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"L2C, Univ Montpellier, CNRS, Montpellier, France, 2 PhyMedExp, INSERM U1046, CNRS UMR 9214, Department of
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We describe an original method to measure mucus microrheology on human bronchial
epithelium culture using optical tweezers. We probed rheology on the whole thickness
of mucus above the epithelium and showed that mucus gradually varies in rheological
response, from an elastic behavior close to the epithelium to a viscous one far away.
Microrheology was also performed on mucus collected on the culture, on ex vivo mucus
collected by bronchoscopy, and on another epithelium model. Differences are discussed
and are related to mucus heterogeneity, adhesiveness, and collection method.

Keywords: human bronchial epithelium (HBE), microrheology, mucus, viscoelasticity, optical tweezers (OT),
mucins, rheology, biopolymer gels

INTRODUCTION

The mucociliary function of bronchial epithelia ensures the continuous clearance of the airways.
Mucus is a visco-elastic gel trapping dust and pathogens present in the inhaled air and thus acts as
a protective barrier on top of the airway tissue. Its transport is a key element to ensure an efficient
clearance of the respiratory system. It relies on two main elements: cilia beating coordination and
mucus rheology.

Mucus are gels made of glycoproteins fibers that form a complex and heterogeneous viscoelastic
network [1]. In the past, rheological characterization of airway mucus has been restricted to
sputum or mucus from dead mammals because rheology methods require large volumes of sample
(mL) and because of the difficulty of collecting human bronchial mucus. Models of human
bronchial epithelium (HBE) culture have been developed these last decades [2-5]. While these
models have been validated by biological factors demonstrating, for various pathologies, that the
phenotype is conserved, a few studies [6-8] describe the physical characteristics of these models
and in particular the mucus flowing properties. Even for these cultures, the amount of mucus
that can be collected varies with the pathology and is in all cases very small. Typically, when
secretion level is high, up to 1mL can be collected during the 28 days of culture, but some
cultures have such a small production that no mucus can be collected at all. Rheology can be
performed at a microscale with several advantages: small volumes are required (min 10 pL), it
is a measure of the local response and therefore allows to investigate the heterogeneity of the
sample, and finally it corresponds to probing how mucus flows at a relevant scale, the scale
of a cilium. Common passive microrheology methods are based on the fluctuation-dissipation
theorem and consist in using the thermal fluctuations of beads dispersed in the mucus to
infer the elastic complex modulus, whereas active methods use optical or magnetic tweezers
to apply local forces and measure the consequent deformation. Microrheological studies have
been reported on horse airway mucus [9, 10], marine worm mucus [11], porcine respiratory
mucus [1], and even human respiratory mucus [6, 12], using either active or passive methods.
This literature reports two main findings. Probe size and probe/mucus interaction have to
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be considered to correctly select the probe and perform
reliable microrheological measurements[1]. More importantly,
the mucus is described as a highly heterogeneous multi-scale
network [10, 11] and conceptual models of mucus elastic
structure are proposed: a coupled two-fluid model, or an
interlinked scaffolds model. The high heterogeneity of the
mucus renders their measurement and interpretation difficult. In
particular, the collection of mucus itself could introduce a bias as
it is limited to the upper fraction of the mucus layer, potentially
the less elastic part as it is the easier part to collect. Moreover,
mucus is sensitive to shear stress, pH, and extremely sensitive
to water loss. The consequence could be that measurements
performed on collected mucus give a less elastic response than
mucus present on the epithelium.

In this paper, we use an original method that allows
to measure microrheology and probe its variation with the
distance from the epithelium, directly on HBE culture, thus
avoiding any mucus collection. We will compare microrheology
measurements performed on mucus collected from human
bronchial cultures, collected during bronchoscopy, and measured
on another epithelium model. We will discuss differences and
relate them to mucus heterogeneity, adhesiveness and collection
method. Finally, we will discuss the potential of this method for
future studies and its potential use as a biomarker.

METHODS
Human Bronchial Epithelial (HBE) Cultures
Bronchial biopsies from control, smoker, and COPD

