, reporting on tight junction for-
mation in Calu-3 cells (Kreft et al., 2015; Wan et al., 2000).

SEM images of Calu-3 cells maintained at AIC revealed a heteroge-
neous population of apically located cellular protrusions (Fig. 2 A-B).
Such protrusions have been previously described as cilia (motility
structures, containing microtubules) or microvilli (supported by actin)
(Florea et al., 2003; Kreft et al., 2015; Osinka et al., 2019; Tilney et al.,
2004). In this study, imaging of phalloidin labeled samples confirmed
that the protrusions are actin-associated and therefore can be regarded
as microvilli (Fig. 2 C—D).

Furthermore, the mucin secreting activity of Calu-3 cells was inves-
tigated, focusing on the two major gel-forming mucins of conducting
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Fig. 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?) 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 pm. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

airways, MUC5AC and MUCS5B. CLSM sections recorded in the extra-
cellular mucus layer covering Calu-3 cells revealed the presence of both
MUCS5B and MUC5AC (Fig. 3 A and B). The overlay (Fig. 3 C) revealed
that in this layer, the mucins are not homogeneously distributed. Rather,
regions predominantly containing MUC5AC or MUC5B or regions con-
taining a mixture of both mucins could be differentiated.

CLSM sections through the cells revealed that the mucins MUC5AC
and MUCSB are intracellularly located within round shaped structures,
indicating their presence inside of membrane-bound vesicles (Fig. 3 D
and E) also called granules (Lillehoj et al., 2013). Again, the mucins
appear to be unevenly distributed within the vesicles (Fig. 3 F). Several
gene expression studies have reported the expression of both MUC5AC
and MUCS5B in Calu-3 cells (Gupta et al., 2019; Lee et al., 2021). Sonntag
et al. (2022) assessed mucus production in Calu-3 cells by evaluating the
level of MUC5AC formation. Analyses based on immunofluorescence
staining also confirmed the formation of MUC5AC and MUC5B by Calu-3
cells (Lodes et al., 2020). However, the ultrastructure of intracellular
MUC5B and MUCS5AC filled-granules and the resulting morphology of
the mucus layer secreted by Calu-3 cells have previously been poorly
addressed. Previous immunohistochemical studies found MUCS5AC filled
intracellular secretory granules residing at the apical side of Calu-3 cells,
grown at the air interface (Kreda et al., 2007; Meindl et al., 2015). In
general, goblet cells are polarized. The nucleus and organelles are re-
ported to reside at the base of the cell, whereas the mucin-secreting
vesicles accumulate at the apical side (Bustamante-Marin and Ostrow-
ski, 2017).

Tight junction formation resulting in generation of physiological
TEER values together with the secretion of the major gel forming mucins
confirmed the quality and adequacy of the employed Calu-3 model for
conducting this study.

3.2. N-acetylcysteine improves particle penetration

NAC has mucolytic, antioxidant (ROS scavenging), and anti-
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Fig. 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 pym.

MUCSAC

Extracellular

Intracellular

MUCSB

Merge

Fig. 3. Calu-3 cells cultured under AIC conditions secrete the major gel forming mucins MUC5AC and MUC5B. 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 MUC5AC and MUCSB filled granules. Samples were stained with
anti-MUC5AC Alexa Fluor 488 (green) and anti-MUC5B-Atto 647 N (magenta). Scale bar 10 pm. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

inflammatory properties (Frye and Berk, 2018). Given these properties,
nebulized NAC has been clinically used in acute and chronic broncho-
pulmonary diseases that are associated with impaired mucus formation
and transport (Calverley et al., 2021). However, its use as a mucus
modulator with the scope of improving the diffusion of particulate based
therapeutics (Suk et al., 2011b) is yet a subject of ongoing research
(Chater et al., 2018).

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 (Murgia et al., 2016).
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
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development (Suk et al., 2011b).

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 pg/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 (Supplementary information, Fig. S2) of the
samples as illustrated in Fig. 4. The presence of particles was quantified
(Fig. 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 pm)
and decreased with increasing distance from the top. At distances of 15
pm and more, particles were only detected occasionally, even after 3 h of
incubation (Fig. 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,
Fig. S3). These results are in line with previous studies that reported a
strong obstruction of 500 nm COOH-PS-Ps to diffuse through mucus
(Huck et al., 2019; Murgia et al., 2016). 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 (Fig. 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 dis-
tances of 10 pm and 15 pm (Fig. 4). In contrast, pretreatment of mucus
with 120 pg/cm? NAC notably improved particle diffusion across mucus
(Fig. 5). Here, particles were detected up to a depth of 20 pm (Fig. 4). In
addition, the chain-like pattern of particles observed after pretreatment
with 120 pg/ecm2 NAC (Fig. 4) might indicate the presence of connec-
tions between the interstitial fluid-filled regions, accessible to the par-
ticles, as already observed before (Nafee et al., 2018). The enhanced
nanoparticle diffusivity mediated by NAC can be attributed to an in-
crease of these accessible fluid-filled areas, most likely mediated by the
mucolytic properties of NAC. The latter have been described to be based
on depolymerisation of the mucin matrix by lysis of interconnecting
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Fig. 5. Quantitative analysis of 500 nm particle penetration after NAC treat-
ment based on confocal imaging. Data shown are mean values + SE forn = 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.

disulfide bonds (Sadowska, 2012). 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.

