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Background: Tracheobronchial mucus plays a crucial role in pulmonary function by providing protection against
inhaled pathogens. Due to its composition of water, mucins, and other biomolecules, it has a complex viscoelastic rhe-
ological behavior. This interplay of both viscous and elastic properties has not been fully described yet. In this study,
we characterize the rheology of human mucus using oscillatory and transient tests. Based on the transient tests, we
describe the material behavior of mucus under stress and strain loading by mathematical models.

Methods: Mucus samples were collected from clinically used endotracheal tubes. For rheological characterization,
oscillatory amplitude-sweep and frequency-sweep tests, and transient creep-recovery and stress-relaxation tests were
performed. The results of the transient test were approximated using the Burgers model, the Weibull distribution, and
the six-element Maxwell model. The three-dimensional microstructure of the tracheobronchial mucus was visualized
using scanning electron microscope imaging.

Results: Amplitude-sweep tests showed storage moduli ranging from 0.1 Pa to 10,000 Pa and a median critical strain
of 4%. In frequency-sweep tests, storage and loss moduli increased with frequency, with the median of the storage
modulus ranging from 10 Pa to 30 Pa, and the median of the loss modulus from 5 Pa to 14 Pa. The Burgers model
approximates the viscoelastic behavior of tracheobronchial mucus during a constant load of stress appropriately (R? of
0.99), and the Weibull distribution is suitable to predict the recovery of the sample after the removal of this stress
(R? of 0.99). The approximation of the stress-relaxation test data by a six-element Maxwell model shows a larger fit
error (R? of 0.91).

Conclusions: This study provides a detailed description of all process steps of characterizing the rheology of tracheo-
bronchial mucus, including sample collection, microstructure visualization, and rheological investigation. Based on
this characterization, we provide mathematical models of the rheological behavior of tracheobronchial mucus. These
can now be used to simulate mucus flow in the respiratory system through numerical approaches.
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Introduction

Tracheobronchial mucus, also referred to as airway surface lig-
uid, is a thin liquid layer with a thickness of 5-10 pm [1] that cov-
ers the surface of the airways and forms a blanket over the tips of
the epithelial cilia [2]. It maintains a strong multifunctional protec-
tive barrier between the respiratory epithelia and the gas in the
lumen [3,4]. Physiologically, tracheobronchial mucus ensures
undisturbed ciliary interaction. Thus, it plays a vital role in protect-
ing the lung from the continuous load of pathogens, particles, and
chemicals in the inhaled air [5].

Tracheobronchial mucus mainly consists of water (90-95%),
glycoproteins (2-5%), ions (1%), and molecules such as DNA and
cell debris [6,7]. It contains two different families of glycoproteins:
secreted mucins and cell-tethered mucins. Of these, mainly the
secreted polymeric mucins influence mucus rheology [8]. Their
chains have a high molecular weight of 200 kDa to 200 MDa and
are large in size with diameters from 10 to 300 nm and lengths
from 190 to 1500 nm [8,9]. By entangling and cross-linking, these
mucins form a complex three dimensional network [6].

The network formed by linked mucins, causes a highly compli-
cated rheological behavior. Mucus is non-Newtonian shear-thin-
ning and non-linear viscoelastic [7,10-12]. Thus, it has properties
of both viscous fluids and of elastic solids. Viscosity alone cannot
describe this behavior adequately. Further, mucus behaves differ-
ently during loading and unloading. Such load changes are intrin-
sic to the breathing cycle, as the air flow stops and reverses at the
end of each inspiration or expiration. Moreover, the reaction of
mucus to applied forces, depends on its history of deformation.
Strong deformations in the mucus, as they occur in the respiratory
system for example during coughing, disrupt the fragile mucin net-
work. This likely changes the flow behavior of the mucus.

These rheological characteristics directly affect the mucus
flow [6], which is driven by a combination of mucociliary motion
and shear forces exerted by the expiratory airflow [1]. During
mucociliary motion, the thin layer of mucus traps pathogens con-
tained in the respiratory air and then removes them by interacting
with the cilia. Thus, the mucus layer operates as an indispensable
coupler, transferring momentum from the tips of the cilia to the
loaded pathogens. This creates mucus movement and thus trans-
ports the trapped pathogens. Shear-induced mucus transport, espe-
cially during coughing and sneezing, is one of the most important
mechanisms in the clearance of potentially pathogen-contaminated
tracheobronchial mucus [13] as it leads to aerosol and droplet
excretion.

Changes in the amount and in the rheological properties of tra-
cheobronchial mucus play an important pathophysiological role in
the severity of symptoms in many respiratory diseases [6,14]. Such
pathological changes occur in conditions such as bronchial asthma
or cystic fibrosis [6,7]. Further, absence of mucus leads to a lack of
particle transport, despite active ciliary motion [15]. Especially, the
viscoelastic properties of tracheobronchial mucus affect its flow
directly [6].