subjects were collected during fiberoptic bronchoscopy on
a subsegmental bronchus of the left lower lobe at Arnaud de
Villeneuve hospital (Montpellier, France). All donors signed
a consent form after being informed about the biomedical
research on airway epithelium performed thanks to their
donation. The protocol was approved by the institutional ethics
commission of Sud Méditérranée III (CHRU Montpellier-AOI
9244-NCT02354677). Primary human bronchial epithelial cells
were obtained from bronchial biopsy specimens and cultured
under Air Liquid Interface (ALI) conditions [13] either with
culture media provided by Lonza before January 2018, with a
protocol adapted from Gras et al. [5] and Gamez et al. [14];
or with culture media provided by Stemcell Technologies
after January 2018, with the manufacturer protocol. Briefly,
bronchial epithelial biopsies were mechanically dissociated and
suspended in bronchial epithelial growth medium (BEGM,
Lonza or PneumaCult-Ex Plus, Stemcell Technologies). After an
expansion phase in monolayers, cells were plated on uncoated
nucleopore membranes (24-mm dia., 0.4 um pore size, Transwell
Clear, Costar) in a 1:1 mixture of BEGM and Dulbecco’s modified
Eagles medium (DMEM, Lonza) or with Pneumacult-Ex Plus
until confluence. After confluence, the ALI phase can begin by
applying media [a 1:1 mixture of BEGM and Dulbecco’s modified
Eagle’s medium (DMEM, Lonza) or with the PneumaCult ALI
maintenance (Stemcell Technologies)] only at the basal side.
Cells were cultured for 28 days to obtain a polarized and
differentiated cell population with a mucociliary phenotype.

Mucus Collected From HBE Culture

For cultures with BEGM media, mucus, when efficiently
produced by the culture, was gently collected with a micropipette
every 2 days and stored at 4°C, for a maximum of 6 months.
Typically, for one culture well, we obtained around 50 pL of
secreted mucus after 2 days. For the cultures with Stemcell
Technologies media, mucus is strongly stuck to the epithelium.
To collect it, 60 pL of culture medium [PneumaCult ALI
maintenance (Stemcell Technologies)] is spread on top of the
culture well for 24 h. Then the medium is gently withdrawn. We
apply then repeatedly a soft flow of media using a micropipette
until some mucus detaches. Mucus is then collected from
the medium with a micropipette and analyzed the same day.
Typically, for one culture well, after 1 week, we obtained around
20 wL of mucus.

“Ex vivo” Mucus Samples From Clinical

Examination

Mucus is collected during a bronchoscopy on healthy patients
by blind soft aspiration through a catheter inserted up to 6-
9th airway division always done by the same practitioner. The
typical amount sampled is small, around 20 L, and stored inside
a 1.5mL tube with water saturated air for transport. Samples
containing blood are discarded. The chamber for microrheology
analysis is prepared <2 h after mucus collection. Microrheology
is performed straightaway.

Optical Tweezers Micro-Rheology

Optical Tweezers

Our set-up is built on an inverted optical microscope LEICA
DMI 3000 B supported by an air-damped anti-vibration table
(Workstation Series, Melles Griot). The optical trap is generated
by the focalization of a laser beam (1064 nm laser YLM 5W,
from IPG Photonics) through an x100 (NA 1.4) oil immersion
objective. The oscillating trap position is controlled thanks
to a pair of acousto-optic deflectors (AA optoelectronic).
Alternatively, for lower frequencies and higher laser intensity,
the sample is moved thanks to a piezoelectric XY stage (Nano-
Bio100 from MCL with a subnanometer accuracy). The trapped
microsphere is imaged with a CCD camera Basler Scout-F. A
multifunction Field Programmable Gate Array (FPGA) is used
to control the different devices and acquire data through a
LabVIEW homemade program. The bead position is obtained
by image correlation analysis under LabVIEW at a sub-pixel
resolution (~4nm). In our experiments, we typically impose
As = 1um ord Ay = 0.5um depending on the elasticity of our
sample. We measure both A, and ¢ for a range of frequency, fin
between 0.09 and 50 Hz. All of our experiments are conducted at
room temperature. Nevertheless, due to local heating of the laser,
we measured that the temperature of the sample close to the trap
could reach 30°C.

Principle

Microrheology was investigated using oscillating optical
tweezers. Once an isolated bead is trapped with a laser, typical
experiments consist in applying a small sinusoidal displacement
either to the trap or to the sample. The motion of the bead
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then gives information about the viscoelastic properties of the
matrix at the driving frequency w [15-17]. We consider now a
displacement of the stage x,* = At (with Ag the amplitude
of the stage displacement) and a fixed trap. In the linear regime,
a bead of radius a follows the sinusoidal displacement with a
phase shift ¢, and its trajectory is given by x,* = A,el®le ¥
(with Ay, the amplitude of the bead displacement). Following the
analysis by Shundo et al. [17] and other authors, the complex
shear modulus G* = G’ 4 jG”"is related to the ratio of the fluid
forces acting on the bead to its displacement with respect to the
fluid (taking into account a 67a factor for a spherical bead). The
fluid forces being opposed by the restoring harmonic force of the
trap of stiffness kor, one gets:

. korx*  korAye™
6ma (xp* — x5*) 6ma (Aye v — Ay)

and gives:

G = @ Ap? — Ag Ay cos @
6Ta Abz + A2 2Ap As coso
G = @ As Ap sing
6ma Ap? + AZ 2 Ap A, cos @

where G’ and G” are, respectively, the elastic and loss modulus.
To determine the absolute values of elastic moduli, the
stiffness kor of the trap is required. We obtained kor using
two different methods depending on samples. For weakly
elastic mucus, the Gaussian distribution of the trapped bead
position [18] is analyzed. For the most elastic samples, a strong
laser intensity is required in order to trap the bead. As a
consequence, the Brownian motion cannot be detected. We thus
have calibrated the stiffness of the trap as a function of the power
intensity in water using the drag force method [18]. In this case,
we have hypothesized that the optical force is identical in mucus
and in water. This hypothesis is supported by the fact that the
optical index of the medium (n ~ 1.335) is very close to the
water one, as measured using a refractometer. The laser optical
path differs depending on the thickness and on the transparency
of the sample, which can be affected by the presence of impurities
(see Figure S1). We thus checked its effect on the laser trap
stiffness and on its isotropy. As discussed in the Supplemental
Information section, we show that the homogeneity of the laser
trap is conserved through 100 um of sample depth (Figure $3)
but we observe a decrease of the laser stiffness around 35%
(Figure S2), and that impurities play a minor role. We also
discuss in Supplemental laser heating and temperature issues.
The laser trap indeed causes a local heating of the sample
(<10°C). We thus checked that an increase in temperature of up
to 7°C has little effect on the mucus viscoelasticity (Figure S4).

Chambers Preparation

In order to work on isolated microspheres, the concentration of
beads was chosen in order to have one bead per 100 x 100pLm” in
a 100 wm thick sample.

For the mucus collected from HBE cultures, carboxylated
melamine resin beads, diameter 3 pm (Fluka Analytical, Sigma-
Aldrich), are dispersed in the collected supernatant mucus to
a final concentration of 0.004 %v/v. Melamine resin beads,
diameter 5m, and silica beads, diameter 1 and 4.5 um, have
also been tested and gave comparable results. The sample is then
sandwiched in between two pegylated glass plates separated by a
mylar spacer. The thickness of the spacer (100 or 175 pum) and the
dimension of the chamber are chosen accordingly to the mucus
volume available in order to minimize the residual air volume.
To prevent evaporation, the chamber is immediately (in <2 min)
sealed with a UV curable adhesive (ThorLabs NOA81). During
Ultra-Violet (UV) exposure, the sample is protected by a reflector
(aluminum foil). For “in vivo” mucus, we proceed exactly the
same way.

For measurements performed on HBE cultures, 0.5 pL of the
0.4 %v/v bead solution are firstly mixed with mucus collected
from the culture wells (~ 50 pwL). The culture membrane is
then cut and deposited on a 3 pL volume of culture medium
on a glass slide as illustrated in Figure 1. Mucus containing
beads is then gently spread on the epithelium and covered
with a cover slip onto which a spacer was previously fixed.
Three spacers have been tested: (i) silica debris of 60 =+
10 wm distributed approximately every 500 wm; (ii) adhesive
circular spacers (Grace Bio-Labs, 654004), 13 mm in diameter
and 120 wm in thickness together with a 4 x 4mm? central
piece; (ili) UV curable adhesive squared pillars of 100 x
100 um? and 100 um in height, distributed every 0.5mm and
produced using microlithography. The chamber is immediately
UV sealed as previously described, in <5min after membrane
cutting. The sample is left to rest 30 min before performing
the experiment.

Experimental Method on HBE Cultures

Experiments are conducted no longer than 3h, during which
average of 15 experiments can be performed. We observed cell
death after 1 h under the microscope with a laser on at 0.1-1 W.
We checked that measurements performed at the same height h,
at 1 and 2 h, gave overlapping results. The distance h separating
the bead from the epithelium was measured using the microscope
fine focus graduations (2 um). For each measurement, a bead
is selected and trapped close to the cover slip (far from the
epithelium) and used to measure the rhelogical response at this
height. The bead is then gradually dragged to different heights
in the direction of the epithelium and the distance h. to the
coverslip is recorded for each rheological measurement. The
distance between the coverslip and the tissue, hy, is measured
once the bead reached the cell tissue and is used to compute h,
the distance between the bead and the epithelium: h = h; — h,.
The distance h; is measured for each bead at the end of the
experiment since it cannot be removed from the epithelium
once it contacted it. For each experiment, the bead is dragged
to a given height h, and we then wait a minimum of 3 min
before measurement, to allow stress relaxation (see Figure S5). A
measurement is performed every 10 um approximatively when
possible: the number of heights per bead is limited by bead loss
during the dragging or during the measurement. To evaluate the
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FIGURE 1 | Scheme illustrating the principle of the measurement: The
membrane supporting the cultured epithelium is placed on a glass slide, on
top of culture medium. A coverslip is put on top of the mucus layer lying on the
epithelium. The chamber is sealed and placed upside down under an inverted
microscope equipped with optical tweezers. Beads can be trapped and used
as micro-probes to perform microrheology. Rheology can then be measured at
different distances from the epithelium by selecting beads at different height or
by entraining a given bead from the bottom to the top. Distances from the
epithelial cells layer typically vary from 100 wm down to several pm. PCL
stands for periciliary layer and Lcil is the typical cilia length.