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 (Suk et al., 2011a). However, care
should be taken with the interpretation of such observations, as dehy-
dration of samples for SEM imaging has been shown to cause structural
alterations of mucus, resulting in the formation of pm-sized pores absent
from the hydrated state (Meziu et al., 2021; Kirch et al., 2012; Boegh
et al., 2013).

Measurement of the osmolality of 20% NAC solution revealed that it

15 ym 20 um 25 um

Fig. 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 pm represents
the top of the sample, 25 pm represents the bottom layer. Mucus was untreated (top row) or treated with 20 pg/cm? NAC (middle) and 120 pg/cm? NAC (bottom
row), respectively. Particles and NAC were applied to the top of the sample. Scale bar 50 pm.
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is a hypertonic solution with an osmolality equivalent to 4.5% NaCl
(Supplementary information, Table 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 differ-
entiate 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 (Supplemen-
tary information, Fig. S4). This indicates that the mucolytic effect of
20% NAC is dominating over the osmotic or dilution effect. Given the
established strong inverse proportionality of mucus viscoelasticity and
particle diffusivity, the decrease of complex mucus viscoelasticity
(Vukosavljevic et al., 2017) via reduction of disulfide bonds by NAC, is
most likely the key factor in the enhancement of particle diffusivity
(Lababidi et al., 2019; Peng et al., 2021).

The quantitative image analysis confirmed that pretreatment of
mucus with a 120 pg/ecm? dose of NAC significantly increased the
penetration of 500 nm COOH-PS-Ps. This behavior was observable from
a visualization depth of >5 pm compared to untreated samples and
samples pretreated with only 20 pg/cm? NAC (Fig. 5). NAC treatment
did also increase the penetration of 50 nm and 100 nm nanoparticles, as
further described in Section 3.5. Different to our findings, Suk et al.
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. The reasons for this dif-
ference may be the even higher viscoelasticity of cystic fibrosis mucus
and the pathology-related increased mucin concentration (Morrison
et al.,, 2019) of the used samples, as the NAC induced nanoparticle
transport improvement is reported to be inversely correlated to mucin
concentration (Suk et al., 2011b).

Taken together, these data provide evidence that the NAC treatment
protocol, proposed in this study, can substantially enhance the perme-
ability of mucus and improve nanoparticle transport, indicating a
reduced protective effect during such a treatment phase.

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 (Haghi et al.,
2014). In the frame of this study, the time-dependent secretion of mucus

A

objective
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and build-up of a mucus layer was investigated. Considering the pro-
tective function of mucus, the thickness of a complete mucus layer
equals the distance that delivery systems as well as potentially hazard-
ous 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 (Fig. 6 A).
Morphological differences were used as a discrimination tool between
the cells and the mucus layer (Fig. 6 B). In contrast to previous studies,
describing mucus as an even layer (Fiegel et al., 2003), 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, Fig. S5). 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 pm, while Calu-3 21d
produced a 2.8-fold thicker mucus layer of 24.1 + 5.8 (Fig. 6 C).

In comparison, Sonntag et al. (2022) reported formation of an
approximately 20 pm thick mucus layer by Calu-3 cells after 14 days,
however no data was reported for longer cultivation times. The mucus
thickness determined in this study after 21 days correlated well with the
thickness of human tracheal mucus (10-30 pm) corresponding to the
airway generation 0 (Patton, 1996; Wine, 1999). 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 informa-
tion, Fig. S6), whereas TEER values indicated incomplete barrier for-
mation (Fig. 1). However, as the cells were already covered by mucus
after 5 days (Supplementary information, Fig. S7), the 5d model was
chosen to mimic the protective function of a thin mucus layer on top of
confluent cells.

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

C
epithelium 304
mucus 254
Ibidi chamber 204

-
o
1

Mucus Thickness (um)
>

[4)]
1

Fig. 6. Thickness of in vitro mucus produced by Calu-3 cells increased with culturing time. A) Illustration 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.
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100 nm NHj-PS-NPs and 50 nm COOH-PS-NPs (Table 1) 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
(Wang et al., 2017), but also for nanotoxicity studies (Walczak et al.,
2015). Due to the growing interest in the effects of nano- and micro-
plastics and the potential formation of polystyrene particles due to
plastic fragmentation, PS-NPs have also been used in terms of environ-
mental/occupational exposure to these materials (Kik et al., 2020).