Both the physiological behavior of mucus and its pathological
changes can be better understood with a profound knowledge of its
physiological rheology. As such, a rheological characterization of
tracheobronchial mucus opens up opportunities to improve both
medical diagnosis [16] and treatment methods that use the respira-
tory mucosa as the application area. Further, a full characterization
of the rheology of physiological mucus can build a reference base
for pathological changes and provide data for numerical investiga-
tions of mucus transport and shear-induced aerosol generation in
the upper airways [17,18].

Most recent studies investigated the rheological properties of
tracheobronchial mucus, as well as mucus mimetics, only partly
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[12,19,20]. Oscillatory (investigating storage modulus G’ and loss
modulus G”) and/or continuous shear investigations (investigating
viscosity) characterize only a subset of the complex rheological
behavior [6]. However, numerical investigations, which can
describe the more complex flow conditions in the human respira-
tory system based on experimental data from simplified tests on
respiratory mucus, as well as the design of mucus simulants
require a full characterization of both the viscous and the elastic
behavior especially the interplay of these properties. Further, for
numerical applications, mathematical models describing the rheo-
logical behavior are necessary. Due to the complexity of the mucus
rheology, it is not possible to represent mucus behavior during a
breathing cycle by a single model. Depending on the problem to be
solved, models of the response of the mucus to stress or force load-
ing or to strain or deformation loading, or combinations of these
models are necessary.

Such models can be deducted from transient testing. These
identify the interplay of viscous and elastic properties over time in
simplified flow situations. Stress-relaxation tests investigate the
material’s response to an applied force, which is induced in the air-
ways for example by coughing. Creep-recovery tests identify the
response of the mucus to a defined deformation, which is induced
in the airways for example by beating cilia. To derive statistically
grounded models from experimental data of transient tests, a high
number of investigated samples is necessary.

To collect such high sample numbers of human mucus, previ-
ously described tracheobronchial mucus collection methods
[21,22] were not applicable. Common sample collection proce-
dures such as the cytology brush method might damage the sample
pre-testing via high shear forces. Further, saliva might contaminate
the sample during the bronchoscopy. Additionally, an in vitro
measurement environment does not completely reproduce physio-
logical in vivo conditions (23). To overcome these limitations, a
novel method to collect sample from endotracheal tubes without
high shear forces and saliva contamination was developed within
this study.

This project provides a full characterization of physiological,
human mucus rheology. First, it describes the reproducible sam-
pling method of collecting physiological, tracheobronchial mucus
from endotracheal tubes. The mucus rheology is characterized via
oscillatory tests and transient creep-recovery and stress-relaxation
tests. Finally, mathematical models of the time-dependent mucus
behavior are deducted. These include the Burgers model of stress
loading, the Weibull distribution of stress release, and the six-ele-
ment Maxwell model of stress relaxation. Visualizations of the
microstructure of the mucus illustrate how the three-dimensional
mucin network determines the complex rheological properties of
tracheobronchial mucus.

Materials and Methods

Clinically used endotracheal tubes with adhering samples of
tracheobronchial mucus were collected. The rheological behavior
of the tracheobronchial mucus was investigated in amplitude-
sweep tests, frequency-sweep tests, creep-recovery tests, and
stress-relaxation tests. Then, transient test results were approxi-
mated by mathematical models: the Burgers model (creep-test), the
Weibull model (recovery-test), and the six-element Maxwell
model (relaxation-test). The process steps of this study as shown in
Figure 1 are described in the following in detail.

Sample collection

Tracheobronchial mucus samples were collected from endotra-
cheal tubes used in surgery by otorhinolaryngology specialists at



Multidisciplinary Respiratory Medicine 2023 18:923 - S.M. Tauwald et al.

the University Hospital Regensburg. For this, anesthesiologists
collected the tubes after the patients were extubated. Donors
included in the study were over the age of eighteen and did not
have any infectious respiratory disease. All donors gave informed
consent regarding the biomedical research on tracheobronchial
mucus. The institutional ethics commission of Regensburg (No.
22-2979-101) approved the protocol. The tubes were stored for
transport in airproof plastic bags at a temperature of 5°C for a max-
imum of three days before the samples were analyzed.

Microstructure visualization

Images of the sample microstructure were captured with two
scanning electron microscopes (SEM) (LEO 1455VP, Carl Zeiss
Microscopy GmbH, Oberkochen, Germany; MIRA, Tescan
GmbH, Dortmund, Germany). Tracheobronchial mucus has a high
content of water. This water needs to be eliminated from the sam-
ple before visualization in a SEM. To visualize the cross-linked
glycoproteins, which determine mucus’s rheological behavior, the
drying process needs to preserve the spatial structure of the mucus.
To achieve this, mucus samples were pre-treated by freeze drying.
A small amount of mucus of 1 g was freeze-dried over two days,
using a vacuum of 0.31 mbar and a temperature of -6°C (Beta 1-
8K, Martin Christ, Osterrode am Harz, Germany). To minimize
loading of the sample and thus overexposure during high magnifi-
cation in the MIRA SEM, these samples were gold-sputtered (coat-
ing thickness 5 nm) before scanning.