robustness of our results and explore our samples heterogeneity,
a height sweep is performed with at least three different beads,
taken at different xy locations, and dragged to several heights.
On average, 15 measurements are obtained by chamber. In most
cases, a few heights are obtained per beads. We then use more
beads to increase our statistics. When measuring microrheology
close to the epithelium, cilia beating hinder proper rheology
measurement. We thus need areas without beating cilia. In the
case of BEGM cultures, the density of beating ciliated cells is
low (<20%), and we simply worked in areas without beating.
In the case of Pneumacult cultures, cilia density is high (60—
80%). We locally stopped cilia beating activity by focalizing the
laser on ciliated cells at 2.5W for around 5s, on an area of a
few micrometers.

RESULTS

Mucus collection from cultured wells depends on the mucus
flowing properties, which could introduce a bias in their
characterization. Indeed, withdraw is easier when the mucus
is poorly elastic and is in all cases limited to the mucus layer
far from the epithelium to avoid damaging of the culture. To
measure the microrheology response within the mucus layer
lying on top of cultured HBE and probe its variation with
the distance to the epithelium, we developed a new protocol
and adjusted our setup. Figure 1 illustrates the principle of
the experiment: Beads are dispersed in the mucus layer as
described in the methods section. An optical tweezer is used
to trap a bead at a given height in the chamber. The selected
bead is then used as a rheological probe: a deformation is
applied by oscillating the bead and measuring the resulting
force. The elastic G and loss G’ moduli can be computed

as detailed in the method section. Rheology can be measured
at different distances from the epithelium by selecting beads
at different heights in the mucus layer or by entraining a
given bead from the bottom to the top. Distances from the
epithelial cells layer typically vary from 100 micrometers down to
several micrometers.

Figure 2 compares the rheological response measured directly
on the culture and on the mucus collected from the same
epithelium (named “bulk” in the following). The elastic moduli
G/(f) and G”(f) are represented on a log-log plot over a decade of
frequency f, from 0.09 to 1.1 Hz, and are fitted with a power law
function. In “bulk,” we find the hallmarks of a viscous fluid: G”
is 10x larger than G’, and both moduli can be fitted by a power
law with exponents very close to 1. Their values correspond to
a fluid ~10 times more viscous than water. Results obtained
on the culture drastically differ in amplitude, by 2 to 3 orders
of magnitude, and G’ is now larger than G” for h < 20pum
approximatively. The response also evolves with the distance
probe-epithelium. The power law exponents are much lower
when the probe gets closer to the epithelium layer (& 10 pm):
0.2 for G’ and 0.57 for G”. Within the mucus layer, when the
probe distance h from the epithelium is varied from close (a few
microns) to far (>50 pm), we observe that the mucus rheological
response evolves gradually from the response of a viscoelastic to a
viscous fluid, as illustrated in Figure 3 for four cultures obtained
from three different biopsies: two smokers (Patient 1 and 3) and a
control (Patient 2). On Figure 3, each type of symbol corresponds
to a measurement performed with a different bead, i.e., a different
xy location on the epithelium. Due to the bead loss during
dragging or measurement, measurements can only be performed
for a few heights per bead (Figure 3A). Nevertheless, we obtain
that different beads at the same height give similar results, as
illustrated in Figure 3D with the overlap of the curves in red at
h = 14 um (squares and diamonds) or also the curves in pink
at h = 22 um (diamonds and triangles up). BEGM cultures thus
seem homogeneous in the xy plan. The power law exponent o
measured on G'(f) is plotted as a function of h and increases with
the distance to the epithelium, clearly showing that mucus is less
elastic far from the epithelial layer (Figure 3E). The robustness
of our results is shown by measuring microrheology on two
different wells obtained from the same biopsy (Patient 3). Data
are consistent (Figures 3C,D) and result in the same slope for
a vs. h (Figure 3F).