For the assessment of nanoparticle induced cytotoxicity, the lactate
dehydrogenase (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), using an acel-
lular translocation assay, significant (optical) interference of the parti-
cles with the assay readout can be neglected. Using this assay,
cytotoxicity values of <20%, correlating with a low release of LDH, are
considered nontoxic (Lopez-Garcia et al., 2014).

50 nm NH,-PS-NPs applied at a dose of 25 pg/cm? induced no
toxicity in Calu-3 5d and Calu-3 21d samples (Fig. 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.

100 nm NH»-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? (Fig. 7 B). In samples with a thicker mucus layer Calu-3 21-
d 100 nm NHj»-PS-NPs induced no toxicity for all applied concentrations.
As in the literature described (Li et al., 2022), the cytotoxicity induced
by 50 nm NH»-PS-NPs was observed to be higher than that of larger 100
nm NH,-PS-NPs (Fig. 7A-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 Fig. 7 C). As previ-
ously reported (Dausend et al., 2008) the negatively charged 50 nm
COOH-PS-NPs induced a lower cytotoxicity than positively charged 50
nm NH,-PS-NPs (Fig. 7 B—C).

The nanoparticle induced cytotoxicity was found to be dose depen-
dent for all three nanoparticle types used and both models, Calu-3 cells
cultured for 5 and 21 days (Fig. 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 nano-
particles increases with increasing concentration (Najahi-Missaoui et al.,
2021).

Furthermore, the nanoparticle induced cytotoxicity was more pro-
nounced in case of the Calu-3 5-d samples as compared to the Calu-3 21-
d samples (Fig. 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.

3.5. NAC 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
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Fig. 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 NH,-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.

exclude that NAC itself induced cytotoxicity (Supplementary informa-
tion, Fig. $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 NH,-PS-NPs induced cyto-
toxicity in both NAC treated and untreated samples. Furthermore, the
cytotoxic effect of the 50 nm NH,-PS-NPs particles was more pro-
nounced after NAC treatment (Fig. 8 A). 100 nm NH»-PS-NPs induced no
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Fig. 8. Pretreatment with NAC decreases the protective function of mucus.
Treated samples were exposed to nebulized NAC (120 pg/cmz). Both treated
and untreated samples were subsequently exposed to nebulized particles A) 50
nm NH,_PS-NPs, B) 100 nm NH,_PS-NPs and C) 50 nm COOH-PS-NPs at three
different doses 25, 50, and 100 pg/cmz. Data shown are mean values + SE for n
= 27 technical replicates from 3 independent experiments. Statistical signifi-
cance is calculated with one-way ANOVA followed by the Bonferroni Test and
indicated by asterisks: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

toxicity in absence of NAC, independent on the applied dose. After NAC
treatment, the 100 nm NHy-PS-NPs induced toxicity, which was
observed to increase with the applied dose (Fig. 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/cm2 (Fig. 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 (Frohlich, 2012). Most importantly,
NAC-treatment increased the cytotoxicity induced by all particle types
as compared to untreated samples (Fig. 8 A-C). In particular, NAC
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treatment led to an increase in the cytotoxicity of 50 nm and 100 nm
NH,-PS-NPs (Fig. 8 A, B).

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 (Aldini et al., 2018; Ehre et al., 2019). 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 (Fu et al., 2022), NAC is expected
to rather mitigate any nanoparticle induced toxicity. Given the nano-
particle penetration enhancing property of NAC, the increased cyto-
toxicity 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 NHj-PS-NPs
particles, even at deeper mucus layers (Supplementary information,
Fig. S9). In comparison, 50 nm COOH-PS-NPs (FluoSpheres), even
without previous NAC treatment, seemed to distribute more evenly
across the mucus and to penetrate deeper in the mucus layers. Never-
theless, NAC treatment appeared to also enhance the penetration of
these particles into deeper mucus layers (Supplementary information,
Fig. S10).

The observed results are in good agreement with Takatsuka et al.,
addressing the impact of NAC treatment as a strategy to improve mucus
penetration (Takatsuka et al., 2006). The authors reported that treat-
ment 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 up-
take 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
(Nordgéard and Draget, 2018), 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.

4. Conclusion

This study focuses on the impact of mucus modulation on the pro-
tective role of mucus taking into consideration the potential environ-
mental/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
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of modulated mucus.

Our results suggest that assessment of the impact of mucus modu-
lation 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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