Iye? S

C) Rheological analysis

A) Sample collection B) Sample preparation
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Rheological investigation

Before the rheological investigations, the integrity of each
sample was assessed. For this, the tubes were investigated optical-
ly to ensure a sufficient mucus sample volume and to rule out
blood contamination. A completely filled gap between cone geom-
etry and peltier element defines a sufficient mucus sample (approx-
imately 100 puL). Tubes with insufficient mucus volume, heteroge-
nous mucus abnormalities or contamination were discarded.

The rheometer’s (Discovery HR 30, TA Instruments, New
Castle, DE, USA) inertia and friction were calibrated before each
measurement sequence, which lasted a maximum of six hours and
included three to eight samples. All measurements were performed
on a cone-plate geometry with a cone angle of one degree and a
cone base diameter of 20 mm. Samples were prepared according to
the process illustrated in Figure 2. First, samples were carefully
transferred from the endotracheal tubes to the temperature-con-
trolled plate (Peltier element) of the rheometer using a spatula
(Figure 2 A,B). Then, the upper cone was lowered to a truncation
gap of 40 um above the peltier element. Any sample protruding the
measurement area was carefully removed (Figure 2C).
Subsequently, the upper cone was lowered to the final measure-
ment gap size of 20 um between the tip of the cone and the peltier
element. A low viscous silicone oil (5¢St, Carl Roth GmbH,
Karlsruhe, Germany) was applied to the perimetral boundaries of
the cone to prevent the sample from evaporating by sealing during
the measuring procedure (Figure 2D). To simulate physiological
conditions, the measuring temperature was set to 37°C with a tem-

v

D) Approximation by mathematical models

Figure 1. Overview of the study’s methods. A) Sample collection; B) sample preparation; C) rheological analysis; D) approximation of

experimental data with mathematical models.

Endotracheal tube

Protruding sample

Solvent trap
Low viscous silicone oil

Figure 2. Rheological analysis. A) Sample collection from endotracheal tubes; B) rheometer setup with cone geometry and the sample
loaded onto the Peltier element; C) sample protrudes once the cone is lowered; D) a solvent trap covers the sample during the meas-

urement.
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perature control system. In order to achieve a homogenous temper-
ature throughout the sample, each sample was preheated for 180
seconds before the measurement.

In total four different rheological tests, which can be separated
into two groups, were conducted: oscillatory tests and transient
tests. The oscillatory tests include amplitude-sweep and a frequen-
cy-sweep tests. Transient tests were conducted as creep-recovery
and stress-relaxation tests. Each rheological test was performed
with a sample size of at least 20 subjects. Table 1 shows the num-
ber of investigated samples for each test. Due to the small volume
of adhering mucus, only one sample was extracted per endotra-
cheal tube. Only a single test was possible for each sample because
the influence of the testing on rheological properties is unknown.
In total 97 samples were measured in the rheological tests.

All measured quantities were first analyzed within TRIOS
software (Version 5.1, TA Instruments, New Castle, United States).
Subsequent statistical analysis and mathematical model fitting was
performed using the MATLAB software (R2022b, Mathworks,
Carlsbad, CA, USA). To fully characterize the rheological behav-
ior of tracheobronchial mucus, four consecutive tests were con-
ducted. Each test determines a different property: the amplitude-
sweep test (Figure 3A) identifies the maximum applicable force, in
which the applied strain does not disrupt the fragile microstructure.
The frequency-sweep test (Figure 3B) provides a basic characteri-
zation whether viscous or elastic behavior is predominant. The
creep-recovery test gives information of the interplaying viscous
and elastic behavior at a defined deformation of the sample over
time (Figure 3C). In addition, the stress-relaxation test (Figure 3D)
provides information about the rheological behavior of a sample
loaded with a defined force to complete the full characterization of
the rheological behavior of tracheobronchial mucus. In the follow-
ing, the tests and their parameters are described in detail.

A) Amplitude-Sweep Testing B) Frequency-Sweep Testing
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Oscillatory tests

Oscillatory tests impose cyclically oscillating strain on a sam-
ple. The viscous as well as the elastic properties of the sample can
be investigated. Within amplitude-sweep tests, the strain amplitude
of a constant-frequency oscillation is gradually increased. This
allows for the identification of a linear viscoelastic region (LVR).
The frequency-sweep test investigates the stress induced in the
sample by an oscillation with a strain amplitude within the LVR
and varying frequencies.

Amplitude-sweep tests

The LVR is the region of applied strain in which the sample
retains its microstructural properties. In the LVR, the shear moduli
are constant and independent of the applied strain. The critical
strain marks the limit of the LVR. Once the applied strain exceeds
the critical strain, the structural properties of the sample are irre-
versibly destroyed. A correlation between structural properties and
viscoelastic behavior is no longer possible. Thus, combinations of
elasticity and viscosity laws based on Newton and Hook are no
longer valid. To identify the bounds of the LVR, an amplitude-

Table 1. Breakdown of the collected tubes and measured samples
in the rheological tests.