To evaluate how these data obtained from a model of
bronchial epithelium can be compared to the rheological
response of mucus “ex vivo,” we performed microrheology on
mucus extracted from bronchia during clinical examination.
Collecting mucus inside bronchia is challenging. Nevertheless,
on some occasions, tiny amounts could be obtained, enough
to be probed by microrheology. All of our data are reported
in Figure 4, for seven patients. These samples contain a large
quantity of floating cells. Therefore, in our results description,
we consider two distinct cases as illustrated in Figure 4: Case
I (squares), the probe is in the vicinity of an aggregate, at
least 3 wm away, and Case II (circles), the probe is far (> 15
pm) from cells, in a transparent region, as illustrated in
Figure S6. Elastic moduli vs. frequency curves, corresponding
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FIGURE 2 | Microrheology of mucus from a bronchial epithelium culture: The
elastic G’ (filled symbols) and loss G” (empty symbols) moduli are represented
as a function of the frequency f. For the same culture, measurements are
performed for mucus withdrawn from the epithelium (squares), noted as “bulk”
and directly on the epithelium (triangles). For measurements performed on the
culture, the approximate distance separating the bead from the epithelium is
indicated for each symbol. Error bars correspond to min-to-max values
obtained on measurements performed in “bulk” (N = 4). The solid and dotted
lines are fits with a power law function of, respectively, G’(f) and G”(f). The
power law exponent is indicated on the figure with an incertitude of & 0.05
and power law amplitudes Gg = G/(f = 1 Hz) are equal, in Pa, to G'(0.002;
0.82; 15.12) and G”(0.02; 1.81; 11.25) for respectively, the bulk, Ah ~ 30 um,
and Ah~ 10pum.

to 11 different measurements, cover almost 5 decades. The
curves corresponding to Case I, with a probe in the vicinity of
cell aggregates, have amplitudes varying from 0.4 to 30 Pa and
power law exponents in between 0.01 and 0.5, G’ being always
greater than G”. These are hallmarks of an elastic complex fluid.
Case I curve is close to an elastic plateau at 5Pa, while curves
corresponding to probes far away from cells (Case II) are closer
to what we obtain for measurements in “bulk”: a viscous response
with G” greater than G/, small moduli with power law exponents
close to 1.

Figure5 gathers all the results previously presented,
highlighting two families of curves: rheology curves reflecting
the viscous nature of the mucus measured in “bulk” or “ex
vivo” for probes isolated from cell aggregate, and a second
family of curves highlighting the elastic nature of the mucus for
experiments performed on culture wells with a probe close to the
epithelium, or when the probe is located near surfaces or cellular
structures for mucus collected from HBE culture and “ex vivo”
mucus samples, respectively.

Again with the objective of evaluating the HBE culture model
from the physical perspective, we compare the mucus flow
properties of two HBE cultures which differ by the culture

method and in particular the culture medium used to feed the
cells as described in the method section. In the following, we will
name these two models “BEGM” and “Pneumacult,” using the
names of the culture media used for each method. The results that
have been described so far all correspond to the “BEGM” culture
model. Figure 6 gather the microrheological measurements
obtained “in bulk” with N = 4 “Pneumacult” and N = 10
“BEGM?” cultures (Figure 6A), and obtained on the culture with
N =2 and N = 4 for, respectively, “Pneumacult” and “BEGM”
cultures (Figure 6B). The elastic moduli value and dependence
on the frequency f are considerably different for the two models,
and even more obviously when mucus is probed in “bulk’.
“BEGM” mucus, as previously described, has the hallmarks of a
viscous fluid “in bulk” and behave as an elastic fluid close to the
epithelium. “Pneumacult” mucus is highly elastic with an elastic
plateau at 8 Pa “in bulk”. On HBE “Pneumacult” cultures, mucus
rheology (Figure 7) is characterized by power law exponents
in the range 0.3-0.5 and elastic moduli values spanning two
decades [G'(f = 1 Hz) = 0.7-70Pa], without any correlation with
the distance h to the epithelium (Figures 7B,C). The power law
exponent (the degree of elasticity vs. viscosity) is a constant
function of h, around 0.3-0.5 (Figure 7B), except for distances to
the epithelium <10 pm, for which a surprisingly reaches values
as high as 1. Because of the high beating activity for “Pneumacult”
cultures, we consider with caution results obtained for h<
10 pm, which probably corresponds to distance to cilia < 5 pum.
“Pneumacult” measurements on HBE cultures do not display the
continuous increase in o with the distance h to the epithelium
that we obtained on “BEGM” HBE cultures. It is important
though to mention here that these two culture methods
result in remarkably different epithelia features. “Pneumacult”
cultures have much more beating ciliated cells and a lower
production of mucus with a thicker and more elastic aspect. The
mucus observed on “Pneumacult” culture contains numerous
cellular debris (see Figure S1D) and is highly inhomogeneous
(Figure 7D), while mucus from “BEGM” culture is transparent,
and floating cells are observed only on some occasions
(see Figures S1A,C).

DISCUSSION

Difficulties in characterizing human airway mucus are essentially
related to the small amount of high quality physiological mucus
that can be collected [19-21]. To respond to the requirement
of measuring rheology on small volumes of mucus, novel
techniques named microrheology have been proposed [1, 10, 22].
However, the collection of mucus itself could lead to a biased
picture of the ex vivo mucus properties as only the supernatant
mucus can be collected. The less elastic, the easier it is to collect
the mucus. The consequence could be that collected mucus is less
elastic than the one on the epithelium. In addition the mucus as
a layered structure with a gel phase on top of a periciliary watery
layer [19]. To measure how microrheology vary within the mucus
layer lying on top of cultured bronchial epithelium and probe its
variation with the distance from the epithelium, we developed a
new protocol and implemented our setup.
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FIGURE 3 | Variation of the microrheology response with the distance to the epithelium: The elastic G’ (filed symbols and solid lines) and loss G” (empty symbols and
dotted lines) moduli are represented as a function of the frequency f in panels (A-D). Measurements are performed by entraining beads from the bottom to the top.
(Continued)
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FIGURE 3 | Each symbol corresponds to a different bead. The four bronchial epithelia are cultured starting from biopsy of a smoker (Patient 1) for (A), a control
(Patient 2) for (B) and two wells obtained from the same smoker (Patient 3) for (C,D). Power law exponents a of G/(f) are represented in panels (E,F) as a function of
the distance h from the epithelium cells layer, with in (E) the three patients: Patient 1 (black, dotted line), Patient 2 (dark green, short dashed line) and Patient 3 (light
blue, long dashed line); and in (F) the comparison between two wells of Patient 3: well 1 (dark blue, dotted and dashed line) and well 2 (light blue, long dashed line).
Each symbol corresponds to different beads and are kept identical to the corresponding data of panels (A-D). Error bars report on errors on the height h and on the
determination of o by fitting G/ (f) by a power law. The parentheses around some points at h > 30 um indicate inaccurate values of a when the behavior of the
corresponding curve G'(f) is not a power law.
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FIGURE 4 | Microrheology of mucus collected from bronchia during a patient examination. (A) The elastic G’ (filled symbols) and loss G” (empty symbols) moduli are
represented as a function of the frequency f. The 9 reported curves correspond to different patients and cases. Since “ex vivo” mucus contains a lot of cell debris,
measurements have been performed in different locations: with the probe in the vicinity (between 3 and 10 wm) of cellular structures (Case |, squares), and with the
probe away (more than 15 um) from cellular structures (case I, circles). The data reported for each curve correspond to the averaged G’ and G” on N measurements

performed on the same sample (patient) but for different bead locations and distinct cases (I and Il). Error bars correspond to min-to-max values obtained from N
measurements. Case |, patients #1-6, N = 3, 1, 4, 5, 4, 2; Case |l, patient #5&7 N =
symbols) of G/(f) for the 2 cases, Il (squares) and Il (circles). The values are obtained by a power law fit of the 9 reported curves in panel A of elastic modulus G as a
function of the frequency f. Colors refer to the different patients and bars correspond to min-to-max values obtained from N measurements.

5, 4. (B) Power law exponent «a (filled symbols) and amplitude GO (empty

Collected Mucus and Mucus on the
Epithelium Have a Different Microrheology

Response

Recent papers are focused on the mucus rheology and compare
the rheological response of mucus measured at the macro-
scale using standard rheometers to measurements performed
at a microscale [9-12, 23]. These studies have been performed
on mucus of various origin: horse airway mucus [9, 10],
marine worm mucus [11], porcine respiratory mucus[1], and
even HBE mucus [6, 12], using either active or passive
methods for microscale measurements. It is shown that probe
size and probe/mucus interaction have to be considered to
correctly select the probe and perform reliable microrheological
measurements [1]. Furthermore, mucus appears as a highly
heterogeneous multi-scale network with coupled two-fluid or
interlinked scaffolds models being proposed [10, 23]. Micro and
macro-rheology consequently result in different behaviors and
values [10, 12, 23]. In addition to the scale at which mucus
rheology is probed, we discuss here how mucus collection can

introduce a bias. We show, using mucus from the same well,
that mucus measured once collected and measured directly on
the epithelium have very different responses. Elastic moduli
are several orders of magnitude larger on the epithelium with
an elastic response rather than a viscous behavior as for the
“bulk” case (Figure 2). This confirms that mucus collection is
delicate and might lead to a misinterpretation of the results as
only the less elastic fraction of mucus can be withdrawn from
the epithelium.