Rheological test Number of samples

Amplitude-sweep test 21
Frequency-sweep test 36
Creep-recovery test 20
Stress-relaxation test 20
Total tubes collected 179
Total samples analyzed 7
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Figure 3. Schematic of the experimental input and output of an amplitude-sweep test (A), a frequency-sweep test (B), a creep-recovery
test (C) and a stress-relaxation test (D). Exemplary behavior of storage and loss moduli is given for the oscillatory tests. For the transient
tests, the experimental response of an elastic solid, a viscous fluid and a viscoelastic material is given.




Multidisciplinary Respiratory Medicine 2023 18:923 - S.M. Tauwald et al.

sweep test was performed. For this, the sample was tested at a con-
stant oscillation frequency of 10 rad/s and a varying oscillation
strain amplitude ranging from 0.01% to 200%. The storage modu-
lus G’ was monitored with a sampling rate of 5 points per oscilla-
tion strain amplitude decade (0.1-1%, 1-10%, 10-100%, 100-
1000%). Subsequently, the critical strain was identified as the
strain value at which the storage modulus falls beneath its constant
plateau for more than 10% of the plateau value. For each of the 21
samples, the critical strain was evaluated. Then, the averaged crit-
ical strain was assumed at the median of the individual critical
strain values.

Frequency-sweep tests

Based on the averaged critical strain identified in the ampli-
tude-sweep test, a strain amplitude of 2% was set for the frequen-
cy-sweep tests. The angular frequency was varied from 0.08
rad/sec to 100 rad/sec. Both the storage modulus G’ and the loss
modulus G” were recorded with a sampling rate of 5 points per
decade of the angular frequency (0.1-1 rad/sec, 1-10 rad/sec, 10-
100 rad/sec). For each angular frequency, the medians of the stor-
age and loss modulus were calculated to represent the frequency-
dependent behavior of the mucus. As such, the storage modulus
quantifies its elastic properties, while the loss modulus quantifies
its viscous properties. The schematic of a frequency-sweep test in
Figure 3B shows an exemplary behavior of a viscoelastic fluid and
a viscoelastic solid.

Transient tests

Transient tests measure the time-dependent behavior of the
mucus. For this, a constant load is applied to the sample, held for
a specific time and released again. The time-dependent response of
the sample after the load changes is measured. The type of load
determines which quantities are measured. In creep-recovery test-
ing, a constant shear stress is applied, and the strain response is
measured. In stress-relaxation testing, a constant strain is applied
and the induced stress is measured [24]. The schematic of transient
tests in Figure 3 C,D shows the exemplary rheological behavior of
a pure viscous material, an ideal elastic material, and a viscoelastic
material. It includes the materials’ responses to a strain load during
stress-relaxation testing and to a stress load during creep-recovery
testing. The critical stress, which limits the LVR, is not equivalent
in oscillatory and transient tests. Thus, preliminary tests for deter-
mining the LVR for the transient tests were performed. To identify
the critical stress in creep-recovery tests, and respectively the crit-
ical strain in stress-relaxation tests, the compliance curves of
repeating transient tests with increasing stress/strain applications
were analyzed. If the applied stress/strain is located within the
LVR, the compliance curves overlap nearly. Loads exceeding the
LVR cause the compliance curves to differ significantly. In the fol-
lowing, the measuring protocols for the creep-recovery test and the
stress-relaxation test are presented.

Creep-recovery tests

Creep-recovery tests can be separated into two parts: the load-
ing part (creep part) and the recovery part. The creep part involved
loading a sample with a constant stress of 5 Pa for 300 s. The
achieved deformation (strain) of the sample was monitored. To
account for faster processes at the onset of the loading, a logarith-
mically increasing temporal sampling interval starting at 100 ps
was used. Over a time of 300 s, the degree of elastic deformation
and the rate of viscous flow was analyzed. During the relaxation
phase, the stress load on the sample was removed, and the total
recoverable elastic deformation was analyzed by monitoring the
time-dependent strain &(¢) over a time of 600 s. Again, a logarith-
mically increasing sampling interval starting at 100 pus was used.
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Stress-relaxation tests

In the stress-relaxation tests, a constant strain of 10% was
applied to the sample. The deformation was kept constant for the
measuring time of 300 sec during which the stress reaction was
measured. Due to the mucus’s viscoelastic properties, the sample
creeped, and the measured stress decreased.

Mathematical characterization of transient tests

From the individual sample response curves of the transient
tests, a median was calculated for each measured timestep to
deduct average curves for the creep, recovery, and relaxation
behavior of physiological tracheobronchial mucus. Mathematical
models were fitted to the median data using a non-linear least
square fit. In the following sections, the mathematical models for
approximating the transient behavior are explained.