Microrheology Gradually Varies Within the
Mucus Layer on the Epithelium From

Elastic to Viscous

More importantly, we find that the mucus rheology is not
homogeneous but consistently varies from elastic to viscous
when probed at increasing distances from the epithelium
(Figure 3). The viscoelastic moduli G’ and G’ variation with
the frequency f is used to quantify and analyse the mucus
viscoelastic response. We consider three main features of G/(f)
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FIGURE 5 | Summarizing figure gathering the 6 main types of measurements. Microrheology of ALI mucus performed on collected mucus (circles) either in “bulk”
(black) or close to a surface (dark red), performed directly on the culture well (squares) with a probe close to (10 wm, red) or away (30 wm, blue) from the epithelium,
and on bronchia-collected mucus (color areas) with the probe close (I, dark gray) or away (I, light gray) from cellular structures. Symbols represent the elastic modulus
G’ as a function of the frequency f and solid lines the power law fit of these 4 curves with the value of the power law exponent a written on the graph. Error bars
correspond to min-to-max values obtained on several patients with N = 10 in “bulk” and N = 1 close to a surface for collected mucus, and N = 4 for mucus directly
on the culture well, close to and away from the epithelium. The curves represent the mean value on these N patients.

«

and G’(f): the amplitude of the elastic moduli Gy = G/(f =
1Hz), that give the viscoelasticity level; the ratio G’/G”, and
the power law exponent a, which both are a measure of the
elastic vs. viscous character of the complex fluid. In particular,
the exponent a is expected to be equal to 1 when the fluid is
purely viscous and to 0 for a purely elastic solid. o increases
roughly linearly with the distance h to the epithelium thus
going from an elastic to a viscous behavior. The rate at which
the behavior goes from elastic to viscous with the distance h
is highly dependent on the culture, but the variation in o for
two wells obtained from the same biopsy consistently overlaps
(Figure 3F), bringing robustness to our results. This is the first
demonstration of a gradient in viscoelasticity in the mucus layer
of bronchial epithelium, even if the hypothesis has been present
in the literature for long in particular because of its layered
structure [19].

Mucus “ex vivo” Collected From Bronchia
Contains a Lot of Cell Debris That Affect
the Microrheology Response

All the difficulties related to collecting native mucus have

restricted mucus physical and biochemical studies to sputum
for which it is difficult to prevent saliva contamination. Some

techniques have been proposed to measure mucus collected
during bronchofibroscopy allowing to collect mucus sample
without saliva but they are extremely constrained [19]. We
attempt to characterize the flowing properties of mucus collected
from human bronchia by simple aspiration during a clinical
examination. We obtain a very broad set of data (Figure 4)
probably due to the variability of the mucus, and of its collection.
Cell debris are present in large amount and contribute to
the microscale rheology measurements. The rheology response,
indeed, essentially depends on the probe vicinity to cellular
structures. Far from any structure, elastic moduli are consistent
with what we find for mucus collected from HBE: the rheology
corresponds to a medium of viscosity equal to 2-20 times the
water viscosity (Figure 4). Close to cellular structure, our results
are rather consistent with the elastic behavior obtained on mucus
collected from HBE when the probe is close to surfaces such as the
glass plate. We hypothesize as discussed in another publication
[19], that this elastic response occurs thanks to filaments-like
structures that could form when the probe contacts any surface
because of the highly adhesive nature of the mucus. Mucus is
composed of mucins, proteinglycans, lipids, that interact together
to form a gel network, but that also interact with cilia and other
cellular structures. Flow properties of these “ex vivo” samples
can be subjected to various contributions affecting rheology such
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FIGURE 6 | Microrheology of mucus from two different culture methods performed in the “bulk” on collected mucus (A) and directly on the culture close to the
epithelium for height h around 10 um (B). Culture 1 and 2 are, respectively, obtained using a “BEGM” (orange bars) and a “Pneumacult” (green bars) medium. The
elastic G’ (dark color bars) and loss G” (light color bars) moduli are represented as a function of the frequency f. The bars correspond to min-to-max values obtained
from N measurements with: in the “bulk” (A) N = 10 and N = 4, on the culture (B) N = 4 and N = 2, for, respectively, culture 1 and 2.
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as water loss, collection method, or collection region, stress
induced hypersecretion, tissue damage. We thus consider that
these measurements are only indicative of what could be the
bronchia mucus microrheology.

Figure 5 summarizes all of our results and show that
depending on how mucus is measured, G' and G” fall on one
of two families of curves: curves corresponding to a viscous
behavior with low value of the moduli or curves corresponding
to an elastic behavior with lower exponent and higher moduli
values. Collection of mucus seems to have a huge role on the
type of behavior that is obtained as a result without being
strictly related to the bronchia mucus properties. Measuring the
viscoelastic moduli as a function of the frequency directly on
the epithelium seems to be the most reliable way to evaluate the
microrheological response of respiratory mucus.