Mathematical modelling of creep-recovery tests

The viscoelastic behavior of a material can be modeled with a
combination of springs and dashpots. Thereby, a dashpot repre-
sents a purely viscous sample. A spring models an ideal elastic
material. With its spring constant E and the loaded stress o, the
strain ¢ of a spring follows Hooke’s law:

Dashpots have Newtonian behavior. Thus, their strain rate &
results from the fluid’s viscosity 1, the loaded stress 6, and the time
t since the load application:

e(t) =2 (eq.1)

=t (eq.2)

The serial combination of one spring and one dashpot is called
a Maxwell element (eq. 3). Its rheological parameters are the
spring constant E,; and the dashpot viscosity 1y, .

et) = o, - (i + L). (eq.3)

Em 1M

The parallel combination of one spring with one dashpot
results in a so-called Kelvin element (eq.4). Its rheological param-
eters are the spring constant E, and the dashpot viscosity 1.

(=2 (1- e_) (q4)

The time-dependent strain &(t) during the creep phase can be
described by a combination of a Maxwell and a Kelvin element in
series (eq. 5) which is then called the Burgers model [25].

—Ek.
£(t) =co-<$+$+é-(l—eﬂk t))

The rheological behavior during the recovery phase after the
load removal can be approximated by a Weibull distribution (Eq.6
(26, 27)). Thereby, the time-dependent strain &(t) is described by
the viscoelastic strain recovery &,., the scale parameter 1,, and the
shape parameter f,. €, is the permanent strain remaining after the
load removal, which is caused by viscous effects.

(eq.5)

e(t) = &pe- e(_(nL)ﬁr) + &g, (eq.6)
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Mathematical modelling of stress-relaxation tests

The time-dependent stress response o(t) to the continuous
strain load ¢ can be expressed by a six-element Maxwell model,
which is composed of three Maxwell elements combined in paral-
lel (eq. 7) [28]. Thereby, o, describes the initial stress caused by the
constant strain at ¢ = £,= 0 s.

(=t=to)Epm, (=t=to)Em2 (-t=to)Epm3
ot)=0y-le ™ +e M2 + e M3

>. (eq.7)

The rheological constants of the six-element Maxwell model
are the spring constants E,;, E,;,, and E,;; and the dashpot viscosi-

ties Ny, Ny, and Mys.

Results

In total 97 out of the 179 collected endotracheal tubes were
measured in the rheological investigations (Table 1). They con-
tained a sufficient volume of homogenous sample for non-destruc-
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tive sample collection and showed no contamination. The eliminat-
ed tubes were contaminated by blood, had a heterogeneous compo-
sition, or contained an insufficient sample amount. Others were
used for preliminary tests, to adjust measurement parameters such
as investigated shear rates. The freeze-drying preparing the sam-
ples for SEM caused a sample weight loss of 83%. Figure 4 A,B
show the foamy, three-dimensional structure of the tracheo-
bronchial mucus’s matrix spanned by glycoproteins in the non-
sputtered samples. The protein fibers crosslink uncoordinatedly. In
addition, cuticles are visible, which also crosslink three-dimen-
sionally. Figure 4 C,D show the thin fibers of the glycoprotein net-
work with a diameter of 180-450 nm as well as disrupted struc-
tures. The amplitude-sweep test was conducted on 21 samples to
identify their LVRs. Once the applied strain amplitude exceeds the
sample’s critical strain, the sample’s storage modulus G' decreases
significantly. Figure 5 shows the response of the samples’ storage
moduli G' to an oscillating strain with amplitudes reaching from
0.01% to 200% at a constant frequency of 10 rad/s. The storage
moduli range from 0.1 Pa to 10,000 Pa. The critical strain of each
analyzed sample is derived from the point where the sample’s stor-
age modulus G' falls below its plateau value for more than 10%.
The median of all samples’ critical strain values is located at an