On the Role of the Culture Method on
Physical Features of the Human Bronchia
Epithelium: “BEGM” and “Pneumacult”

Finally, we compared two methods of culture, essentially differing
in the culture media used to feed the cells “BEGM” and
“Pneumacult”. They give different results both on collected
mucus and when rheology is measured on the epithelium
(Figure 6). This is in agreement with macroscopic observation
of the samples, as the mucus from “Pneumacult” culture appears
as highly elastic and sticky in comparison with “BEGM” mucus.
These first experiments show that the gradual variation observed
on the whole mucus layer for “‘BEGM” culture is not found for
“Pneumacult” culture (Figure 7). On the reverse, the elasticity

is always high and does not seem to be as dependent on the
distance to the epithelium. This has to be confronted to the very
high heterogeneity of this mucus and to the large number of
cell debris it contains. This culture method which is the one
used in our group since January 2018, provides epithelia which
are singularly different in its physical characteristics, while it
has been proven to represent a reliable and robust model of
respiratory epithelia by means of biological markers and tissues
characterization [24, 25]. Pneumacult cultures are probably more
physiologically relevant since epithelia are much more active
with a density of beating cells probably closer to in vivo tissues.
Nevertheless, the mucus is produced in much lower quantity and
difficult to collect. The presence of cells alters mucus rheology
determination. Overall, BEGM cultures were an easier tool to
investigate mucus rheology on culture and to show robustly the
existence of a variation in the viscoelastic behavior with the
distance to the epithelium, which was never assessed before.
Pneumacult cultures because of heterogeneity do not exhibit such
a clear variation and need more biological investigation to be
considered as a good biological model. Further investigations
on these culture are to be performed to analyze other physical
characteristics such as cilia beating and mucus flow [7].

CONCLUSION

Mucus is a complex biofluid that fulfills numerous biological
functions. Among its physical properties, rheology is crucial to
understand how mucus flow is generated in the mucociliary
system. Mucus collection to evaluate its physical properties
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FIGURE 7 | “Pneumacult” culture characteristics: (A) Microrheology of mucus from bronchial epithelium culture obtained using a “Pneumacult” culture medium. The
elastic G’ (filled symbols and solid lines) and loss G” (empty symbols and dotted lines) moduli are represented as a function of the frequency f. Measurements are
performed by entraining 3 different beads at different spatial (xy) localizations (circles, squares, diamonds) from the bottom to the top. (B) The exponent a of the G/(f)
power law fit for the 3 xy localizations (circles, squares, diamonds) as the function of the probe distance h to epithelium. Bars represent the errors on the height h and
on the determination of o by the power law fit. (C) Amplitude of the power law fit of the elastic modulus Gg = G/(f = 1Hz) vs. probe to epithelium distance h for the 3

culture at low magnification focalized above the mucus layer. Scale bar: 200 wm.

xy localizations (circles, squares, diamonds). Error bars represent the errors on the height h and on the determination of Gy by the power law fit. (D) Picture of the

results in very small volumes of a selected fraction of
mucus because of mucus high heterogeneity and interaction
with the epithelium. Collected mucus is consequently poorly
representative of native mucus rheology. We took full advantage
of the human bronchial epithelia models developed thanks to
air-liquid interface cultures and developed an original method
to measure mucus rheology directly on the epithelium. Our

main experimental findings are that beside the heterogeneous
structures formed by the mucus, which remains difficult to
decipher, mucus rheological response varies, for BEGM cultures,
from an elastic behavior close to the epithelium to a viscous one
far away, and with up to a two-fold decrease in elastic moduli on
distances to the epithelium from 10 to 50 pm. On Pneumacult
cultures which are now the one available, similar experiments

Frontiers in Physics | www.frontiersin.org

10

February 2019 | Volume 7 | Article 19


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Jory et al.

Mucus Microrheology on HBE Cultures

need to be performed at an earlier stage, before cilia density
becomes too high. Our findings could now be used at various
levels to understand how this variation in elasticity with the
distance to the epithelium could contribute to mucus transport
when coupled to cilia beating. On a clinical point of view, it
is not obvious at this stage if this method could be used for
diagnosis as a clinical marker, mainly because experiments are
delicate and time consuming. On a more fundamental point of
view though, these experimental results could now be used in
numerical models [26, 27] describing the whole epithelium, and
in particular the emergence of metachronal waves and mucus
transport thanks to cilia beating in a mucus with elastic properties
varying with the distance to the epithelium.
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