Figure 4. Scanning electron microscopic analysis of freeze-dried tracheobronchial mucus. A,B) Non-sputtered sample in a lower magnifi-
cation to visualize the three-dimensional foamy microstructure; C,D) gold-sputtered sample in a higher magnification to show single fibers.
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oscillation strain amplitude of 4%. The interquartile range (IQR) of
the samples’ critical strains reaches from 0.6% to 6.3%. The
whiskers indicate the 1.5 x IQR and span a distance from 0.17% to
25.1%. The frequency-sweep test enabled to separate viscous and
elastic properties of tracheobronchial mucus. Throughout all meas-
ured frequencies, the median of the elastic storage modulus was
higher than the median of the viscous loss modulus at the same fre-
quency. The strain amplitude for the frequency-sweep test was set
to 2% to ensure measurements in the LVR. Figure 6 shows the fre-
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quency dependence of the storage modulus G' (Figure 6 left) and
the loss modulus G" (Figure 6 right) of 36 tracheobronchial mucus
samples. In both figures, the colored crosses represent the moduli
of each sample at the measured frequencies. The red line connects
the medians of the moduli at each measured frequency. Values
exceeding 1.5 x IQR are marked as outliers and are shown as cir-
cles. Both the storage and the loss modulus increase with increas-
ing frequency. The median of the storage modulus starts at 10 Pa
at 0.08 rad/s and increases to 30 Pa at 100 rad/s. The median of the
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loss modulus has lower values, starting at 5 Pa and ending at 14 Pa.
The combination of viscous and elastic properties determines the
time dependent behavior of the mucus. Transient testing (creep-
recovery test, stress-relaxation test) can characterize this interplay
over time. In the following, the results of the transient tests are pre-
sented. Mathematical model parameters for optimal approxima-
tions to the experimental data are presented in Tables 2 to 4. The
creep curves of all samples showed a marked increase after the
onset of loading. With time, the strain increase rates of all samples
declined. A lower increase at the beginning led to an even lower
increase rate after longer time, in the extreme to a nearly steady
strain. Figure 7 shows the time-dependent strain during the creep
part of the creep-recovery tests of 20 samples. The consecutive
black crosses indicate the chronological strain sequence of each
sample, after loading with a constant stress of 5 Pa. The resulting
high gradients are well resolved by the high sampling rate at the
beginning of the measurement. The red line connects the median of
the strain of all samples at each time step. Two samples showed
significantly higher strain exceeding 20 and were identified as out-
liers. The variance of the sample data is shown at every 15 time
step with boxplots. The creep behavior of each sample was math-
ematically represented by the Burgers model. The black lines show
the transient strain values predicted by an individual model for
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each sample. Across all individual models of the samples, the
mean approximation coefficient of determination R? is 0.99. A
Burgers model fitted to the median strains of all samples at each
time step achieves an R? of 0.99. Table 2 shows the median
Burgers model coefficients with 95% confidence intervals. The
spring constant of the Maxwell element E,; resulted in 29 Pa and
the dashpot constant of the Maxwell element 1, resulted in 695.3
Pa s. The spring constant of the Kelvin element Ey resulted in
7.179 Pa and the dashpot constant of the Kelvin element 1y result-
ed in 108 Pa s. The recovery curves of all samples showed a
marked strain decrease during the first seconds. With time, the
strain stabilized to a constant value. The time-dependent strains of
the 20 samples during the recovery part of the creep-recovery test,
after the continuous load of 5 Pa was lifted from the sample, are
shown in Figure 8 over the measuring time of 600 sec. The black
crosses indicate the strain recovery sequence for each sample over
time. The two outliers identified in the creep part of the creep-
recovery test persist in the recovery data. The variance of the sam-
ple data is shown at every 15® time step with boxplots in Figure 8.
The recovery behavior of each sample was mathematically repre-
sented by the Weibull distribution. The black lines show the data
predicted for each sample by a Weibull distribution fitted to the
strain data of each sample. The individual fits have an average R?

Table 2. Coefficients (in italics) of the Burgers model fitted to the medians of the experimental data of the creep part of the creep-recov-
ery test. The upper and lower limits of the coefficients within a 95% confidence interval are given below.

1 t 1 _E—K-t
Burgers model: £(t) = g - a+ —+ = (1 —emx )

nm  Ex
Ey (Pa) Ny (Pa s)
29 695.3
[27.2,308] (675.1, 715.4]

E (Pa) g (Pa s)
7179 108
[6.848, 7.51] 98.97, 117]

Table 3. Dimensionless coefficients (in izalics) of the Weibull model fitted to the medians of the experimental data of the recovery part
of the creep-recovery test. The upper and lower limits of the coefficients within a 95% confidence interval are given below.

(-6)")
Weibull model: e(t) = €, - e\ \17/ / + &g

SVE nl’
3339 9215
[301, 366.9] [-607.8, 2451]

B £

0.08828 333.9
[0.0828, 0.0936] [301, 366.9]

Table 4. Dimensionless coefficients (in 7zalics) of the six-element Maxwell model fitted to the medians of the experimental data of the
stress-relaxation test. The upper and lower limits of the coefficients within a 95% confidence interval are given below.

(-t-to)Ep

(-t-to)Epmz

Six-element Maxwell model: a(t) = gy - (e M te

(=t-to)Em3
M2 + e M3

Ey (Pa)

119 0993
(1108, 1272]  [-2.074%10°, 2.074*107]

03312
[0.919¥105, 6.919*10°]

0.05594

[-L155%105, 1.155*106]

Nz (P2 s)
1.758 165.2

0.5522

[363410°, 363410 [-3707*108 370710 [-1.239*10°, 1.239*107]




Multidisciplinary Respiratory Medicine 2023 18:923 - S.M. Tauwald et al.

of 0.99. The red line connects the median strain of all samples at
each time step. The fit of a Weibull distribution to the median
strain values has an R? of 0.99. Table 3 shows the model parame-
ters of the Weibull approximation of the median data. The vis-
coelastic strain recovery g, resulted in a dimensionless value of
333.9, the scale parameter 1, resulted in a dimensionless value of
921.5, the shape parameter B, resulted in a dimensionless value of
0.08828, and ¢, as the permanent strain caused by the viscous
effects resulted in a dimensionless value of 333.9.

During the stress relaxation tests, the induced stress decreased
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markedly within the initial 10 seconds. After this decrease, the
remaining stress, hereinafter called equilibrium stress, was nearly
constant. Preliminary tests showed that an initially applied larger
stress causes a higher equilibrium stress. Figure 9 shows the time-
dependent stress during stress-relaxation tests while loading the
samples with a constant strain of 10%. Boxplots indicating the IQR
of the experimental data are shown for every 10" time step. Two
outliers were identified in the stress-relaxation test. These are not
visible in the graphic. The median stress of all samples at each
timestep is visualized in red. The stress-relaxation behavior of each

Time ! sec

Figure 7. Strain response during the creep part of the creep-recovery test. The black crosses indicate the experimental data, the black
lines the approximation by Burgers models fitted to each sample, and the red line connects the median strain values at each timestep.
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Figure 8. Strain response during the recovery-part of the creep-recovery test. The black crosses indicate the experimental data, the black
lines the approximation by Weibull's models fitted to each sample, and the red line connects the median strain values at each timestep.
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sample was mathematically represented by the six-element
Maxwell model. The stress prediction by a six-element Maxwell
model fitted to the median data is shown in green. Table 4 shows
the coefficients of this six-element Maxwell model with 95% con-
fidence bounds. The initial stress o, resulted in 1.19 Pa, the spring
and the dashpot constants resulted in 0.993 Pa and 0.3312 Pa s for
the first Maxwell element, in 0.05594 Pa and 1.758 for Pa s the
second Maxwell element, and in 165.2 Pa and 0.5522 Pa s for the
third Maxwell element. The fit of the six-element Maxwell model
to the median stress values has an R? of 0.91.

Discussion

Due to the sensible microstructure of the tracheobronchial
mucus and the difficulties of collecting the sample [29], the rheo-
logical behavior varies. Thus, a large sample size is necessary to
achieve reproducible results regarding the viscoelastic properties
of tracheobronchial mucus. This is underlined further by the high
ratio of endotracheal tubes that needed to be excluded from the
study of nearly 55%. Therefore, the sample collection method
potentially affects a high number of patients. Collecting the mucus
samples from used endotracheal tubes makes it possible to obtain
high sample numbers without any additional impact on patients’
wellbeing. Further, this method ensures a defined localization of
the collected sample in the trachea. Contamination by saliva can be
neglected. Despite the high number of collected endotracheal
tubes, the number of samples measured per test is limited. Thus, a
pathological characterization of several diseases by mucus rheolo-
gy requires a larger sample size.

The cross-linked three-dimensional network of glycoproteins
in the tracheobronchial mucus could be visualized by SEM with
the help of freeze-drying samples preliminarily. The weight loss
and the SEM-images showed a successful and gentle freeze-drying
process that preserved the three-dimensional microstructure of the
mucus. The thin fibers span an unstructured network, which causes
the viscoelastic behavior. The application of a small load causes
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the fibers to arrange in the strain direction. The critical strain
marks the strain at which the fibers are fully aligned. Any addition-
al deformation breaks the fibers, which renders the deformation
non-reversible.

The complex viscoelastic behavior of tracheobronchial mucus
results primarily from the cross-linking by covalent and non-cova-
lent bonds between the macromolecules [20]. Within oscillation
tests, this behavior can be modeled with a combination of the
mucus storage G’ und loss modulus G”, the complex modulus
[30]. The validity of the complex modulus is limited to the LVR.
Therefore, knowledge of the mucus’s LVR is necessary. All sam-
ples showed an LVR in the amplitude-sweep-tests. Once the
applied strain exceeds the critical strain, the storage modulus
decreases. For the following frequency-sweep oscillatory tests a
strain amplitude within the LVR needed to be set. Because of the
small sample volume which could be obtained from each endotra-
cheal tube, only one test per sample was possible. Thus, it was not
possible to perform both amplitude- and frequency-sweep tests
with one sample. The critical strain of each sample measured in the
frequency-sweep test was unknown. Therefore, the strain ampli-
tude for the frequency-sweep tests was deducted from the averaged
critical strain distribution of all samples measured in the ampli-
tude-sweep tests. To account for the large spread in critical strains,
a strain amplitude of 2%, which is within the lower part of the crit-
ical strain IQR, was chosen. Despite being low, this strain ampli-
tude might have exceeded the critical strain of individual samples
in the frequency-sweep test. This potential excessive loading could
have changed the molecular structure of these samples and could
have led to errors in the frequency-sweep test results. While the
values of the storage and loss moduli differ across the subjects, all
samples showed an increasing trend for the storage and loss mod-
uli with increasing frequency. The loss modulus being lower than
the storage modulus characterizes the tracheobronchial mucus as
mainly elastic at a strain rate of 2%. Outliers underline a wide scat-
ter between individuals.

The novel transient rheological testing of human tracheo-
bronchial mucus gives a statistically based insight into the inter-
play of viscous and elastic forces over time. Transferring these

@ Experimental data stress-relaxation
6 €=10% .

== Median stress-relaxation

== Six-element Maxwell fit of median|

Stress / Pa

0 50 100 150 200 250 300
Time / sec

Figure 9. Stress results of stress-relaxation tests. The red line connects the median stress value at each timestep. The green line shows
the stress curve predicted by the six-element Maxwell model fitted to the median stress values at each timestep.
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results into mathematical models provides a basis for detailed
investigations of flow phenomena in the human respiratory system
such as mucus behavior during coughing or ciliary beating. Due to
the variety of loads placed on the samples during the transient test,
numerical models for a multitude of calculations could be deduct-
ed. Now, numerical approaches for simulating mucus behavior in
different respiratory events, such as breathing at rest, coughing or
ciliary motion, are available. During the creep-recovery tests at a
constant stress load of 5 Pa, the mucus samples exhibited strain
response curves that are characteristic for a viscoelastic fluid. At
the onset of loading in the creep part of the test, a small amount of
pure elastic deformation is seen in the nearly vertical strain
increase. The following non-linear strain increase shows the vis-
coelastic behavior. Once the strain increase rate stabilizes to a con-
stant value, the strain response is that of a pure viscous material.
After the stress removal in the relaxation part of the test, the small
amount of pure elastic deformation is visible in the first instanta-
neous strain decrease. With time, the strain decreases and settles to
the non-recoverable strain caused by viscous flow. The ratios of
recoverable, elastic strain to non-recoverable, viscous strain can be
assessed reliably only in samples exhibiting high strain. Only a
small portion of the strain is recoverable in these samples. Thus,
the viscous influence has a higher impact on the viscoelastic
behavior of the samples than the elastic influence. In both the creep
and the recovery part of the creep-recovery test two significant out-
liers are visible. The constant load of 5 Pa causes a visibly higher
strain in these samples. Upon load removal, these samples showed
no remarkable recovery strain and a high permanent strain. Both
the high strain values and the high non-recoverable strain indicate
more viscous behavior in these samples. No difference in patient
characteristics such as age or disease was apparent in the outlier
samples. Thus, their different rheological behavior might be
caused by the constant stress of 5 Pa inducing a higher strain than
the critical strain of these samples. Overshooting the LVR causes
permanent destruction in the mucus microstructure which affects
its rtheological properties. The Burgers model and the Weibull dis-
tribution represent the experimental data of the creep-recovery-
tests well. The individual models and the models fitted to the medi-
an of the data at all measured frequencies have high coefficients of
determination R? of 0.99. Thus, these models predict the mucus
rheological behavior appropriately.

In the stress-relaxation test, the stress in the material decreases
swiftly after loading the sample with a constant strain of 10%. The
median stress settles at a low constant equilibrium stress of 0.4 Pa.
Both these aspects indicate small molecules in the mucus
microstructure, which can flow and relocate upon loading to
decrease tension. The six-element Maxwell model approximation
of the time-dependent stress response withing the stress-relaxation
test showed visible differences to the experimental data. The stress
predicted by the model falls below zero after 200 s. Thus, the
model does not correctly predict the experimentally measured
equilibrium stress. While this study focusses on physiological tra-
cheobronchial mucus, further investigations of pathological
changes in mucus’s rheology will be conducted. For these studies,
an even larger sample size, due to the high number of excluded
samples, needs to be investigated.

Conclusions

In the present study, we assessed the steady as well as the time-
dependent mechanical behavior of native tracheobronchial mucus.
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With a focus on the reliability of sample collection and on data
reproducibility, the rheological behavior was characterized using
amplitude-sweep, frequency-sweep, creep-recovery, and stress-
relaxation tests. The amplitude-sweep test delivered an approxi-
mated critical strain. In frequency-sweep tests, the mucus was
characterized as being mainly elastic. In transient tests, the aver-
aged behavior as a response to deformation and force loading was
investigated and approximated by common mathematical rheolog-
ical models. Both the Burgers model of constant stress loading and
the Weibull model of constant stress load removal show an appro-
priate approximation of the viscoelastic behavior of physiological
tracheobronchial mucus. The six-element Maxwell model differs
remarkably from the experimental data of stress-relaxation tests.
With these results, we provide numerical models of the viscoelas-
ticity of the physiological human tracheobronchial mucus. All
model parameters are summarized in Tables 2 to 4. These models
together with known forces or deformations can be used to simu-
late mucus flow in the respiratory system. Ultimately, the new
numerical models enable realistic calculations of mucus flow dur-
ing respiratory events such as breathing or coughing. This can
improve our understanding of more complex flow phenomena
such as pathogen transport or shear-induced aerosol generation.
Further, it can provide insights into the mechanisms of respiratory
diseases, aid in the development of new diagnostic tools and treat-
ments, and thus ultimately improve patient outcomes.
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